
VOLUME 4 | 2012 | 1 VANDERBILT REVIEWS NEUROSCIENCE

Table of Contents
Letter From the Editors ...........................................................................................................................2
Masthead .....................................................................................................................................................3
Outreach and Education ..........................................................................................................................4
Research Highlights and Briefs ..............................................................................................................8
On the Cover ........................................................................................................................................... 13
Candidate Reviews

Slow To Warm Up:  Delayed Neural Habituation To Faces And Risk For Social Phobia
Suzanne Avery ..........................................................................................................................................................................14

Gene-Environment Interactions in Huntington’s Disease
Terry Jo Bichell .........................................................................................................................................................................21

Catecholamine Transporters: Di!erential Regulation by Insulin
Olga Dadalko ............................................................................................................................................................................30

FGF8 signaling in brain development: ex uno, plures
Benjamin Jurrien Dean ...........................................................................................................................................................37

Is a Picture Worth 1000 Calories: "e Neuroimaging of Obesity
Kristen Eckstrand .....................................................................................................................................................................43

Sensitivity of the Dopamine System to Stress
Megan A. Fettig ........................................................................................................................................................................52

Norepinephrine in the Extended Amygdala Regulates Stress-Induced Reinstatement
Stephanie Flavin .......................................................................................................................................................................59

Reversal of Dopamine Flux in Health and Disease
Peter Hamilton .........................................................................................................................................................................66

Linking Together the Mammalian Circadian Clock
Je!rey Jones ...............................................................................................................................................................................72

"e Use of Mouse Models to Study Genetic Modi#ers of Neurological Disease
Benjamin S. Jorge .....................................................................................................................................................................78

Cortical multisensory processes: neural encoding strategies
Juliane Krueger .........................................................................................................................................................................84

Glucocorticoid Receptor-Mediated E!ects within the Extended Amygdala
Katherine Louderback .............................................................................................................................................................90

Auditory Cortical Processing in Primates and Rodents
Barbara M.J. O’Brien ...............................................................................................................................................................97

Mitochondrial Signaling through PTEN-Inducible Putative Kinase-1 (PINK1) in Response to Ischemia: Lessons from Fa-
milial Parkinson’s Disease

Amy Palubinsky......................................................................................................................................................................103
TRPV1 and the intrinsic neuronal response to stress

Nicholas J. Ward .....................................................................................................................................................................108
Glucagon-like peptide-1 is much more than an incretin

Erin E. Watt .............................................................................................................................................................................114
Glucocorticoid receptor-mediated stress signaling in the prefrontal cortex

Alonzo Whyte .........................................................................................................................................................................120



VOLUME 4 | 2012 | 2 VANDERBILT REVIEWS NEUROSCIENCE

LETTER FROM 
THE EDITORS
Friends and Colleagues of the Vanderbilt Neuroscience Community,

We did it. Another year has passed and we are still here. In this year’s 
issue of Vanderbilt Reviews Neuroscience the journal receives a major make-
over in its style and formatting, but still preserves its major purpose: showcas-
ing the talented writing of the next class of newly minted Ph.D. candidates in 
the Vanderbilt Neuroscience Program. !is year’s volume includes a record 
seventeen candidate reviews spanning both systems and molecular neurosci-
ence. !ey feature the roles of biogenic amine neurotransmitters and gluco-
corticoids in addiction and obesity, cortical multisensory processing, genetic 
determinants of disease states like epilepsy, Huntington’s disease, and Parkin-
son’s disease, and the role of habituation to novel faces in patients with social 
phobias. We also highlight a collection of "rst author papers published by 
Vanderbilt Neuroscience Students over the past calendar year. Our students 
continue to publish in the "eld’s most respected journals and make scholarly 
contributions highly regarded by the external peer review process. Keep up 
the good work!

In the conception and design phase of this issue of the VRN, we 
joined the ranks of the blogosphere. !e blog, “Vanderbilt Depolarized”, 
features updates on our e#orts to create this year’s VRN, but also is a general 
resource for program updates, career development, musings about graduate 
training, and advice on writing manuscripts or fellowships. We encourage all 
students to use this as an avenue to connect and publicly share their experi-
ences. Check out our blog at my.vanderbilt.edu/vanderbiltdepolarized/. 

!is year’s VRN would not have been possible without the help of 
many wonderful people. Our Associate Editors, Juli Krueger, Teniel Ramikie, 
and Sudipta Chakraborty, have been instrumental in each step of this issue’s 
development and were a joy to work with. !e future of VRN remains bright 
under their leadership for next year. We would also like to recognize the out-
going Co-Editors-in-Chief, Caleb Doll and Mariam Coaster, and Founder/
Editor-in-Chief, Chris Ciarleglio, for helping establish VRN and providing 
a network of resources to assist us in the development of this year’s issue. 
Our sincerest thanks go to Mark Wallace and Doug McMahon, who provide 
vision in shaping the role of VRN in the experience of each Neuroscience 
Ph.D. student. Lastly, we would like to thank each of the 2011 qualifying 
class for their hard work in crafting the “meat and potatoes” of this issue and 
tolerating our many edits. !is would not have been possible without you.

Your Co-Editors-in-Chief,

Maureen McHugo and Andrew Hardaway 

From Left: Maureen McHugo, Andrew 
Hardaway, Sudipta Chakraborty and 
Juli Krueger; not pictured - Teniel 
Ramikie
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A Message from the Director of the 
Vanderbilt Brain Institute

 It is with a sense of deep pride that I review this 
fourth issue of VRN. Once again I am very impressed with 
the quality and diversity of the reviews that make up this 
volume, as well as with the synopses that illustrate the excep-
tional year our trainees have had in the realm of scholarship. 

 !is past month has seen the VBI sta# assemble the 
proposal for renewal of our training grant, and in gathering 
the materials necessary to make the strongest possible argu-
ments for continuing (and increased) support, I was pleased 
to be able to point to the numerous successes that we have 
had over the past several years. Along with continuing our 
exceptional record of scholarship, with numerous papers in 
high pro"le journals authored by our trainees, we have had 
a remarkable record of success in garnering extramural sup-
port in the form of individual fellowship grants and founda-
tion awards. Past students of our program are now transi-
tioning to faculty positions at prestigious institutions such 
as Harvard, Yale, and Duke (and Vanderbilt of course!), and 
our newly minted PhDs continue to do postdoctoral fel-
lowships in some of the world’s leading neuroscience labo-
ratories. With these accomplishments to re%ect on, I feel 
con"dent that our mission to train the future leaders in the 
neurosciences is well on track! 
 
 Yours in science,
 
 Mark T. Wallace

A Message from the Neuroscience 
Program Director of Graduate Studies

 A neuroscience journal run, edited and contributed 
entirely by graduate students - how cool is that?  Plenty, 
when the quality of the work published and the care with 
which it is assembled is as special as VRN. VRN showcases 
the scholarly work of our outstanding students as they as-
semble and synthesize their knowledge base and move to-
ward fully implementing their dissertation research.  !e 
original articles highlight the insight and intellectual curi-
osity of Neuroscience graduate students at Vanderbilt and 
foreshadow their novel contributions to solving the myster-
ies of the brain.  Each issue is a special pleasure to behold.

As Ever,

Douglas McMahon, PhD
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An Update from the Neuroscience 
Student Organization President

 As the Neuroscience Student Organization 
(NSO) president, it is my honor to highlight a few of 
the many achievements of our student body. While the 
entire scienti"c community has been dealing with an in-
creasingly di$cult funding environment, the Vanderbilt 
Brain Institute (VBI) has continued its dramatic growth 
- a testament to the high quality research being done by 
our training faculty. Since the last issue of the VRN was 
published, 17 students have successfully completed their 
qualifying exams and become PhD candidates. In ad-
dition, 11 new students have entered the neuroscience 
training program, bringing our total student body to an 
impressive 81 students.
 To help sustain the VBI’s continued growth, our 
faculty and administration have worked hard to bring 
new training and fellowship opportunities to our pro-
gram. Of particular note, through a generous donation 
from the Dan Marino Foundation and the JB Marshall 
Laboratory for Neurovascular !erapeutics, the VBI 
helped established the Clinical Neuroscience Scholars 
program, which o#ers fellowship support to 2nd and 3rd 
year students(pictured right). Scholars in this program 
have the unique opportunity to be paired with a clinical 
mentor in an e#ort to bridge the gap between basic sci-
ence research and the clinical needs of patients.
 In addition to these academic highlights, I 
would be remiss if I did not mention the NSO’s involve-
ment in Brain Blast, the VBI’s yearly community out-
reach event that educates kids about the brain through 
a series of interactive exhibits and activities. !is year’s 
Brain Blast was held at Vanderbilt’s One Hundred Oaks 

campus in an e#ort to draw in a larger audience, but also to 
gain exposure to the Brain Matters Exhibits established by 
the Silvio O. Conte Center for Neuroscience Research and 
VBI. Under the leadership of the NSO’s outreach coordina-
tors, we set a Brain Blast attendance record, with nearly 700 
eager attendees becoming burgeoning neuroscientists in a 
six-hour period!
 As many of you are well aware, last year’s neuro-
science retreat was a resounding success. !e NSO was 
committed to changing the tone of the retreat to a more 
laid- back atmosphere, but still have it be a venue where 
everyone can exchange scienti"c ideas and discuss their re-
search. To highlight the day, we were lucky enough to have 
Dr. Tom Insel, director of the National Institute of Mental 
Health, talk to us about the state of psychiatric research and 
the challenges that await the next generation of neuroscien-
tists. Although the bar has been set high, this year’s NSO 
retreat committee has recruited another excellent speaker, 
Dr. David Eagleman from the Baylor College of Medicine, 
who has garnered national attention for his pioneering work 
integrating new discoveries in neuroscience with our legal 
system.
 Finally, I’d like to echo the sentiments of my pre-
decessor and urge you to make a concerted e#ort to get to 
know your fellow graduate students, whether it be at an 
NSO sponsored social, asking a question at our weekly neu-
roscience forum, or just grabbing a cup of co#ee at Suzie’s. 
At its core, science is an exchange of ideas and it’s imperative 
that as we progress through our careers as neuroscientists we 
share our point of view. 

Chris Muller

Neuroscience Trainees Justin Siemann, Jennifer Vega, Juli 
Krueger and Kale Edmiston were named to the inaugural class 
of Clinical Neuroscience Scholars, a program designed to 
bridge clinical and basic neuroscience research.
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Neuroscience Outreach Activities 
 

 Perhaps one of the most important tasks we have 
as emerging neuroscientists is to reach out to both the sci-
enti"c and lay communities. Educating the public about 
neuroscience research increases awareness and can inspire 
young members of the community to pursue a scienti"c ca-
reer.  In addition, graduate students bene"t tremendously in 
their own careers through interaction with established and 
successful neuroscientists across the country. !e Vanderbilt 
Neuroscience Student Organization is proud to support a 
number of outreach e#orts, including an annual student-
invited speaker and the educational event Brain Blast(top 
right). 

 Each year, Vanderbilt’s neuroscience graduate stu-
dents nominate, vote, and invite a prominent neuroscientist 
to give a special seminar to students and faculty. !is gives 
students the opportunity to become further involved in the 
national neuroscience community, as well as learn about 
the most innovative science from world-renowned investi-
gators.  !e 2012 student-invited speaker was Dr. Daniel 
Weinberger, a leader in the "eld of genetic contributions 
to schizophrenia and other neuropsychiatric diseases. Many 
students were able to meet with Dr. Weinberger to discuss 
his outstanding career and share their own research contri-
butions, displaying the remarkably diverse and cutting-edge 
projects of our students. !e seminar Dr. Weinberger gave 
was a great success, and his ground-breaking research was 
presented to a “standing-room only” packed lecture hall. 

Brain Blast is a day-long event hosted by the 
Vanderbilt Neuroscience Student Organization that strives 
to educate children (and children-at-heart) about the vast 
and complex functions of the brain through a series of in-
teractive booths.  !is year, Brain Blast was held at Vander-
bilt’s One Hundred Oaks, which gave the community ad-
ditional opportunities for neuroscience education through 
the Brain Matters exhibit. !is fun and educational event 
is always run entirely by volunteers, from undergraduate 
students interested in neuroscience to seasoned investigators 
from Vanderbilt’s faculty. Brain Blast 2012 was a record-
breaking success. Over 60 volunteers shared their love of 
neuroscience with over nearly 700 children and parents, the 
largest turn out this event has ever had. Attendees were in-
spired by the tour through the senses, the examination of 
a real human brain, extraction of DNA from strawberries, 
and introduction to live animal models used to investigate 
neuropsychiatric diseases, among other fascinating booths. 
Feedback from children and parents was overwhelmingly 

From Top: Families gath-
er at 100 Oaks and the 
Brain Matters exhibit for 
this year’s Brain Blast; 
Children pass through 
the cow eye dissection 
booth manned by Dr. 
Viven Casagrande; Stu-
dents enjoy homebrewed 
beer and refreshments at 
the fall 2011 MTNCSfN 
social. (Left) 2nd year 
student Elaine O’Connell
paints her mini pumkin at 
the fall social.  continued on pg. 5
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Message From Your Local SfN Chapter

Dear Members of the Vanderbilt Neuroscience Community,

 I would like to take this opportunity to encourage 
you to join the Middle Tennessee Chapter of the Society 
for Neuroscience, if you haven’t already. !ere are over 100 
chapters of the Society in North America and the numbers 
continue to grow. !e purpose of having a local chapter is 
to foster a sense of community within such a large organiza-
tion as the SfN. Being part of a chapter increases network-
ing opportunities, provides a forum for exchanging ideas, 
fosters public education about neuroscience and is a source 
for several travel and lecture awards. What the chapter is and 
what it does is determined by its membership. !e possibili-
ties are in"nite and are limited only by our imagination. It 
is the goal of the leadership team to make the Middle TN 
Chapter a showcase example of what can be done through 
the local chapters. We aim to expand our membership and 
get more involvement from local institutions, to improve 
our outreach to the community and to catalyze stimulating 
scienti"c interactions among our members. Since its incep-
tion more than 10 years ago, the chapter has grown into 
a vibrant, active group with many exciting initiatives and 
continues to expand and gain national recognition.

 We kicked o# this year with a membership drive 
and fund-raiser, with the goal of recruiting more involve-
ment from other local institutions. !is event featured a 
seminar from our own Dr. David Zald followed by a chili 
cook-o#. !is was a good start, but we aim to continue 
growing the participation of our colleagues at other colleges 
and universities as well as the large pool of undergraduates 
right here at Vanderbilt. One of the e#orts initiated last year 
that facilitates outreach to our neighboring institutions and 
to the local community is the Summer Enrichment Re-
search Program in Education and Neuroscience Training, or 
SERPENT. !is summer program allows an undergraduate 
from a local institution to come to Vanderbilt and do re-
search over the summer. It also includes an outreach aspect 
since the summer student is tasked with developing a brief 
educational lesson/experience for middle school students. 
!is year’s SERPENT student was Caitlin Nelms from Aus-
tin Peay and she worked in Dr. Mark Wallace’s lab. She de-
veloped a wonderful interactive educational tool and game 

that we hope to share beyond the bounds of our local chap-
ter. 

 One of our signature events is the Annual Meet-
ing, which we hold every spring. !e last couple of years 
this event has been coupled with the Data Blitz, which is a 
series of very brief talks by our trainees about their research. 
At the end, winners are selected from among both students 
and postdocs and cash prizes are awarded. !is is another 
event that we intend to expand. With the ever increasing 
participation of neuroscientists here at Vanderbilt as well as 
other middle Tennessee institutions, we hope to grow this 
meeting by reaching out to other local chapters and create 
a small, but dynamic conference that highlights the most 
exciting frontiers in neuroscience being pioneered by local 
investigators.   

 Although I would love to tell you more about all of 
our activities, from pumpkin carving socials to pizza making 
parties and seminars, due to space limitation, I will end by 
asking for your help. We can’t realize the full potential of our 
chapter and make it into the national treasure that we aspire 
to without your involvement and support. Please take the 
opportunity to visit our website (http://www.mtncsfn.org/) 
and learn more about us and consider joining or making a 
donation.

Sincerely,

Bruce D. Carter

positive, many of whom were already excited for the return 
of this event in 2013.  

Megan Fettig, Katie Louderback & Terry Jo Bichell



VOLUME 4 | 2012 | 8 VANDERBILT REVIEWS NEUROSCIENCE

H I G H L I G H T S 
+ B R I E F S

actions and membrane microdomain association. !ey also 
validate the importance of screening for rare functionally 
penetrant variations in human genes in trying to understand 
the complex neurobiology that underlies normal DA clear-
ance or other synaptic phenomena. !ey also imply that 
nonallelic de"cits in DAT membrane tra$cking may be a 
common molecular phenotype in the etiology of ADHD. 
Two of the most common drugs for treating ADHD, meth-
ylphenidate and amphetamine, target DAT directly but act 
through distinct mechanisms. Indeed, the impact of 615C 
on DAT tra$cking and localization may inform new direc-
tions for targeted therapies in ADHD patient cohorts.    

Sakrikar et al.  J. Neuroscience. 2012 April 18;32 (16): 5385-
5397.

Neural correlates of multisensory perceptual 
learning

 Understanding our world depends on properly pro-
cessing sensory information. An external event is typically 
processed through multiple sensory cues, and in order to 
accurately perceive such an event, the brain must be able to 
combine these cues. One of the most salient cues used to de-
termine which signals should be combined is their temporal 
coincidence: the closer two signals are in time the more like-
ly they will be integrated. Albert Powers, a recent graduate 
from our Neuroscience Ph.D. program, and colleagues re-
vealed in a prior study (see Powers et al. 2011) that this tem-
poral principle is plastic. Speci"cally, perceptual training can 
increase temporal precision between modalities; nevertheless 
what neural correlates elicit such plasticity is still unknown. 
Several regions of the brain have been previously identi"ed 
to be sensitive to synchrony of multisensory stimuli. !e 
current study sought to build upon this knowledge hypoth-
esizing that these candidate regions di#erentially engage 
during the presentation of audiovisual stimulus pairs before 
and after training.  In order to test this hypothesis 11 sub-
jects underwent a two-interval forced-choice simultaneity 
judgment (SJ) paradigm inside and outside of a functional 
resonance imaging (fMRI) scanner before and after training. 
As previously reported in Powers et al 2011, a signi"cant 
increase in temporal precision with training was observed 
behaviorally. Seeking out the neural correlates to such a per-
ceptual plasticity, fMRI scans were taken while participants 
completed the audiovisual SJ task. In agreement with prior 
studies, candidate regions sensitive to synchrony perception 
included the posterior superior temporal sulcus (pSTS), the 
insula, the posterior parietal cortex, the lateral occipital cor-

RESEARCH HIGHLIGHTS
Rare DAT Variant R615C in ADHD patients alters 
f^f[kZg^�fb\kh]hfZbg�eh\ZebsZmbhg�Zg]�mkZ_Û\d-
ing

 In this article of !e Journal of Neuroscience, se-
nior graduate student DJ Sakrikar describes the discovery 
and mechanistic description of a novel gain of function mu-
tation located in the distal C-Terminus of the presynaptic 
dopamine transporter (DAT) identi"ed in an Irish cohort 
of attention-de"cit hyperactivity disorder(ADHD) patients. 
Using human cell lines expressing both wildtype(615R) 
and 615C variants, DJ used a host of established and novel 
biochemical assays to systematically ascertain how this mu-
tation impacts DAT function. 615C was found to exhibit 
reduced maximal DA uptake that was due to reduced to-
tal and membrane DAT expression. Surprisingly, whereas 
WT DAT(615R) is highly sensitive to the psychostimulant 
amphetamine(AMPH), a compound that reduces DA up-
take and surface protein levels, 615C was insensitive. Using 
a novel tra$cking assay, 615C displayed elevated levels of 
constitutive endocytosis and membrane recycling. Further 
biochemical assays revealed an increased association with 
calcium-calmodulin dependent protein kinase II(CaMKII), 
a signaling molecule that normally binds to the C-terminus 
of DAT. Pharmacological blockade of CaMKII resulted 
in a decrease in speci"c DA uptake without a#ecting the 
internalization of 615C. Further biochemical exploration 
of 615C biochemical phenotypes revealed a decreased as-
sociation with the membrane microdomain-associated pro-
tein Flotillin-1. Congruously, direct visualization of DAT 
and membrane microdomains via %uorescent labeling and 
confocal microscopy in human cell lines demonstrated that 
615C shows a decrease in microdomain association. Using 
membrane-permeable Tat peptides, they discovered that the 
distal C-Terminal fragment of 615C acts dominantly to im-
pact the tra$cking of WT 615R DATs by AMPH. Further 
exploration of this gain of function e#ect using site-directed 
mutagenesis of selected C-Terminal residues showed that 
the presence of a negatively charged amino acid at either po-
sition 615 or 613 was su$cient to produce a block in AM-
PH-mediated tra$cking of DAT. Position T613 in combi-
nation with R615 forms a canonical phosphorylation site 
for multiple kinases. !ey hypothesized that the presence of 
a negative charge at either residue may mimic phosphoryla-
tion that renders the DAT insensitive to AMPH-mediated 
tra$cking. !ese studies are the "rst to identify a human 
variation in DAT with alterations in protein-protein inter-



VOLUME 4 | 2012 | 9VANDERBILT REVIEWS NEUROSCIENCE

H I G H L I G H T S
+ B R I E F S 

student Stephanie Sillivan and colleagues provide signi"cant 
insight into the biological mechanism of cocaine abuse by 
demonstrating, with anatomical focus, a strong correlation 
between the molecular e#ects of early chronic cocaine use 
and its consequential behavioral de"cits. Quite importantly, 
this study focused on the amygdala, a critical limbic struc-
ture that mediates fear learning, as well as, anxiety-related 
behaviors and likely subserves the increased incautious ac-
tions exhibited by cocaine users.

 In this study, fear learning and anxiety-related 
behavior in adult male rats (P70) were assessed following 
a binge cocaine treatment paradigm which involved in-
creasing doses of cocaine administered during the human 
equivalent of early adolescence to young adulthood (P35-
P46). !ereafter, elevated plus maze and contextual fear 
conditioning tests revealed decreased anxiety and contex-
tual fear responses, respectively, in adult rats subjected to 
binge cocaine treatment as compared to their vehicle treated 
counterparts.  Furthermore, using a similar drug-treatment 
paradigm, the hole board exploration task also revealed in-
creased novelty seeking and exploratory behaviors in cocaine 
treated rats as compared to controls.

 Interestingly, these cocaine-induced alterations 
of amygdalar-mediated behaviors were strongly supported 
by microarray and quantitative polymerase chain reaction 
(qPCR) studies. !ese studies convincingly demonstrate 
dynamic gene expression changes, within the amygdala, 
following the "nal binge cocaine treatment administered at 
P46.  Importantly, these early gene expression changes were 
observed within Wnt signaling pathways critically involved 
in axonal guidance and synaptic remodeling. Moreover, 
these expression changes were complemented by additional 
immunoblotting experiments demonstrating alterations in 
phosphorylated glycogen synthase kinase 3 beta (GSK3!) 
levels (a Wnt signaling-related kinase) immediately follow-
ing the binge cocaine paradigm but returning to normal lev-
els approximately 22 hours later.

 Collectively, these data strongly demonstrate that 
adolescent cocaine abuse has long-lasting, deleterious be-
havioral consequences that may be explained by cocaine-in-
duced expression changes of critical genes. Of even greater 
importance is both the role these genes play in appropriate 
brain development, as well as the immense sensitivity of the 
adolescent brain particularly given the transient nature of 
these expression changes. As such, it is increasingly impor-
tant that teenage cocaine abuse is vigorously addressed, as 

tex, areas of auditory and visual cortex as well as the superior 
cerebellum. Of particular interest here are the pSTS and re-
gions of auditory and visual cortex as they showed training 
induced e#ects indicated by signi"cant BOLD decreases at 
two stimulus onset asynchronies (0ms and 300ms SOA) not 
caused by repeated stimulation of said areas and limited to 
only correct trials. Instead BOLD decreases here presum-
ably indicate more e$cient sensory processing thought to 
be a result of a reduction of recruited neurons during the 
multisensory task. Functional coupling analysis can give 
insight into network dynamics needed to process crossmo-
dal stimuli. In the current study, connectivity analysis illus-
trated increased resting state coupling after training between 
pSTS and a set of brain regions: the right superior temporal 
gyrus, the right parahippocampal gyrus, the inferior parietal 
sulcus, the left premotor cortex, the superior colliculus, and 
the superior cerebellum. Moreover, modeling analysis also 
illustrated greater coupling among pSTS and auditory and 
visual cortices following training with an inherent switch 
from predominantly feedfoward mechanisms to a network 
characterized by enhanced feedback processing as well as 
enhanced connections between visual and auditory cortices 
during multisensory conditions suggesting more e$cient 
transfer of information between these regions. In summary, 
the current study sheds light on the underlying neural cor-
relates to changes in temporal binding of stimuli, and gives 
"rst evidence for a brain network responsible for the multi-
sensory temporal processing. 

Powers et al. J. Neuroscience. 2012 May 2;32(18) 6263-
6274.

The teen brain on cocaine: how adolescent drug 
use correlates with long-term behavioral conse-
quences

 Cocaine is a highly addictive psychostimulant 
whose strong potential for abuse has permanent behavioral 
and neurobiological rami"cations. Moreover, cocaine abuse 
amongst adolescents remains a critical public health concern 
particularly given the deleterious e#ects of psychostimulants 
on the developing brain. Furthermore, many studies have 
suggested that early drug-induced brain changes may act as 
the molecular underpinnings for permanent behavioral de"-
cits that manifest long after cessation of drug use.  Given 
these devastating outcomes of chronic adolescent cocaine 
use it is increasingly imperative to further understand the 
biological mechanisms that underlie its harmful e#ects.

 In a recent Biological Psychiatry report, graduate 
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negativity and positivity directly comparable to those found 
in humans. !e authors outline three critical future lines of 
research in this domain: identifying the brain regions which 
give rise to the error related ERPs, examining neurochemical 
modulation of the error related ERPs and providing a cohe-
sive account of the relationship between error related ERPs 
and cognitive theories of performance monitoring. !e cur-
rent work is but a "rst step in understanding the precise 
meaning of error processing and cognitive function.

Godlove et al. J. Neuroscience. 2011 Nov. 2; 31(44), 
15640–15649. 

RESEARCH BRIEFS
Persistent dose-dependent changes in brain struc-
ture in young adults with low-to-moderate alcohol 
exposure in utero

 Prenatal alcohol exposure is the leading preventable 
cause of cognitive impairment in the United States. Mod-
erate-to-heavy alcohol exposure in utero has been linked to 
de"cits in IQ, attention, verbal learning, number process-
ing, and memory. Heavy prenatal alcohol exposure has also 
been associated with volume and/or structural changes in 
speci"c brain regions including the corpus callosum, cau-
date nucleus, hippocampus, and cerebellum. In the present 
study, Kristen Eckstrand, a 3rd year Neuroscience Ph.D. 
candidate(review on pg 43), and colleagues sought to in-
vestigate the e#ects of lower doses of alcohol exposure on 
brain volume. Here, 11 young adults exposed to alcohol in 
utero and 9 control adults underwent magnetic resonance 
imaging (MRI). Voxel-based morphometry and region-of-
interest analyses revealed no global changes in gray or white 
matter volume with low-to-moderate alcohol exposure; 
however, local gray matter volume decreases were observed 
in the left cingulate gyrus, bilaterally in the middle frontal 
gyri, the right middle temporal gyrus, and the right cau-
date nucleus. Gray matter volume reductions in these areas, 
for which volume changes are implicated after moderate-
to-heavy prenatal alcohol exposure, were further identi"ed 
to be dose –dependent (the higher the in utero exposure 
the greater the volume reduction). !ese results suggest that 
even low doses of alcohol exposure can lead to signi"cant 
changes in brain development lasting well into young adult-
hood.  

Eckstrand et al. Alcholism, Clinical and Experimental Re-
search. 2012 May 17.

choices teens make today, though %eeting, may still have 
an e#ect on their future.  Now, more than ever, we have the 
evidence to prove this.

Sillivan et al. Biological Psychiatry. 2011 Sep 15;70(6):583-
92.

<hgÜb\m�bg�ma^�ebm^kZmnk^3�^kkhk�k^eZm^]�lb`gZel�bg�
fZ\Zjn^�fhgd^rl�a^ei�k^lheo^�]^[Zm^

 Error detection is an essential component of learn-
ing:  we cannot hope to improve future behavior without 
"rst identifying our mistakes. Accordingly, there is a large 
literature aimed at identifying the mechanisms by which our 
brain detects and corrects errors. Much of this work comes 
from human FMRI and event-related potential (ERP) stud-
ies and has focused on the role of the dorsal anterior cin-
gulate cortex (dACC) in so-called performance monitor-
ing and con%ict detection. According to this body of work, 
the dACC is recruited during situations in which there is a 
con%ict between response options or when an error is com-
mitted. However, studies in non-human primates con%ict 
with this account and instead identify other medial prefron-
tal regions as the locus of performance monitoring. !ere 
are considerable variations in the tasks, methodology and 
species used to understand how the brain functions under 
con%ict and error conditions. 

 Godlove and colleagues sought to provide some 
resolution to this ongoing debate by examining error related 
brain activity in non-human primates using methods with 
well-studied direct correlates in humans. !ey recorded 
event-related potentials (ERPs) while non-human primates 
performed the stop-signal task. !e stop-signal task is a be-
havioral measure used to examine inhibition and error per-
formance. ERPs measure the electrophysiological response 
to a stimulus using electrodes that are placed on the scalp 
in humans or implanted into the skull of non-human pri-
mates. !e authors trained two monkeys in a version of 
the stop-signal task in which they made saccades to a tar-
get stimulus on most trials (no-stop trials). On stop trials, 
a signal was presented to the monkey indicating that the 
response should be withheld.  !is manipulation allowed 
the researchers to compare activity on trials in which the 
monkeys produced the same motor response (a saccade) 
but under di#erent conditions (correct saccade on no-stop 
trials, erroneous saccade on stop trials).  In humans, errors 
are associated with two robust ERP components, the error 
related negativity and positivity. !e authors demonstrate 
that non-human primates display signals of error-related 
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Moreover, the authors found that in DD embryos, the right 
number of habenular progenitors are speci"ed, but remain 
in that state for a long time before exiting. DD embryos also 
show delayed production of high melatonin levels, but mel-
atonin is su$cient to rescue habenular development in em-
bryos exposed to constant darkness. Interestingly, melatonin 
receptors are G-protein coupled receptors (GPCRs) that sig-
nal through the MEK pathway; pharmacological inhibition 
of MEK induces delayed habenular development similar to 
DD embryos. In conditions of constant light (LL) exposure, 
though melatonin production is greatly reduced, habenular 
nuclei development is timely and can even be considered to 
be slightly advanced. However, the delayed habenular neu-
rogenesis seen in DD embryos results in a reduction in total 
neuropil (axons from the forebrain and dendrites from ha-
benular neurons) compared to LD embryos, hypothesized 
to be from decreased dendritogenesis by habenular neurons. 
!is study highlights the importance of studying melatonin 
in terms of its in%uence on proper brain development.

de Borsetti & Dean et al. Developmental Biology. 2011 Oct. 
1; 358(1):251-261.

Chemoarchitecture of layer 4 isocortex in the 
american water shrew (Sorex palustris)

 !e juvenile cortex of small mammals, such as wa-
ter shrews (Sorex palustris), allows for proper identi"cation 
of characteristic cortical modules designated to a variety of 
sensory areas. In particular, microelectrode recordings and 
staining with the metabolic enzyme cytochrome oxidase 
(CO) reveal distinctive subdivisions within the chemoarchi-
tecture of the shrew isocortex that correspond to key sensory 
regions. Interestingly, Leitch and colleagues discovered that 
the shrew isocortex was dominated by large somatosensory 
areas (S1 and S2 regions), while the visual V1 region only 
occupied about 3% of the total isocortical surface. !is sug-
gested that the water shrew does not rely heavily on vision 
for vital skills such as hunting and navigation. Similarly, the 
water shrew also contained a very small auditory region. !e 
researchers also found that the water shrew possesses a pro-
nounced trigeminal nerve that is devoted to somatosensa-
tion processes from facial areas, suggesting that perhaps wa-
ter shrew vibrissae are vital in relaying tactile information to 
the cortex. Lastly, the study found conservation in the orga-
nization and positioning of the cortical areas delineated by 
the microelectrode recordings and CO staining. In fact, the 
water shrew shares such features with moles in the Talpidae 
family, supporting the idea of a close taxonomic relationship 
between the Soricidae and Talpidae families. 

Ln[gn\e^Zk�]^o^ehif^gm�h_�ma^�s^[kZÛla�aZ[^gn-
lar nuclei requires ER translocon function

 Compared to vertebrates, anatomical asymmetry is 
more pronounced in the dorsal diencephalon of non-mam-
malian vertebrates, including zebra"sh. Asymmetry of the 
dorsal habenular nuclei (Dh) in zebra"sh exhibits distinctive 
features, and lateralization of the Dh can be identi"ed us-
ing gene expression. As such, Doll and colleagues used a ge-
netic screen to "nd c163 mutants that have altered kctd12.1 
expression, a gene with higher expression in the left lateral 
Dh (LsDh) than the right that can be used as a lateraliza-
tion marker in wildtype (WT) larvae. Mutants for this gene 
have more neurons in the LsDh (especially the right LsDh) 
than the medial habenular nuclei(MsDh), with no depen-
dency on the parapineal organ, a structure that has been 
previously reported to in%uence the size of the left habenu-
lar nuclei. !ese LsDh neurons are produced more rapidly 
and for a longer time compared to WT larvae. !e screen 
also resulted in the identi"cation of a nonsense mutation in 
the sec61a-like1 (sec61al1) gene, which encodes for a pore-
forming subunit of the endoplasmic reticulum (ER). !is 
mutation results in increased neurogenesis in the habenu-
lar nuclei, independent of any changes in the expression 
of the Nodal pathway (normally correlated with initiation 
of neurogenesis). !ese mutants also show altered apical-
based polarity of habenular progenitors, which the authors 
hypothesize causes excessive neurogenic divisions in c163 
mutants. !is study has identi"ed the sec61al1 mutant as a 
great model to investigate how progenitor cell polarity and 
the rate of neurogenesis may be connected to the generation 
of left-right (L-R) asymmetry in the brain.

Doll et al. Developmental Biology. 2011 Dec 1;360 (1): 
44-57.

Light and melatonin schedule neuronal differentia-
tion in the habenular nuclei

 Light exposure and melatonin both play important 
roles in the timing and stimulation of cell division in ze-
bra"sh, but their in%uences on neurogenesis remain poorly 
understood. Using the zebra"sh model system, the authors 
"nd that constant darkness (DD) vs. a 14-hour light: 10-
hour dark cycle (LD) postpones neuronal development by 
delaying the expression of kctd12.1, kctd12.2, and cadps2, 
genes that are speci"c to the habenular nuclei in embryos. 
However, reversing the photoperiod of light exposure (DL) 
does not advance the gene expression, indicating that their 
expression does not correlate with the second dark phase. 
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sociation begs the following question: could BMI changes 
be associated with molecular alterations in motor regions 
of the brain? Senior graduate student, Amanda Mitchell, 
convincingly addressed this question in her recent report 
published in Genomics earlier this year. Using rhesus mon-
keys that were fed a high fat diet, she found distinct BMI-
associated gene expression alterations, such as, the upregula-
tion of  apoptotic- and insulin-related genes in the motor 
cortex and caudate nucleus respectively—with the motor 
cortex also showing decreased protein phosphorylation of 
the survival kinase, pERK1/2. Furthermore, these changes 
persisted despite two months of calorie restriction at the end 
of the study. Amanda’s results strongly indicate that a high 
BMI may cause sustained molecular changes associated with 
decreased brain resiliency and neuronal survival in motor re-
gions of the brain.  As such, an active lifestyle coupled with a 
low BMI may play a key role in maintaining brain resiliency.

Mitchell et al. Genomics 2012 March; 99(3): 144-151

Structural pathology of fear pathways in Williams 
Syndrome

 Williams Syndrome is a rare neurodevelopmental 
disorder characterized by hypersociability and exaggerated 
fears to nonsocial things such as thunderstorms or high 
places. Avery and colleagues used Di#usion Tensor Imag-
ing (DTI) to investigate structural pathology underlying 
nonsocial fear in Williams Syndrome. Previous FMRI stud-
ies of individuals with Williams Syndrome have identi"ed 
functional abnormalities in brain regions important for fear 
expression and regulation, including the amygdala, orbito-
frontal cortex and subgenual cingulate cortex respectively. 
fMRI is limited in its ability to identify causal factors in 
such functional de"cits. 

 One possible cause of the functional abnormalities 
in limbic regions observed in Williams Syndrome is pathol-
ogy in white matter tracts connecting the amygdala with 
prefrontal areas important for emotion regulation. DTI is an 
anatomical neuroimaging technique used to identify white 
matter tracts in the brain based on the limited ability of wa-
ter to di#use consistently in all directions along myelinated 
"ber bundles. Avery et al. used probabilistic tractography 
with DTI to map pathways connecting the amygdala to or-
bitofrontal and subgenual cingulate cortices in a group of 
Williams Syndrome subjects and control subjects recruited 
for having high nonsocial fears. Interestingly, the authors 
found that Williams Syndrome subjects had decreased white 
matter integrity in pathways connecting the amygdala with 

Leitch et al. Brain, Behavior and Evolution. 2011 Oct. 7; 78 
(4): 261-271. 

<hgÛkfZmbhg�h_�Zg�^ibe^ilr�fh]bÛ^k�eh\nl�hg�
mouse chromosome 11 and candidate gene analy-
sis by RNA-Seq

 Epilepsy is one of the most common neurologi-
cal disorders a#ecting 1% of the global population. Several 
forms of epilepsy are triggered by mutations in voltage-gat-
ed sodium channels and these forms can be modeled in mice 
using homologous recombination of mutant alleles of these 
channels found in human epilepsy patients. !ese “knock-
in” mice are now important tools in studying epilepsy disease 
etiology, preclinical testing of new pharmacotherapies, and 
in identifying novel genetic regulators of disease penetrance 
and expressivity. In this study, Nicole Hawkins generated in-
terval-speci"c congenic(ISC) lines to "ne map a previously 
identi"ed modi"er of epilepsy(Moe) to a 4 Mb interval on 
Chromosome 11(11q). Using next generation sequence of 
mouse whole brain mRNA, they identi"ed single nucleotide 
polymorphisms(SNPs) and gene expression di#erences of 
genes within the mapped region. In males, changes in Hlf, 
hepatic leukemic factor, mRNA expression that is located 
within the male-speci"c mapping interval strongly suggest 
that Hlf is a genetic modi"er of epilepsy. In females, changes 
in mRNA expression of Cacn1ag splice isoforms, a gene lo-
cated in a female speci"c interval on 11q , are consistent 
with its role as a genetic modi"er of epilepsy. !ese studies 
show, for the "rst time, that two speci"c genetic modi"ers 
can in%uence the severity of a monogenic form of epilepsy. 
Future studies that manipulate the expression or function 
of these two genes may help reveal whether they represent 
e#ective druggable targets for the treatment of epilepsy. 

Hawkins et al. Genes, Brain and Behavior 2012 Mar. 28; 
11:452-460

Gene transcripts associated with BMI in the motor 
cortex and caudate nucleus of calorie restricted 
ka^lnl�fhgd^rl

 !e global obesity epidemic has given rise to the ur-
gent need to explore its far reaching negative health e#ects. 
Negative health indexes of obesity, such as high body mass 
index (BMI) and insulin resistance, have been correlated 
with aberrant changes in speci"c brain regions. A number of 
brain regions, such as the brain’s motor region, presents itself 
as an attractive study target given the association between 
decreased obesity and physical activity. !is interesting as-
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the both the orbitofrontal and subgenual cingulate cortices. 
Structural de"cits in pathways connecting the prefrontal 
cortex and amygdala may thereby compromise regulation 
of the response to potential threats. !ese "ndings identify a 
potential mechanism for elevated levels of nonsocial fear in 
Williams Syndrome.

Avery et al. NeuroImage. 2012 Jan. 16;59(2), 887–894. 

Watch your step! Neural correlates of physical 
kbld�Zll^llf^gm

 Risk is an unavoidable part of human existence and 
there is considerable variability in the types of behavior that 
confer risk. For example, some risk seekers gamble, others 
climb mountains. However, most studies on the neural basis 
of risk calculation involve some sort of "nancial decision-
making. Risk magnitude (high vs. low) and the numerical 
format in which a risk is expressed are critical factors in risky 
decision-making. For example, most people are more likely 
to treat risks more seriously when expressed in a frequency 
format (3/10) than in a probability format (0.3). 

 Coaster et al. characterized the brain regions in-
volved in assessing physical risks of di#ering severity and 
format levels using fMRI. Processing of high vs. low harm 
scenarios was associated with increased activity in the bed 
nucleus of the stria terminalis and a set of language related 
regions. !is e#ect was ampli"ed when participants viewed 
scenarios as a frequency rather than a probability. When 
subjects evaluated scenarios of high vs. low risk, the authors 
observed increased activation in the pre-supplementary mo-
tor area and ventrolateral prefrontal cortex, as well as in the 
caudate/ventral striatum (both regions found to be engaged 
in studies of risky "nancial decision-making). Additional 
prefrontal regions were recruited when high-risk scenarios 
were expressed in probability rather than frequency format. 
!is study highlights the importance of examining human 
decision-making in di#erent contexts and underscores the 
complexity of the neural machinery involved in evaluating 
potential risks. 

Coaster et al. Cognitive, A!ective, & Behavioral Neurosci-
ence. 2011 Dec.;11(4), 494–507. 

On the Cover 
 Neurons are populated with hundreds of individual 
mitochondrion which dynamically interact and undergo "s-
sion, fusion, synthesis and degradation at an incredibly rap-
id rate. !ese events are key to integrating biochemical cues 
from other organelles, surface proteins and nuclear signal-
ing.  Moreover, alterations in the signaling molecules which 
control each of these events have been linked with neuronal 
dysfunction in response to both acute and chronic stress. 
!e Cover Art (above) depicts dissociated cortical neurons 
grown in culture for three weeks and stained with Mito-
Tracker Orange (red), a potentiometric, live cell dye that 
accumulates in mitochondria based on membrane potential. 
!e nuclear marker DAPI (blue) was used as a counter stain. 
MitoTracker staining demonstrates diversity of mitochon-
drial morphology and temporal location with high numbers 
of mitochondria in the neuronal soma and rod like stain-
ing in processes indicative of healthy mitochondria. Un-
der conditions of physical, genetic or environmental stress, 
mitochondria retreat to the soma, fuse or are removed. By 
tracking organelles in real time, we seek to understand the 
molecules which determine mitochondrial fate and overall 
neuronal health. 
    Amy Palubinsky
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Abstract

Introduction
 Anxiety disorders are the most commonly occur-
ring class of psychiatric disorders, with approximately 1 in 4 
people a#ected by one or more anxiety disorders within their 
lifetime1. Due to their prevalence, the economic cost associ-
ated with anxiety disorders is estimated at a staggering $42 
billion annually2. Social phobia is the second most common 
type of anxiety disorder1 and a signi"cant contributor to dis-
ability and economic burden3. Social phobia, also known 
as social anxiety disorder, is characterized by a persistent, 
intense, and chronic fear of being watched or judged by oth-
ers that interferes with work, school, and other activities4. 
Individuals with social phobia are typically thought of as 
shy and quiet, and may show physical discomfort (blushing, 
lack of eye contact) when interacting with others. Although 
some individuals with social phobia desire the company of 
others, they often avoid social situations due to their fear of 
being judged. !e burden of social phobia is often underes-
timated5 because individuals with social phobia often do not 
seek treatment. However, impairments associated with so-
cial phobia can range from mild to severe. Individuals with 
mild social phobia often have fears of public speaking; how-
ever, less than 5% of individuals with social phobia meet cri-
teria for the diagnosis based exclusively on public speaking 
fears6-8. Instead, the vast majority of individuals with social 
phobia experience signi"cant fears in most social situations, 
resulting in reduced educational attainment9;10, low occupa-
tional and "nancial status10-12, and reduced quality of life3;11-

13. Social phobia has a typical onset in adolescence1;2;8;12;14, is 
highly persistent throughout the entire life course2, and has 
high comorbidity with other psychiatric illness5;12;15;16.

 Understanding risk factors related to the devel-
opment of social phobia could ultimately have important 
implications for prevention and treatment. !e etiology of 
social phobia appears to be dependent on multiple factors, 
including neurobiological and developmental risk factors. 
!is review characterizes the most prominent neurobiologi-
cal "ndings in social phobia, and the neurobiological and 
developmental factors most strongly linked to risk for social 
phobia.

Neurobiology of social phobia
 Individuals with social phobia experience intense 
fear of evaluation in most social situations. Social stimuli 
which are only mildly aversive or threatening to most peo-
ple—such as seeing a negative facial expression—can cause 
emotional distress and anxiety in social phobia patients17. 
Accordingly, a majority of studies18 have used mildly threat-
ening/aversive social stimuli—such as angry, fearful, or criti-
cal faces, or anticipation of public speaking—to probe for 
altered neural function in social phobia. !ese studies have 
identi"ed the amygdala and the hippocampus as two promi-
nent brain regions which show abnormal activity in social 
phobia. 
 !e amygdala is critically important in the detec-
tion of environmental threat19 and in the expression of fear 
and anxiety20;21. Monkeys with amygdala lesions show a 
striking lack of fear to environmental and social threat22;23, 
and human patients with bilateral amygdala damage have 
di$culty recognizing fearful expressions24. Consistent with 
the role of the amygdala in threat detection, functional neu-
roimaging studies have found increased amygdala activity in 

Slow To Warm Up:  Delayed Neural Habituation To Faces And 
Kbld�?hk�Lh\bZe�Iah[bZ
Suzanne Avery

 Social phobia is a chronic and disabling anxiety disorder that a#ects approximately 1 in 10 people in their lifetime. 
Individuals with social phobia experience intense anxiety and fear in situations where they are exposed to unfamiliar people 
or possible scrutiny by others, leading to social discomfort and isolation. Neuroimaging studies have revealed that novel faces 
consistently elicit heightened amygdalar and hippocampal activity in social phobia patients. Heightened amygdala activity to 
novel faces is also associated with inhibited temperament, a strong risk factor for social phobia, suggesting that heightened neural 
activity to social novelty may be a biological marker of risk. Preliminary "ndings suggest that slow habituation to novelty may 
underlie the heightened neural activity seen in inhibited individuals and patients with social phobia, with this prolonged neural 
response contributing to feelings of unfamiliarity, memory impairments, and increased social fear. 
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social phobia patients in response to various types of social 
threat, such as viewing of threatening faces25-27 or anticipa-
tion of public speaking28;29. !e degree of amygdala activity 
in social phobia patients is correlated with the severity of 
social anxiety symptoms, but not trait anxiety symptoms, 
indicating that the amount of amygdala activity in response 
to social threat may be a relatively speci"c marker of social 
phobia severity25. Following successful anxiety treatment, 
social phobia patients show reduced amygdala activity in re-
sponse to social threat30;31, indicating that heightened amyg-
dala activity is crucial in the expression of anxiety symptoms. 
!ese "ndings clearly support the role of the amygdala in 
the detection of social threat, and indicate that hyperactiv-
ity of the amygdala in response to negative or threatening 
social stimuli may at least partially underlie social phobia 
symptoms.
 Interestingly, neutral faces also elicit increased 
amygdala activity in social phobia patients relative to con-
trols32;33, although to a lesser extent than threatening faces. 
Neutral expressions are more emotionally ambiguous than 
other facial expressions34, and there is preliminary evidence 
that individuals with social phobia tend to view neutral ex-
pressions as slightly threatening35, perhaps due to their am-
biguity. !erefore, increased amygdala activity to neutral 
faces could re%ect a di#erence in perception of social threat. 
Alternatively, increased amygdala activity to neutral faces 
may re%ect generally heightened face or novelty processing 
in social phobia. !e amygdala has a well-de"ned role in 
face detection and contains neurons which preferentially 
respond to faces regardless of emotional valence36;37. Some 
studies have demonstrated heightened amygdala activity to 
happy faces in social phobia patients38;39, supporting the no-
tion that social phobia patients may show heightened amyg-
dala activity to all faces, regardless of valence. !e amygdala 
is also critically involved in novelty detection and contains 
neurons which respond only to the "rst presentation of a 
stimulus36;37;40. Because social phobia studies often don’t 
control for novelty e#ects, abnormal novelty processing 
cannot be ruled out as a contributor to increased amygdala 
activity. !erefore, it is possible that the amygdala is hyper-
active not only to social threat, but also social novelty. 
 One region which may modulate the amygdala 
during social threat and social novelty processing is the hip-
pocampus. !e hippocampus provides contextual informa-
tion to the amygdala through dense, reciprocal connec-
tions41, and has been associated with the overgeneralization 
of anxiety42-44. Neural processing of the surrounding envi-
ronment appears to involve a complex interaction between 
the amygdala and the hippocampus, with the amygdala in-

%uencing memory-related plasticity in the hippocampus45, 
and the hippocampus playing a modulatory role over the 
amygdala during negative face viewing46;47. In social phobia 
patients relative to controls, social threat is associated with 
increased activity in the hippocampus and parahippocampal 
gyrus27;48;49, and attenuated hippocampal activity following 
successful social anxiety treatment31. Similar to the amyg-
dala, the hippocampus and entorhinal cortex play a role in 
both face detection and novelty detection36;40, responding 
most strongly to the "rst presentation of a face regardless of 
valence50. !erefore, it is possible that increased hippocam-
pal activity to face stimuli in social phobia patients may be 
at least partially related to hyperactive processing of faces or 
novelty. No previous studies have speci"cally examined hip-
pocampal activity in response to neutral faces in social pho-
bia, so it is unknown whether the hippocampus, similarly 
to the amygdala, shows increased activity to neutral social 
images. However, these "ndings suggest that the hippocam-
pus not only participates in face and novelty detection, but 
also plays an important modulatory role over the amygdala 
during social threat detection and may be critical in the ex-
pression of anxiety in social phobia.
 While amygdalar and hippocampal function are 
important in the neurobiology of social phobia, much less 
is known about whether these regions contribute to risk for 
the disorder. If amygdalar and hippocampal function are 
disrupted early in the progression of the disorder—prior to 
the onset of signi"cant anxiety symptoms—these regions 
may serve as early biological markers of risk and help guide 
early prevention and treatment. Some preliminary evidence 
suggests that this may be the case; for example, amygdala 
dysfunction has been found in individuals with inhibited 
temperament51-53, a group at signi"cantly increased risk for 
development of social phobia. 

Inhibited temperament as a risk factor for social phobia
 While the lifetime prevalence of social phobia in 
the general population is estimated to be 12%1, approxi-
mately 40% of individuals with inhibited temperament will 
develop social phobia in their lifetime54-56. Because of this 
substantially increased risk, investigation of the neurobiolo-
gy underlying inhibited temperament may provide valuable 
insight into neural risk factors for social phobia. Tempera-
ment refers to stable, biologically-based individual di#er-
ences in emotion, cognition, and behavior that are measure-
able during the "rst years of life57. Inhibited temperament 
is the predisposition to react to environmental novelty, such 
as new people, places, and events, as potentially threaten-
ing58;59. Approximately 15% of individuals are born with an 



VOLUME 4 | 2012 | 16 VANDERBILT REVIEWS NEUROSCIENCE

C A N D I D A T E 
R E V I E W S
inhibited temperament60, which biases them to react to nov-
elty with fear and wariness. Inhibited children are thought 
of as “slow to warm up” in new social situations61 and often 
withdraw from unfamiliar peers62. Investigation of the neu-
robiology underlying inhibited temperament may provide 
valuable insight into a speci"c risk pathway for social pho-
bia. 
 Because inhibited temperament is associated with 
avoidance of novelty, often new people, several studies have 
investigated neural responses to social novelty in inhibited 
temperament. A seminal study by Schwartz and colleagues 
used neutral face stimuli to explore amygdala novelty pro-
cessing in individuals with inhibited temperament. In this 
study, young adults who had been identi"ed as inhibited at 
2 years of age had heightened amygdala activity to novel fac-
es compared to uninhibited individuals, but showed similar 
amygdala activity as uninhibited individuals to familiar fac-
es51. In a later study, Blackford and colleagues showed that 
inhibited individuals, compared to uninhibited individuals, 
also have a faster and longer amygdala response to novel 
neutral faces52. !ese studies indicate that novelty process-
ing in inhibited individuals is associated with exaggerated 
amygdala activity, which may drive the behavioral avoid-
ance of novelty exhibited by these individuals. Although the 
study by Schwartz and colleagues included a small number 
of inhibited individuals who also had social phobia, there 
were no signi"cant e#ects of diagnosis on amygdala reac-
tivity to novelty51. Because social phobia patients and indi-
viduals with inhibited temperament showed similar amyg-
dala response to novelty, Schwartz and colleagues proposed 
that amygdala hyperactivity in social phobia patients may 
be in%uenced by, or perhaps due to, di#erences in novelty 
processing that are similar to di#erences seen in individuals 
with inhibited temperament51.
 Although social threat tasks are commonly used in 
social phobia studies, these tasks are infrequently used in 
studies of inhibited temperament. Only two studies to date 
have investigated amygdala activity in response to threat-
ening social stimuli in inhibited individuals, and these 
studies have yielded ambiguous "ndings. In the "rst study, 
Perez-Edgar and colleagues found that inhibited individu-
als showed increased amygdala activity, relative to controls, 
in response to threatening faces65. However, this increased 
amygdala activity was found when subjects were required 
to attend to the emotion of the face, but was not found 
during passive viewing of threat faces. In contrast, a passive 
viewing study by Clauss and colleagues found that inhibited 
individuals showed greater amygdala activity than uninhib-
ited individuals when threatening faces were expected, but 

not when threatening faces were unexpected66. !ese stud-
ies indicate that amygdala activity is increased in individu-
als with inhibited temperament in response to threatening 
faces, although attention and expectation may each play a 
modulatory role. Because both studies were relatively small, 
further exploration of amygdala response to threatening 
faces is warranted.
 !e hippocampus has received much less attention 
than the amygdala in human studies of inhibited tempera-
ment. However, animal lesion studies have demonstrated 
an important hippocampal role in behavioral inhibition 
and social interaction. Rats with ventral hippocampal le-
sions show decreased behavioral inhibition in both novel 
and potentially dangerous environments, and engage in 
more social interaction than non-lesioned controls67, con-
sistent with an anxiolytic e#ect. Similarly, non-human pri-
mates with hippocampal lesions show increased exploration 
of novel objects and signi"cantly fewer fear behaviors than 
controls when interacting with novel objects68. Additional 
"ndings in non-human primates indicate that increased hip-
pocampal function during exposure to a novel environment 
is predictive of behavioral inhibition69 and is a key neural 
signature of anxious temperament70. Importantly, hippo-
campal lesions produce slightly di#erent behavioral pheno-
types than amygdala lesions, indicating that the hippocam-
pus has a unique role in the production of anxiety-related 
behaviors67;68. !ese "ndings suggest that the hippocampus 
may play an important role in the neurobiology of inhibited 
temperament, although investigation of hippocampal func-
tion in humans is needed.
 In summary, the amygdala and hippocampus show 
heightened activity in response to novel faces in healthy in-
dividuals71, consistent with their role in both face detection 
and novelty detection. However, individuals with inhibited 
temperament show abnormally heightened amygdala activi-
ty in response to novel faces51;53;72, suggesting that abnormal-
ly heightened amygdala activity may contribute to increased 
fear or avoidance of novelty. !e mechanisms underlying 
abnormally heightened amygdala activity and avoidance of 
novelty in inhibited temperament are not well understood, 
although altered habituation has been proposed to play a 
key role53;72.

Habituation to novelty in inhibited temperament
 At its simplest, habituation represents a decreased 
response to repeated presentations of a stimulus73. Novelty 
detection is a critical "rst step in the evaluation of potential 
threats (or rewards) in the environment. However, humans 
must continually process vast amounts of incoming sensory 
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the simplest forms of learning and memory in the brain and 
has been demonstrated in higher order processing regions 
involved in recognition memory, such as the amygdala and 
hippocampus87;88. !is has led to speculation that habitu-
ation in the amygdala and hippocampus may be a critical 
component of short-term recognition memory74. !is no-
tion is supported by several lines of evidence in both healthy 
and clinical populations. In healthy individuals, poor work-
ing memory for emotional faces is associated with increased 
amygdala activity during the encoding of emotional faces89, 
suggesting that abnormally elevated amygdala activity may 
disrupt or impair memory formation. Slow habituation in 
the amygdala, hippocampus, parahippocampal cortex, and 
perirhinal cortex has also been correlated with poor recog-
nition and episodic memory in patients with Alzheimer’s 
disease90. Similarly, slow habituation in the medial tempo-
ral lobe has been reported in schizophrenia91, a psychiatric 

information. !erefore, rapid habituation to novel stimuli 
which are neither threatening nor rewarding is crucial for ef-
fective navigation of our constantly changing environment. 
Neuronal habituation signals safety and familiarity36;37;74-76, 
while a failure to rapidly habituate to novelty may trigger 
feelings of unfamiliarity36;37;74-76, potentially leading to in-
creased fear and anxiety in novel situations. Although ha-
bituation is a fundamental process, individual di#erences in 
habituation appear as early as infancy77;78, potentially pro-
viding a neural mechanism for the increased reactivity to 
novelty observed in behaviorally inhibited infants. 
 !e amygdala and hippocampus are both criti-
cally involved in the detection of novelty36;37;40;50;51;74;75;79-81 
and rapidly habituate to repeated exposure36;37;40;50;74;75;79;81 
in healthy individuals. Interestingly, both of these regions 
show slow habituation to novelty in individuals with inhib-
ited temperament53;72. Blackford and colleagues showed that 
during initial viewing of novel, neutral faces, uninhibited 
and inhibited individuals had a similar increase in amyg-
dalar and hippocampal activity; however, with repeated 
presentations of the same neutral faces, uninhibited indi-
viduals showed a quick decline to baseline, while inhibited 
individuals showed sustained amygdalar and hippocampal 
response after approximately 1 minute of face viewing (Fig-
ure 1)72. Single-unit recording studies have shown that ha-
bituation usually occurs rapidly, with the greatest decrease 
in response observed between the "rst and second stimulus 
repetition36;37, providing a critical neuronal code for famil-
iarity36;37;74-76. Additionally, slow habituation of the amygdala 
to novel faces, similar to that observed in inhibited tempera-
ment, has been associated with more severe social impair-
ment in autism82. !erefore, prolonged neural response to 
novelty is likely to contribute to decreased feelings of famil-
iarity in novel situations36;37;74-76, and may result in anxiety 
and uncertainty in novel situations and increased novelty 
avoidance in inhibited individuals. Preliminary "ndings in 
social phobia are less clear. In a single study which investi-
gated habituation in social phobia, social phobia patients 
showed an altered pattern of amygdala habituation to novel 
emotional faces, although group di#erences in the rate of 
habituation were not found83. However, social phobia pa-
tients in this study were required to make a gender selection 
for each face, while habituation studies in inhibited tem-
perament have used passive viewing of faces. Task demands 
may signi"cantly alter amygdala activity84-86.
 Delayed habituation is associated with reduced 
ability to discriminate between novel and recently-seen 
faces74 in healthy adults, suggesting that altered habitua-
tion may a#ect conscious memory. Habituation is one of 

Figure 1. Linear regression of blood-oxygen-level dependent 
activity by region. Individuals with uninhibited temperament 
(UT) show a linear decrease in amygdala and hippocampal 
activity across repeated blocks of neutral faces, indicating ha-
bituation to face stimuli. In contrast, individuals with inhibited 
temperament (IT) do not show habituation of neural activity 
over repeated blocks of neutral faces. Note: blocks consist of re-
peated presentations of face stimuli. Each block of face stimuli 
is 18 seconds long.
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����� .OXYHU� +�� %XF\� 3&�� 3UHOLPLQDU\� DQDO\VLV� RI� IXQFWLRQV� RI�
the temproal lobes in monkeys. Archives of Neurology and Psychiatry 

1939;42:979-1000.

24.  Adolphs R, Tranel D, Hamann S et al. Recognition of facial 

HPRWLRQ�LQ�QLQH�LQGLYLGXDOV�ZLWK�ELODWHUDO�DP\JGDOD�GDPDJH��Neuro-
psychologia 1999;37:1111-1117.

25.  Phan KL, Fitzgerald DA, Nathan PJ, Tancer ME. Associa-

tion between amygdala hyperactivity to harsh faces and severity of so-

cial anxiety in generalized social phobia. Biol Psychiatry 2006;59:424-

429.

26.  Blair K, Shaywitz J, Smith BW et al. Response to emotional 

expressions in generalized social phobia and generalized anxiety disor-

der: evidence for separate disorders. Am J Psychiatry 2008;165:1193-

1202.

27.  Stein MB, Goldin PR, Sareen J, Zorrilla LT, Brown GG. In-

FUHDVHG�DP\JGDOD�DFWLYDWLRQ�WR�DQJU\�DQG�FRQWHPSWXRXV�IDFHV�LQ�JHQ-

eralized social phobia. Arch Gen Psychiatry 2002;59:1027-1034.

����� 7LOOIRUV�0��)XUPDUN�7��0DUWHLQVGRWWLU�,�HW�DO��&HUHEUDO�EORRG�
ÁRZ�LQ�VXEMHFWV�ZLWK�VRFLDO�SKRELD�GXULQJ�VWUHVVIXO�VSHDNLQJ�WDVNV��D�
3(7�VWXG\��Am J Psychiatry 2001;158:1220-1226.

����� /RUEHUEDXP�-3��.RVH�6��-RKQVRQ�05�HW�DO��1HXUDO�FRUUHODWHV�

disorder associated with memory impairments92. Behavioral 
studies have shown memory impairments for recently famil-
iarized faces in inhibited temperament93 and social phobia94, 
although no studies to date have examined habituation in 
relation to memory impairments in either of these groups. 
Although normal amygdala95 and hippocampal96 activity is 
associated with memory improvement in healthy individu-
als, these "ndings suggest that abnormally prolonged amyg-
dala and hippocampal activity may negatively a#ect short-
term memory for social stimuli.

Conclusions
 Preliminary evidence suggests that the increased 
amygdala and hippocampal responses to novelty in inhib-
ited individuals may re%ect slowed neural habituation in 
these brain regions.  Slow amygdala and hippocampal habit-
uation may have several consequences including increased 
wariness of novelty, increased fear and anxiety, and reduced 
declarative memory function in inhibited individuals, con-
tributing to risk for development of social phobia. Future 
studies should systematically investigate habituation rate in 
inhibited temperament and social phobia in relation to nov-
elty avoidance, state-based anxiety, and memory ability, in 
order to understand how habituation contributes to each of 
these factors. 
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Huntington’s Disease: Onset, Genetics, Protein, and 
Models
 In the 1980’s, researchers studying an isolated com-
munity in Venezuela with a very high incidence of HD pin-
pointed the genetic cause to an increase in CAG repeats in 
exon 1 of the huntingtin gene (HTT).  !is excess of CAG 
repeats leads to an expansion in the polyglutamine (polyQ) 
tract in the huntingtin protein1. Despite the inverse rela-
tionship between prognosis and number of CAG repeats, 
CAG repeats only explain 60% of the large variability in age 
of onset, disease progression, and susceptibility. In addition, 
subsequent sibling studies have demonstrated that modi-
"er genes explained only 13% more of this variance2,3,4,5. 
Furthermore, cases of identical twins discordant for onset 
and symptoms reveal the in%uence of other environmen-
tal factors on the phenotypic variability observed in HD 
patients6,27 (Figure 1). Environmental in%uences have not 
been demonstrated to accelerate the pace of HD, but many 
factors described below (including enriched environments, 
exercise and diets) have been demonstrated to increase en-

dogenous brain derived neurotrophic factor (BDNF) levels, 
with a concomitant delay in disease progression. Pollut-
ants and heavy metals, such as copper (Cu), iron (Fe), and 
manganese (Mn), have been suggested to in%uence the pa-
thology of many neurodegenerative diseases, via alterations 
in vesicular transport, mitochondrial dysfunction, protein 
aggregation, and induction of oxidative stress. !e pace of 
neurodegeneration may be due to several mechanisms, in-
cluding diminished neurotrophic support and deranged es-
sential metal ion homeostasis in vivo (Figure 2).
 Huntington’s Disease is an autosomal dominant 
neurodegenerative disorder with a median age of onset at 
398.  Although it has been two decades since the identi"ca-
tion of the HD-associated mutation, there is growing de-
bate about whether HD symptoms are caused by a: (i) loss 
of function of normal HTT; (ii) toxic gain of function in 
mutant HTT9; or both (i) and (ii)10. HTT knockout mouse 
models cannot survive past embryonic day 711,12,but the es-
sential role for HTT in embryological development remains 
unclear13. Moreover, mouse models of HD develop disease14 

@^g^&>gobkhgf^gm�Bgm^kZ\mbhgl�bg�Angmbg`mhg�l�=bl^Zl^
Terry Jo Bichell

Referring to the debate about nature versus nurture, neuropsychologist Dr. Donald Hebb is said to have asked, 
“Which contributes more to the area of a rectangle, its length or its width?” 
 Huntington’s Disease (HD) is a neurodegenerative disease characterized by selective loss of stria-
tal GABAergic medium spiny neurons (MSNs). Despite the inverse relationship between CAG repeat 
number and age of onset, repeat number only accounts for 60% of the variability in HD. Interestingly, 
the residual variability is caused by other genetic and/or environmental factors, including single nucleo-
tide polymorphisms, heavy metal toxicity, environmental enrichment, exercise, and diet that modify 
synaptic activity and neuroprotective functions. Importantly, heavy metals such as manganese (Mn) can 
accumulate in the striatum, which is the most vulnerable brain region in HD following excessive expo-
sure. Unfortunately, the precise function of Mn in the striatum as a positive or negative modi"er of age 
of onset, disease progression, and clinical symptomology is unknown. Our laboratory has previously re-
ported a striatal speci"c gene-environment interaction between the mutant Huntingtin gene (HTT) and 
Mn in both in vitro and in vivo models of HD. Importantly, mutant HTT expression confers resistance 
against Mn toxicity partly by decreasing net Mn uptake and storage capabilities compared to wildtype. 
!us, reduced physiological Mn levels in the brain may profoundly a#ect Mn-dependent neuronal en-
zyme function, downstream signaling pathways, and explain some of the aforementioned variability 
observed in HD. In essence, understanding the relationship between mutant HTT and Mn transport 
dynamics may elucidate additional in vivo functions of the huntingtin protein (HTT) and contribute to 
therapeutic interventions in HD. 

Huntington’s
Metals
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BDNF
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while normal HTT is still functional, which suggests that 
excess mutant HTT is the cause of HD neurodegeneration. 
However, a careful study of homozygous human patients 
controlled for CAG repeat number on both alleles demon-
strated worsened disease progression compared to hetero-
zygotes15. ! e results from this study suggest that loss of 
function of normal HTT may still play a role in disease pa-
thology.  
 Although all of the functions of wildtype HTT are 
unknown, it has been shown to be involved in crucial neu-
ronal pathways, including apoptosis, transcriptional regula-
tion, axonal transport, and as a sca# old for protein-protein 
interactions16. ! e ubiquitously expressed HTT protein is 
large (348-kDa), with over 50 identi" ed binding partners9

and its unwieldy size has delayed a determination of its crys-
tal structure. ! e polyQ tract is located in the " rst exon at 
the N-terminal of HTT and appears to have evolved rela-
tively recently, adoptimg several di# erent structures (helix, 
coil, loop) that enable it to function as a key regulator of 
binding interactions17,18. HTT is post-translationally modi-
" ed by phosphorylation19, sumoylation20, ubiquitination21, 
acetylation22,23, palmitoylation24 and is cleaved in a several 
di# erent ways by caspases and calpain25,26. ! e N-terminal 
fragment is the main site of these modi" cations and the 
source of HD pathology, including aggregate formation and 
mitochondrial dysfunction14,27. 
 ! ere are at least nine commonly used mouse mod-
els of HD, including both transgenics and knock-ins (re-
viewed in Zuccato et al14). ! e R6/1 and R6/2 transgenic 
mice carry a fragment of exon 1 from the 5’ end of human 
HTT with 113 and 144 CAG repeats, respectively28. ! e 
R6/2 mouse has a pronounced HD phenotype, developing 

weight loss, aggregates, brain atrophy, and motor symptoms 
by 12 weeks. ! e YAC128 mouse has a transgene express-
ing the full-length human HTT gene with 128 repeats29. 
! ough it lives a normal lifespan and has increased weight, 
it develops motor symptoms and has increased n-methyl-
D-aspartate (NMDA), AMPA, and metabotropic glutamate 
receptor (mGluR) binding, and reduced striatal and corti-
cal volume. ! e BACHD transgenic mouse also expresses 
the full-length HTT gene and develops inclusions and brain 
atrophy, but demonstrates fewer motor symptoms than the 
YAC12830. Other models with knock-in polyQ sequences 
inserted into the mouse htt gene do not develop a robust 
phenotype31,32, but do show some neuronal defects and mo-
tor abnormalities.
 HD is described as having three phases, both in 
humans and mouse models: (i) pre-manifest, in which the 
gene mutation has been identi" ed but there are no signs and 
symptoms; (ii) prodromal, during which there are cognitive 
and emotional signs, but no loss of function; and (iii) mani-
fest, in which motor symptoms become obvious and there 
is sharp functional decline33. During the prodromal phase, 
there is loss of cortical mass followed by loss of striatal GA-
BAergic MSNs, which suggests that disease processes in cor-
tical neurons may lead to the subsequent excitotoxic post-
synaptic deterioration of MSN’s34. In fact, decortication in 
an HD mouse model has been reported to ameliorate HD 
symptomology35. Currently, there are at least nine diseases 
that are known to be caused by excess CAG repeats, all of 
which are neurodegenerative. Each of these nine diseases 
have neuronal loss restricted to speci" c brain regions36 and 
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���������Figure 1:  Proportion of the variability in Huntington’s disease 
onset explained by CAG repeat number and modi" er genes, 
with the remainder attributed to environmental in# uence.  Figure 2:  Selected purported environmental in# uences on age 

of HD onset, both positive and negative:  enriched environment, 
stress, heavy metals, melatonin, and mitochondrial insults.  
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similar intracellular manifestations, which include altera-
tions in metal processing, protein misfolding, inclusions and 
aggregates37. Protein misfolding and cellular metal mishan-
dling is also present in non-CAG repeat neurodegenerative 
diseases, such as Alzheimer’s Disease (AD), and Parkinson’s 
Disease (PD), both of which have a greater environmen-
tal basis than genetic attribution37. Environmental factors 
such as environmental enrichment (EE), exercise, diet, and 
exposures to xenobiotics have been reported to worsen or 
ameliorate disease processes in all of these neurodegenera-
tive diseases38. 

Environmental In!uences in HD: Lifestyle E"ects
Stimulation: Research mice are usually kept in small box-
es with bedding, food and water. Under these standard-
ized conditions, mice expressing full length or fragments 
of the mutant HTT protein develop motor and cognitive 
disease28. However, when allowed access to exercise wheels, 
stimulating toys and novel objects, their healthy phase is 
prolonged39, 40,41. Exercise alone prolongs the premanifest 
phase, as does EE alone42. Both exercise and EE have been 
shown to increase levels of striatal BDNF43 as well as neuro-
genesis in wildtype mice44. !is addition to the reserve pool 
of healthy neurons may explain the protective e#ects ob-
served in neurodegenerative diseases in general45. With HD 
in particular, BDNF gene transcription46, as well as serum 
and cortical BDNF levels are reduced in patients47-48 com-
pared to healthy controls. However, BDNF protein levels 
are increased via EE even in the HD murine model49. 
 !e general function of BDNF is to promote neu-
rogenesis and neuronal survival50 through binding to the 
tyrosine kinase B receptor (TrkB), thereby phosphorylating 
and activating neuroprotective pathways,50,51. Striatal neu-
rons express TrkB to receive BDNF transported from the 
cortex or substantia nigra, but have substantially less BDNF 
when compared to other brain regions52. One of the recog-
nized roles of HTT is in the interaction with Huntingtin-
associated protein 1 (HAP1) to facilitate transport of BDNF 
along cortical axons to synapses on MSN’s53. In addition, 
wildtype HTT regulates transcription of BDNF by sup-
pressing a key site in the BDNF promoter54,55. Emerging 
evidence has shown that increasing BDNF protein levels 
protects post-synaptic MSN’s even in the presence of mu-
tant HTT56. Furthermore, overexpression of cortical BDNF 
transcription ameliorates symptoms in HD model mice57 
and protects mitochondria58. Increasing BDNF in the brain, 
either directly or indirectly, has been suggested to improve 
the symptoms observed in HD, AD, PD and Amylotrophic 
Lateral Sclerosis (ALS)14 as well. 

Diet:  !ere is also a role for diet in delaying the inevita-
ble genetic destiny of HD. Glucose metabolism is altered 
in HD, with early weight gain followed by hyperglycemia 
and severe weight loss59,60,61. Leptin levels are normal in 
premanifest human patients62, but levels do not increase 
appropriately with BMI61,63, and leptin is high in murine 
models compared to wildtype64,65. !e R6/2 mouse devel-
ops metabolic and motor symptoms similar to what is ob-
served in HD human patients66 . Treating these mice with 
dietary supplements of essential fatty acids (linoleic and 
a-linoleic acids) reduced motor signs such as foot clasping 
and locomotor de"cits, but did not correct weight loss or 
reduction in dopamine receptors67. A randomized placebo-
controlled double-blind study of fatty acid supplementation 
in humans with HD also showed a signi"cant improvement 
compared to placebo68. Interestingly, restriction of a-linoleic 
acid reduces BDNF in a striatal speci"c manner in wildtype 
mice69. Other dietary manipulations such as dietary restric-
tion (DR) (fasting on alternate days), have been shown to 
be neuroprotective in wildtype animals70, delaying locomo-
tor dysfunction, reducing oxidative stress, restoring BDNF 
levels and glucose metabolism, and increasing lifespan in 
mice65. !e DR model has also been shown to increase lon-
gevity in C. elegans71,72. Ironically, both DR and fatty acid 
supplementation increases BDNF, which may be the protec-
tive mechanism of dietary manipulation in HD. 
Oxidative Stress:  In addition to the factors that prolong 
the premanifest phase, oxidative stress and mitochondrial 
insults73 from either genetic and/or environmental factors 
hasten HD pathology. HD post-mortem tissue exhibits se-
vere reductions in mitochondrial complexes II – IV in the 
striatum with no e#ect in the blood74. Furthermore, PET 
studies have revealed abnormalities in energy metabolism 
prior to striatal loss75. Systemic treatment with the complex 
II inhibitor, 3-nitropropionic acid (3NP), causes HD-like 
abnormal motor behavior76, striatal-speci"c neurodegen-
eration77 and reduced phosphorylation of DARPP-3278 (a 
protein encoded by a modi"er gene reported to a#ect HD 
onset). Interestingly, pre-treatment with BDNF protects 
neurons from the e#ects of 3NP58.
 Mitochondria are abnormal in HD with altera-
tions in enzymatic complexes27 and calcium (Ca2+) kinet-
ics in HD models75. In the YAC128 mouse, mutant HTT 
interacts with the NR2B subunit of the NMDA receptor, 
enhancing Ca2+ in%ux and increasing excitotoxicity in stria-
tal MSN’s, which carry the NR2B subunit longer in adult-
hood than most other neurons27. Mitochondria are both a 
source and target of reactive oxygen species79, and oxida-
tive stress further hastens pathology, increasing apoptosis 
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and aggregation in cultured cells expressing mutant HTT80. 
Overexpression of the mitochondrial enzyme, superoxide 
dismutase 1 (SOD1), which binds Cu/Zn, reverses oxida-
tive stress in cultured murine cells80. Systemic supplemen-
tation with mitochondrial components, such as creatine 
and ubiquinone, also known as coenzymeQ10 (CoQ10), 
improved HD symptomology in both HD animal models 
and human clinical trials81,82 . Perhaps diets highly enriched 
with creatine and CoQ10 may contribute to delay in onset 
of HD, while exposure to toxins that target or accumulate 
in mitochondria may hasten onset. 

Environmental In!uences:  Metals
 Pollutants and heavy metals, expecially Cu, Fe, Mg 
and Mn, have been implicated in many neurodegenerative 
diseases27,83. !e brain appears to be more vulnerable to the 
toxic e#ects of metals than other organs, and the striatum 
appears to be especially vulnerable to mitochondrial toxins84. 
!e presence of mutant HTT on mitochondrial membranes 
causes mitochondria to be even less resilient to excitotoxic 
insults than other tissues. Heavy metals selectively accumu-
late in speci"c brain regions; speci"cally, Mn2+ accumulates 
in the thalamus and substantia nigra, Fe2+ in globus pallidus 
and Cu2+ in the striatum and thalamus following excessive 
exposures in rats85. Emerging studies have demonstrated 
accumulation of Cu2+ and Fe2+ in HD86 and decreased se-
rum ferritin in the striatum of HD87. Cu2+ interacts with 
wildtype HTT and decreases its solubility88. Furthermore, 
nuclear inclusions of fragments of the mutant polyQ pro-
tein are associated with Fe-dependent oxidation89 
 HTT has been associated with both endocytic and 
microtubule-mediated vesicle transport, mechanisms which 
transport both BDNF and various metals into cells and or-
ganelles. HTT is closely associated with vesicles and endo-
somes90,91,92,93, microtubles91,94, and directly with the plasma 
membrane95. HTT interacts via HAP1 with an integral 
member of the microtubule transport system, the dynactin 
subunit p150Glued96,97, and co-fractionates with the trans-
ferrin receptor (TfR)98,99. Knockdown of HTT expression 
in zebra"sh causes increased transferrin receptor 1 transcrip-
tion in the presence of hypochromic blood. Interestingly, 
this phenotype is reversed upon administration of bioavail-
able iron, demonstrating a functional role of normal HTT  
to make endocytosed iron accessible100. !e authors theorize 
that the function of normal HTT must be related to the 
release of iron from endocytic vesicles. 

Manganese:  Overexposure to Mn causes preferential ac-
cumulation in the mitochondria of the brain and liver101, 

especially in the basal ganglia of rats102 and humans103, the 
region also most a#ected in both HD and PD. Mn also ap-
pears to selectively accumulate in the mitochondria of these 
regions101 and causes apoptosis from mitochondrial cyto-
chrome c release104,105 in a caspase-dependent pathway106. 
Subtoxic Mn exposure causes greater susceptibility to 
1-methyl-4-phenylpyridinium (MPP), a mitochondrial tox-
in which targets nigral dopaminergic neurons and is used to 
create a common PD model.  !is MPP+ related apoptosis 
can be reversed by n-acetyl creatine107. In HD, it is possible 
that mutant HTT causes normal levels of bioactive agents 
to become neurotoxic to selected populations of neurons. 
 Overexposure to Mn increases risk of a Parkinso-
nian phenotype referred to as manganism108,109. !is condi-
tion is similar to HD in that it is a progressive neurodegen-
erative condition which primarily a#ects the basal ganglia 
motor pathways.  However, there is a loss of nigrostriatal 
dopaminergic pathways in PD, while there is deterioration 
of the striatal GABAergic MSN’s in HD, and motor symp-
toms di#er110. Surprisingly, in HD models, studies utilizing 
immortalized striatal cells and striatum of knock-in mouse 
models of HD have demonstrated a resistance to the toxic 
e#ects of Mn111-113. Emerging evidence from our labora-
tory aimed at examining Mn transport dynamics in the 
immortalized striatal cell line model of HD has revealed a 
signi"cant decrease in instantaneous Mn uptake and storage 
capablilites in mutant HTT cells compared to wildtype fol-
lowing Mn exposure, though e&ux rate appears to be equal 
in both114. It is possible that mutant HTT interacts with 
constituents of the neuronal Mn transport system and dys-
regulates Mn kinetics. !is gene-environment interaction 
between mutant HTT and Mn may serve to explain how 
xenobiotics in%uence genetic functions. A reduction of Mn 
in neurons would alter the normal neuronal and glial func-
tions of proteins that cannot function without su$cient 
Mn, and their byproducts would be reduced in HD. A re-
view of studies on manganoproteins shows either directly or 
indirectly that they are all reduced in the presence of mutant 
HTT.  

Manganoproteins:  Enzymes which require Mn2+ to function 
include glutamine synthetase (GLN), superoxide dismutase 
2 (SOD2), arginase 1 and 2 (ARG1, ARG2), pyruvate car-
boxylase (PC), and selected serine/threonine phosphatase 
(PPMs)115. 
GLN:  !e function of GLN is to convert glutamate to glu-
tamine in astrocytes, and a reduction in its activity could 
partially explain the neurotoxic destruction of MSNs103,116. 
Indeed, Mn accumulates in astrocytes117, and glial dysfunc-
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has revealed the necessity for HIP14 to palmitoylate Htt for 
proper function of the protein24,135 In addition, the expand-
ed mutant polyQ tract reduces its palmitoylation136. In fact, 
mice with disrupted expression of HIP14 show reduced 
palmitoylation and display many of the manifestations of 
HD137. 

Conclusion
 !ere is no evidence yet to show that Mn treatment 
or exposure will worsen or improve the condition of HD, 
but the molecular interactions between Mn and HTT may 
help explain the both the function of the gene and the role 
of metals in neurological processes. !e expanded polyQ se-
ries on mutant HTT has an impact on myriad region-specif-
ic neuronal functions, including transcriptional regulation, 
protein interactions, neurogenesis, cell death, and glucose 
metabolism138. A lack or excess of Mn may potentially be 
involved with many neurodegenerative disorders, includ-
ing PD, AD, ALS, HD and prion diseases that cause se-
vere progressive encephalophathies in humans,139. Recently, 
the prion protein was shown to bind Mn as well as Cu140. 
Moreover, cells expressing abnormal prion proteins are also 
resistant to Mn toxicity141. All of these neurodegenerative 
diseases share alterations in protein aggregation, mitochon-
drial damage, and oxidative stress, and all are improved with 
interventions that increase BDNF. In addition, it is possible 
that mutant HTT dysregulates both intracellular neuro-
trophin and metal transport dynamics, and impairs down-
stream signaling cascades that have been implicated in HD 
and other neurodegenerative diseases. 
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Abstract

Introduction
 A sophisticated system of chemical neurotransmis-
sion between neurons enables the brain to control our phys-
iology and behavior. Complex dynamics of the fast neuronal 
communication is modulated by slow-acting monoaminer-
gic system1. Of particular interest here is catecholamine neu-
rotransmission, which is essential for many brain functions 
such as learning, memory, attention, reward, mood, and 
stress2,3. Catecholamine signaling "delity is maintained by 
transporter proteins, DAT and NET, which govern duration 
and magnitude of dopamine and norepinephrine neuro-
transmission by actively translocating catecholamines from 
the extracellular space into presynaptic neurons4–6. !e es-
sential role of DAT and NET is demonstrated by the adverse 
health consequences resulting from the polymorphisms in 
the human DAT and NET genes7,8. Also, transgenic mouse 
models lacking DAT or NET reveal phenotypes of aberrant 
brain physiology and severe behavioral alterations9,10.
 DAT and NET are expressed in their respective 
catecholaminergic neurons, which project throughout the 
brain from a few midbrain nuclei. !e four major DA pro-
jections include the nigrostriatal, mesocortical, mesolimbic, 
and tuberoinfundibular pathways, while the locus coeruleus 
(LC) NE neurons innervate all brain regions11. DAT and 
NET belong to the solute carrier 6 (SLC6) gene family, 
which constitutes Na+/Cl- -dependent neurotransmitter-
sodium symporters. !ese transporters utilize secondary 
active transport by coupling neurotransmitter reuptake 
with sodium gradient across the cellular plasma mem-
brane. Cloning of NET4 and DAT6,12 revealed a high level 
of amino acid sequence homology between transmembrane 

domains and intracellular loops of the two transporter pro-
teins. !e predicted topological model of catecholamine 
transporters was later con"rmed by high-resolution X-ray 
crystallographic structure of the bacterial leucine trans-
porter (LeuT), a prokaryotic homolog of the SLC6 family 
that is structurally and functionally related to monoamine 
transporters13. Structural similarity between DAT and NET 
proteins may explain why the transporters are “promiscu-
ous” for each other’s neurotransmitters3,5. However, despite 
the fact that DAT and NET may substitute for each other 
in ful"lling their function14, regulation of the two proteins 
is transporter-speci"c and depends on regional and cellular 
contexts. While highlighting general principles that control 
transporters’ function, this review will speci"cally focus on 
how insulin signaling pathway exerts di#erential regulation 
of DAT and NET. 

Potential mechanisms of transporter regulation
 Transporter activity can be regulated by two dis-
tinct mechanisms: modulation of the intrinsic molecular 
properties and control of protein expression on the plasma 
membrane2. We will brie%y discuss both potential mecha-
nisms.

1) Transcription, translation, and anterograde tra$cking 
to the plasma membrane are the fundamental processes 
that modulate transporter function15. However, regulatory 
checkpoints guiding these processes for transporters are not 
well understood. Only two NET and DAT transcription 
factors have been discovered: Phox2 and Nurr1. Overex-
pression of Phox2 and Nurr1 have been shown to elevate 

Catecholamine Transporters: Differential Regulation by Insulin
Olga Dadalko

 Accumulating evidence supports growing appreciation for the prevalence of comorbidity of metabolic disorders and 
mental illness. Historically, pancreatic hormone insulin is considered to be one of the most important metabolic regulators in the 
body. Recently, it has also been shown that insulin signaling pathway is implicated in brain catecholamine homeostasis, perturba-
tions of which manifest in many psychiatric disorders. Synaptic control of catecholamine neurotransmission is accomplished by 
an intricately regulated system of catecholamine reuptake, facilitated by dopamine (DA) and norepinephrine (NE) transporters 
(DAT and NET, respectively). Despite structural homology and functional similarity of DAT and NET, their dynamic regula-
tion is transporter speci"c and cell context dependent. !us, metabolic insulin signaling has been demonstrated to di#erentially 
regulate DAT and NET tra$cking to control brain catecholamine neurotransmission. 
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Endocytosis as a means of transporter function regula-
tion
 !e transporter membrane availability is supported 
by local protein tra$cking to and from the plasma mem-
brane via exocytic and endocytic processes20,22–24. !e pro-
cess of endocytic recycling is guided by a number of di#erent 
molecular mediators that maintain speci"city of endosomal 
compartments and control the process of endosomal matu-
ration. Endosomal regulators de"ne the fate of the cargo 
– whether the endocytosed proteins recycle back to the 
membrane or undergo lysosomal degradation. Endosomal 
di#erentiation, mediated in large by Rab GTPases, allows 
for temporal and spatial segregation of the recycled cargo25. 
Rab GTPases provide organelle identity markers and serve 
as multifaceted organizers of nearly all membrane tra$cking 
processes in eukaryotic cells. !e array of proteins associated 
with Rab GTPases (such as guanine-nucleotide exchange 
factors (GEFs), GTPase-activating proteins (GAPs), GDP 
dissociation inhibitors (GDIs), and GDI displacement fac-
tors (GDFs)) help to maintain the multi-level regulation 
system that allows precise control over the movement and 
longevity of endocytosed proteins26.  
 Recent e#orts have identi"ed a few Rab GTPases 
involved in NET and DAT tra$cking23,24,27,28. As excellent 
endosomal identity markers, Rab GTPases can reveal which 
endosomal pathway is utilized during transporters intrater-
minal redistribution. Various Rab GTPases are di#erentially 
involved in early and late recycling endosomes, in mature 
endosomes, and in lysosomal compartments25,26. Unraveling 
the sequence in which Rab proteins co-localize with trans-
locating transporters will help understanding the timeline 
of tra$cking events, as well as the fate of the transporter 
proteins during those events. !us, analysis of NET antero-
grade transport allowed to exclude the possibility of NET 
segregation to either small or large dense core vesicles23. !is 
suggested that endosomes could be involved in NET traf-
"cking. Indeed, studies conducted in the superior cervical 
ganglion (SCG) nerve terminals showed co-localization of 
NET with Rab4 and Rab11 (recycling endosome mark-
ers)24. Based on the special case of amphetamine (AMPH)a 
induced NET tra$cking, this seminal research provides 
grounds for further investigations aiming to understand the 
mechanisms behind intraterminal transporter tra$cking.
 SCG neurons elaborate profuse noradrenergic "-
bers in culture and present large terminals extending lateral-
ly from axonal membranes23. !is makes SCG a convenient 
endogenous experimental model to study NET function. 

a. Amphetamine (AMPH) ��V\PSDWKRPLPHWLF�GUXJ�LQGXFLQJ�PRQR-

DPLQH�UHOHDVH�IURP�WKH�QHUYH�WHUPLQDOV�LQWR�WKH�H[WUDFHOOXODU�PLOLHX�����

mRNA and protein levels of NET16 and DAT17, respectively. 
Nonetheless, neither the mechanism, nor the upstream mo-
lecular regulators of Phox2 and Nurr1 have been identi"ed.
 Moreover, translation and anterograde tra$cking 
of the transporters are also not fully understood. During 
protein synthesis, transporters are co-translationally translo-
cated through the endoplasmic reticulum (ER) membrane18. 
Upon formation of oligomers in the ER, they are transport-
ed to the cis-Golgi network by COP (coatomer) II vesicles19. 
Oligomer formation was found to be essential for the ability 
of the transporters to exit the ER20. In order to move from 
the Golgi to the cell surface, both DAT and NET require N-
glycosylation in the second extracellular loop15. !erefore, 
the mechanisms guiding transporters oligomerization and 
glycosylation indirectly regulate DAT and NET cell surface 
expression. 
 !us, de novo protein synthesis, its half-life, as well 
as the rate of initial insertion of the transporters into the 
plasma membrane are essential processes controlling trans-
porter function. Unfortunately, molecular machinery re-
sponsible for quality control of NET and DAT production 
as well as the mechanisms that guide sorting of the trans-
porter proteins at the ER/Golgi interface and that govern 
anterograde transporter tra$cking are not completely un-
derstood yet. 

2) Immediate control over transporter function is main-
tained within the neuronal bouton via intraterminal traf-
"cking and intrinsic protein modi"cations of NET and 
DAT. Initially, the transporters were thought to be the stag-
nant monitors of synaptic neurotransmitter concentration. 
Transporter conformation was thought to be the only deter-
minant of the transient reuptake rate2. Understanding of the 
transporter regulation mechanism was propelled to a new 
level when cortical NET membrane expression was shown 
to be dependent on the extracellular norepinephrine concen-
tration. !is result suggested that neurons could control the 
rate of neurotransmitter reuptake by regulating the concen-
tration of transporter proteins on the plasma membrane21. 
!is regulatory method is slower than the rapid “on-site” 
modi"cation of the intrinsic protein structure. However, 
transporters exhibit the slow kinetics of substrate transloca-
tion (approximately one substrate molecule per second per 
transporter)3. !us, speedy intraterminal transporter traf-
"cking to and from the plasma membrane in response to 
immediate external stimuli (such as changes in extracellular 
neurotransmitter concentration) is a plausible method to 
control the rate of catecholamine reuptake. 
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Absence of similar experiment-friendly natural dopaminer-
gic model system forces researchers to study DAT tra$cking 
in heterologous expression systems. Studying constitutive 
and PKC-induced DAT internalization revealed co-localiza-
tion of DAT with Rab11 and Rab5, respectively28. Interest-
ingly, Rab5 may be substituted for Rab7 during the course 
of endosome maturation. !is switch is a well-known trig-
ger for endosome fusion with a lysosome, signifying a de-
grading pathway25. However, it has not been determined 
whether DAT tra$cking undertakes this molecular route. 

In vitro evidence: insulin enhances DAT function and 
reduces NET function
 Metabolic hormone insulin was shown to in%uence 
a broad spectrum of cellular function in the nervous system 
via PI3K (phosphatidylinositol 3-kinase) / Akt signaling 
pathway29 (Figure 1). Importantly, catecholamine transport-
ers function was also found to be dependent on the integ-
rity of the PI3K-Akt pathway, the main molecular players of 
which are brie%y described here. Upon ligand binding, in-
sulin receptor (IR) is autophosphorylated on its intracellular 
tyrosine residues, an essential step in the activation cascade. 
Activated IR is a tyrosine kinase (RTK), which binds and 
phosphorylates sca#old protein insulin receptor substrate 
(IRS). !e downstream cascade is generated through signal-
ing complexes that are assembled around the tyrosine-phos-
phorylated IRS30. PI3K is a lipid kinase that gets recruited 
to the activated IRS and converts phosphatidyl-inositol 
into phosphoinositide phosphates PIP2 and PIP3. PIP2 and 
PIP3 are “docking” lipids that trigger activation of serine/
threonine kinases including 3-phosphoinoitide-dependent 

protein kinase-1 (PDK1) and Akt (also known as protein 
kinase B (PKB)) by recruiting them to the plasma mem-
brane. Membrane-localized Akt is subsequently activated by 

phosphorylation at two key residues – !r308 (by PDK1)29, 

and Ser473 (by mammalian target of rapamycin complex 2 
(mTORC2))31. Phosphorylated Akt is involved in multiple 
cellular functions, including metabolism, cell stress, cell-cy-
cle, apoptosis, as well as regulation of protein synthesis and 
tra$cking32.  
 In vitro studies demonstrate that PI3K-Akt signal-
ing di#erentially in%uences tra$cking of catecholamine 
transporters. In case of the DAT, inhibition of the insulin 
signaling pathway was shown to rapidly decrease DAT func-
tion. Particularly, broad-spectrum tyrosine kinase inhibitors 
reduced DAT transport-associated currents, decreased DAT 
surface expression, and diminished DA uptake into DAT 
expressing Xenopus oocytes33. Brief application of PI3K in-
hibitors resulted in clathrin-mediated dynamin-dependent 
DAT endocytosis34. !e e#ect was reversed with acute in-
sulin treatment. Utilizing DAT-mediated DA releasing 
properties of AMPH35,36, researchers were able to show that 
insulin signaling is required to maintain DAT cell surface 
expression, since application of PI3K inhibitors resulted in 
dramatic reduction of AMPH-induced DAT-mediated DA 
e&ux in heterologous cells and dopaminergic neurons37. 
Later, in vivo studies con"rmed these results38. 
    Continuing to unravel the mechanism, researchers 
turned their attention to Akt, a serine/threonine protein ki-
nase at the center of metabolic insulin signaling32. Expres-
sion of the dominant-negative Akt mutant or application 
of pharmacological Akt inhibitors induced a decrease in 
cell-surface expression of DAT, whereas a constitutively ac-
tive form of Akt inhibited AMPH-induced DAT internal-
ization39. Importantly, DAT tra$cking e#ect was observed 
within minutes after stimulus application34,37,39. !ese data 
do not eliminate the possibility of intrinsic transporter 
modi"cations, which could occur prior to tra$cking events. 
Further research is needed to understand whether insulin 
signaling has a direct role in the mechanism of maintain-
ing DAT on the plasma membrane. Another important 
question is whether cytosol-redistributed DAT is capable of 
returning to the surface, i.e., which endosomal pathway – 
recycling or degrading - is employed during inhibition of 
insulin signaling.
 In contrast with the DAT phenotype, decrease 
of the NET function was caused by activation of the in-
sulin signaling pathway. Insulin application inhibited triti-
ated NE uptake in dissociated NET-expressing brain cells, 
whole brain synaptosomes, and in acute brain slices40–43. !e 
mechanism behind such NET downregulation remains un-
known. Interestingly, a later study conducted in the SK-N-
SH cells (a human neuroblastoma cell line) demonstrated a 
contradicting result of elevated NET function upon  insulin 
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of hypoinsulinemia, the lack of IR ligand shuts down the 
PI3K-Akt signaling cascade. In response to chronic hyperin-
sulinemia, cells develop insulin resistance by increasing deg-
radation of IRS proteins30,52 (Figure 1). Consequently, both 
hypo- and hyperinsulinemia disrupt Akt activity, leading 
to alteration of multiple intracellular functions, including 
transcription, protein synthesis and tra$cking. 
 How can we induce alterations in peripheral insulin 
level in order to study its in%uence on the brain? In humans, 
hypoinsulinemia – a feature of type I diabetes mellitus – re-
sults from disrupted production of insulin by the pancreatic 
` cells54. To mimic this disease in an animal model, rodents 
are injected with streptozotocin (STZ) or alloxan – drugs 
that selectively destroy the pancreatic ` cells. Hyperinsu-
linemia is a hallmark of an array of metabolic disturbances 
in humans, such as metabolic syndrome, obesity, and type 
II diabetes mellitus, all of which feature various levels of in-
sulin resistance. An animal model of hyperinsulinemia may 
be created by feeding rodents with high fat diet. Both hypo- 
and hyperinsulinemic animal models are used to study how 
the disturbance in the insulin signaling pathway in%uences 
cellular physiology. Molecularly, both models converge on 
the downregulation of the Akt phosphorylation and activ-
ity (Figure 2). As discussed above, peripheral and central 
insulin tone are tightly interconnected, making hypo- and 
hyperinsulinemic animal models a good platform to study 
how disrupted insulin signaling is implicated in neurophysi-
ology. 

Perturbed insulin signaling in vivo causes aberrant DAT 
and NET cell surface expression
a) Disrupted insulin signaling causes DAT function downregu-
lation. !e evidence that insulin signaling may regulate cate-
cholamine homeostasis was initially obtained from the STZ 
or alloxan-treated hypoinsulinemic rodents. AMPH exerts 
its psychostimulant action via DAT-mediated DA e&ux; 
thus, the e#ect of AMPH is highly dependent on the DAT 
plasma membrane availability. Alloxan-treated rats dem-
onstrated diminished locomotor activity and stereotyped 
behavior following AMPH administration. Importantly, 
the attenuated behavior was reversed by subsequent insulin 
treatment55. Such reduced response to AMPH in hypoinsu-
linemic animals suggested that basal insulin signaling is crit-
ical for appropriate DAT cell surface expression. Subsequent 
research demonstrated the ability of insulin to speci"cally 
regulate DAT plasma membrane availability. !e direct as-
sessment of striatal DAT plasma membrane expression in 
STZ-pretreated hypoinsulinemic rats showed reduced sur-
face DAT38. In vivo chronoamperometric recordings in hy-
poinsulinemic animals demonstrated decreased striatal DA 
clearance, which signi"ed of the reduced DAT cell surface 

treatment44. Perhaps, a detailed analysis of the di#erences 
within the molecular machineries of the systems used will 
help deducing the occurrence of opposing results described 
above. !is may bring us closer to understanding how in-
sulin causes the opposite dynamics of two structurally and 
functionally similar transporters: DAT and NET.

Insulin signaling regulates the transporter function in 
vivo 
a) Insulin in the brain: direct dependence on the peripheral 
insulin tone. !e notion of insulin presence in the brain was 
controversial until 1967, when the use of sensitive radioim-
munoassay techniques demonstrated not only that insulin is 
present in the cerebro-spinal %uid (CSF), but also that CSF 
levels are increased with peripheral insulin infusion45. Fur-
thermore, IR is abundantly expressed in the brain, includ-
ing dopaminergic and noradrenergic neurons46. Despite the 
ongoing debate on the source of brain insulin, the majority 
of evidence demonstrates that CNS insulin concentration 
depends on the "delity of the active saturable transport of 
pancreatic insulin past the blood brain barrier47–49. Indeed, 
alterations in the plasma insulin concentration are mirrored 
by the changes in the CSF insulin level50. Human positron 
emission tomography (PET) studies showed attenuated 
neuronal activity evoked by a peripheral insulin injection 
in non-diabetic subjects with insulin resistance51. Such tight 
correlation between peripheral and central insulin tone 
supports the fact that alteration in plasma insulin level is 
capable of disrupting insulin signaling in the brain, which 
will consequently cause disturbance in catecholamine trans-
porter function. 
b) Pathophysiological alterations in the insulin signaling path-
way and the animal models mimicking these alterations.  Dis-
ruption in insulin signaling is commonly caused by per-
sistent pathological alterations in the plasma insulin level 
known as hypo- or hyperinsulinemia. Both conditions result 
in inhibition of Akt phosphorylation52,53 (Figure 2). In case 
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Concluding remarks
 Catecholamine neurotransmission is essential for 
normal brain physiology. Given the importance of transport-
ers in maintaining brain catecholamine homeostasis, sub-
stantial e#ort must be invested to enhance our knowledge of 
NET and DAT regulation. !e studies described above pro-
vide strong evidence that metabolic dysfunction, induced 
by impaired insulin signaling, impacts brain catecholamine 
neurotransmission by altering transporter function. Insulin 
was shown to in%uence brain NE and DA homeostasis by 
dynamic regulation of DAT and NET via PI3K/Akt sig-
naling. Importantly, activation of insulin signaling causes 
downregulation of NET and upregulation of DAT func-
tion. !us, two structurally and functionally homologous 
transporters with a$nity for each other’s neurotransmitters 
are regulated di#erently by the insulin signaling pathway. 
!is could be the consequence of the divergent amino acid 
sequence within transporters intracellular domains. Another 
plausible explanation for such di#erence in transporter reg-
ulation may be the unique regional and cellular contexts of 
DAT and NET. Initial studies show that Akt, a kinase in the 
center of metabolic insulin signaling pathway, plays the key 
role in transporter function regulation. Further studies are 
warranted in order for us to understand the mechanisms un-
derlying the comorbidity of metabolic disorders and mental 
illness. Identi"cation of the molecular players will lead to 
new therapeutic approaches and, hopefully, to prevention of 
mental illnesses manifested by aberrant catecholamine ho-
meostasis.  
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expression56,57. Importantly, acute insulin application res-
cued this phenotype. Moreover, high fat-fed insulin resis-
tant rats were found to exhibit downregulation of the striatal 
DAT function that was rescued via restoration of the nigros-
triatal Akt phosphorylation by the recombinant viral vector 
expression technology58. !ese "ndings demonstrated the 
plasticity of the system and showed that insulin acts rap-
idly via the PI3K/Akt pathway to regulate DAT function. 
However, it was also demonstrated that DAT mRNA in the 
ventral tegmental area (VTA) and substantia nigra (SN) re-
gions was reduced in STZ-treated rats compared to control 
animals59. Such multifaceted evidence underlines the level 
of complexity, as well as the diversity of the mechanisms 
involved in insulin regulation of DAT. Further studies will 
allow deducing what external factors lead to the divergence 
in regulation: whether it occurs at the level of transcription 
or at the level of transient intraterminal protein tra$cking. 
b) Disrupted insulin signaling causes NET function upregu-
lation. As mentioned before, alterations in the insulin sig-
naling pathway cause opposing dynamics for NET and 
DAT function. Using in vivo microdialysis, Shimizu et al 
showed reduced hypothalamic extracellular NE content 
in freely moving hypoinsulinemic rats60. In line with this 
"nding, an increase in NE tissue content (an assessment of 
the intracellular neurotransmitter concentration) in the hy-
pothalamus was also found in hypoinsulinemic animals61. 
With no signi"cant changes in NE metabolites, these data 
supports the fact that altered NE reuptake could be the 
driving force of such an imbalance between intra- and in-
tercellular concentration of the neurotransmitter. Recently 
published evidence demonstrated that the hypoinsulinemic 
condition induced NET tra$cking via the Akt signaling 
pathway. In particular, STZ-treated mice showed enhanced 
NE brain tissue content levels, increased NE clearance, and 
elevated NET cell surface expression, a phenotype that was 
recapitulated by pharmacological Akt inhibition53. An excel-
lent illustration of the insulin signaling in%uence on NET 
function via the PI3K/Akt pathway was provided in a study 
which analyzed cortical NE homeostasis in a genetic mouse 
model with attenuated ability to phosphorylate Akt in neu-
rons. Mice with aberrant neuronal Akt function exhibited 
increase in total and cell surface NET expression14. Earlier 
investigations demonstrated an increase in NET mRNA in 
the LC of STZ-treated rats59. Similarly to the DAT story, 
NET regulation by insulin may depend on other factors 
and, thus, occurs at di#erent stages of the protein life time. 
Further research is needed in order to pinpoint in%uencing 
factors and understand the mechanism. 
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Introduction
 Fibroblast growth factors (FGFs) are a class of 
growth factor proteins which play an integral role in ver-
tebrate brain development. Of the many members of this 
large family, FGF8 has been a focus for its role in directing 
regionalization of neuroepithelium and subsequent speci"-
cation of neural territories. FGF8 exerts its developmental 
in%uence as the primary ligand secreted from a handful of 
“secondary organizers” within the central nervous system 
(CNS) during and after neural tube closure1. !e role of the 
secondary organizers is to de"ne each brain region – fore-
brain, midbrain and hindbrain - laying a groundwork for 
the more particular developmental programs of each region. 
!e two best characterized organizers are the anterior neural 
ridge (ANR) along the most rostral aspect of the forebrain 
and the midbrain-hindbrain boundary (MHB) between the 
developing midbrain and hindbrain. !ere are additional 
foci of expression in the dorsal diencephalon (DD) and ven-
tral diencephalon (hypothalamus) (Figure 1A).
 It has become clear that FGF8 regulates a wide vari-
ety of developmental programs in neural tissue. Newly iden-
ti"ed roles for FGF8 are strikingly diverse and include regu-
lation of anterior-posterior patterning, cell proliferation, cell 
speci"cation, cell survival, axon guidance and hormone pro-
duction (Figure 1B). !ese results challenge a classical con-
ception of FGF8, and FGFs more broadly, as rather blunt 
and broadly acting mitogenic and morphogenic molecules 
and begs the question of how the FGF8 ligand can guide 
a remarkable variety of cellular programs in small subsets 

of cells within the developing CNS. What is the molecular 
basis for its signaling diversity?
 !ere are clear signs that FGF8 employs a variety of 
methods to generate its multiplicity of functions including 
alternative splicing of fgf8 and three of the four vertebrate 
FGF receptors (fgfrs)2-6. In addition, FGFs are capable of 
activating several di#erent intracellular signaling cascades 
which in turn can induce a growing list of feedback in-
hibitors7-8. !is paper will be concerned with reviewing and 
organizing the many known roles FGF8 signaling plays in 
CNS development. I will then discuss what is known about 
the diversi"cation methods just mentioned. Ultimately, I 
will suggest that this exciting body of literature requires a 
reformulation for how we view FGF8 signaling in develop-
ment – not as the e#ect of a master ligand, but as the func-
tion of speci"c ligand-receptor-pathway axes. While a mod-
est reformulation, this mode of thought can more e#ectively 
guide future experimentation.

Many FGF8 functions
 FGF8, like most FGFs, is an ER-Golgi secreted pro-
tein with strong a$nity to heparin and heparan-like glycos-
aminoglycans (HLGAGs) of the ECM. FGF8 was "rst iden-
ti"ed as a secreted molecule from an androgen--dependent 
mouse mammary carcinoma cell line9. Vertebrate species 
generate multiple isoforms through alternative splicing of 
four 5’ exons (exons 1A, 1B, 1C and 1D). Exons 2 and 3 are 
conserved across all isoforms. To date, there are four human, 

FGF8 Signaling In Brain Development: Ex Uno, Plures
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 A steady stream of studies solidi"es "broblast-growth-factor-8 (fgf8) as a crucial mediator of 
regionalization in the developing vertebrate brain. Secreted from secondary organizers within the fore-
brain, midbrain and hindbrain, FGF8 is implicated in patterning, proliferation, speci"cation, migration, 
di#erentiation and axon guidance. How can a single molecule drive this diverse array of developmental 
processes in tight or overlapping spatial and temporal contexts? Signal diversi"cation arises from isoform-
speci"c deployment of FGF8 and its receptors which in turn activate several intracellular pathways each 
subject to negative feedback modulation. !is review will summarize the multiple roles of FGF8 and 
begin to pull together two decades of work on these diversifying mechanisms. In place of a more con-
ventional understanding of FGF8 as a broadly acting morphogen, this body of work motivates a new 
conceptualization of FGF8 as a nimble component of several isoform-speci"c ligand-receptor-pathway 
axes which guide di#erent aspects of vertebrate brain development.
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eight mouse, two chick and two " sh isoforms3,10-12 (Figure 
2A). Once secreted, FGF8 binds to cellular membranes via a 
coordinated interaction between heparin/HLGAGs and one 
of four vertebrate FGFRs13. ! e binding interaction results 
in receptor dimerization and cross-phosphorylation of their 
intracellular domains initiating signal transduction14.

" e anterior neural ridge. In the mouse, the generation of an 
allelogenic mouse series has been incredibly illuminating to 
the study of FGF816.a Null alleles reveal the absolute require-
ment for FGF8 for proliferation as well as cell survival in 
the forebrain7,17. However, hypomorphs show normal pro-
liferation and no ectopic cell death, thus no reduction in the 
size of the telencephalon7. Instead, there is a rostralization of 
expression of neocortical transcription factors suggesting a 
shift in the cortical identities of subregions18. ! e functional 
implications of the territorial shift within the telencephalon 

a. This approach allows for the generation of an allelic series from a 

IRXQGHU�OLQH��,Q�WKLV�FDVH��WKH�IRXQGHU�FRQWDLQV�DQ�IJI��NQRFN�LQ�ZLWK�
an intronic neomycin cassette which renders the allele hypomorphic. 

7KH�FRQVWUXFW�DOVR�WDNHV�DGYDQWDJH�RI�ERWK�FUH�DQG�Á�S�UHFRPELQDVH�
V\VWHPV��([RQV���DQG���DUH�Á�R[HG�DQG�WKH�QHR�FDVVHWWH�LV�IUWHG�DOORZ�
LQJ�QXOO�PXWDWLRQV�DQG�ZLOGW\SH�UHVFXHV�UHVSHFWLYHO\�WR�EH�GHSOR\HG�
LQ�D�WLVVXH�VSHFLÀ�F�PDQQHU�E\�FURVVLQJ�WKH�IRXQGHU�ZLWK�GHVLUDEOH�FUH��
RU�Á�S��WUDQVJHQHLF�OLQHV���

were explored further by in utero electroporation studies in 
mouse brain. Overexpression of fgf8 in the ANR shifts neo-
cortical subregional boundaries posteriorly. ! e addition of 
fgf8 caudally leads to an ectopic S1 barrel " eld – an area 
of cortex which processes somatosensory information from 
the whiskers of the mouse19. Barrel " elds normally receive 
thalamic inputs from the ventrobasal thalamic nuclei. In the 
case of fgf8 overexpression, both endogenous and ectopic 
" elds received thalamic innervation20. Together these results 
suggest proliferation and cell survival depend on basal lev-
els of FGF8 while patterning events of the cortex are more 
dosage--dependent. How do the cells of the telencephalon 
as well as axon growth cones of the thalamic inputs inter-
pret precise levels of FGF8 signal? ! e answer is still largely 
obscure.
 FGF8’s ability to drive speci" cation is also evident 
in the ANR. ! e gonadotropin-releasing hormone (GnRH) 
neurons which drive sexual development derive from the 
ANR as a part of the olfactory placode. ! ese endocrine 
cells then migrate to the hypothalamus. Without FGF8, 
GnRH precursors are not speci" ed and no GnRH neurons 
populate the hypothalamus15. ! is crucial function of FGF8 
underlies the pathophysiology of Kallman Syndrome – a 
combination of idiopathic hypogonadotropic hypogondism 

Figure 1. A schematic of the vertebrate 
CNS showing the three major divisions as 
well as the subdivisions of the forebrain. 
$ e four main secondary ogranizers ex-
pressing fgf8 are shown in pink. $ ese ex-
pression domains arise during neurulation 
and persist for some time a% er that (A). 
Each organizer is labeled and the known 
functions of FGF8 for that organizer are 
listed below (B). Axes give anterior and 
posterior to the le%  and right respectively; 
dorsal and ventral are up and down respec-
tively.
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neal22. ! is tension highlights the question of how FGF8 
can direct proliferative and migratory cues di# erently across 
species or, in the case of mouse, simultaneously in tight spa-
tial proximity.
 More ventrally, oxytocin-producing cells derive 
from the ventricular zone before migrating to the paraven-
tricular (PVN) and supraoptic (SON) nuclei of the hypo-
thalamus23. Mice hypomorphic for FGF8 show a reduced 
number of cells in the PVN and SON positive for mature 
oxytocin yet a wildtype level of oxyphysin transcript, the 
oxytocin prohormone. In the oxytocin system, FGF8 takes 
on a role in regulating processing of the prohormone into 
the mature oxytocin molecule. ! is is a novel function for 
FGF8, but not unprecedented among other FGFs24. 

" e midbrain-hindbrain boundary (MHB). ! e MHB is the 
most extensively characterized FGF8 signaling center. Also 
known as the isthmic organizer, it is crucial for the develop-
ment of both the midbrain and hindbrain and sits along 
the border of these two regions (Figure 1A). As in the tel-
encephalon, MHB-speci" c deletion of FGF8 leads quickly 
to increased cell death in both the midbrain and hindbrain 

and anosmia – the only known clinical outcome of human 
fgf8 mutations.

" e diencephalon. ! e multiple roles of FGF8 seen in the ANR are 
similar to the " ndings of Martinez-Ferre et al in the DD of mice21. 
Allelogenic analysis suggests FGF8 acts as “the master gene” for 
the DD. Formation of the dorsal structures (the pineal gland and 
habenular nuclei) relies on FGF8 in a dose-dependent manner. In 
this context, FGF8 regionalizes the DD by inhibiting posterior-
izing Wnts, activating dorsalizing Wnts and stimulating prolifera-
tion. In contrast to the ANR, FGF8 does not contribute to cell 
survival, but does guide migration of some epithalamic neurons 
into the more ventral thalamus. So while some e# ects of FGF8 are 
the same as in the telencephalon, others are not.
To complicate the matter, the role of FGF8 in the DD of 
zebra" sh is strikingly di# erent. fgf8 nulls retain intact DDs 
with a prominent pineal gland22. Martinez-Ferre et al. hy-
pothesize that “master gene” fgf8 expression in the DD be-
gan de novo in the vertebrate lineage allowing for the devel-
opment of DD structures21. ! e presence of a pineal gland 
in zebra" sh lacking FGF8 challenges this assertion. Instead, 
in the zebra" sh, FGF8 is indispensable for the asymmetric 
migration of the parapineal, an accessory organ to the pi-

Figure 2. fgf8 is alternatively spliced in all 
vertebrates, but to di! erent extents. $ e red 
bars indicate the presence of the spliceform 
in that species(A). FGF8 isoforms in turn 
can bind any of the four FGF receptors (FG-
FRs). FGFR1-3 are also alternatively spliced 
in their extracellular domain. However, 
FGFR4 is not(B). FGF ligand binding drives 
receptor dimerization and the activation of 
several intracellular pathways. However, in 
neural development only the RAS/MAPK 
pathways have been " rmly linked to FGF8. 
While other pathways are likely to play a role 
downstream of FGF8, con" rmation of this is 
absent (C).
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sion of fgf8a via electroporation in chick does not pheno-
copy fgf8b’s transformative activity14. Complementing these 
overexpression studies, Guo et al. have built a genetic mouse 
model containing isoform-speci"c knockouts29. !ey "nd 
that only loss of FGF8b has any discernible e#ect on mid-
brain and cerebellar formation. Loss of FGF8a leads to no 
gross e#ect on these brain regions. !is may warrant a closer 
look at FGF8a knockouts, but preliminarily reveals what 
overexpression experiments could not, fgf8a is dispensable 
for the bulk of MHB organizer activity.
 !is raises the question; can spliceforms ever play a 
simultaneous role? !e possibility remains as crystal struc-
ture and biochemical analysis reveal a mechanism to ex-
plain the above described overexpression studies. A single 
phenylalanine at position 32 of the FGF8b isoform confers 
a signi"cant di#erence in receptor binding4. Replacing the 
phenylalanine with an alanine converts the transformative 
ability of FGF8b to that of FGF8a, when electroporated 
into chick midbrains and murine midbrain explants. It will 
be very interesting to see if isoform-speci"c knockouts re-
veal simultaneous but unique requirements in other brain 
regions.

Receptor diversity. Another mechanism diversifying FGF8 
signaling is the four FGF receptors and the alternative splic-
ing of three of them30 (Figure 2B). Indeed, FGFR1 alone 
mediates some FGF8 functions already discussed. FGFR1 
is the FGF8 receptor for GnRH neuron speci"cation and 
is crucial for some, but not all, MHB function in both "sh 
and mouse15, 31-32. !is indicates that various downstream 
e#ects of FGF8 at the MHB are mediated by di#erent FG-
FRs. While investigating the di#erences between FGF8a 
and FGF8b, Olsen et al. also tested the association of FGF8 
isoforms with the many receptor isoforms using in vitro 
surface plasmon resonance (SPR) to determine dissociation 
constants4. An alternative splicing event in the third immu-
noglobulin domain generates either a “b” or “c” isoform of 
FGFR1, 2 and 3. In all cases, the “c” isoform confers a great-
er a$nity for FGF8b. !is is due to a hydrophobic groove, 
exposed in the “c” isoform, that can more directly interact 
with the ligand phenylalanine at position 32 previously dis-
cussed4. !ese structural and in vitro results are not true in 
in vivo conditions, but nonetheless provide a possibility of 
alternative receptor splicing as a method to regulate ligand 
speci"city. It remains to be seen if FGFR1 activity in the 
MHB is isoform-speci"c. It is exciting to imagine a suite of 
experiments combining isoform-speci"c knockouts of both 
ligand and receptors.

deleting the entire midbrain, the MHB and the cerebellum 
within the hindbrain. Interestingly, the cell death which 
produces the deletion occurs a full half day earlier in the 
midbrain than in the cerebellum25.
 Proliferation along the MHB is also FGF8 depen-
dent. In exquisite work, high resolution microscopy reveals 
that FGF8 acts in a thin band along the basal aspect of the 
ventricular zone26. Here FGF8 signals through the basal 
processes of the neural progenitors to maintain proliferative 
divisions among the dividing progenitors. In the absence of 
FGF8, cells undergo neurogenic divisions and exit the cell 
cycle prematurely reducing the progenitor population.
Complementing axon targeting in the telencephalon, FGF8 
directs axon outgrowth in the MHB. Midbrain dopami-
nergic neurons arise near the MHB and extend axons to 
innervate diencephalic and telencephalic targets. In vitro 
implantation of FGF8-soaked beads into whole-mouse em-
bryo cultures formed ectopic MHBs and perturbed axon 
outgrowth of dopaminergic neurons leaving the endog-
enous MHB27. In this context, FGF8 was found to induce 
expression of the axon guidance cue semaphorin3f through-
out the MHB. !e semaphorin is then interpreted as a 
short-range chemorepellant by neuropilin2 receptors on the 
dopaminergic axons. !is result is of particular interest as 
the understanding of rostral-caudal axon guidance lags far 
behind that of dorsal-ventral guidance. It will be interest-
ing to determine the mechanism by which FGF8 in%uences 
axons in the forebrain.

Generating signal diversity
 We have seen that a single ligand, FGF8, expressed 
in a few secondary organizers in the developing CNS is able 
to execute a variety of cellular programs (Figure 1B). Work 
in the FGF8 "eld is uncovering how we go from the vague 
notion of a secondary organizer to a more nuanced under-
standing of FGF8 signaling in brain development. 

Ligand splicing. fgf8 has multiple spliceforms across verte-
brate species3 (Figure 2A). !ese di#erent isoforms have dif-
ferent transforming potentials on tumors, suggesting that if 
di#erent isoforms are expressed in developing tissues they 
may have di#erent e#ects28. Indeed, in ovo electroporation 
of fgf8a or fgf8b reveal that fgf8a transforms diencephalon 
into midbrain and expands midbrain, but only fgf8b can in-
duce cerebellum in these tissues. Signi"cantly, weaker over-
expression of fgf8b yields an fgf8a-like phenotype suggest-
ing that di#erent e#ects of the isoforms are due to dosage 
as opposed to di#erent molecular mechanisms11. However, 
more recent work challenges this conclusion. Overexpres-
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Signaling Pathways & negative feedback. Two additional lay-
ers of diversi"cation in FGF8 signaling have become appar-
ent recently, signaling cascade selectivity and negative-feed-
back modulators. FGFs have at least four separate signaling 
cascades they can activate; RAS/MAPK, PI3 kinase, PLC-� 
and STAT17 (Figure 2C). !ere is an FGF8 isoform-speci"c 
relationship with some pathways. For example, FGF8b, but 
neither FGF8a nor low doses of FGF8b, activates the RAS/
MAPK pathways along the MHB33. However, in ANR sig-
naling, RAS/MAPK signaling persists in the absence of all 
FGF8 indicating that other signaling cascades are activated 
by FGF8 in the forebrain of zebra"sh; which cascades is un-
clear34. 
 Various cascades lead to activation of negative regu-
lators of the FGF8 pathways; sprouty, sef and mkp3 are prin-
ciple among these8. Very recently, the negative regulators 
Sprouty1 and Sprouty2 have been shown to inhibit FGF8 
rostralization in early cortical patterning, however, later 
only Sprouty2 shows a role by inhibiting the RAS/MAPK 
pathway in the telencephalic ventricular zone35. !e mecha-
nism and dependence on FGF8 of this switch are uncertain. 
Much more work must be done to understand which in-
tracellular pathways are used to e#ect di#erent FGF8 func-
tions.

Conclusions and Future Directions. 
 We have seen studies connecting ligand isoforms to 
receptor isoforms, receptor isoforms to signaling pathways 
and signaling pathways to negative feedback regulators4,33,35. 
A clear direction forward is to begin to piece together these 
links to form a chain of developmental signaling. We must 
continue to "nd endogenous isoform-speci"c ligand-recep-
tor pairs and begin to pare out which intracellular pathways 
as well as negative regulators are subsequently activated. 
In looking forward it may be helpful to begin to construct 
ligand-receptor-pathway axes as opposed to listing broad ef-
fects downstream of FGF8. !e broad view does not re%ect 
the evolutionary diversi"cation of the components of FGF8 
signaling so central to neurodevelopment. As work incre-
mentally enriches our understanding of isoforms, cascades 
and feedback mechanisms, simpler axes may immerge from 
what otherwise appears to be a multifarious interaction net-
work. More than just a tool to clear our heads, these hy-
pothetical axes can guide experiments taking advantage of 
isoform-speci"c knockouts as well as signaling cascade and 
feedback regulator mutants.



VOLUME 4 | 2012 | 42 VANDERBILT REVIEWS NEUROSCIENCE

C A N D I D A T E 
R E V I E W S

7KH�-RXUQDO�RI�ELRORJLFDO�FKHPLVWU\���������������������
���� 6FKROSS��6���*URWK��&���/RKV��&���/DUGHOOL��0���	�%UDQG��0��
��������=HEUDÀVK�IJIU��LV�D�PHPEHU�RI�WKH�IJI��V\QH[SUHVVLRQ�JURXS�
DQG�LV�UHTXLUHG�IRU�IJI��VLJQDOLQJ�DW�WKH�PLGEUDLQ�KLQGEUDLQ�ERXQGDU\��
'HYHORSPHQW�JHQHV�DQG�HYROXWLRQ�����������������
32. Trokovic, R., Trokovic, N., Hernesniemi, S., Pirvola, U., 

Vogt Weisenhorn, D. M., Rossant, J., McMahon, A. P., et al. (2003). 

)*)5��LV�LQGHSHQGHQWO\�UHTXLUHG�LQ�ERWK�GHYHORSLQJ�PLG��DQG�KLQG-

EUDLQ� IRU� VXVWDLQHG� UHVSRQVH� WR� LVWKPLF� VLJQDOV��7KH�(0%2� MRXUQDO��
22(8), 1811-23.

���� 6DWR��7���	�1DNDPXUD��+�� ��������7KH�)JI�� VLJQDO� FDXVHV�
cerebellar differentiation by activating the Ras-ERK signaling path-

ZD\��'HYHORSPHQW��&DPEULGJH��(QJODQG��������������������
���� 6KLQ\D��0���.RVKLGD��6���6DZDGD��D��.XURLZD��D��	�7DNHGD��
+����������)JI�VLJQDOLQJ�WKURXJK�0$3.�FDVFDGH�LV�UHTXLUHG�IRU�GHYHO-
RSPHQW�RI�WKH�VXESDOOLDO�WHOHQFHSKDORQ�LQ�]HEUDÀVK�HPEU\RV��'HYHORS-

PHQW��&DPEULGJH��(QJODQG��������������������
���� )DHGR��$���%RUHOOR��8���	�5XEHQVWHLQ��-��/��5����������5H-
SUHVVLRQ�RI�)JI�VLJQDOLQJ�E\�VSURXW\����UHJXODWHV�FRUWLFDO�SDWWHUQLQJ�
LQ� WZR�GLVWLQFW� UHJLRQV� DQG� WLPHV��7KH� -RXUQDO�RI�QHXURVFLHQFH��� WKH�
RIÀFLDO�MRXUQDO�RI�WKH�6RFLHW\�IRU�1HXURVFLHQFH������������������

Acknowldegments. I would like to thank Dr. Josh Gamse 
and Josh Clanton for helpful conversation. !is work was 
funded by NIH grant HD054534 to Dr. Gamse. !e 
author was supported by the Vanderbilt Medical-Scientist 
Training Program (T32 GM07347 from the NIH).

Further Information. http://www.vanderbilt.edu/gamse-
lab/Home.html

VLJQDOOLQJ�FRPSRQHQWV�GLIIHUHQWLDOO\�LPSDFW�WKH�PXULQH�JRQDGRWURSLQ�
UHOHDVLQJ�KRUPRQH�V\VWHP��-RXUQDO�RI�QHXURHQGRFULQRORJ\�������������
50.

���� 0H\HUV��(��1���/HZDQGRVNL��0���	�0DUWLQ��*��5����������$Q�
)JI��PXWDQW�DOOHOLF�VHULHV�JHQHUDWHG�E\�&UH��DQG�)OS�PHGLDWHG�UHFRP-

ELQDWLRQ��1DWXUH�JHQHWLFV����������������
17. Storm, E. E., Garel, S., Borello, U., Hebert, J. M., Mar-
tinez, S., McConnell, S. K., Martin, G. R., et al. (2006). Dose-de-
pendent functions of Fgf8 in regulating telencephalic patterning 
centers. Development (Cambridge, England), 133(9), 1831-44. 
���� *DUHO�� 6���+XIIPDQ��.�� -���	�5XEHQVWHLQ�� -�� /��5�� ��������
0ROHFXODU�UHJLRQDOL]DWLRQ�RI�WKH�QHRFRUWH[�LV�GLVUXSWHG�LQ�)JI��K\SR-

PRUSKLF�PXWDQWV��'HYHORSPHQW��&DPEULGJH��(QJODQG����������������
14.

���� )XNXFKL�6KLPRJRUL��7���	�*URYH�� (�� D�� ��������1HRFRUWH[�
SDWWHUQLQJ� E\� WKH� VHFUHWHG� VLJQDOLQJ�PROHFXOH� )*)��� 6FLHQFH� �1HZ�
<RUN��1�<����������������������
���� 6KLPRJRUL��7���	�*URYH��(��D����������)LEUREODVW�JURZWK�IDF-
WRU���UHJXODWHV�QHRFRUWLFDO�JXLGDQFH�RI�DUHD�VSHFLÀF�WKDODPLF�LQQHUYD-
WLRQ��7KH�-RXUQDO�RI�QHXURVFLHQFH���WKH�RIÀFLDO�MRXUQDO�RI�WKH�6RFLHW\�
IRU�1HXURVFLHQFH������������������
21. Martinez-Ferre, A., & Martinez, S. (2009). The develop-
ment of the thalamic motor learning area is regulated by Fgf8 ex-
SUHVVLRQ��7KH�-RXUQDO�RI�QHXURVFLHQFH���WKH�RIÀFLDO�MRXUQDO�RI�WKH�
Society for Neuroscience, 29(42), 13389-400.
���� 5HJDQ��-��&���&RQFKD��0��/���5RXVVLJQH��0���5XVVHOO��&���	�
Wilson, S. W. (2009). An Fgf8-dependent bistable cell migratory event 

HVWDEOLVKHV�&16�DV\PPHWU\��1HXURQ���������������
���� .DULP��0��D��	�6ORSHU��-��&����������+LVWRJHQHVLV�RI�WKH�VX-

SUDRSWLF�DQG�SDUDYHQWULFXODU�QHXURVHFUHWRU\�FHOOV�RI�WKH�PRXVH�K\SR-

WKDODPXV��-RXUQDO�RI�DQDWRP\������3W�����������
���� %URRNV��/��5���&KXQJ��:��&��-���	�7VDL��3��6����������$EQRU-
PDO�K\SRWKDODPLF�R[\WRFLQ�V\VWHP�LQ�ÀEUREODVW�JURZWK�IDFWRU���GHÀ-

cient mice. Endocrine, 38(2), 174-80.

���� &KL��&��/���0DUWLQH]��6���:XUVW��:���	�0DUWLQ��*��5����������
7KH�LVWKPLF�RUJDQL]HU�VLJQDO�)*)��LV�UHTXLUHG�IRU�FHOO�VXUYLYDO�LQ�WKH�
SURVSHFWLYH�PLGEUDLQ�DQG�FHUHEHOOXP��'HYHORSPHQW��&DPEULGJH��(QJ-

land), 130(12), 2633-44.

���� /DKWL��/���6DDULPlNL�9LUH��-���5LWD��+���	�3DUWDQHQ��-����������
FGF signaling gradient maintains symmetrical proliferative divisions 

RI� PLGEUDLQ� QHXURQDO� SURJHQLWRUV�� 'HYHORSPHQWDO� ELRORJ\�� ��������
270-282. 

���� <DPDXFKL��.���0L]XVKLPD��6���7DPDGD��$���<DPDPRWR��1���
7DNDVKLPD�� 6��� 	� 0XUDNDPL�� )�� �������� )*)�� VLJQDOLQJ� UHJXODWHV�
JURZWK�RI�PLGEUDLQ�GRSDPLQHUJLF�D[RQV�E\�LQGXFLQJ�VHPDSKRULQ��)��
7KH� -RXUQDO� RI� QHXURVFLHQFH��� WKH� RIÀFLDO� MRXUQDO� RI� WKH�6RFLHW\� IRU�
1HXURVFLHQFH������������������
���� 0DF$UWKXU��&��D��/DZVKp��D��6KDQNDU��'��%���+HLNLQKHLPR��
0���	�6KDFNOHIRUG��*��0����������)*)���LVRIRUPV�GLIIHU�LQ�1,+�7��
FHOO�WUDQVIRUPLQJ�SRWHQWLDO��&HOO�JURZWK�	�GLIIHUHQWLDWLRQ���WKH�PROHFX-

ODU�ELRORJ\�MRXUQDO�RI�WKH�$PHULFDQ�$VVRFLDWLRQ�IRU�&DQFHU�5HVHDUFK��
6(7), 817-25.

29. Guo, Q., Li, K., Sunmonu, N. A., & Li, J. Y. H. (2010). 
Fgf8b-containing spliceforms, but not Fgf8a, are essential for Fgf8 
function during development of the midbrain and cerebellum. De-
velopmental biology, 338(2), 183-92.
���� =KDQJ��;���,EUDKLPL��2��D��2OVHQ��6��.���8PHPRUL��+���0R-

KDPPDGL��0���	�2UQLW]��'��0����������5HFHSWRU�VSHFLÀFLW\�RI�WKH�À-

broblast growth factor family. The complete mammalian FGF family. 



C A N D I D A T E 
R E V I E W S

VOLUME 4 | 2012 | 43VANDERBILT REVIEWS NEUROSCIENCE

KeywordsAbstract

Kristen Eckstrand
Is a Picture Worth 1000 Calories: The Neuroimaging of Obesity

Obesity
Insulin
Dopamine
Reward
Feeding behavior
Habits
Dopamine trans-
porter
Response inhibition

An Introduction to the Obesity Epidemic
 !e fundamental neurocircuitry of the homeostatic 
feeding system and its interactions with peripheral feeding 
signals to modulate appetitive behavior and energy expen-
diture around a physiologic set point has maintained a rela-
tively stable human body composition until only recently, 
when the prevalence of obesity has increased dramatically1. 
!e rapid elevation in obesity over the past generation, 
with nearly seventy percent of the United States population 
meeting criteria for being overweight2, suggests environ-
mental factors play a key role. Current research indicates 
the presence and dysfunction of expanded neural circuits 
controlling reward, habits, and decision-making may me-
diate feeding behavior and subsequent overconsumption, 
contributing to the obesity epidemic3-7. 
 Animal research has been critical for elucidating 
molecular aspects of obesity, with studies showing that food 
overconsumption is both driven and paralleled by broad 
changes in dopaminergic circuitry.  Indeed, an overarching 
question in the "eld is how the physiologic response to food 
consumption augments brain dopaminergic circuits that en-
able the progression and maintenance of obesity.  Neuro-
imaging is an important and novel tool for non-invasively 
examining the structural, molecular, and functional corre-
lates of obesity8.  !e purpose of this review is to integrate 
the molecular aspects of food overconsumption and obesity 

with human neuroimaging data, focusing on the role and 
dysregulation of dopamine in the neural circuits subserving 
food intake.

Molecular Aspects of Dopamine in Obesity
Homeostatic Feeding, Dopamine, Reward
 !e hypothalamus regulates homeostatic feed-
ing (i.e. food consumption for the purpose of maintaining 
energy balance; for review, see1, 9, 10), by responding to pe-
ripheral hormonal signals relaying information about the 
body’s energy state11, 12. !e anorexigenic gut peptides leptin 
and insulin, negative feedback adiposity signals circulating 
in proportion to body fat mass, indicate a positive energy 
balance while the orexigenic gut peptide ghrelin, whose 
levels inversely correlate with adiposity, signals a negative 
energy balance.  In addition to their homeostatic action in 
the hypothalamus to regulate future feeding behavior, these 
peripheral hormonal signals also act on the mesolimbic do-
pamine system. Activity in mesolimbic reward circuitry (for 
review, see 13), an area that is acutely activated with all drugs 
of abuse14, implies  that feeding signals operate outside of 
brain circuits subserving homeostatic feeding and that feed-
ing itself may have rewarding properties.  
 Current evidence suggests that gut peptides signal-
ing a positive energy balance function to negatively modu-
late midbrain dopamine (DA) neurotransmission and food 

 In healthy weight individuals, complex brain circuits interact with peripheral feeding signals 
to control feeding behavior, and it is thought that the dysregulation of these circuits can lead to exces-
sive food intake and obesity.  Human neuroimaging studies have shown BMI-dependent de"cits in 
dopamine neurotransmission encoding reward, suggesting a “hypodopaminergic reward de"ciency” 
whereby obese individuals overeat to compensate for a hypofunctioning reward circuitry.  However, 
other imaging studies demonstrate hyperactivation of dopamine networks that positively correlate with 
BMI in obese individuals. Animal studies link these seemingly opposing theories, revealing that insulin 
promotes the intracellular tra$cking and surface expression of the dopamine transporter (DAT) while 
inhibiting that of the norepinephrine transporter (NET). Together these transporters control dopamine 
levels in the striatum and cortex respectively, areas critically involved in reward, habits, and cognitive 
control. !e purpose of this review is to integrate the molecular aspects of food overconsumption and 
obesity with human neuroimaging data, focusing on the role and dysregulation of dopamine in the 
neural circuits subserving food intake.
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reward while those signaling a negative energy balance 
are positive DA modulators. For example, as determined 
by both electrophysiology and receptor knockout stud-
ies, leptin acts directly on the DA neurons of the ventral 
tegmental area (VTA) to inhibit action potential "ring15, 16 
and reduce food intake15 and reward-seeking behaviors17, 18.  
In contrast, ghrelin activates VTA DA neurons, triggering 
feeding19.  New research points to a critical role for insulin 
in the regulation of reward circuitry. Insulin promotes the 
intracellular tra$cking and surface expression of the dopa-
mine transporter (DAT) via the PI3K/Akt signaling path-
way, regulating the high-a$nity uptake of dopamine from 
the mesolimbic synapse20-23 while reducing food-intake17. 
Further, dopamine receptor (D2R) expression24 is impaired 
in insulin-depleted states, suggesting a hypofunctioning of 
the dopamine reward system with insulin resistance. !ese 
"ndings together demonstrate the role of peripheral feed-
ing signals, particularly insulin, in "ne-tuning extracellular 
synaptic dopamine in the reward circuitry and subsequently 
in%uencing feeding behavior.
 An understanding of mesolimbic dopamine’s func-
tion and behavioral correlates is critical for discerning the 
role of dopamine dysregulation in obesity.  In the mesolim-
bic circuitry, dopamine encodes the expectation of, motiva-
tion for, and approach behaviors seeking reward13, 25, 26, all 
processes which are “hijacked” in the early stages of addic-
tion14, 27.  Consistent with dopamine’s role in reward, dopa-
mine levels are elevated during food seeking28, 29, exposure to 
and consumption of novel food stimuli30, 31, and daily inter-
mittent consumption of both sugar32-34 and fat35, 36. Further, 
it is the phasic "ring of these dopamine neurons that en-
codes this food reward26, 37-39.  In contrast, evoked dopamine 
release, basal dopamine levels35, 40, 41, and D2R availability24, 

42 are blunted in chronic obesity. One study links these two 
states, demonstrating increased basal DA and DA e&ux in 
obesity-prone young, insulin-sensitive rats in the mesolim-
bic reward system but decreased basal DA and DA e&ux in 
obesity-prone, adult, insulin-resistant rats43. !ese results, 
combined with evidence that short-term elevations in insu-
lin or glucose increase basal DA44 while decreasing D2R42, 

45, provides evidence for the progressive nature of dopamine 
dysregulation in obesity.
 According to the dopamine reward hypothesis, do-
pamine signaling in the mesolimbic system encodes reward 
and promotes reward-seeking behavior; consequently, im-
paired dopamine signaling will focus and drive behaviors 
aimed at restoring dopamine tone6, 46. It is hypothesized that 
the blunted dopamine signaling in obesity may attenuate 
the rewarding aspects of food, a hypodopaminergic reward 

de"ciency syndrome (HRDS), leading obese individuals to 
consume increasing quantities of palatable food to achieve 
the same level of reward41, 47.  A problem with this “reward 
de"ciency” hypothesis, however, is that decreased perceived 
reward might be expected to suppress rather than promote 
excessive feeding. An alternative view is that reduced dopa-
mine receptor availability may be a consequence, rather than 
a cause, of obesity due to elevated dopamine levels from ex-
cessive food intake and/or abnormal food seeking4, 5, 28-31, 37. 
Several studies have, in fact, demonstrated a hyperrespon-
siveness to reward in the mesolimbic circuitry in obesity5, 48, 

49 corroborating this hypothesis.  Indeed, dysregulation of 
dopamine circuitry is a clear component of obesity, but the 
exact nature of the dysregulation remains unde"ned.

Food-Seeking, Habits, and Addiction
 Despite mesolimbic dopamine having a clear role 
in reward and feeding behavior, studies in dopamine de"-
cient mice (a severely hypoactive phenotype which will die 
of starvation without supplemented dopamine) show that 
viral restoration of dopamine to the nucleus accumbens 
does not restore feeding behavior6, 50. However, restoration 
of dopamine to the dorsal striatum, speci"cally the dorso-
lateral striatum, rescues the dopamine-de"cient phenotype 
and induces feeding51-53. !ese results suggest a role for 
dopamine action outside the mesolimbic reward system in 
feeding behavior. In fact, it is the dorsal striatum that medi-
ates goal-directed behaviors and habit formation such as the 
repeated seeking of reward-conditioned, highly salient, food 
stimuli54-56.
 Habits are “sequential, repetitive, motor, or cogni-
tive behaviors elicited by external or internal triggers that, 
once released, can go to completion without conscious 
oversight”55. Habits begin as goal-directed behaviors, where 
a salient57 stimulus is achieved through a speci"c action 
sequence, but progress to cue-mediated behaviors with re-
peated reward training that persist even with reward devalu-
ation58, 59. !is progression involves an underlying ventral-
to-dorsal striatal shift14, 55, 60 as dopamine-directed reward 
behaviors of the ventral striatum are replaced by dorsal 
striatal cue-initiated action sequences 61, 62 mediated by mul-
tiple neurotransmitters that do not appear to be under the 
regulatory in%uence of insulin. Indeed, this shift is well de-
"ned with food reward, indicating that salient foods and 
their cues are su$cient to initiate reward-seeking and the 
subsequent habitual behaviors characteristic of addiction14, 

63.

Decision-Making and Disinhibition
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 ! e progression from reward learning to habit for-
mation relies on active oversight by the prefrontal cortex 
(PFC)64, a region responsible for ‘top-down’ regulation of 
subcortical function to promote situation-appropriate and 
task-relevant behaviors65. While the complexities of PFC 
function are beyond the scope of this article (for review, 
see 66-68), there is strong evidence for the speci" c role of 
dopamine in regulating PFC activity69, 70 through volume 
transmission maintaining extrasynaptic dopamine tone70. 
Dopamine appears to improve prefrontal cortical cognitive 
function71-73 by enhancing glutamatergic signaling through 
D1 receptor binding74, 75, however this e# ect is non-linear 
where either too much76 or too little77, 78 dopamine actually 
impairs proper PFC function. ! is non-linear impairment 
is readily seen in measures of response inhibition, where 
both de" cits79-82 and elevations83 in central dopamine pro-
duce a faster cue-driven response and/or a decreased ability 
to rapidly inhibit unwanted responses.
 Dopamine tone is maintained in the prefrontal cor-
tex by the norepinephrine transporter (NET)84, 85 whose in-
tracellular tra$  cking and surface expression, in contrast to 
the striatal dopamine transporter, is inhibited by insulin86.  
Insulin further inhibits dopamine release in the PFC87, 
thus providing multiple mechanisms that would both serve 
to diminish cortical dopamine levels.  As dopamine acts 
through an inverted-U response88, even minor deviations 
from optimal tone can alter PFC function70.   In the set-
ting of impaired insulin signaling, such dysregulation may 
set the stage for the emergence of the habitual, cue-driven 
behaviors. Indeed, given that the increased availability of 
highly palatable food provided by the modern environment 
requires the continuous inhibition of cue-mediated feeding 
behaviors, it is easy to see how dopamine-mediated prefron-
tal disinhibition could unmask the established subcortical 
salience attributions and response patterns leading to obe-
sity89.

# e Progression to Obesity
 Here we propose a plausible molecular mechanism 
by which the physiologic response to food consumption 
promotes progressive neuroadaptations in brain dopaminer-
gic circuits subserving reward, habits, and decision-making 
that further bias towards the maintenance of obesity.  In-
sulin maintains dopamine homeostasis in reward circuitry, 
supporting a synaptic environment ideal for the percep-
tion of food reward. ! e onset of mild insulin resistance 
with repeated consumption of highly palatable food drives 
a striatal synaptic hyperdopaminergia from increased dopa-
mine release, decreased dopamine clearance, and allostatic 

downregulation of dopamine receptor function, e# ectively 
blunting the impact of dopamine reward signaling and facil-
itating the emergence of cue-driven food seeking behavior.  
Further, concomitant insulin-mediated cortical neuroadap-
tations promote a prefrontal hypodopamineric tone serv-
ing to unmask response patterns directed at palatable food 
acquisition and consumption (see Figure 1).  In the next 
section, we review how available neuroimaging evidence 
supports this model and identify important next steps for 
neuroimaging in unraveling obesity pathogenesis and impli-
cations for treatment.

Translating Molecules to Systems
Neuroimaging in Obesity
 Exploring feeding behavior with molecular (PET) 
and functional (MR) neuroimaging facilitates the systems-
level study of feeding behavior and translation of molecular 
obesity research to humans. Such methods have in fact con-
vincingly uncovered strong evidence for widespread neural 
dysregulation in obesity. ! e multisensory elements of food 
are re% ected as its uni" ed % avor90 which, combined with 
individual and environmental factors, contributes to the 
pleasure derived from food consumption and its hedonic 
value91. In healthy individuals, % avor perception robustly 
activates the gustatory network, including the thalamus, in-
sula, frontal operculum, inferior frontal gyrus, and orbito-
frontal cortex92-96. Hunger elicits heightened activity in these 
areas and further activation in the striatum, midbrain, and 
prefrontal cortex95, 96.  ! is activation correlates with per-
ceived stimulus pleasantness92, 97 and reward value95, provid-
ing evidence for the representation of hedonic “liking” in 
these regions. 

Figure 1. Model for Dopamine Neurotransmission in the 
context of impaired insulin signaling in A) prefrontal cortex 
and B) dorsal striatum
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 Yet feeding behavior extends beyond the mere lik-
ing of food, and whether food is sought for consumption 
depends on how much it is “wanted”4.  !is incentive value 
is in%uenced by the sight and smell of food; these sensory 
experiences re%ect food availability and the anticipation 
of food, which can then be contrasted with the e#ort to 
achieve them91.  Indeed, the presentation of a salient food 
cue elicits reward associated with food anticipation and sub-
sequent food seeking91, 98, 99.  Visual food stimuli increase 
activity in areas including the midbrain, amygdala, dorsal 
striatum, cingulate, insula, and orbitofrontal cortex94, 96, 98, 

100, 101, where activity is ampli"ed by hunger98, 100, 102, 103.  !e 
fasting state also elicits activation of hedonic brain areas in-
cluding the ventral striatum102, 104, 105 which implies that fast-
ing enhances the rewarding properties of food106, consistent 
with behavioral studies.  
 Overweight and obese individuals in the fasting 
state also demonstrate activation in circuits subserving food 
reward107-110. In contrast to healthy individuals, obese indi-
viduals exhibit BMI-dependent potentiation of activation by 
salient food cues in gustatory areas such as the orbitofrontal 
cortex and insula, and in brain regions receiving dopami-
nergic inputs, including dorsal and ventral striatum107, 108, 110, 

111.  Hyperactivity in these areas could represent enhanced 
expected food reward promoting dopamine release, driv-
ing the motivation and behaviors aimed at food consump-
tion112.  Evidince for greater reward sensitivity in obesity5, 113 
is consistent with this hypothesis. Alternatively, if the obese 
state is characterized by prefrontal dysregulation of inhihibi-
tory circuits under dopaminergic modulation, the observed 
hyperactivity results from the unmasking of habitual circuits 
normally under cortical regulation.  One fMRI study exam-
ining response inhibition in adolescent girls demonstrated 
a BMI-dependent loss of activity in the prefrontal areas 
subserving inhibitory control114, however the relationship 
of this attenuation to subcortical activity was not assessed. 
An important next step will be to determine how prefrontal 
functional brain activity changes with subcortical activity in 
light of di#erential dopamine clearance in these regions.
 While fMRI studies indicate neural dysfunction 
in obesity, they do not assess the mechanism by which it 
occurs. Molecular imaging evidence directly demonstrat-
ing dopamine dysregulation comes from a small number 
of PET studies "nding BMI-dependent decreases in stria-
tal dopamine D2 receptor availability47, 115.  !is reduction 
depends on the magnitude and duration of overfeeding42, 
supporting the hypothesis of an allostatic downregulation 
of D2 receptors with chronic overeating.  However, these 
PET studies assessed D2 receptor availability using the ra-

dioligand [11C]-raclopride which competes with synaptic 
dopamine for receptor binding, and therefore the decreased 
binding explained as a reduction in D2 receptor availability 
could also re%ect increases in synaptic dopamine.  !is in-
terpretation would suggest an elevated basal dopamine tone 
in obesity.  Among adults viewing food cues who received 
an acute methamphetamine dose (stimulating presynaptic 
dopamine release), normal-weight individuals demonstrat-
ed increases in dopamine116 while the dopamine levels of 
obese individuals remained constant117, providing evidence 
for blunted dopamine signaling in obesity.

Implications for Treatment
 While the precise etiologic nature of dopamine 
dysregulation in obesity remains unclear, several imaging 
studies support plasticity in the brain circuits underlying 
obesity and thus opportunities for treatment.  Initial clini-
cal observations of mild weight loss in patients receiving 
treatment with dopamine agonists118 have been replicated 
in animal studies119, however the cognitive/psychiatric side 
e#ects render these drugs problematic.  Further, dopamine 
administration   will be ine#ective if post-synaptic dopa-
mine signaling is impaired in obesity.  Promising observa-
tions come from studies demonstrating that bariatric sur-
gery120 and weight loss42 increase D2 receptor levels and 
decrease functional activity in dopamine reward circuitry121 
while increasing activity in the prefrontal cortex122.  One 
explanation for these e#ects on dopamine circuits is the 
drastic changes in insulin levels following bariatric surgery; 
however, there have been no longitudinal controlled clinical 
trials to examine the direct e#ect of insulin on normalizing 
dopamine neurotransmission in obesity. Such research will 
be critical in understanding the pathogenesis of obesity, po-
tential therapeutic targets in insulin signaling pathways, and 
future opportunities for treatment.

Conclusion
 Recent scienti"c evidence demonstrating that cen-
tral nervous system dopamine is under the regulatory in%u-
ence of insulin o#ers a plausible mechanism for understand-
ing obesity as a dysregulation of neural systems controlling 
reward, habits, and decision-making.  Here we have re-
viewed the molecular processes underlying insulin’s e#ect 
on dopamine circuitry and feeding behavior, and how these 
"ndings link the opposing theories of a hypodopaminergic 
reward de"ciency versus a hyperresponsiveness to reward in 
the obese state.  We further extend the interpretations of 
this research by proposing a novel model for obesity as a 
progressive disruption of subcortical and prefrontal brain 
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circuitry initiated and perpetuated by insulin resistance and 
subsequent dysregulation of extracellular dopamine.  While 
future research is necessary, the hypothesis of insulin’s abil-
ity to reset central dopamine tone and subsequently reshape 
feeding behavior o#ers exciting new opportunities for the 
clinical management of obesity.
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Introduction
 Chronic stress or alterations in the appropriate 
physiological response to stress may lead to pathological 
conditions such as anxiety, panic disorders, post-traumatic 
stress disorder (PTSD), or perhaps drug abuse.  !e ex-
tended amygdala, which consists of the bed nucleus of the 
stria terminalis (BNST), the central nucleus of the amyg-
dala (CeA), and the nucleus accumbens (NAc) shell, has 
been shown to play an important role in stress, anxiety, and 
addiction-related behaviors1-3.  For example, inhibition of 
GABA synthesis in the BNST leads to an increase in anxi-
ety-like behavior in rats4.  Stress-related information is pro-
vided to the extended amygdala by a variety of a#erents, 
including catecholamines arising from NE and DA centers.  
Many stressors increase the "ring of NE neurons and in-
crease NE turnover in target regions, such as the BNST5-7.  
Although there is a large literature focused on the role of 
NE in stress, this review will focus on the actions of stress 
on the DA system.  Dopamine is classically regarded as the 
reward neurotransmitter, however, the midbrain DA system 
has been recognized to be sensitive to stress even though 
this impact is not well understood.  Delineating the ways 
in which stress modulates the DA system will allow a better 
understanding of the mechanisms mediating the interaction 
of stress and reward.

Anatomy of dopaminergic innervation of the extended 
amygdala
 It has long been known that the DA neurons that 

project to the extended amygdala arise from the ventral teg-
mental area (VTA), substantia nigra pars compacta (SNc), 
and retrorubral nucleus (RR)8-13.  !e population of DA 
neurons projecting to each region of the extended amygdala 
was quantitatively determined using retrograde tracers and 
tyrosine hydroxylase (TH) immunohistochemistry14.  !e 
NAc shell receives approximately 80% of its DA projections 
from the VTA-A10a group, with the highest percentage aris-
ing from the parabrachial pigmented (PBP) and caudal lin-
ear (CLi) nuclei.  !e CeA and BNST have very similar dis-
tributions with approximately 40% of the DA projections 
coming from the VTA-A10 group (majority from PBP and 
CLi) and approximately 50% from the A10dc area, which 
consists of the periaqueductal gray (PAG) and dorsal raphe 
(DR). !e majority of studies that investigate the role of 
DA neurons in stress and addiction primarily focus on the 
parabrachial pigmented nucleus of the lateral VTA.    Very 
few studies examine the midline DA neurons of the rostral 
linear nucleus (RLi), CLi, PAG and DR regions.  Given the 
diverse projection targets of these regions, new insights may 
be gained from studies focused on the actions of these mid-

a. Dopaminergic cell groups:�7KH�'$�SRSXODWLRQ�KDV�EHHQ�GLYLGHG�
LQWR�GLVWLQFW�FHOO�JURXSV�WHUPHG�$��$����$��UHIHUV�WR�WKH�55�QXFOHXV��
A9 is primarily the SNc, and A10 is the VTA.  The A10-VTA can be 

GLYLGHG�LQWR�IRXU�GLVWLQFW�QXFOHL��SDUDEUDFKLDO�SLJPHQWHG��SDUDQLJUDO��
LQWHUIDVFLFXODU��DQG�FDXGDO�OLQHDU�QXFOHL���7KH�URVWUDO�OLQHDU�QXFOHXV�
ZDV�ODWHU�DGGHG�WR�WKH�$���JURXS���7KH�'$�QHXURQV�RI�WKH�3$*�DQG�
'5�DUH�FRQVLGHUHG�WR�EH�D�GRUVRFDXGDO�H[WHQW�RI�$���WHUPHG�WKH�
$��GF���6HH�+DVXH�DQG�6KDPPDK�/DJQDGR������IRU�IXUWKHU�H[SODQD-
WLRQ�RI�WKH�'$�FHOO�JURXSV��

 Pathological conditions such as post traumatic stress disorder (PTSD) and anxiety disorders 
may result from the inability to properly respond to stress.  !e extended amygdala is highly involved 
in the stress response and receives substantial dopaminergic innervation.  !e dopamine (DA) system 
is sensitive to stress, but its role in the stress response is not fully understood.  Dopamine concentration 
and metabolism increase within target regions after exposure to stressors.  !e "ring of DA neurons is 
also altered after stress exposure.  !e DA system receives norepinephrine (NE) inputs that may, in part, 
mediate some of these actions.  Indeed, NE modulates the "ring of DA neurons through the activation of 
_1 and _2 adrenergic receptors (ARs).  !is review highlights the evidence of DA’s involvement in stress 
and the potential role NE plays in mediating these actions, with a focus on the dopamine projections to 
the extended amygdala.
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line dopamine populations.

Anatomy of noradrenergic innervation of the dopamine 
system
 !e role of NE in stress has been widely studied5-7, 15, 

16.  Norepinephrine arises from the locus coeruleus (termed 
A4 and A6 areas), ventral medulla (A1, A5 and A7 areas), 
and the dorsomedial medulla (A2 area).  !e locus coeruleus 
(LC) has a broad projection "eld, and NE arising from the 
LC has been shown to play roles in arousal and cognitive 
performance17, 18.  !e non-LC NE neurons are located in 
brainstem, homeostatic centers and have been shown to be 
involved in a variety of processes.  For example, A1 neurons 
control the release of vasopressin, A2 neurons are involved 
in regulation of food intake, and A5 neurons regulate the 
respiratory rhythm generator of the rostral ventrolateral 
medulla19-21.  It has long been known that the LC projects 
to the VTA22-25.  Recently, it was determined that a large 
number of non-LC noradrenergic projections innervate DA 
regions.  Using dopamine beta hydroxylase (DBH) immu-
nohistochemistry and anatomical tracing studies, Mejías-
Aponte et al. found that the midline areas of RLi and CLi 
receive noradrenergic innervation from A1, A5 and LC26. 
!e LC and A5 innervate the medial VTA while the lateral 
VTA receives innervation from A1, A2, A5 and LC26.  !ere 
is also a noradrenergic input from the LC to the PAG, near 
the A10dc DA population27.  !ese abundant NE innerva-
tions make the midbrain DA neurons prime candidates to 
undergo modulation due to stress.  Furthermore, the vary-
ing noradrenergic inputs combined with distinct projection 
targets of diverse DA neuron populations indicate a possible 
di#erential sensitivity to stress.

Sensitivity of the dopamine system to stress
 Extensive studies have explored the involvement of 
NE in stress.  Furthermore, there is also evidence that DA is 
important for stress-related behaviors, particularly in the ex-
tended amygdala and prefrontal cortex.  Acute intermittent 
tail shock increases extracellular DA concentration in the 
striatum, NAc, and medial prefrontal cortex (mPFC) with 
the mPFC showing the largest increase above basal levels28.  
An increase in DA concentration in rats exposed to foot 
shock stress occurs in the NAc shell29, 30.  Also, rats who are 
predisposed to psychostimulant self administration undergo 
a larger and longer-lasting increase in DA concentration in 
the NAc, following tail pinch stress, as compared to those 
who are not predisposed31. Furthermore, acute immobiliza-
tion and restraint stressors increase DA metabolism in  the 
rat mPFC and the NAc shell while exposure to the predator 

odor, 2,5-dihydro-2,4,5-trimethylthia-zoline (TMT), in-
creases DA metabolism in only the mPFC32-34.  In summary, 
di#erent types of acute stressors increase DA concentration 
and metabolism in numerous brain regions.  
 !ere are also actions of DA following stressors in 
other regions of the extended amygdala.  !e metabolism 
of DA increases within the CeA and BNST following foot 
shock stress in rats35.  Interestingly, in a study done by Cec-
chi et al., one session of immobilization stress signi"cantly 
increases the level of NE, but not DA, in the lateral BNST 
of rats7.  However, these rats were singly housed for 5-7 days 
prior to the immobilization stress and there is evidence that 
prolonged social isolation in mice leads to an increase in 
anxiety-like behavior36.  Also, following chronic stress para-
digms such as six days of restraint stress or three weeks of 
restraint stress combined with unavoidable tail shock, the 
concentration of DA and its metabolites decreases in the 
NAc shell37, 38.  !erefore, the rats in the Cecchi et al. study 
may be undergoing a stress paradigm similar to chronic 
stress in which an increase in the level of DA in the BNST 
would not be expected.  Further studies are needed to elu-
cidate any changes in DA concentration or metabolism in 
the BNST and CeA that arise as a result of acute or chronic 
stress exposure.
 Stress may also lead to an increase in c-fos expres-
sion in animals.  In the CeA of the rat, there is an increase 
in Fos immunoreactivity following acute immobilization 
stress39.  !is CeA Fos staining is enriched in regions that 
overlap with TH positive terminals40.  In rats, exposure to 
TMT and mild foot shock  also leads to an increase in Fos 
immunoreactivity among DA neurons of the A10-VTA, 
but not in the A9-SNc region41. Furthermore, Deutch and 
colleagues found that restraint stress increases Fos staining 
within the VTA of rats33.  !is increase varies by VTA subre-
gions and is highest in the PBP and CLi.  !e increase in Fos 
expression is partially blocked with treatment of diazepam 
prior to administration of the stressor.  Interestingly, treat-
ment with the anxiogenic `-carboline, FG 7142, increases 
Fos expression to a greater extent than restraint stress in the 
CLi and to a lesser extent in the PBP33.  !is evidence sug-
gests that the CLi may play a larger role in stress and anxio-
genic behaviors than other VTA nuclei.  !rough the use of 
retrograde tracers, Deutch and colleagues determined that 
the majority of double-labeled Fos and TH neurons project 
to the mPFC, with few projecting to the NAc. Additionally, 
the CLi DA neurons heavily project to the BNST and CeA, 
but this study did not determine whether the Fos-labeled 
cells project to these regions of the extended amygdala.  As 
such, more work needs to be done to determine whether or 
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not the DA neurons that project to the extended amygdala 
are activated by stress exposure.  Such work is important as 
activation of immediate early genes, such as c-fos, represents 
metabolic activation or increase in neuronal, activity, which 
may occur due to exposure to stressor.  !erefore, based 
upon the changes in Fos expression and DA concentration 
in target regions as described above, alterations in "ring of 
DA neurons after stress exposure might be expected.

Exposure to stressors modulates $ring in dopamine neu-
rons
 !e "ring of DA neurons is characterized by a low 
frequency tonic or pacemaker "ring that is interspersed with 
phasic bursting activity.  Spontaneous pacemaker "ring is in-
dependent of a#erent input, while bursting activity is stimu-
lated by NMDA receptor activation42-46.  Bursting activity 
leads to a larger increase in synaptic DA than regular "ring 
and is thought to occur during the presentation of reward 
or salient cues45, 47-49.  !ere is some evidence that the "ring 
of DA neurons is inhibited by aversive stimuli, such as foot 
shock, in anesthetized rats50.  However, there are studies in 
which "ring of putative DA neurons is enhanced with stress.  
For example, one session of restraint stress enhances "ring 
in VTA DA neurons in awake rats51.  !is increase is only in 
cells that have a high level of basal bursting activity as com-
pared to those with a regular "ring pattern.  Also, stress in-
creases the amount of spikes seen within bursts, rather than 
the amount of bursts themselves.  !is increase in activity 
persists for at least twenty-four (24) hours.  A second session 
of restraint stress, on the subsequent day, does not further 
increase "ring activity.  Additionally, a single exposure to so-
cial defeat stress in rats increases burst "ring and DA release 
in the NAc core52.  Speci"cally, this elevated "ring occurs 
as the rat is confronting an aggressor and remains slightly 
elevated after return to the home cage.  An increase in DA 
"ring rate after acute stress correlates with the previously 
discussed data highlighting increases in DA concentration 
and metabolism after acute stress.
vRats that are subjected to chronic cold stress undergo a 
decrease in the number of spontaneously active DA cells 
compared to control animals53.  !e "ring rate and percent-
age of spikes "red in bursts are not signi"cantly altered as 
compared to control animals.  However, the distribution 
of bursting across VTA and SN cells di#ers between the 
two groups.  !e decrease in active DA cells with a chron-
ic stressor correlates with data showing decreased levels of 
DA in target regions after chronic stress37, 38.  !is data also 
suggests that chronic stress may inactivate one population 
of DA neurons while increasing burst activity in another.  

!ere is evidence that populations of DA neurons possess 
the ability to switch from single spiking mode to burst "r-
ing mode45.  !ese populations may represent DA neurons 
that project to di#erent target regions such as PFC, NAc, 
BNST or CeA.  Di#erent DA populations and their projec-
tions may mediate unique responses to stress, perhaps via a 
diverse sensitivity to stress or ability to mediate a switch in 
DA neuron "ring in response to acute or chronic stress.
Extreme stress may produce diverging results in humans 
with some people subject to pathological conditions which 
may lead to depression, anxiety or post-traumatic stress 
disorder (PTSD), while other individuals appear to escape 
relatively unharmed.  Recent studies in mice attempted to 
tackle this problem.  Cao and colleagues separated mice 
into susceptible and resilient groups based on their social 
avoidance behavior after undergoing ten days of social de-
feat stress54, 55.  !eir studies show that the rate of spontane-
ous "ring and number of bursting events within VTA DA 
neurons are increased in susceptible but not resilient mice55.  
Chronic social defeat stress increases Ih, a hyperpolarization-
activated cation current55.  Ih has been shown to contribute 
to the autonomous pacemaker activity of certain neurons 
and is thought to be activated by the large hyperpolarization 
following an action potential56-58.  !erefore, an increase in 
the size of Ih would facilitate an increase in "ring rate or 
bursting activity.  Previous data discussed earlier in the re-
view, details a decrease in spontaneously active DA cells, as 
well as a decrease in DA concentration and metabolism after 
chronic stress.  One explanation may be that in “susceptible” 
animals, a greater number of populations of DA neurons 
make the switch to burst "ring after chronic stress.  Chronic 
stress in susceptible animals may be recruiting more compo-
nents of the DA system than in resilient animals.

Modulation of dopamine $ring by norepinephrine
 Since stress modi"es the "ring properties of DA 
neurons and NE is thought to be a “stress neurotransmit-
ter,” it can be postulated that the actions of NE inputs may 
be partially responsible for the stress e#ects of DA.  !e A10 
and A10dc DA populations receive substantial NE input, 
and adrenergic receptor (AR) subtypes are expressed within 
midbrain dopaminergic areas26, 59, 60.  Speci"cally, there is 
evidence of _1-AR, _2-AR and perhaps low levels of `-AR 
expression in midbrain DA areas59-61.  !ere are a few ex-
amples of NE producing actions that modulate the "ring 
of DA neurons.  A series of studies done by Grenho# and 
colleagues show that in vivo electrical stimulation of the rat 
LC and administration of drugs acting on adrenergic recep-
tors can alter DA cell "ring within the SNc and VTA62-65. 
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Furthermore, it was found that clonidine, an _2-AR agonist, 
“regularizes” "ring and in some VTA cells, decreases the 
amount of spikes "red in bursts63, 64.  !is e#ect was blocked 
by the _2-AR antagonists, yohimbine and idazoxan.  In fact, 
the _2-AR antagonists actually increase burst "ring to a level 
beyond baseline64, 65.  Application of prazosin, an _1-AR an-
tagonist, was found to decrease burst "ring65.  In support of 
this data, Guiard and colleagues also found an _2-AR me-
diated decrease in DA "ring66.  Taken together, this data 
may indicate that NE release onto DA neurons may increase 
burst "ring through postsynaptic _1-ARs, and this "ring can 
either be increased or decreased through blockade or activa-
tion of presynaptic _2-ARs, respectively.
 Paladini and Williams demonstrate that iontopho-
retic application of NE onto VTA DA neurons in rat brain 
slices causes an outward current67.  !is outward current can 
be completely blocked by prazosin and is therefore medi-
ated through the _1-AR.  Furthermore, activation of _1-ARs 
causes internal calcium stores to be mobilized.  !e outward 
current has a reversal potential near that of potassium and 
can be blocked by apamin.  Collectively, this data indicates 
that the NE activated outward current is mediated by SK 
channels which are activated by calcium.  Based on these 
results, NE application and activation of _1-ARs lead to an 
inhibition of DA neuron "ring while, in the Grenho# stud-
ies, activation of _1-ARs leads to an increase in burst "ring 
of DA neurons.  !ere are a few possible explanations for 
this discrepancy.  First, in the Grenho# studies the record-
ings were done in vivo with the drugs applied systemically, 
but in Paladini and Williams study the recordings were done 
in ex vivo brain slices and drugs were applied iontophoreti-
cally directly to the slice.  !ese application variations may 
cause di#erent NE inputs to be recruited that have unique 
e#ects on DA output.  Also, the duration of agonist applica-
tion is very di#erent, with iontophoresis leading to a tran-
sient activation of _1-ARs while the in vivo studies will lead 
to prolonged agonist activation.  Indeed, Paladini and Wil-
liams found that prolonged application of phenylephrine, 
an _1-AR agonist, produces an inward current which would 
lead to stimulation of DA burst "ring as demonstrated in 
the Grenho# studies.  Iontophoretic application of NE by 
Guiard and colleagues also leads to a decrease in DA "ring66.  
 !ere is also evidence of adrenergic modulation of 
Ih, the hyperpolarization activated cation current, in putative 
VTA DA neurons of rat brain slices.  Application of cloni-
dine or UK-14304, selective _2-AR agonists, lead to an in-
hibition of spontaneous "ring and Ih in DA neurons68.  !e 
inhibition in Ih can be blocked by yohimbine and RS79948, 
two selective _2-AR antagonists.  RX821002, an antagonist 

speci"c for the _2A-AR and _2D-AR subtypes, fails to block 
the Ih inhibition.  !erefore, this modulation of Ih appears 
to act through the _2C-AR subtype.  Further study indicates 
that Ih inhibition is independent of cAMP levels and in-
stead results from the activation of protein kinase C (PKC).  
!ese results are in concordance with the Grenho# studies, 
in which activation of _2-ARs lead to a decrease in "ring 
rate in vivo.  Further work needs to be done in this area to 
determine how NE in%uences DA "ring and the in%uence 
of di#erent NE inputs on DA cell "ring.

Modulation of excitatory transmission on dopamine 
neurons by norepinephrine
 Stimulation of glutamate a#erents facilitates the 
switch from pacemaker "ring to burst "ring in midbrain 
DA neurons43, 44.  Plasticity at glutamatergic synapses has 
been found to underlie many learned behaviors69.  It is pos-
sible that changes in glutamatergic transmission occur on 
DA neurons following acute or chronic stressors.  !ese 
changes would a#ect the "ring, especially burst "ring, of 
DA neurons.  !ere is evidence that orexin and cortico-
tropin releasing factor (CRF) are powerful modulators of 
excitatory transmission within the VTA70.  However, there 
is very little evidence of NE modulation of glutamatergic 
transmission on DA neurons in the VTA.  Norepinephrine 
has been shown to modulate excitatory transmission in sev-
eral other limbic brain regions.  For example, it has been 
shown that activation of _2A-ARs leads to a depression of 
excitatory transmission and activation of `1-ARs enhances 
excitatory transmission within the BNST71, 72.  In the hippo-
campus, activation of `-ARs also leads to an enhancement 
of glutamatergic transmission73.  Since there are NE inputs 
in the VTA , as well as evidence of multiple AR subtypes, 
it is reasonable to hypothesize that NE will modulate glu-
tamatergic transmission onto DA neurons.  In fact, unpub-
lished preliminary evidence from our lab indicates that NE 
leads to an increase in the frequency of spontaneous EPSCs 
on DA neurons within the RLi.  However, there is a great 
need for studies investigating the role of NE in modulating 
glutamatergic transmission onto neurons within the VTA 
subregions and A10dc DA populations.
 !ere is evidence of NE altering mGluR-mediated 
inhibitory glutamatergic transmission onto VTA DA neu-
rons.  Amphetamine may have actions that work to increase 
DA concentration by altering the "ring of midbrain DA 
neurons, rather than merely altering the function of the do-
pamine transporter74.  In this study, amphetamine inhibits 
mGluR mediated IPSPs with no e#ect on ionotropic me-
diated EPSCs.  It was determined that this e#ect can be 
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blocked by prazosin, an _1-AR antagonist.  Inhibition of 
the mGluR mediated hyperpolarization may lead to an in-
crease in burst "ring of DA neurons and increased DA re-
lease.  Taken together, this data and previous data indicating 
an increase in DA burst "ring following acute stress lends 
support to the hypothesis that stress modulates DA "ring 
through the actions of NE.

Conclusions
 Acute stress increases DA concentration and me-
tabolism in target regions, while chronic stress may lead to 
a decrease in DA concentration.  Exposure to stressors also 
leads to an increase in Fos staining and alters the "ring of 
DA neurons.  It is possible that these actions of DA in the 
stress response are mediated by an NE input.  !e "ring 
of DA neurons can be modulated by NE.  Although there 
seems to be some controversy, it appears that activation of 
_1-ARs increases burst "ring of DA neurons, but activation 
of _2-ARs has an inhibitory e#ect on DA neuron "ring.  
!ere is little evidence of NE modulation of glutamatergic 
transmission onto DA neurons but it is a likely possibility 
and requires further investigation.  Much of the work done 
regarding stress and DA has been focused on the “classical” 
VTA and its projections to the mPFC or NAc.  However, 
the BNST and CeA also receive dopaminergic input and 
play important roles in mediating stress and anxiety be-
haviors.  Dopamine within the BNST has been shown to 
increase the frequency of spontaneous EPSCs, and in the 
CeA DA inhibits evoked IPSCs75, 76.  !ese actions of DA 
will alter the output of the extended amygdala and lead to 
behavioral changes.  !erefore it is important to study the 
e#ects of stress and NE in the populations of DA neurons 
that primarily project to the CeA and BNST.  Hasue and 
Shammah-Lagnado found that the extended amygdala re-
ceives the majority of its DA innervation from the RLi and 
CLi regions of the VTA and the A10dc DA neurons aris-
ing from the PAG and DR14.  !e A10dc DA neurons have 
been shown to play roles in the sleep-wake cycle and heroin 
reward, but there are no studies investigating their role in 
stress27, 77.  Moving forward, further investigation into these 
DA populations that project to the extended amygdala will 
be required to advance our understanding regarding dopa-
mine’s role in the stress response.
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 After treatment for drug addiction, patients remain at high risk for relapse into drug-seeking 
behavior, especially during stress. A region of the brain that plays a key role in stress-induced relapse into 
drug-seeking behavior is the extended amygdala. !e extended amygdala is anatomically positioned to 
integrate stress and reward circuitry in the brain. In particular, norepinephrine signaling in the extended 
amygdala plays an integral role in rodent models of stress-induced reinstatement of drug-seeking. !ere-
fore, understanding how norepinephrine modulates synaptic transmission in the extended amygdala may 
allow for insight into the mechanisms underlying stress-induced reinstatement of drug-seeking, and may 
lead to the identi"cation of new pharmacological therapies for treating stress-induced relapse in humans.

Stephanie Flavin

Norepinephrine in the Extended Amygdala Regulates Stress-
Induced Reinstatement

Introduction 
 After undergoing initial treatment for addiction to 
drugs of abuse, an individual’s risk of relapse remains high1. 
Exposure to stressful stimuli greatly increases an individual’s 
risk for relapsing into drug- and alcohol-seeking behavior2-4. 
Relapse into substance abuse upon stress exposure suggests 
a close relationship between the stress-response circuitry 
and the reward-seeking circuitry of the brain. !e extended 
amygdala is anatomically situated to participate in both 
stress and reward circuitry5. Further, norepinephrine (NE) 
in the extended amygdala has been shown to play a critical 
role in rodent behavioral models of stress-induced relapse 
into drug-seeking behavior, and to modulate neural activ-
ity in the extended amygdala6-12. Recent clinical trials have 
shown certain noradrenergic drugs to be e#ective in attenu-
ating stress-induced drug cravings in humans13-15. !ere-
fore, a better understanding of how NE modulates synaptic 
transmission in the extended amygdala may provide insight 
into the underlying mechanisms of stress-induced relapse 
into drug-seeking behavior, and lead to the identi"cation 
of new pharmacological therapies. !is review will discuss 
previous "ndings regarding the role of NE in rodent models 
of stress-induced reinstatement, as well as "ndings regarding 
the role of NE in modulating synaptic transmission in the 
extended amygdala.

Anatomy of the Extended Amygdala and Its Noradrener-
gic Innervation 

 !e anatomy of the extended amygdala is critical 
for its ability to engage both reward and stress circuitry in 
the brain. !e central nucleus of the amygdala (CeA) and 
the bed nucleus of the stria terminalis (BNST) are key com-
ponents of the extended amygdala16,17. !e CeA and the 
BNST are embryologically related18, and interconnect with 
one another19,20, with the CeA exerting inhibitory in%u-
ence over the BNST18,21,22. To participate in stress-response 
circuitry, the BNST sends an inhibitory projection to the 
paraventricular nucleus (PVN) of the hypothalamus20,22-24. 
!e projection from the BNST to the PVN in%uences the 
release of ACTH25, which in turn leads to the activation of 
the body’s stress response24,26. !e CeA has some direct con-
nections to the PVN24, but can also modulate stress activity 
indirectly through the BNST24. !e BNST also projects to 
the nucleus accumbens (NAc)27 and sends an excitatory pro-
jection to the ventral tegmental area (VTA)28-30; these pro-
jections, along with a projection to the hypothalamus, allow 
the BNST to modulate reward circuitry 31. !erefore, the 
extended amygdala may play a key role in the integration of 
stress and reward. 
 !e extended amygdala receives an array of synap-
tic inputs that can modulate its neural activity6-9. Modula-
tion of synaptic activity in the extended amygdala can have 
a profound impact on stress-induced reinstatement11,12,32. 
Two examples of such inputs include excitatory glutamater-
gic inputs, such as from the basolateral amygdala (BLA)18, 
and noradrenergic inputs6. !e CeA receives its noradren-
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ergic input primarily from the A2 cell group of the nucleus 
tractus solitaris (NTS) through the ventral noradrenergic 
bundle (VNAB)33,34, with a small amount of noradrenergic 
input arising from the locus coeruleus (LC)35,36. !e BNST 
receives very dense noradrenergic innervation through the 
ventral noradrenergic bundle (VNAB) from the A1 and A2 
cell groups in the NTS33,37-39. !e densest noradrenergic 
input is to the ventral BNST, with the dorsal BNST also 
receiving noradrenergic input6. NE has been shown to be 
elevated in the extended amygdala during both stress and 
withdrawal40-43; further, NE plays an integral role in stress-
induced relapse into drug-seeking behavior12,44.

#e Role of Norepinephrine in the Extended Amygdala 
in Stress-Induced Reinstatement
 NE is released into the extended amygdala dur-
ing times of stress40-42,45. Similarly, neurons in the BNST, 
and noradrenergic inputs to the BNST, are activated during 
withdrawal from drugs of abuse43,46, leading to increased lev-
els of NE43,46,47. !e release of NE during times of stress and 
withdrawal a#ects behavior. Rodent behavioral models im-
plicate NE signaling in the aversive symptoms of withdraw-
al12,43,46,48, as well as in behavioral responses to stressors42. 
NE also plays a role in reinstatement of reward-seeking49, as 
direct injection of NE into the extended amygdala has been 
shown to reinstate cocaine-seeking behavior49. Similarly, 
mice lacking dopamine-`-hydroxylase (DBH), an enzyme 
required for NE synthesis, do not demonstrate morphine-
induced conditioned place preference (CPP)44. Viral resto-
ration of DBH to the NTS, but not the LC, rescued the 
morphine-induced CPP behavior44. At the integration of 
stress and reward, NE in the extended amygdala has been 
shown to be a key mediator of stress-induced reinstatement 
of drug-seeking49,50.  For example, lesioning of the VNAB 
blocks stress-induced reinstatement of morphine-seeking12. 
!ese studies speci"cally implicate NE inputs to the extend-
ed amygdala in reward-seeking and stress-induced reinstate-
ment. Subsequent work has focused on the role of particular 
noradrenergic receptors in stress-induced reinstatement.

Adrenergic Receptors Modulate Neuronal Signaling
 NE is capable of modulating neurotransmitter re-
lease51 through its actions on adrenergic receptors (ARs). 
!ere are nine di#erent ARs52 divided into three major 
classes: _1 receptors, _2 receptors and ` receptors52. Each 
type of receptor has three subtypes: _1-ARs are composed of 
_1a, _1b, and _1d; the _2-ARs are _2a, _2b, and _2c; and the 
`-ARs are `1, `2 and `3

52. ARs are G-protein coupled recep-
tors that can modulate synaptic transmission through both 

pre- and post-synaptic mechanisms. _1-ARs are linked to Gq 
signaling, _2-ARs are linked to Gi/o signaling, and `-ARs are 
linked to Gs signaling53. 

_2-AR Agonists Block Stress-Induced Reinstatement of 
Drug-Seeking
 Activation of the _2-AR subtype has repeatedly 
been shown to block stress-induced reinstatement11,12,54,55. 
Peripheral administration of _2 agonists blocks stress-
induced reinstatement of heroin-seeking48, and cocaine-
seeking11,54,55. Speci"cally in the extended amygdala, _2-ARs 
can inhibit stress-induced reinstatement, as administration 
of an _2 agonist directly into the BNST blocks footshock-
induced reinstatement of morphine-seeking12. Of note, _2-
ARs have been implicated in stress-induced reinstatement in 
humans. Patients being treated for drug addiction who are 
treated with _2 agonists have improved relapse outcomes, 
and show decreased stress-induced drug cravings13-15. !ere-
fore, activation of _2-ARs by NE in the extended amygdala 
appears to play a crucial role in attenuating stress-induced 
reinstatement of drug-seeking in both rodents and humans, 
and could provide an e#ective therapeutic target.

_1- and `-AR Antagonists Block Stress-Induced Rein-
statement of Drug-Seeking
� `-ARs and _1-ARs also play a role in stress-induced 
reinstatement. Administration of `1

10 and `2 antagonists10,11 
into the CeA or BNST blocks stress-induced reinstatement 
of cocaine-seeking in rodents11. Peripheral administration of 
an _1 antagonist, prazosin, can block footshock-induced re-
instatement of alcohol-seeking56. !erefore, while activating 
_2-ARs attenuates stress-induced reinstatement, blocking ̀ - 
and _1-ARs appears to be necessary for a similar attenuation 
of stress-induced reinstatement. However, while _1-ARs in 
the BNST have been shown to modulate the stress response, 
`-ARs have not42. For example, while injection of either _1 
antagonists or `1 and `2 antagonists in the BNST reduces 
anxiety after stress42, only the _1 antagonist reduces plasma 
ACTH levels following stress42. !erefore, _1-ARs’ modula-
tion of the stress response likely does not contribute to at-
tenuation of stress-induced reinstatement. 

Noradrenergic Receptors Modulate Excitatory and In-
hibitory Transmission 
 Evidence suggests that the actions of NE in the 
extended amygdala in%uence stress-induced reinstatement 
of drug-seeking behavior; therefore it is important to un-
derstand how NE modulates synaptic transmission to elu-
cidate underlying mechanisms. !ere has been substantial 
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evidence to support a heterosynaptic role for ARs in modu-
lating glutamatergic transmission7-9,57 and inhibitory trans-
mission30 in the extended amygdala. !e e#ect of NE on 
synaptic transmission in the BNST appears to depend on 
duration of NE action8, previous alterations in noradrener-
gic signaling8,58, as well as type of adrenergic receptor acti-
vated6. Studies have shown _1-ARs and _2-ARs to depress 
excitatory synaptic transmission6-8,30 as well as to modulate 
inhibitory transmission7, while ̀ -ARs are capable of enhanc-
ing both excitatory transmission6,57 and inhibitory transmis-
sion30. Work has suggested that _2-ARs are capable of dif-
ferentially regulating glutamatergic inputs to the extended 
amygdala9(unpublished data). !e activation of ARs relies 
on many factors, such as duration of NE action, previous 
alterations in NE signaling, and activation of other recep-
tors6,57. Further, ARs are capable of complex modulations 
of synaptic transmission in the extended amygdala, such 
as enhancement or depression of excitatory or inhibitory 
transmission, and di#erential regulation of individual excit-
atory inputs to the BNST. !erefore, ARs can intricately 
modulate synaptic transmission in the extended amygdala 
in response to diverse stress and reward stimuli, and these 
modulations may underlie stress-induced reinstatement.

_1-ARs Modulate Excitatory Transmission in a Time-
Dependent Manner
 Noradrenergic modulation of synaptic transmis-
sion in the extended amygdala depends on duration of 
NE action. Extended application of NE to the BNST has 
been observed to result in an _1-AR-dependent long term 
depression (LTD) of glutamatergic transmission in the 
BNST8 through a postsynaptic mechanism8. However, with 
a shorter application of NE, only a transient depression or 
enhancement is seen6,8. !is LTD is disrupted in mice with 
chronic alternations in adrenergic signaling, such as _2A-
AR- or NET-knockout mice8, or mice that have undergone 
chronic stress or chronic ethanol exposure58. !e absence 
of _1-mediated LTD in the context of chronic disruption 
of noradrenergic signaling suggests that _1-ARs may be 
important for long-term regulation of excitatory transmis-
sion in the extended amygdala, with prolonged dysregula-
tion of noradrenergic signaling interfering with the _1-ARs’ 
ability to regulate transmission. Further, evidence suggests 
_1-ARs dominate regulation of synaptic transmission after 
prolonged exposure to NE by ultimately inducing LTD8, 
regardless of whether the initial response to NE is a `2-AR-
mediated increase in excitatory transmission, or an _2-AR-
mediated decrease of excitatory transmission6. In addition 
to transient depression in excitatory signaling, acute appli-

cation of NE to _1-ARs causes a transient increase of in-
hibitory transmission through a presynaptic mechanism30.  
Perhaps with prolonged stimulation by NE, _1-ARs switch 
from a short-term presynaptic mechanism that enhances in-
hibitory transmission, to a long-term postsynaptic mecha-
nism that depresses excitatory transmission8,58. _1-ARs 
would then have the ability to depress activity in the BNST 
both short-term, through enhancement of GABAA inhibi-
tory postsynaptic currents (IPSCs), and well as long term, 
through LTD. !e ability of _1-ARs to induce LTD in the 
extended amygdala suggests a possible mechanism for _1-
ARs in modulating the stress-response after exposure to a 
prolonged stressor. _1-ARs in the extended amygdala have 
been shown to be capable of modulating the stress response, 
with injection of _1 antagonists into the BNST decreasing 
levels of plasma ACTH42. By modulating excitatory or in-
hibitory transmission in the BNST, _1-ARs may modulate 
the stress response by a#ecting the strength of the BNST’s 
inhibitory projection to the PVN. 

`-ARs Enhance Excitatory and Inhibitory Transmission 
in the BNST 
 Prior alterations in noradrenergic signaling can in-
%uence which ARs are recruited by NE. For example, with 
brief application of NE, _1-ARs have been shown to en-
hance IPSC frequency in the BNST30; during acute with-
drawal from morphine, NE-treated slices also demonstrate 
increased IPSC frequency through `-ARs30. !erefore, al-
though the overall outcome of enhanced inhibitory trans-
mission is the same whether through _1- or ̀ -ARs, the phys-
iological circumstances under which NE is released in the 
extended amygdala seem to in%uence whether or not `-ARs 
are recruited. Brief application of NE to a slice might mimic 
a brief stressor that predominantly acts through _1-ARs. In 
contrast, withdrawal may lead to long-term changes in NE 
signaling that e#ect the basal activity of `-ARs, and thus 
their likelihood of recruitment by subsequent NE signaling. 
Further evidence suggests that the recruitment of `-ARs by 
NE depends on their initial state of activity before NE ap-
plication6. If enhanced excitatory transmission does not oc-
cur with initial NE application, subsequent treatment with 
`-AR agonists will not lead to ̀ -AR-mediated enhancement 
of excitatory transmission6. However, if excitatory transmis-
sion does enhance with initial NE application, subsequent 
`-AR agonists will cause a similar enhancement of excitato-
ry transmission6. Withdrawal may therefore in%uence the 
initial state of `-ARs, increasing their likelihood of recruit-
ment by NE signaling. In other studies, `-ARs have been 
shown to enhance excitatory synaptic transmission through 
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transmission. Di#erential excitatory modulation has impor-
tant implications for understanding the circuitry underlying 
the relationship between stress and reward-seeking, as spe-
ci"c glutamatergic inputs could have a stronger in%uence on 
synaptic transmission in the extended amygdala, contingent 
on activation of _2-ARs. Further evidence of di#erential reg-
ulation of glutamatergic inputs to the extended amygdala 
through _2-ARs has been shown by increased c-fos expres-
sion after treatment with an _2A agonist59. C-fos expression 
following treatment with an _2A-AR agonist may indicate 
an excitatory role for _2A-ARs in modulating glutamatergic 
transmission, which contrasts with previous work showing 
_2A-ARs depress excitatory transmission7. Unpublished data 
using optogenetic approaches has also provided evidence for 
_2A-AR-mediated enhancement of excitatory transmission. 
Behaviorally, guanfacine, an _2A agonist, was recently shown 
to be less e#ective than prazosin at blocking yohimbine-
induced reinstatement of alcohol-seeking56. !e decreased 
e#ectiveness of guanfacine could result from guanfacine en-
hancing excitatory transmission from certain inputs while 
depressing others, therefore having less of an overall e#ect 
on synaptic transmission in the extended amygdala. How-
ever, work still needs to be done to determine if glutama-
tergic inputs to the extended amygdala are indeed di#eren-
tially regulated by _2-ARs, and if so, how _2-ARs modulate 
each of these inputs. Optogenetic approaches may provide 
a powerful tool to resolve the e#ect of _2-AR activation on 
speci"c inputs to the extended amygdala. 

Conclusion
 Evidence implicates ARs in the extended amyg-
dala as being important in stress-induced reinstatement of 
drug-seeking. In the BNST, activation of _1-ARs depresses 
excitatory synaptic transmission, enhances inhibitory syn-
aptic transmission, and modulates the stress response fol-
lowing prolonged exposure to stressors. Depressing excit-
atory transmission or enhancing inhibitory transmission in 
the BNST could lead to decreased strength of the inhibi-
tory projection from the BNST to the PVN, and therefore 
decreased inhibition of the PVN and an enhanced stress 
response in the body. !erefore, _1-AR antagonists in the 
extended amygdala may attenuate these e#ects on excitatory 
and inhibitory transmission, thus attenuating the stress re-
sponse of the body, which is consistent with previous "nd-
ings of decreased plasma ACTH upon injection of _1-AR 
antagonists into the BNST42. !is attenuation of the stress 
response likely does not contribute to _1-AR antagonists’ 
ability to block stress-induced reinstatement in the BNST, 
as `-AR antagonists injected into the BNST also block re-

processes that rely on the activity of other receptors, such as 
_2-ARs6 and CRFR1 receptors57. !erefore, the initial state 
of the `-ARs may also rely on signaling through other re-
ceptors. As a result, `-ARs may be poised to integrate stress 
and reward information received from inputs that signal 
though di#erent neurotransmitters, for example integrating 
NE neurotransmission with CRF neurotransmission. !e 
ability of `-ARs to enhance synaptic transmission in the 
extended amygdala may rely on both prior noradrenergic 
signaling, and on activation of other receptors. 

_2-ARs Mediate Short-term Depression of Excitatory 
and Inhibitory Transmission
 Like _1-ARs, _2-ARs depress synaptic transmis-
sion in the BNST through heterosynaptic mechanisms7,9. 
Distribution of _2A-ARs in the BNST suggests a prominent 
role for _2A-ARs in modulating glutamatergic transmis-
sion. Immunohistochemical studies reveal that _2A-ARs in 
the BNST are more broadly distributed than noradrenergic 
terminals, and instead closely resemble distribution of glu-
tamatergic terminals7. Functionally, activation of _2-ARs in 
the BNST leads to a decrease in excitatory transmission6,7. 
In a later study, application of a speci"c _2A-AR agonist to 
BNST slices led to a decrease in both excitatory and inhibi-
tory synaptic transmission7. Unlike _1 -ARs, the depression 
of synaptic transmission by _2-ARs occurs through a pre-
synaptic mechanism7. Also in contrast to _1-ARs, _2-ARs 
may play a greater role in short term depression of synap-
tic transmission6 (unpublished data). Studies have not yet 
shown _2-ARs to be capable of modulating plasticity of the 
BNST through LTD. 

_2-ARs Di"erentially Modulate Individual Inputs to the 
Extended Amygdala  
� _2-ARs may di#erentially regulate synaptic 
transmission from individual inputs to the extended 
amygdala9,59(unpublished data). As in the BNST, NE signal-
ing in the CeA has been shown to heterosynaptically modu-
late glutamatergic transmission through _2-ARs9. Further, 
NE has di#erential e#ects on the modulation of the gluta-
matergic inputs to the CeA from the parabrachial nucleus 
and the BLA9. Application of NE depresses glutamatergic 
transmission from the parabrachial nucleus to the CeA, 
but had no e#ect on transmission between the BLA and 
the CeA, with this e#ect depending on _2-AR activation9. 
!e di#erential modulation of glutamatergic transmission 
by NE is a particularly interesting "nding, as it suggests 
that NE action through the _2-AR, for a similar duration 
of time, could lead to a#erent-speci"c e#ects on excitatory 
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instatement, but do not decrease plasma ACTH42. Perhaps 
instead, block of stress-induced reinstatement is mediated 
through changes in strength of the BNST projection to the 
VTA. _2- and `-ARs seem to in%uence negative symptoms 
of withdrawal, as _2-AR agonists and `-AR antagonists can 
block withdrawal-mediated conditioned place aversion43, 
perhaps implicating reward, as opposed to stress, circuitry 
in attenuating stress-induced reinstatement. Further, `- and 
_2-ARs may be critical in integrating information from 
di#erent inputs to the extended amygdala. `-ARs may in-
tegrate signals from di#erent neurotransmitters, as `-AR-
mediated increases in excitatory transmission rely on signal-
ing through other receptors, such as _2-AR6 and CRFR157. 
Activation of these other receptors may help to determine 
the initial state of `-AR responsiveness to NE, thus deter-
mining subsequent response to `-AR agonists6. Finally, _2-
ARs play a role in transient depression of excitatory trans-
mission, and may di#erentially modulate excitatory inputs 
to the extended amygdala. Di#erential modulation would 
allow for certain inputs to dominate regulation of synaptic 
transmission in the extended amygdala, depending on the 
neural context of information reaching the BNST. Integra-
tion of inputs to the extended amygdala, and modulation of 
neural activity within the region, may allow noradrenergic 
receptors to regulate stress-induced reinstatement to drug-
seeking.
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Background
 !e neurotransmitter, dopamine (DA), plays an 
important role in the central nervous system by exerting 
in%uence over functions like voluntary movement, moti-
vation, and reward1.  DA’s function as a neurotransmitter 
is regulated, in part, by the dopamine transporter (DAT) 
2.  !e DAT is a plasmalemmal phosphoprotein capable 
of DA re-uptake from the synaptic space, thereby limiting 
the post-synaptic exposure to DA which, in turn, regulates 
the intensity and duration of the dopaminergic response2-4.  
!e DAT is also a vector for DA release, or DAT mediated 
reverse transport (DAT-RT), wherein the DAT is capable 
of slowly releasing large quantities of DA into the synaptic 
space via a vesicle-independent mechanism2, 4, 5.  !e DAT 
function, particularly DAT-RT function, can be altered by 
genetic mutations, activation of second messenger systems, 
and under the in%uence of exogenous pharmacological 
agents, such as psychostimulants like cocaine and amphet-
amines (AMPH)6-8.  !erefore, alterations in DAT function 
by any of the aforementioned mechanisms will result in al-
tered DA homeostasis.

 Diseases implicated in altered DA homeostasis in-
clude attention de"cit hyperactivity disorder (ADHD), af-
fective disorders, schizophrenia, and drug abuse6. !e Na-

tional Institute of Mental Heath estimates that ADHD is 
exhibited by 3-5% of the American population.  Adderal, 
a racemic mixture of S(+) and R(-) AMPH enantiomers, is 
the most prescribed treatment for juvenile ADHD in the 
United States. Furthermore, the number of American chil-
dren exposed to an AMPH congener rose from 0.6 per 100 
in 1987 to 2.4 per 100 in 19969.  !e total annual economic 
cost of drug abuse in the United States rose from US$102 
billion in 1992 to US$143 billion in 1998 and is currently 
estimated to be well above US$200 billion10, 11.  A#ective 
disorders and schizophrenia were attributed with contrib-
uting over US$300 billion to the global burden of disease 
in 2008 alone11.  Given these data and innumerable other 
ways in which DA oriented diseases have a#ected individual 
and global health, it is important that the regulation of DA 
homeostasis be further understood. 

 !is review will focus on the phenomenon of re-
verse transport of DA through the DAT and its role in DA 
homeostasis.  !is process of delivering large amounts of 
DA over extended periods may play a major, yet underap-
preciated, regulatory role in DA homeostasis.  In this review, 
I will outline the mechanism for DA re-uptake via the DAT, 
followed by an overview of DAT-RT, detailing three docu-
mented factors that induce DAT-RT: (1) exposure to psy-

Addiction
Amphetamine
Dopamine
Transport
Mutation

 !e dopamine transporter (DAT) is responsible for regulating the concentration of dopamine 
(DA) in the synaptic space via a substrate re-uptake mechanism.  !is re-uptake mechanism can occur 
both as a facilitated exchange process, commonly described as the alternating access model (which is de-
pendent on the concentration of Na+, Cl-, and DA), as well as a channel-like di#usion process where DA 
transport does not appear to be linked to Na+ or Cl- concentrations.  !e DAT is also capable of reverse 
transport of DA (DAT-RT) or moving DA from the cell cytosol into the extracellular space.  !is DAT-
RT has been observed to occur under speci"c conditions: 1) upon the introduction of amphetamines 
(AMPH), 2) upon the activation of speci"c second messenger, DAT-in%uencing proteins, and 3) upon 
conditions of DAT sequence mutations, or coding variants of the DAT.  Similar to DA re-uptake, this 
DAT-RT can occur both as a facilitated exchange process and a channel-like di#usion process.  It is pos-
sible that the process of DA e&ux, via a DAT-RT mechanism, plays a major, yet poorly understood, role 
in the DA homeostasis in the central nervous system.  By further understanding the process of DAT-RT, 
it may be possible to shed new light on DA homeostasis and the diseases associated with alterations in 
this DA homeostasis.

Peter Hamilton
Reversal of Dopamine Flux in Health and Disease
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chostimulants, particularly AMPH, (2) activation of second 
messenger signaling pathways, and (3) coding variants of 
the DAT.
   
Mechanism of Re-uptake
 !e DAT is a member of the solute carrier 6 
(SLC6) gene family of Na+/Cl- symporters, which includes 
other monoamine transporters such as the serotonin trans-
porter and the norepinephrine transporter.  A characteristic 
of the transporters in this gene family is the use of the ion 
concentration gradient as the driving force for transporter-
mediated re-uptake of their respective substrate12.  In the 
case of the DAT, the uptake of DA is coupled with the trans-
location of two Na+ ions and one Cl- ion, resulting in a net 
movement of two positive charges per DA molecule (DA 
is positively charged at physiological pH)13.  !is results in 
the generation of an inward current in conditions of DA 
re-uptake.  !is model of moving two positive charges per 
transporter cycle stems from the classical alternating-access 
model of transporter function, which essentially assumes 
that the DAT function is analogous to a revolving door14,15. 
!e model assumes that DAT is capable of an “outward-fac-
ing” conformation in which DA, Na+, and Cl- are required 
to bind to the transporter in a "xed ratio and induce a con-
formational change. !is conformational change results in 
an “inward-facing” transporter and the dissociation of the 
cargo, thereby, completing the transport of DA from the 
synaptic space into the cytosol14 (Figure 1).

 Since the creation of the alternating-access model, 
researchers have been able to describe the types of conduc-
tance that occur in conjunction with substrate re-uptake 

through the DAT.  !ey discovered a coupled “transport-
associated” current, which obeys the properties of the alter-
nating-access model and, notably, has a constitutive leakage 
conductance due to a previously unknown channel-like ac-
tivity of the DAT where the transporter experiences a rapid, 
inward %ux of ions and/or DA molecules without the re-
quirement of Na+ or Cl-16, 17.  !e observation of the chan-
nel-like, constitutive leak conductance demonstrates that 
the DA re-uptake through the DAT behaves in a way that 
cannot be fully explained with classical alternating-access 
model of transporter function.  !is insight into the DAT 
function raises interesting questions about the molecular 
regulatory events that are responsible for this channel-like 
activity of the DAT, as well as questions about the direction-
ality of the channel.

Reverse Transport of Dopamine via the Dopamine Trans-
porter
 !ere is an inherent asymmetry of ion concentra-
tion, substrate concentration, membrane potential, and 
DAT protein structure when using the neuronal cell mem-
brane as the axis of symmetry.  !is asymmetry of obligate 
components for DA re-uptake would seem to suggest that 
the DAT is only capable of DA re-uptake. However there are 
very clear and documented instances of the reversal of the 
DAT function where the net %ow of DA, mediated by the 
DAT, travels from the cell cytosol to the extracellular space2, 

4, 5, 7, 8, 17.  !erefore, these asymmetric conditions point to 
an asymmetry in the DAT function, with some molecular 
elements important for re-uptake and entirely di#erent ones 
important for DAT-RT, depending on local and transient 
conditions.  I will explore three conditions in which DAT-
RT is known to occur: (1) exposure to psychostimulants, 
focusing on AMPH, (2) activation of second messenger sig-
naling pathways, and (3) DAT coding variants.
 
Reverse Transport - Amphetamines
 Pharmacological substances have long been used 
to study the process of DAT-RT, not only to understand 
the molecular events that surround the abuse of these sub-
stances, but also to study the molecular mechanisms that are 
required for reverse transport.   Of these pharmacological 
substances, AMPH is the gold standard. 

 AMPH is a psychostimulant that exerts its physi-
ological e#ect by primarily in%uencing the DAT4, 18.  AM-
PH’s molecular structure is very similar to DA and, as a 
result, is a substrate for the DAT.  AMPH competitively 
inhibits DA re-uptake and ultimately promotes DAT-RT of 
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DA18, 19.  Following the introduction of AMPH in the extra-
cellular space, AMPH competes with other DAT substrates 
and interacts with the “outward-facing” conformation of the 
DAT.  !ereafter,  AMPH is transported into the intracellu-
lar space and interacts with the vesicular monoamine trans-
porter.  Being a weak base, AMPH alters the pH gradient 
between the cytoplasm and vesicles, resulting in the release 
of DA into the intracellular space.  !e newly released DA 
accesses the “inward-facing” conformation of the DAT and, 
along with the increased Na+ concentration, results in DAT-
RT of DA via a facilitated exchange process20-22.  Other stud-
ies have revealed that this DAT-RT of DA can also occur in 
rapid bursts of DA e&ux through the channel-like mode of 
the DAT which is independent of the facilitated exchange 
mechanism17. !is process allowed researchers to conclude 
that the previously observed channel-like mechanism of DA 
re-uptake16 is bi-directional and occurs in instances of DA 
re-uptake and DA e&ux. 

 !e scope of AMPH’s in%uence on the DAT is not 
limited to direct interactions with the DAT protein itself; 
AMPH also appears to in%uence the local and transient 
environment surrounding the DAT which ultimately in%u-
ences the properties of this transporter.  Administration of 
extracellular AMPH increases the frequency of channel-like 
DA release via the DAT by approximately 8-fold23.  Fur-
thermore, exposure to AMPH shifts the DAT from a “reluc-
tant”  to a “willing” state--  an asymmetric state that favors 
AMPH-induced DA e&ux via the DAT without disturbing 
normal DA re-uptake24.  !ese modulations in DAT e&ux 
are thought to be executed by the activities of DAT-interact-
ing proteins (proteins that have become catalytically active 
in response to the administration of AMPH).  !e AMPH-
dependent and –independent second messengers and associ-
ated proteins will be more thoroughly discussed in the next 

section.

Reverse Transport - Signaling Pathways
 !e model of AMPH-induced DA e&ux cannot be 
accurately conveyed without considering its regulation by 
second messenger systems.  As mentioned above, the ad-
ministration of AMPH is thought to in%uence DAT-RT by 
altering the properties of DAT-associated proteins.  For ex-
ample, the "rst 22 amino acids of the intracellular-facing, N-
terminal region of the DAT contain crucial serine residues 
that, when phosphorylated, alter the properties of DAT-RT.  
When truncated or replaced with non-phosphorylatable ala-
nine residues, the AMPH-mediated DA e&ux was reduced 
by 80%24.  !ese N-terminal residues are phosphorylated 
by protein kinase C (PKC)25, 26.  AMPH can increase the 
activity of PKC in vivo, and inhibition of PKC prevents 
AMPH-induced DAT-RT25, 27.  Also, in the rat striatum, it 
was observed that there is a physical interaction between the 
DAT and PKC`II

26.

 Another major kinase implicated in the regulation 
of DAT-RT is CaMKII.  CaMKII is also capable of phos-
phorylating the DAT N-terminal serine residues, and re-
searchers have demonstrated that inactivation or inhibition 
of CaMKII_ reduces AMPH-induced DAT-RT28.  A physi-
cal interaction between CaMKII and the DAT C-terminus 
is observed, and disruption of this interaction results in a 
diminished AMPH-induced DAT-RT28.  A potential media-
tor of CaMKII’s in%uence on the DAT-RT is the protein 
syntaxin 1 (STX).  STX is a soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor (SNARE) which is 
required for the docking and release of synaptic vesicles29.  
However, there is a growing body of evidence to suggest that 
STX associates with and regulates a variety of ion channels 
and neurotransmitter transporters, including the DAT30, 31.  
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!ese DAT-STX interactions are demonstrated to increase 
in response to AMPH and are important for the regulation 
of AMPH-induced DAT-RT30, 31.  !e physical association 
between DAT and STX is also shown to in%uence the chan-
nel-like, AMPH-induced DA e&ux via the DAT, and in C. 
Elegans a STX homologue suppresses the channel-like prop-
erties of the DAT-132, 33.  Moreover, researchers have estab-
lished that the activity of the C-terminal associated CaMKII 
is responsible for mediating the DAT-STX interaction, and  
this interaction can be inhibited through the use of CaMKII 
inhibitors.  Figure 2 depicts a representation of some of the 
molecular events that surround DAT-RT. 

Reverse Transport – DAT Coding Variants
 In the previous examples of DAT-RT, the e&ux of 
DA via the DAT was stimulated by exogenous compounds 
(AMPH) and/or modulated by key second messenger pro-
teins.  However, researchers have recently described a DAT 
coding variant that is observed to produce an anomalous 
DAT-RT under physiologically normal conditions and 
without the administration of AMPH.  

 !e A559V mutant of the DAT was identi"ed 
in two brothers diagnosed with ADHD6.  By cloning the 
DAT coding variant and expressing it in stable cell lines, 
the researchers were able to observe that the A559V mu-
tant exhibited an anomalous DAT-RT that occurred under 
basal conditions34.  !e A559V DAT variant was also more 
sensitive to intracellular Na+ concentrations and cell depo-
larization than wild-type DAT, as seen by increased magni-
tude of DAT-RT under these conditions34.  !ese "ndings 
demonstrate the following: 1) a single amino-acid mutation 
in the DAT can produce signi"cant functional di#erences 
in terms of DAT-RT properties and 2) the  amino acid se-
quence of the DAT is important in regulating the dynamics 
of the DAT-RT.

Conclusions
 As demonstrated by the studies presented in this re-
view, the DAT is capable of both re-uptake of DA from the 
extracellular space and the release of DA via a non-vesicular, 
DAT-RT mechanism.  !e mechanisms of the DA re-up-
take and DAT-RT are asymmetric; conditions that govern 
the properties of one mode of transport may not govern the 
other mode of transport.  Despite this, both DA re-uptake 
and DAT-RT are capable of transporting DA via a facilitated 
exchange process and a channel-like process.  

!e signi"cance of the DAT-RT mechanism is particularly 

remarkable considering that the amount of DA delivered via 
this %ux can be larger than a vesicle-mediated, quantal re-
lease of DA delivered during activity dependent exocytosis35.  
In physiological terms, this indicates that the phenomenon 
of DAT-RT is capable of providing enough neurotransmit-
ter to contribute to the micro-environment surrounding 
the neuron.  !is fact coupled with the observation that 
the DAT is localized not only in the synapse, but also ex-
tra-synaptically, on neuronal cell bodies, axons, as well as  
dendrites, and it becomes clear that dopaminergic neurons 
possess the capacity to signi"cantly alter DA homeostasis 
through a potential DAT-RT mechanism36, 37.  It is also clear 
that the DAT constantly maintains the capacity for DAT-RT 
as demonstrated by administration of AMPH, activation of 
key proteins, or expression of DAT coding variants that ac-
tivate the DAT’s endogenous potential for DAT-RT.  Given 
these three scenarios for triggering DAT-RT, it is reasonable 
to begin asking the following questions:  Does the DAT-RT 
occur in the CNS, under physiological conditions, without 
exposure to psychostimulants or genetic mutations?  Given 
that the DAT-RT machinery exists and is exploited by the 
mechanisms outlined in this review, are there endogenous 
mechanisms for activating the second messenger proteins 
that result in DAT-RT?  Is this potential DA release enough 
to act as a viable mechanism of neurotransmission?  If any 
of these questions were even partly true, it would not be dif-
"cult to imagine the in%uence that DAT-RT would have on 
DA homeostasis in both health and disease.
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LQGXFHG�E\�DPSKHWDPLQH��W\UDPLQH��DQG�GRSDPLQH�LQ�PDPPDOLDQ�FHOOV�
WUDQVIHFWHG�ZLWK� WKH� KXPDQ� GRSDPLQH� WUDQVSRUWHU�� -�1HXURFKHP�� ���
(3): 1289-1297.

���� :DOO�6&��*X�+�DQG�5XGQLFN�*���������%LRJHQLF�DPLQH�ÁX[�
PHGLDWHG�E\�FORQHG�WUDQVSRUWHUV�VWDEO\�H[SUHVVHG�LQ�FXOWXUHG�FHOO�OLQHV��
DPSKHWDPLQH�VSHFLÀFLW\�IRU�LQKLELWLRQ�DQG�HIÁX[��0RO�3KDUPDFRO�����
(3): 544-550.

���� 6XO]HU� '� DQG� 5D\SRUW� 6� ��������$PSKHWDPLQH� DQG� RWKHU�
SV\FKRVWLPXODQWV�UHGXFH�S+�JUDGLHQWV�LQ�PLGEUDLQ�GRSDPLQHUJLF�QHX-

URQV�DQG�FKURPDIÀQ�JUDQXOHV��D�PHFKDQLVP�RI�DFWLRQ��1HXURQ���������
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���� 0D]HL�5RELVRQ�06��%RZWRQ�(��+RO\�0��6FKPXGHUPDLHU�0��
)UHLVVPXWK�0��6LWWH�++��*DOOL�$�DQG�%ODNHO\�5'���������$QRPDORXV�
GRSDPLQH�UHOHDVH�DVVRFLDWHG�ZLWK�D�KXPDQ�GRSDPLQH�WUDQVSRUWHU�FRG-

LQJ�YDULDQW��-�1HXURVFL���������������������
���� *UDFH�$$���������3KDVLF�YHUVXV�WRQLF�GRSDPLQH�UHOHDVH�DQG�
WKH�PRGXODWLRQ�RI�GRSDPLQH�V\VWHP�UHVSRQVLYLW\��D�K\SRWKHVLV�IRU�WKH�
HWLRORJ\�RI�VFKL]RSKUHQLD��1HXURVFLHQFH���������������
���� 1LUHQEHUJ�0-��9DXJKDQ�5$��8KO�*5��.XKDU�0-�DQG�3LFNHO�
VM (1996). The dopamine transporter is localized to dendritic and 

D[RQDO� SODVPD�PHPEUDQHV� RI� QLJURVWULDWDO� GRSDPLQHUJLF� QHXURQV�� -�
1HXURVFL������������������
���� 0HQJXDO�(�DQG�3LFNHO�90���������5HJLRQDO�DQG�VXEFHOOXODU�
compartmentation of the dopamine transporter and tyrosine hydroxy-

ODVH�LQ�WKH�UDW�YHQWUDO�SDOOLGXP��-�&RPS�1HXURO�������������������

FURTHER INFORMATION
Aurelio Galli’s Lab: https://medschool.mc.vanderbilt.edu/
facultydata/php_"les/part_dept/show_faculty/show_part-
molecular.php?id3=4070
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 Mammalian circadian rhythms are thought to be driven by the suprachiasmatic nucleus (SCN), 
the master biological pacemaker. Each SCN neuron contains a set of “clock genes” that are transcribed, 
translated, and degraded every ~24 hours. Outputs from the molecular clock in%uence intrinsic ionic 
currents to generate cell-autonomous rhythms in action potential frequency. !e "ring pattern output of 
the SCN neural network ultimately synchronizes daily rhythms in behavior and physiology. !is review 
presents our current understanding of how clock genes in%uence electrical activity, and how electrical 
activity in%uences circadian behavior.

Jeffrey Jones
Ebgdbg`�Mh`^ma^k�ma^�FZffZebZg�<bk\Z]bZg�<eh\d

Introduction
 !e fact that we can wake and sleep on a regular 
schedule without the help of an alarm clock hints at the 
existence of some internal time-keeping mechanism that 
in%uences our daily behavior. Indeed, nearly every organ-
ism on the planet, from cyanobacteria and plants to mice 
and humans, has evolved a way to anticipate the daily light-
dark cycle that results from the Earth’s approximately 24-
hour, or circadian, rotation about its axis. In mammals, the 
timekeeper is found in the SCN, a small, bilateral collection 
of ~20,000 neurons located above the optic chiasm in the 
hypothalamus1. !e SCN is unique in that it not only gen-
erates self-sustaining oscillations, but also directly receives 
photic input from the retina. !is input allows it to entrain 
to the external light cycle by synchronizing downstream cel-
lular oscillators, ultimately leading to overt circadian behav-
ioral and physiological rhythms2. Locomotor rhythms are 
lost when the SCN is lesioned, but can be restored by graft-
ing SCN tissue into the arrhythmic animal3. !e period of 
the restored rhythmicity is determined by the period of the 
donor SCN rather than that of the lesioned host, thus "rmly 
establishing the SCN as the master circadian pacemaker4-6. 

 While circadian outputs involve the emergent 
properties of the entire interconnected SCN neural net-
work, individual SCN neurons are autonomous pacemak-
ers with a period of approximately 24 hours. Each neuron 
exhibits both endogenous molecular rhythms and endog-
enous electrophysiological rhythms of high daytime and 
low nighttime spontaneous "ring rate1. A key question in 
chronobiology is how these parts interact to make a coher-
ent circadian pacemaker: how genes are linked to electrical 

rhythms, and how electrical rhythms are linked to behavior. 
A helpful analogy for this interconnection of circadian clock 
components is to think of the molecular oscillations as the 
“gears” of a clock, which move the clock’s “hands” – its daily 
rhythms in electrical activity7. And just as looking at the 
hands on a clock can let a student know that he is late for 
class, the hands of the SCN clock seem to be able to dictate 
behavioral rhythms. Understanding the interconnectivity of 
the SCN is essential because the dysregulation of the core 
clock components plays a role in a variety of neuropsychi-
atric disorders including depression, sleep disorders, and 
autism1,8,9. !erefore this review will introduce the genetic, 
electrical, and behavioral components of the circadian clock 
and will examine the evidence linking together the gears and 
the hands, and the hands and behavior.

Gears
Molecular basis for rhythmicity. In each SCN neuron there 
exists an auto-regulatory transcription / translation nega-
tive feedback loop of core clock genes consisting of the Pe-
riod genes Per1 and Per2, the Cryptochrome genes Cry1 and 
Cry2, Clock and Bmal11,10-12 (Figure 1). !e positive arm of 
the core feedback loop begins when CLOCK and BMAL1 
are translated and heterodimerize outside the nucleus. !e 
complex then enters the nucleus and binds to the E-box se-
quence (CACGTG) of the Per and Cry promoter regions, 
activates their transcription, and begins the negative arm of 
the feedback loop. Various combinations of PER and CRY 
proteins then heterodimerize outside the nucleus where they 
are "rst phosphorylated by casein kinase 1 ¡b (CK1¡b) 
and then enter the nucleus to inhibit the CLOCK/BMAL1 
heterodimer, e#ectively inhibiting their own transcription. 
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Progressive phosphorylation of PER and CRY by CK1¡b�
leads to their degradation, which releases their inhibition 
of CLOCK/BMAL1 and restarts the feedback loop. A sec-
ond negative feedback loop consisting of REV-ERB_ and 
ROR_� contributes to clock precision and robustness by 
regulating the transcription of Bmal11,10,11.

Linking the gears to the hands. A series of experiments involv-
ing animals with mutations in their molecular clockwork 
provided the "rst evidence linking the gears of the clock to 
its hands. Multielectrode array recordings of spontaneous 
neural activity from hamsters with the dominant-negative 
tau (R178C) mutation in CK1¡ showed a drastic reduction 
in the normal 24-hour period of electrical activity with ho-
mozygous mutants exhibiting shorter periods than hetero-
zygotes13. tau was later found to promote the degradation 
of PER protein, causing an acceleration of the molecular 
feedback loop that paralleled the reduction in the period 
of electrical activity14. Using the same recording technique, 
neurons from mice heterozygous for an exon-19 deletion 
in the core clock gene Clock were found to have a length-
ened period of electrical activity. Neurons from homozy-
gous mutants, depending on the study, exhibited either an 
even longer period or complete arrhythmicity15,16. Likewise, 
when again recorded with a multielectrode array, mice with 
a double knockout of the essential core clock genes Cry1 
and Cry2 exhibited a complete lack of circadian oscillation 
in "ring rate17. 

 !ese results with mutant animals clearly indicate 
a necessary interaction between the molecular clock and 
electrical activity but raise the question of how clock genes 

interact in a wild-type mouse. To address this, brain slices 
from mice expressing a degradable form of green %uores-
cent protein (GFP) under the control of the Per1 promoter 
were used as a real-time indicator of single-cell molecular 
rhythms in combination with patch-clamp electrophysi-
ological recording18,19. It was initially found that after a 
nighttime light pulse, the degree of Per1 induction as re-
ported by the %uorescent reporter was positively correlated 
with the frequency of spontaneous "ring in individual neu-
rons18. Similar experiments showed that such a correlation 
between GFP %uorescence and "ring rate could be obtained 
at midday19. !ese results seem to indicate that SCN neu-
rons increase their "ring rate in tandem with an increase 
in Per1 promoter activity. A computational model of SCN 
neuron pacemaker activity also suggests that there is a posi-
tive correlation between Per1 mRNA levels and "ring rate20. 
Evidence from a more recent study seems to contradict these 
previous results by suggesting that SCN neurons expressing 
maximal levels of Per1 during midday are in fact electrically 
silent. !ese Per1-positive neurons are so depolarized that 
they exhibit depolarization block and cannot "re action po-
tentials. !e cells exhibiting the previously reported high 
daily "ring rate appear to be Per1 -negative21. Future experi-
ments are necessary to clarify the relationship between Per1 
and "ring rate.

Hands
Ionic basis of electrical rhythms. SCN neurons are unique in 
that not only do they "re spontaneously, but they also rhyth-
mically alter their "ring rate with a high "ring rate during 
the day and a low "ring rate at night (Figure 2). In most 
neurons, "ring rate is set by synaptic activity, which is re-
quired for a cell’s resting membrane potential to reach spike 
threshold and elicit an action potential. SCN neurons, how-
ever, are intrinsically driven towards spike threshold by a 
depolarizing persistent, slowly-inactivating Na+ current22-24, 
which opens voltage-gated Na+ and L-type Ca2+ channels 
and initiates the characteristic “spike” of an action poten-
tial23-25. !e membrane subsequently hyperpolarizes due to 
the opening of fast-delayed recti"er (FDR) and A-type (IA) 
K+ channels26,27. After-hyperpolarization and repolarization 
back to resting membrane potential are thought to be due 
to the closing of voltage-gated Na+ and Ca2+ channels and 
the opening of Ca2+-dependent K+ channels, particularly the 
large conductance BK channel28-30. !e cell is then ready to 
"re again – at a rate that is circadianly modulated. 

 !e "rst evidence for the ionic mechanism behind 
the circadian modulation of "ring rate came from record-
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ings taken from the basal retinal neurons of the sea slug 
Bulla gouldiana. Circadian rhythms in compound action 
potentials were shown to be driven by rhythms in resting 
membrane potential31. !ese daily membrane potential 
rhythms also exist in the neurons of the mammalian SCN, 
which, due to a daytime decrease in “leak” K+ channel con-
ductance, are depolarized and have a high input resistance 
(low conductance) during the day and are hyperpolarized 
and have a low input resistance at night32,33. A nighttime 
increase in K+ conductance drives the neuron’s resting mem-
brane potential closer to the hyperpolarized equilibrium po-
tential for K+ and makes it harder for the cell to elicit a spike. 
Conversely, a daytime decrease in K+ conductance brings the 

cell closer to spike threshold34. In addition to the rhythms 
in K+ conductance, SCN neurons also show diurnal L-type 
Ca2+ channel-dependent current oscillations that may facili-
tate the high "ring rate during the day25. Finally, circadian 
modulation of ionic conductance contributes to circadian 
rhythms in "ring rate:  the depolarizing L-type Ca2+ and 
the hyperpolarizing FDR and IA currents are higher dur-
ing the day, which contribute to higher daytime spike rate25-

27,35. !e repolarizing BK current is higher during the night, 
which most likely contributes to a low nighttime spike rate 
by lengthening the refractory period required to initiate a 
new spike28-30,35.

Linking the hands to behavior. Over two decades ago, it was 
shown that blocking electrical activity by transiently infusing 
the Na+ channel blocker tetrodotoxin (TTX) into the SCN 
of freely behaving rats abolishes locomotor activity rhythms. 
However, once the drug was washed out, the animals re-
sumed locomotor activity with an unaltered phase. !ese 
results strongly suggest that electrical activity is required for 
overt expression of circadian rhythms, but not for accurate 
molecular timekeeping7. More recent work either agrees 
with this29,36 or instead implicates SCN electrical activity as 
being essential for robust molecular oscillations, as, for ex-
ample, TTX or membrane hyperpolarization appears to dra-
matically but reversibly dampen clock gene rhythms1,37,38. 
Either way, it is now clear that electrical activity serves as 
the output of the intracellular clock. !e calcium-activated 
BK channel, which normally suppresses spontaneous "ring 
rate in the SCN at night, has been found to be necessary 
for circadian rhythms in locomotor activity. Mutant mice 
lacking the BK channel exhibit severely disrupted circadian 
behavioral rhythms and altered neuronal activity. Extracel-
lular recordings taken during the daytime and nighttime 
from wild-type and knockout mice showed that BK-null 
mice had much higher "ring rates at night while still having 
normal expression of clock genes such as Bmal129. 

 From this it seems probable that BK channels com-
prise at least part of the SCN output leading to behavior. In-
deed, long-term multielectrode array recordings from BK-
null mice demonstrate that the behavioral de"cit appears to 
be due to a disruption of circadian rhythms in spontaneous 
"ring rate30. Likewise, mice with a genetic knockout that 
attenuates the current carried by FDR K+ channels, which 
greatly reduces the daytime spontaneous "ring rate recorded 
from SCN neurons, were either behaviorally arrhythmic or 
exhibited severely attenuated rhythms. However, they did 
not show altered PER2 expression36. In vivo multiple-unit 
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recordings in freely-moving mice further clari"ed the link 
between electrical activity and behavior by determining that 
the onset and o#set of behavioral activity corresponded with 
the half-maximal spontaneous "ring rate39. 

 Together, these studies indicate that "ring rate is 
highly correlated with behavior. Intriguingly, however, a re-
cent study found that the behavioral activity phase of noc-
turnal mice that were forced to work for food was shifted 
into the day. !e behavior of these mice immediately re-
versed to the nocturnal phase when given ad libitum access 
to food, suggesting that the internal circadian pacemaker 
was maintained at its original phase40. A possible, though 
controversial, interpretation of this result is that the SCN 
is inherently rhythmic solely to inform the brain about the 
current light/dark cycle, and that an unexplored, malleable 
downstream brain region dictates circadian behavior from 
this input. Whether the SCN truly drives circadian behavior 
is yet to be determined.

Behavior
Rhythmic outputs of the SCN network. Individual SCN neu-
rons are cell-autonomous circadian oscillators in both "r-
ing rate and clock gene expression41, yet such an oscillation 
(in clock gene expression) has been observed in a variety of 
tissues outside the SCN42. What makes the SCN unique, 
however, is that it is a neuronal network of many coupled 
single-cell oscillators that together are able to produce ro-
bust behavioral and physiological rhythms. !e SCN net-
work can be organized into two broad regions based on 
their neuropeptide content: the vasoactive intestinal pep-
tide (VIP)-expressing ventrolateral core, and the arginine 
vasopressin-expressing dorsomedial shell, which is densely 
innervated by the core2. VIP, the core’s main neurotransmit-
ter, is thought to mediate coupling in the SCN; VIP’s ef-
fects may be modulated by the inhibitory neurotransmitter 
GABA, which is expressed in most, if not all, SCN neu-
rons1,43,44. When coupled by VIP, the periods of the indi-
vidual SCN neural oscillators are essentially identical; how-
ever, their phases are widely distributed1,34. Recent evidence 
suggests that an animal’s behavioral phase and coherence 
are determined by the timing and degree of synchrony of 
individual rhythms, respectively, encoded by the average 
temporal population vector of the SCN network. !e more 
synchronized the SCN, the more coherent the phases of its 
constituent neurons. Consequently, the average phase of the 
individual oscillators, represented as a time vector, deter-
mines the circadian time of activity onset45. Mutant animals 
lacking SCN synchrony, such as VIP knockouts, are behav-

iorally arrhythmic45,46, and when behavioral arrhythmicity is 
induced in animals exposed to constant light, the synchrony 
within their SCN is disrupted47.

 !e coordinated "ring of the SCN network is suf-
"cient to induce behavioral rhythmicity, but whether this 
output is synaptic or humoral in nature is unclear. Major 
axonal projections from the SCN synapse in other hypo-
thalamic areas, including the subparaventricular zone and 
dorsomedial hypothalamus48. Some SCN neurons also se-
crete signaling molecules such as transforming growth factor 
alpha49, prokineticin 250, and cardiotrophin-like cytokine51. 
Implanting encapsulated SCN tissue into SCN-lesioned 
animals, thus preventing neural outgrowth but allowing 
di#usion of secreted factors, is able to restore locomotor 
rhythms but not rhythms in melatonin or corticosterone 
secretion52,53. !is suggests that both synaptic innervation 
and humoral secretion are necessary for complete circadi-
an rhythmicity. !rough downstream signaling, the SCN 
rhythmically regulates such diverse functions as corticoste-
rone and melatonin release, orexin secretion, and cortical 
arousal34,48. Ultimately, these SCN outputs likely lead to 
overt circadian regulation of behavior. 

Conclusions 
 !e dynamic interaction between the molecular 
transcription/translation feedback loop, oscillations in elec-
trical activity, and behavioral and physiological rhythms re-
sults in a functioning mammalian circadian clock, which 
provides an extremely useful model system to further un-
derstand the basic science question of how genes, through 
membrane events, can control behavior. !e analogy for this 
interconnectivity presented in this review – the gears mov-
ing the hands, which in turn control behavior – is simpli"ed. 
!ere is ample evidence that, unlike a physical clock, electri-
cal activity can feed back onto the molecular clock37,38, and 
that behavior can in%uence electrical activity1,18. However, 
to fully understand the mechanics of the biological clock, 
and to understand how its dysfunction can produce neuro-
psychiatric illness, it is necessary to understand the outputs 
of the circadian system: to link the gears to the hands, and 
to link the hands to behavior. 
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Introduction 
 Neurological disorders are a signi"cant public 
health concern. As many as one billion people worldwide 
are a#ected by neurological disorders, and this number is ex-
pected to increase in the coming years1. Many neurological 
disorders are heritable to some degree, and in recent years 
susceptibility genes have been identi"ed for several neuro-
logical disordersa. In most cases, variation in the primary 
susceptibility gene has not been su$cient to explain the full 
range of phenotypes observed in the a#ected population. A 
common feature of heritable neurological disorders is phe-
notype heterogeneity observed among and between families 
carrying identical mutations at disease genes or loci. !is 
indicates that additional factors contribute to the phenotype 
heterogeneity exhibited by many neurological disorders. 
Among the factors that can contribute to phenotype hetero-
geneity are environmental in%uence, stochastic events, and 
genetic modi"ers, which are the focus of this review2. Un-
derstanding how genetic modi"ers in%uence neurological 
disease phenotypes can enhance our knowledge of disease 

a. The proportion of phenotype heterogeneity that can be explained 

by genetic variation.

processes by uncovering disease-related pathways. Compo-
nents of these pathways represent potential targets for novel 
therapies, which could improve the lives of patients with 
neurological disorders. !is review highlights some of the 
ways in which genetic modi"ers in%uence neurological dis-
order phenotypes and includes a discussion on the use of 
mouse models for the identi"cation and characterization of 
genetic modi"ers. 
 Genetic modi"ers are genes or loci that alter the 
phenotypic expression of other, non-allelicb genes or loci 
(target genes). In the context of neurological disorders, vari-
ation in genetic modi"ers generally does not have a notice-
able phenotypic e#ect unless it is inherited in the presence 
of a pathogenic variant of a non-allelic susceptibility gene 
or locus (target genes) (see Fig. 1). For example, alleles that 
modify Huntington’s disease (HD) do not produce their 
own discrete phenotypes in the absence of the pathogenic 
CAG repeats in the Huntingtin gene. However, when they 
are inherited in the presence of CAG repeats, they can a#ect 
the age of onset of HD3. Genetic modi"ers are prevalent 
among a wide variety of inherited neurological disorders. 

b. Located at different genetic loci.
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ders exhibit some degree of heritability, and susceptibility genes have been identi"ed for several of the 
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Disorders for which genetic modi"ers have been implicated 
include: epilepsy, amyotrophic lateral sclerosis (ALS), Al-
zheimer disease, HD, tuberous sclerosis, and Hirschsprung 
disease, among others4-9. When present, genetic modi"ers 
increase the complexity of the disease phenotype. !is can 
complicate both the diagnoses and treatment of patients. 
!erefore, it is important to understand the ways in which 
genetic modi"ers in%uence disease phenotypes.
 Genetic modi"ers can interact with target genes at 
any level of biological function to alter disease phenotypes 
in a wide variety of ways. Scnm1, one of the earliest modi-
"ers of a neurological phenotype to be identi"ed, acts at 
the level of transcription.  Scnm1 modi"es the neurologic 
movement disorder phenotype of Scn8amedJ/medJ mice, which 
results from a splice site mutation in Scn8a that leads to im-
proper splicing and a reduction in functional Scn8a sodium 
channels10. Scnm1 is an RNA splicing factor that normally 
facilitates the proper splicing of Scn8a transcript. Buchner 
et al. identi"ed a mutation in Scnm1 that exacerbates the 
Scn8amedJ/medJ phenotype by further reducing the amount 
of correctly spliced Scn8a transcript11, 12.  Kcnv2, a genetic 
modi"er of a seizure phenotype in the Scn2aQ54 mouse mod-
el of epilepsy, works at the system level.  Scn2aQ54 mice have 
an epilepsy phenotype due to a gain-of-function mutation 
in the Scn2a sodium channel that results in excess sodium 
current 13. Kcnv2 is a potassium channel subunit that re-
duces Kv2.1-mediated delayed recti"er potassium current. 
!e exacerbation of the epilepsy phenotype is likely a result 

of a decrease in this delayed-recti"er potassium current 14. 
!is is an example in which the modi"er gene (Kcnv2) does 
not directly interact with the target gene (Scn2a); instead it 
perturbs the system in which the target gene operates. !ere 
seems to be no limitations on the manner in which genetic 
modi"ers can interact with their targets, or on the pheno-
typic e#ects that can result from these interactions. Speci"c 
examples of these interactions are too numerous to men-
tion, but other phenotypic properties that can be altered 
include penetrancec, disease progression, age of onset, and 
severity of the disease15.  
 Genetic modi"ers can o#er insight into disease pro-
cesses to help us better understand neurological diseases. !e 
identi"cation of the gene encoding microtubule-associated 
protein 1a (Mtap1a) as a modi"er of hearing loss in tubby 
mice is a good example. Tubby mice have hearing loss as a 
result of a mutation in the tub gene. Before the identi"ca-
tion of Mtap1a, the function of the tub gene was unknown. 
Ikeda et al. identi"ed sequence polymorphisms in Mtap1a 
that were required for the hearing loss phenotype of tubby 
mice. !ese sequence polymorphisms reduced the binding 
e$ciency of Mtap1a to Psd95, a gene encoding a synaptic 
sca#olding protein that helps coordinate synaptic function. 
!ese observations provided some of the earliest evidence of 
tub gene involvement in synaptic function16. Another exam-
ple is the aforementioned discovery of Scnm1 as a modi"er 
of the Scn8amedJ/medJ phenotype, which demonstrated that 
genes involved in mRNA splicing can modulate the phe-
notypic e#ects of splice-site mutations. !is is of particular 
importance as splice site mutations are believed to compose 
approximately 10% of human disease mutations 17. Identi-
fying genetic modi"ers can help us discover novel, disease-
related pathways. !ese pathways not only help us to better 
understand pathogenic processes, but they may also contain 
therapeutic targets that could help us to better treat patients 
with neurological diseases. !erefore, studying genetic mod-
i"ers can be an important inroad to the successful treatment 
of neurological disorders. However, studying genetic modi-
"ers in humans is challenging for a variety of reasons. Using 
mouse models of neurological disease can help researchers to 
circumvent some of these challenges. !is review highlights 
some of the ways in which mouse models can facilitate the 
study of genetic modi"ers of neurological disease.

 Identifying Genetic Modi$cation
 !e "rst step in the study of genetic modi"ers is 
to establish that genetic modi"cation is occurring. In hu-

F��7KH�IUDFWLRQ�RI�LQGLYLGXDOV�ZLWK�D�SDUWLFXODU�JHQRW\SH�WKDW�H[SUHVV�
the associated phenotype.

Figure 1. Phenotype heterogeneity within a family. In this rep-
resentative family pedigree both the primary disease mutation 
and the modi"er exhibit recessive modes of inheritance. Alleles 
at the modi"er locus (designated M or m) segregate indepen-
dently from alleles at the primary disease locus (designated 
P or p). In this particular case the phenotype is not modi"ed 
unless two recessive alleles are inherited at both loci.
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mans, genetic modi"cation is manifested as phenotype het-
erogeneity among or between families or populations that 
carry the same genotype at a primary disease gene or locus 
(see Fig.1). It can be di$cult to distinguish between genetic 
modi"ers and environmental sources of phenotype hetero-
geneity in humans. To do so, one must show that a portion 
of the phenotype heterogeneity is heritable. In HD, for ex-
ample, there is considerable variability in the age of onset 
among patients with equivalent CAG repeat expansions in 
the HTT gene. It has been estimated that factors other than 
the length of the expansion account for approximately 30-
50% of the total variability in age of onset3, 18-20. Using a 
large, well-characterized cohort of Venezuelan HD patients, 
Wexler et al. were able to show that a portion of this vari-
ability was heritable3. Oftentimes, large, well-characterized 
human cohorts are not available. In such cases, mouse mod-
els of the disease of interest can be employed. Genetic modi-
"cation in mice is manifested as strain-dependent pheno-
type variability. Because mice can be reared and evaluated in 
similar environments, this strain-dependent variation is suf-
"cient to establish that genetic modi"cation is occurring2. 
Mouse models of neurological diseases frequently exhibit 
strain-dependent phenotypes.  For example, the HdhQ111 

knock-in mouse model of HD exhibits several HD-related 
phenotypes that vary depending on genetic background, 
including: intergenerational repeat instability, somatic re-
peat instability, nuclear accumulation of full-length mutant 
huntingtin, and intranuclear N-terminal huntingtin inclu-
sions21. Using mouse models to establish genetic modi"ca-
tion can save researchers valuable time and money.

Genetic Mapping
 Once it has been established that genetic modi"ca-
tion of a disease phenotype is occurring within a popula-
tion, genetic mapping is used to identify the genomic loca-
tions of the modifying genes/loci. Genetic mapping requires 
DNA samples from large, well-characterized populations of 
a#ected individuals, which are frequently unavailable in hu-
man populations. As an alternative approach, genetic map-
ping can be done in mouse models. !is approach allows for 
the use of strategic breeding to take advantage of strain-de-
pendent phenotypes to identify modi"er loci. Once modi-
"er loci/genes have been identi"ed in mice, then researchers 
can screen a smaller number of patients for variants in the 
homologous loci/genes, thereby circumventing the need for 
large populations of human patients. !is combination of 
genetic mapping and candidate gene screening was used to 
identify Kcnv2 as a modi"er of epilepsy in mice and for the 
subsequent identi"cation of two novel KCNV2 variants in 

pediatric epilepsy patients14. !is approach has been used to 
successfully identify a number of other modi"er loci/genes 
in mice and humans as well. 

Forward Genetic Screen 
 For any potential modi"er loci, the genetic map-
ping approach requires that there be genetic variation be-
tween individuals at that locus.  Without this variation, there 
will be no discernible di#erences in phenotype with which 
to map the locus22. A forward genetic screen employs the 
use of a mutagen to induce polymorphisms throughout the 
genome, including potential modi"er loci. !is approach 
is commonly used in lower model organisms for pathway 
analysis, but it can also be used in mice to identify genetic 
modi"ers. Using this approach in mice increases the num-
ber of potential modi"ers that can be identi"ed. Instead of 
relying on natural genetic variation between inbred mouse 
strains, N-ethyl-N-nitrosourea (ENU) is used to induce 
mutations throughout the genome. Mice carrying ENU-
induced mutations can be crossed with any mouse model of 
interest to produce progeny that carry the primary disease- 
causing mutation along with ENU-induced mutations in 
potential modi"er loci. !ese progeny are screened for phe-
notype modi"cation, and standard genetic mapping is em-
ployed to identify modi"er loci. !is approach was "rst used 
by Matera et al. to identify a modi"er of hypopigmentation 
in a Sox10 haploinsu$cientd mouse model of Waardenburg 
syndrome23. 

Candidate Gene Approach 
 Genetic mapping and forward genetic screens are 
both unbiased approaches to identifying genetic modi"ers. 
!ese approaches maximize the number of modi"ers that 
can be identi"ed. However, they can be time-consuming, 
even in mice. A less time-consuming alternative is the can-
didate gene approach. !is approach involves screening 
candidate genes for genetic variation that is inherited along 
with the altered phenotype. Reducing the number of genes 
interrogated can increase statistical power, resulting in a re-
duced number of mice or patients required for the study. 
!is can save both time and money, and is the approach 
most often used in human studies. Several modi"ers of tu-
berous sclerosis complex phenotypes have been identi"ed in 
humans by screening genes that interact with the tuberin-
hamartin complex formed by TSC1 and TSC2, the target 
genes in which the primary tuberous sclerosis mutations oc-
cur9. Additionally, a number of di#erent studies have identi-

G��$�FRQGLWLRQ�LQ�ZKLFK�RQH�DOOHOH�LV�QRW�VXIÀFLHQW�IRU�QRUPDO�IXQF-
tion.
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type CNTF. !ey found that the CNTF-de"cient mice had 
an earlier disease onset, validating CNTF as a modi"er of 
the SOD-1 ALS phenotype5. !is study demonstrates the 
bene"t of combining both mouse and human approaches to 
study genetic modi"ers. 

Considerations for Using Mouse Models
 When using mouse models to study modi"ers of 
human diseases, there are several considerations that one 
must take into account. First, not all modi"ers identi"ed in 
mouse models will be relevant to human diseases. !is is be-
cause genetic and cellular pathways are not always conserved 
between mice and humans. !erefore, it is necessary to use 
caution when drawing conclusions from mice about human 
diseases. Second, there may be modi"ers present in humans 
that cannot be identi"ed in mice. !is could occur because 
the homologous gene is not present in mice; because the 
pathways are not conserved; or because the imbred mouse 
strains are not polymorphic at the relevant locus. !ird, 
mouse models of human disease may not recapitulate every 
aspect of the human phenotype. Even when the underlying 
mutation is the same, mouse model phenotypes can di#er 
from human phenotypes. When observing mouse pheno-
types, it is important to pick one that is conserved in hu-
mans. Even with these limitations in mind, mouse models 
remain an indispensable tool for studying genetic modi"ers 
of human disease. 

#e Future of the Search for Genetic Modi$ers
 Large-scale, high-throughput sequencing tech-
niques are developing at a rapid pace and becoming cheaper 
by the day. !ese techniques can greatly improve the speed 
and e$ciency with which genetic modi"ers can be identi-
"ed. !ere are a number of ion channel variants that have 
been associated with epilepsy, and it is known that these 
variants can interact to in%uence epilepsy phenotypes34. Tra-
ditionally, these interactions have been tested one at a time. 
Recently, Klassen et al. performed exome sequencing on 237 
ion channel genes and created ion channel variant pro"les 
of individuals with sporadic idiopathic epilepsy and unaf-
fected individuals, revealing a surprising degree of genetic 
complexity. Such an approach would not have been feasible 
just a few years ago. In the future, powerful techniques like 
these may help us to unravel some of the complexity under-
lying neurological diseases. Yet, with these techniques come 
new challenges. !ough the discovery of genetic modi"ers 
will come much faster than it has in the past, each puta-
tive modi"er must be validated. As the complexity of the 
data increases, so must the means with which to evaluate it. 

"ed putative modi"ers in pathways believed to be involved 
in HD, including: glutamatergic transmission, protein 
degradation, gene transcription, stress response/apoptosis, 
lipoprotein metabolism, axonal tra$cking, and energy me-
tabolism24-31. Similarly, several modi"ers of ALS have been 
identi"ed in ALS-related pathways32. !is approach can also 
be e#ective in mouse models. Cantrell et al. made use of 
this approach to identify Ednrb, a modi"er of agangliono-
sise, in the Sox10Dom mouse model of Hirschsprung disease8. 
Instead of searching the whole genome for possible modi-
"ers, they restricted their search to genes involved in the 
endothelin signaling pathway based on the knowledge that 
mutations in this pathway had been previously shown to 
cause Hirschsprung disease in humans33. For this approach 
to be e#ective in mice or humans, such previous knowledge 
is required to inform the search. !is means that the search 
is generally restricted to genes found in pathways already 
known to be involved in the disease. !us, modi"ers identi-
"ed using this method may not be as informative as modi-
"ers identi"ed using one of the unbiased approaches. 

Validating Genetic Modi$ers 
 Although genetic mapping and candidate gene 
screening establishes an association between a modi"er gene 
and phenotype variation, this does not imply a causal re-
lationship. In order to validate a putative modi"er, the ge-
netic variation at a modi"er locus/gene must be shown to 
be su$cient to alter the phenotype of interest. !is is com-
monly demonstrated by expressing the putative modi"er as 
a transgene in the relevant mouse model. !is approach was 
used to validate Kcnv2 as a quantitative modi"er of the Sc-
n2aQ54 seizure phenotype. Several Kcnv2 transgenic mouse 
lines expressing di#erent levels of the Kcnv2 transgene tran-
script were developed and bred to Scn2aQ54 transgenic mice 
to produce double transgenic mice expressing Scn2aQ54 and 
various levels of the Kcnv2 transcript. A comparison of the 
seizure phenotypes of each mouse line demonstrated that 
increased Kcnv2 expression is su$cient to exacerbate the 
Scn2aQ54 epilepsy phenotype4. Mouse models are also use-
ful for validating genetic modi"ers that were identi"ed in 
humans. A study by Giess et al. used this approach to vali-
date CNTF as a modi"er of ALS, which was "rst identi"ed 
by screening candidate modi"er genes in a family with ALS 
resulting from a SOD-1 mutation. To determine whether a 
CNTF de"ciency could modify ALS onset, they crossbred 
hSOD-1G93A mice with CNTF-/- mice and compared dis-
ease onset to that of hSOD-1G93A mice expressing wild-

e. The absence of parasympathetic ganglion cells in the myenteric 

SOH[XV�RI�WKH�GLJHVWLYH�V\VWHP�
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mans can be functionally tested using mouse models.
��� &DUUDVTXLOOR�00��=RX�)��3DQNUDW]�96��:LOFR[�6/��0D�/��
:DONHU� /3��<RXQNLQ� 6*��<RXQNLQ� &6��<RXQNLQ� /+�� %LVFHJOLR� *'��
(UWHNLQ�7DQHU�1��&URRN�-(��'LFNVRQ�':��3HWHUVHQ�5&��*UDII�5DGIRUG�
15�DQG�<RXQNLQ�6*���������*HQHWLF�YDULDWLRQ�LQ�3&'+��;�LV�DVVRFL-
DWHG�ZLWK�VXVFHSWLELOLW\�WR�ODWH�RQVHW�$O]KHLPHU·V�GLVHDVH��1DW�*HQHW��
41 (2): 192-198.

��� 5XELQV]WHLQ�'&��/HJJR�-��&KLDQR�0��'RGJH�$��1RUEXU\�*��
5RVVHU�(�DQG�&UDXIXUG�'���������*HQRW\SHV�DW�WKH�*OX5��NDLQDWH�UH-
FHSWRU�ORFXV�DUH�DVVRFLDWHG�ZLWK�YDULDWLRQ�LQ�WKH�DJH�RI�RQVHW�RI�+XQ-

tington disease. Proc Natl Acad Sci USA. 94 (8): 3872-3876.

8. Cantrell VA, Owens SE, Chandler RL, Airey DC, Brad-
ley KM, Smith JR and Southard-Smith EM (2004). Interactions 
between Sox10 and EdnrB modulate penetrance and severity of 
aganglionosis in the Sox10Dom mouse model of Hirschsprung dis-
ease. Human Molecular Genetics. 13 (19): 2289-2301.
7KLV�SDSHU�H[HPSOLÀHV�KRZ�D�FDQGLGDWH�JHQH�DSSURDFK�FDQ�EH�XVHG�
WR�LGHQWLI\�JHQHWLF�PRGLÀHUV�
��� $X�.6��:DUG�&+�DQG�1RUWKUXS�+���������7XEHURXV�VFOHURVLV�
FRPSOH[��GLVHDVH�PRGLÀHUV�DQG�WUHDWPHQWV��&XUU�2SLQ�3HGLDWU����������
628-633.

���� .RKUPDQ�'&��+DUULV�-%�DQG�0HLVOHU�0+���������0XWDWLRQ�
GHWHFWLRQ�LQ�WKH�PHG�DQG�PHG-�DOOHOHV�RI�WKH�VRGLXP�FKDQQHO�6FQ�D��
8QXVXDO�VSOLFLQJ�GXH�WR�D�PLQRU�FODVV�$7�$&�LQWURQ��-�%LRO�&KHP������
(29): 17576-17581.

11. Buchner DA, Trudeau M and Meisler MH (2003). 
6&10���D�SXWDWLYH�51$�VSOLFLQJ�IDFWRU�WKDW�PRGLÀHV�GLVHDVH�VH-
verity in mice. Science. 301 (5635): 967-969.
7KLV�VHPLQDO�SDSHU�GHVFULEHV�WKH�LGHQWLÀFDWLRQ�DQG�FKDUDFWHUL]D-
WLRQ�RI�6FQP���RQH�RI�WKH�ÀUVW�PRGLÀHUV�RI�D�QHXURORJLFDO�SKHQR-
W\SH�WR�EH�LGHQWLÀHG��
���� +RZHOO�90�� -RQHV� -0�� %HUJUHQ� 6.�� /L� /�� %LOOL�$&��$Y-

HQDULXV�05�DQG�0HLVOHU�0+���������(YLGHQFH�IRU�D�GLUHFW�UROH�RI�WKH�
GLVHDVH�PRGLÀHU�6&10��LQ�VSOLFLQJ��+XP�0RO�*HQHW����������������
2516.

���� .HDUQH\�-$��3OXPPHU�1:��6PLWK�05��.DSXU�-��&XPPLQV�
75��:D[PDQ�6*��*ROGLQ�$/�DQG�0HLVOHU�0+���������$�JDLQ�RI�IXQF-
WLRQ�PXWDWLRQ�LQ�WKH�VRGLXP�FKDQQHO�JHQH�6FQ�D�UHVXOWV�LQ�VHL]XUHV�DQG�
EHKDYLRUDO�DEQRUPDOLWLHV��1HXURVFLHQFH�������������������
14. Jorge BS, Campbell CM, Miller AR, Rutter ED, Gurnett 
CA, Vanoye CG, George AL and Kearney JA (2011). Voltage-gated 
potassium channel KCNV2 (Kv8.2) contributes to epilepsy suscep-
tibility. Proceedings of the National Academy of Sciences. 108 (13): 
5443-5448.
This paper highlights the utility of transgenic mouse models for 
YDOLGDWLQJ�SXWDWLYH�PRGLÀHU�JHQHV�
���� .HDUQH\�-$���������*HQHWLF�PRGLÀHUV�RI�QHXURORJLFDO�GLV-
HDVH��&XUU�2SLQ�*HQHW�'HY������������������
���� ,NHGD�$��=KHQJ�4<��=XEHUL�$5�� -RKQVRQ�.5��1DJJHUW� -.�
DQG�1LVKLQD�30���������0LFURWXEXOH�DVVRFLDWHG�SURWHLQ��$�LV�D�PRGL-
ÀHU�RI�WXEE\�KHDULQJ��PRWK����1DWXUH�JHQHWLFV������������������
���� %XFKQHU�'$��7UXGHDX�0�DQG�0HLVOHU�0+���������6&10���
D� 3XWDWLYH� 51$� 6SOLFLQJ� )DFWRU� 7KDW�0RGLÀHV� 'LVHDVH� 6HYHULW\� LQ�
Mice. Science. 301 (5635): 967-969.

���� 6QHOO�5*��0DF0LOODQ�-&��&KHDGOH�-3��)HQWRQ�,��/D]DURX�/3��
'DYLHV�3��0DF'RQDOG�0(��*XVHOOD�-)��+DUSHU�36�DQG�6KDZ�'-���������
5HODWLRQVKLS�EHWZHHQ� WULQXFOHRWLGH� UHSHDW�H[SDQVLRQ�DQG�SKHQRW\SLF�
YDULDWLRQ�LQ�+XQWLQJWRQ·V�GLVHDVH��1DWXUH�JHQHWLFV�����������������
���� 'X\DR�0��$PEURVH�&��0\HUV�5��1RYHOOHWWR�$��3HUVLFKHWWL�

And with all of this new data come hypotheses that must be 
tested. !ough high-throughput sequencing methods stand 
to decrease our reliance on mouse models for the discovery 
of modi"ers, we will need mouse models more than ever to 
validate newly discovered modi"ers and to test the hypoth-
eses that we derive from them. 

Conclusion 
 Genetic modi"ers are a major contributor to the 
phenotypic heterogeneity observed in a wide variety of neu-
rological diseases. Identifying modi"er genes and elucidat-
ing the mechanisms by which they in%uence their targets 
is an important step in understanding neurological diseas-
es. Mouse models are an indispensable resource in which 
to identify and characterize genetic modi"ers. Knowledge 
gleaned through the skillful use of mouse models can be used 
to inform human studies, saving time and resources. When 
used thoughtfully and in combination with human studies, 
mouse models can help elucidate disease-related pathways, 
giving insight into pathogenic mechanisms. Knowledge of 
genetic modi"ers and the pathways in which they operate 
can yield new therapeutic targets for the treatment of neu-
rological disorders.
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Introduction
 In our daily environment we constantly experience 
sensory signals arising from various events. Sometimes, these 
cues take place alone but more often multiple signals occur 
in combination. In order to convey an accurate percept of 
our world, the brain must be equipped to manage and syn-
thesize sensory information from a variety of sensory sources 
(Figure 1A). Research over the past four decades has focused 
on identifying structures within the brain that actively in-
tegrate multisensory signals and subsequent studies have 
also investigated the neural properties within these speci"c 
multisensory brain regions. Current data shows that there is 
something special about these multisensory neurons as their 
"ring rates during multisensory trials most often signi"cant-
ly di#er compared to the component unisensory responses 
alone1, 2. On a behavioral level, this is frequently indicated 
by speeded response times3, higher response accuracies2, 4, 
and increased detection rates2, 5 during multisensory tasks. 
!ese neuronal as well as behavioral gains underscore that 
multisensory processes greatly contribute to the processes 
that shape perception and behavior. Nevertheless, these ex-
act contributions have yet to be determined. 
 

#e superior colliculus in the cat and the principles of 
multisensory integration
 Most studies to date have been carried out in the cat 
superior colliculus (SC) – a multisensory subcortical struc-
ture. !e SC contains visual, auditory, and somatosensory 
neurons with around 50% of intermediate and deep layer 
neurons shown to be multisensory6. Research in the SC lead 
to the establishment of three widely-recognized working 
principles that clearly delineate a set of rules to which multi-
sensory neurons adhere. !ese principles have subsequently 
been shown to be valid in various cortical regions within the 
cat and primate brain. !e principle of spatial coincidence 
states that pairing spatially coincident unisensory stimuli 
will more likely elicit response enhancements (Figure 1B) 
as measured by "ring rate changes than stimuli that are 
separated in space7. !e principle of temporal coincidence 
applies the same idea to time. Two temporally coincident 
stimuli are more likely to lead to an enhanced neuronal re-
sponse during multisensory trials than two temporally sepa-
rated stimuli8. Temporal coincidence generally encompasses 
a range of stimulus onset asynchronies (SOAs; often also 
referred to as the temporal binding window9) brought about 
by the fact that di#erent sensory signals propagate at di#er-

Cortex
Multisensory
Cat
Primate
Electrophysiology

 In our everyday environment, we are constantly bombarded with cues from di#erent sensory 
modalities. Essential mechanisms within our brain have evolved that integrate signals from multiple 
sensory sources shaping perception and behavior. Much headway has been made characterizing subcor-
tical multisensory processes, particularly in the cat superior colliculus (SC), which has also lead to the 
establishment of three working principles for multisensory integration. Although a good "rst step in 
understanding multisensory integration, studying subcortical processes has its limitations. In order to 
understand perception and behavior, we have to understand cortical processes. Most studies thus far have 
detailed the mechanics of cortical multisensory interactions in the primate brain, but direct links between 
these mechanics and perception and behavior have not been made. In the cat, there exists a unique multi-
sensory structure – the anterior ectosylvian sulcus (AES) that is well-suited to study cortical multisensory 
processes. !e AES is comprised of three unisensory zones and a region at their respective overlapping 
domains that has a high incidence of multisensory neurons. Studying how AES neurons integrate mul-
tiple modalities and establishing links to perceptual and behavioral processes will not only shed light on 
multisensory encoding strategies and their contributions to perception and behavior but may also further 
our understanding of how cortical processes lead to perception and behavior in general.

Juliane Krueger
Cortical Multisensory Processes: Neural Encoding Strategies
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ent speeds. !e principle of inverse e#ectiveness relates to 
stimulus e$cacy. Combining two weakly e#ective unisen-
sory stimuli will more often lead to response enhancements. 
Having spatially-o#set stimuli, temporally-o#set stimuli or 
strongly e#ective unisensory stimuli can either lead to a lack 
of integration or a response depression (Figure 1B). !us far, 
these principles were studied in isolation but recent research 
indicates strong interactions within the principles10, 11 lead-
ing to theories about one overarching principle - the prin-
ciple of inverse e#ectiveness. Data analysis looking at these 
interactions implies that space and time just merely a#ect 
stimulus e$cacy, meaning certain spatial locations within a 
receptive "eld (RF) or certain SOAs render the stimuli more 
or less e#ective, and consequently greatly in%uence neuro-
nal responses and multisensory integration as de"ned by the 
principle of inverse e#ectiveness. 

Cortical multisensory processes
 Although, subcortical processing is undoubtedly 
important and has clearly established a set of principles that 
characterizes multisensory neurons, it cannot explain how 
multisensory processes shape and in%uence perception and 

behavior.  Multisensory cortical processes have been mostly 
studied in the primate brain and so far, research has primar-
ily focused on identifying regions within the primate brain 
that respond to multiple sensory signals and some headway 
has been made identifying whether or not these areas active-
ly integrate multisensory cues. Studies involving the supe-
rior temporal sulcus (STS12, 13), the ventral intraparietal area 
(VIP14), and the ventrolateral prefrontal cortex (VLPFC15) 
demonstrated that they are involved in face-voice integra-
tion (STS, VLPFC) , speech perception (STS), and space 
representations (VIP), and that they display multisensory 
interactions but the exact contributions of multisensory 
processes to behavior and perception have not been estab-
lished. 

"e superior temporal sulcus in the primate. STS is located 
within the temporal lobe in the primate brain. Studies iden-
tifying the roles of STS have identi"ed a strong involvement 
in face16, 17 and voice18 processing, perception of biological 
motion19, 20, and visual object recognition21. Moreover, very 
early on, STS was recognized as a region of sensory overlap 
with interactions between visual and auditory cues at the 
single neuron level22-24. Ghazanfar et al in 200513 demon-
strated by pairing species-speci"c dynamic faces and vocal-
izations that auditory belt integrates multisensory signals as 
measured by local "eld potentials (LFPs) while multisen-
sory responses were strongly face-voice speci"c. !ey also 
observed that response enhancements occurred signi"cantly 
more often than response suppression. One interesting ca-
veat is that STS neuron activity did not change with SOA 
since there was no correlation between SOA and magnitude 
of multisensory response. Prior to this study, Schroeder and 
Foxe in 200212 illustrated that visual, auditory, and somato-
sensory inputs to the STS are most likely feedforward projec-
tions as revealed by current source density (CSD) analysis. 
As of late, STS has also been shown to work in conjunction 
with auditory cortex to appropriately manage multisensory 
looming signals and bimodal speech25, 26. Further studies in-
dicate that STS may be a locus for bimodal representations 
of observed actions27 and studies in humans using fMRI also 
indicate a potential involvement in multisensory object rec-
ognition and object categorization28. 

"e ventral intraparietal area in the primate. VIP, is buried 
within the fundus of the intraparietal sulcus of the poste-
rior parietal cortex29, a processing core for spatial coordinate 
transformations30. VIP is thought to play a role during visu-
al motion processing with neurons being strongly driven by 
direction of movement29 and may contribute to movements 
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Figure 1: A. Schematic representation of multisensory interactions in 
cortex brought about by sensory overlap. B. Neuronal response pro-
files (visual - V, auditory - A, audiovisual - VA) demonstrating response 
enhancement (left) and depression (right) under multisensory (VA) 
conditions.

Figure 1. A. Schematic representation of multisensory 
interactions in cortex brought about by sensory overlap. B. 
Neuronal response pro"les (visual - V, auditory - A, audiovisual - 
VA) demonstrating response enhancement (le%) and depression 
(right) under multisensory (VA) conditions.
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associated with defense or avoidance behaviors31.  Anatomi-
cal tracer studies have shown VIP’s strong connectivity pat-
terns with visual, somatosensory, and motor areas32 and thus 
recent research has focused on identifying multisensory in-
teractions within VIP. Initial studies demonstrated vestibu-
lar-visual33 and somatosensory-visual34 interactions whereas 
neurons were responsive to bimodal stimuli that had RFs 
in close spatial registry. Schlack et al in 200514 showed for 
the "rst time that VIP neurons are  responsive to auditory 
in addition to visual stimulation. Although auditory and vi-
sual RFs were generally well aligned, most bimodal neurons 
encoded space in their native reference frames (auditory – 
head-centered and visual – eye-centered) and yet signi"cant 
multisensory interactions could be observed. Whether or 
not these neurons actively integrate these sensory modali-
ties remains unclear. Altogether, these "ndings demonstrate 
that VIP may play an integral role in multisensory coordi-
nate transformations as seen during peripersonal space and 
movement processing, in particular during tasks requiring 
shifts within modality speci"c reference frames. !e lateral 
and the medial intraparietal areas (LIP and MIP) are also 
found within the posterior parietal cortex and both have 
been implicated in coordinate transformation35. Multisen-
sory integration has not been overtly studied but LIP has 
been shown to be responsive to auditory cues36, particularly 
in context of a saccade task37, 38. 

 !e ventrolateral prefrontal cortex in the primate. 
VLPFC, has extensive connections from sensory cortices 
and strong projections to the motor cortex and areas in-
volved in cognitive processes39-41. VLPFC has been associ-
ated with memory retrieval42, processes involving behavior 
inhibition43, and visual object recognition44, 45. Research also 
shows that VLPFC neurons are responsive to visuo-spatial 
cues46 and to conspeci"c vocalizations47-49. Sugihara et al in 
200615 were the "rst to demonstrate that VLPFC neurons 
actively integrate audiovisual stimuli with strong preferences 
for interactions of face and vocalization stimuli. Moreover, 
neurons abode by the principles of multisensory integration 
exhibiting enhancement as well as suppression as seen in 
spike "ring changes depending upon stimulus e$cacy.

"e anterior ectosylvian sulcus in the cat. To date, the AES 
is the most studied multisensory cortical region in the cat. 
AES is located within the parietotemporal lobe and is com-
prised of three distinct unisensory zones: the auditory "eld 
AES50-52 (FAES), the anterior ectosylvian visual area53-55 
(AEV), and the fourth somatosensory area56, 57 (SIV), as well 
as multisensory domains at the respective overlapping uni-

sensory representations58. Auditory neurons within FAES 
exhibit short latencies, broad tuning curves, and are mostly 
monaural50. FAES has been associated with sound localiza-
tion as shown by considerable behavioral detection de"cits 
caused by cooling FAES59, particularly the deeper layers60. 
Visual neurons within AEV are characterized by a robust 
preference for small and quickly moving stimuli – frequent-
ly being strongly directionally sensitive, usually have large 
RFs often spanning the entire contralateral hemi"eld and 
respond most vigorously to binocular stimulation. More-
over, no obvious retinotopic organization could be detect-
ed53. Although AEV has substantial connections to the fron-
tal eye "eld61 (FEF), an area highly important for saccade 
production, microstimulation studies have shown that eye 
movements can be evoked with intracortical stimulation of 
AEV61 even after removal of FEF. Furthermore, within this 
eye-movement area in the ventral bank of AES, a large per-
centage of neurons respond to multisensory stimuli62 sug-
gesting that AES may have a potential role in multisensory 
coordinate transformation (or sensory transformation in 
general), a process often used during orientation behavior. 
Additionally, AEV neurons seem to be selective for pattern 
over component motion, which has been hypothesized to 
signal the salience of local motion information63. Area SIV 
contains a somatotopic map that represents the head rostral-
ly and the hind legs caudally. SIV neurons can be stimulated 
by hair displacement, low threshold cutaneous stimulation, 
or distortion of subcutaneous tissue56. Further studies have 
shown that deactivating AES impedes successful integration 
of multisensory stimuli within the SC64 and alters approach 
and orientation behaviors thought to be mediated by the 
SC so that accuracy gains with spatially coincident stimuli 
as well as response inhibitions associated with spatially dis-
parate stimuli are signi"cantly reduced65. A "rst attempt to 
better characterize multisensory AES neurons has utilized 
spatial receptive "eld (SRF) analysis – an approach that 
looks at the spatial in%uences on multisensory integration 
across the RF of a neuron. SRF analysis has demonstrated 
that RFs are heterogeneous in nature and that often multi-
sensory SRFs di#er markedly from the prediction plots (lin-
ear addition of the unisensory SRFs) frequently including 
one very de"ned hot spot surrounded by regions of subad-
ditivity10. SRF analysis, as a "rst step to see how spatial loca-
tion can in%uence stimulus e#ectiveness, suggests that there 
are strong interactions between stimulus location and e$-
cacy in that location with low neuronal "ring rates during 
unisensory conditions show strong response pro"les during 
multisensory trials. A "rst e#ort to characterize temporal 
coding strategies within the AES revealed higher peak "ring 
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e#ectiveness and will aid in establishing AES function. Fur-
thermore, comparing "ndings across species may allow for 
generalizations about multisensory processes in the healthy 
brain, which may contribute to research targeting disorders 
of the central nervous system.
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rates, shorter response latencies, and longer discharge du-
rations during multisensory stimulation11. Altogether, due 
to its unique anatomical layout including a high incidence 
of multisensory neurons, the AES is an ideal candidate to 
study multisensory processes in the cortex. Furthermore, es-
tablishing the role of AES in perception and behavior may 
allow for direct links between multisensory processes and 
perception and behavior. 

Spatiotemporal receptive #eld (STRF) analysis. STRF analy-
sis is a method to better characterize the interactions of the 
three principles of multisensory integration and to aid in 
determining the role of the AES. It examines how space and 
time within the RF of a multisensory neuron a#ect stimulus 
e$cacies and the neuron’s response to these multisensory 
stimuli. !is becomes increasingly important when examin-
ing biologically relevant stimuli as they often have complex 
spatial and temporal features.  STRFs are constructed us-
ing neuronal "ring data at the tested stimuli locations and 
SOAs (in spikes/trial) across the RF of a neuron. Figure 2 
illustrates a hypothetical audiovisual STRF at four locations 
with 6 di#erent SOAs. Within the classical RF presentation 
(azimuth versus elevation), neuronal discharge pro"les at the 
tested locations depict the di#erent SOAs (x-axis) and the 
resulting response spike rates in spikes/trial (y-axis). Multi-
sensory responses at each SOA are subsequently compared 
to the maximum unisensory response (referred to as multi-
sensory index) and to the linear addition of both unisensory 
response pro"les (referred to as multisensory contrast). Both 
measures will give a detailed look at response enhancements 
(superadditivity) as well as response suppressions (subaddi-
tivity) across space and time within the RF of the tested neu-
ron. STRF analysis does not just give insight into encoding 
strategies but may also indicate AES function. For example, 
having heterogeneous STRFs, similarly to SRFs10, could be 
a means to code for moving stimuli (i.e. "ring rate di#er-
ences within and outside of a hot spot) in relation to head/
eye orientation and thus may give further evidence for a role 
in motion perception and sensory transformation. 

Concluding remarks
In our everyday environment, the brain is constantly tasked 
to integrate signals from several sensory modalities. Un-
derstanding cortical multisensory processing is essential in 
understanding perception and behavior. !e cat AES is a 
well suited model structure to identify multisensory encod-
ing strategies and their e#ects on perception and behavior. 
STRF analysis is a great tool to investigate multisensory neu-
ronal responses as determined by time, space and stimulus 
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Figure 2: Hypothetical multisensory spatiotemporal receptive field at four 
locations. Bar graphs represent the neuronal firing rates at the different 
locations for the unisensory visual (V, blue) and auditory (A, red) trials as 
well as the audiovisual trials (VA, purple) over all tested SOAs. Note the 
different firing rates depending upon SOA, giving a temporal window over 
which multisensory integration occurs. Furthermore, the temporal 
window varies with spatial location. 

Figure 2. Hypothetical multisensory spatiotemporal receptive 
"eld at four locations. Bar graphs represent the neuronal "ring 
rates at the di!erent locations for the unisensory visual (V, blue) 
and auditory (A, red) trials as well as the audiovisual trials (VA, 
purple) over all tested SOAs. Note the di!erent "ring rates 
depending upon SOA, giving a temporal window over which 
multisensory integration occurs. Furthermore, the temporal 
window varies with spatial location.
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Introduction
 Stress is prevalent in everyday life, and can be de-
"ned as “a condition or feeling experienced when a person 
perceives that demands exceed the personal and social re-
sources the individual is able to mobilize”1. While surmount-
ing stress experienced is crucial to survival, maladaptive re-
sponses to stress or prolonged stress can prove detrimental. 
Stress has been associated with anxiety disorders such as 
generalized anxiety disorder, post-traumatic stress disorder 
(PTSD), and panic disorder, as well as addiction. Indeed, 
stress is a commonly cited reason for relapse to drug use in 
addicts, and diagnosis of an anxiety disorder is signi"cantly 
associated with drug use2.  A deeper understanding of the 
e#ects of stress on anxiety and reward circuitry will prove 
invaluable for treating and preventing anxiety and addictive 
behaviors such as stress-induced reinstatement of drug seek-
ing.  

#e HPA Axis and Glucocorticoid Release
 Upon exposure to a stressful stimulus, the hypo-
thalamic-pituitary-adrenal (HPA) axis is activated. Cor-
ticotropin releasing factor (CRF) is "rst released from the 
parvocellular neurons of the hypothalamus to the pituitary 
through the portal system, triggering the release of adreno-

corticotropin (ACTH)3. ACTH then acts upon the adre-
nal cortex, leading to the release of glucocorticoids (cortisol 
in humans and corticosterone in rodents; CORT) into the 
blood stream. CORT binds to two receptor types, the min-
eralocorticoid receptor (MR) and the GR, which has about 
10-fold lower a$nity for CORT than MR4. While MRs are 
almost entirely occupied under basal conditions, the lower 
a$nity GR is only activated when high circulating concen-
trations of CORT are present – such as during the circa-
dian peak of CORT release and during stress – and acts as 
negative feedback to inhibit the HPA axis4. Interestingly, it 
has also been demonstrated that administration of drugs of 
abuse and drug withdrawal leads to an increase in plasma 
CORT levels in rodents5-6 and humans7-9 and subsequent 
activation of GRs. !us, GRs may play a role in drug ad-
diction and withdrawal, in addition to its role in the stress 
response. 
 Complete knockout of GR is lethal in mice, indicat-
ing that this receptor is necessary for survival10. Site-speci"c 
genetic or pharmacological alterations in GR function have 
proved more useful in assessing the receptors’ roles. GRs are 
expressed ubiquitously within the brain4,11, and show high-
est expression within a number of limbic regions, including 
the hippocampus, CeA, BNST. 
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Glucocorticoid 
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 Stress has been associated with a number of adverse e#ects, including anxiety disorders and 
addiction. Glucocorticoids are released during stress and bind to glucocorticoid receptors (GRs) pres-
ent in every cell of the body. Limbic areas, such as the hippocampus, express high levels of GR, and the 
receptors have been extensively examined within these regions for their ability to alter synaptic plasticity. 
GRs within one limbic region, the extended amygdala - consisting of the shell of the nucleus accum-
bens (NAc-Sh), the central nucleus of the amygdala (CeA), and the bed nucleus of the stria terminalis 
(BNST), have received relatively less attention. Given the prominent role of the extended amygdala in 
the integration of stress and reward circuitry, and the demonstrated capability of GRs to alter synaptic 
plasticity, it is somewhat surprising that GRs within the region have not been studied to a greater extent. 
!is review will examine current literature of GR-mediated e#ects within the extended amygdala. In 
short, GR activation seems to increase excitability in the extended amygdala. GRs facilitate dopamine 
release in response to drugs of abuse and stress within the NAc-Sh, facilitate fear conditioning and anxi-
ety within the CeA, and decrease anxiety and maintain excitability within the BNST. Activation of GRs 
within the extended amygdala plays a pivotal role in response to stress and reward, and disregulation of 
GRs within the region could lead to maladaptive responses that typify anxiety disorders and addiction.

Katherine Louderback

Glucocorticoid Receptor-Mediated Effects within the Extended 
Amygdala
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E"ects of Glucocorticoid Receptor Activation
 !e e#ects of GR activation are extensive, and in-
volve two distinct mechanisms: the genomic pathway and 
the non-genomic pathway12. In the genomic pathway, GRs 
within the cytosol bind CORT that di#uses freely through 
the plasma membrane. Unbound GR is maintained in a 
protein heterocomplex in the cytoplasm13-14. !e binding 
of ligand leads to the increased phosphorylation of GR15. 
!is phosphorylation allows GR to form a dimer with other 
transcription factors (TFs) or another GR16-17 and translo-
cate to the nucleus15. GRs can function as a homodimer or 
with other TFs in order to trans-activate or trans-repress 
genes. Within the nucleus, the ligand-bound GR homodi-
mer is able to bind glucocorticoid response elements (GREs) 
that are present upstream of the promoter of a number of 
genes18-19 or the homodimer can bind another TF in order 
to enhance or inhibit its transcription e#ect20.  In fact, tran-
scription can be altered by GRs in an estimated 1-2% of all 
genes21. 
 It has been demonstrated that CORT is also able 
to induce rapid e#ects within minutes, a time frame not 
compatible with transcriptional e#ects of GR, via a putative 
membrane-bound GR (mGR). For instance, injection of 
the speci"c GR agonist dexamethasone to the paraventricu-
lar nucleus of the hypothalamus (PVN) is able to inhibit 
ACTH release in response to restraint stress within min-
utes22. Dexamethasone conjugated to BSA, which is mem-
brane impermeable, is able to recapitulate this e#ect, giving 
further evidence for a mGR. Some debate does exist over 
the involvement of the classical GR in these rapid e#ects 
of CORT and dexamethasone. A possible yet-undetermined 
G-protein coupled receptor (GPCR) has been implicated as 
pituitary cell lines were able bind CORT and dexametha-
sone at the membrane with no apparent a$nity for the GR 
antagonist RU48623. !e binding of ligand in this study 
was blocked by pertussis toxin, which uncouples G-proteins 
from their GPCR23. However, GR antagonism has been 
shown to inhibit some rapid e#ects of CORT or dexametha-
sone24. In addition, possible mechanisms have been identi-
"ed that could localize the classical GR to the membrane 
– such as the presence of a conserved palmitoylation site 
that has been shown to link the estrogen receptor to the 
membrane25-26 and direct binding of GRs to caveolin27. 

GR-mediated Alterations in Synaptic Plasticity
 A predominant e#ect of mGR activation is the re-
cruitment of the endocannabinoid (eCB) system. !rough 
the activation of PLC, GRs induce the production and ret-
rograde release of the eCB 2-arachidonoylglycerol (2-AG) 

from the postsynaptic bouton28. 2-AG binds to the canna-
binoid receptor (CB1), leading to a decrease in presynaptic 
neurotransmitter release29. In this way, mGRs can inhibit 
excitatory transmission22,24 or inhibit GABAergic projec-
tions to glutamatergic neurons, thus disinhibiting excitatory 
transmission30,31.
 GRs have been implicated in alterations to synaptic 
plasticity and excitability. !e hippocampus, in particular, 
has been studied extensively due to long-established elec-
trophysiological recording techniques and high expression 
of both GRs and MRs.  GRs are generally thought to re-
duce neuronal excitability within the hippocampus. For 
instance, in the CA1 region, activation of GRs mediates 
impairments in NMDA-dependent long-term potentiation 
(LTP) through a slow genomic mechanism32-33, as well as 
facilitates metabotropic glutamate receptor-dependent long 
term depression (LTD) by lowering the threshold for LTD 
induction34. 

#e Extended Amygdala
 Although the involvement of GRs in many limbic 
areas has been examined21,35, one region that has received 
relatively less attention is the extended amygdala. !e ex-
tended amygdala consists of the shell of the nucleus accum-
bens (NAc-Sh), the central nucleus of the amygdala (CeA), 
and the bed nucleus of the stria terminalis (BNST)36-38. 
!is region is situated at the crossroads of stress and reward 
circuitry and has thus been heavily implicated in the nega-
tive a#ect associated with stress disorders and withdrawal 
from drugs of abuse39-41. While the involvement of norad-
renergic42 and CRF signaling43 within the extended amyg-
dala in anxiety and addiction behaviors has been studied 
extensively, the role of GRs within this region is less clear. 
GRs within the extended amygdala are poised to alter syn-
aptic plasticity and behavioral responses to stress and drugs 
of abuse. Given the prominent role of this region in stress 
response and HPA axis modulation, the high expression of 
GRs, and the proven ability of GR to alter synaptic trans-
mission, the paucity of literature examining GRs within the 
extended amygdala is somewhat surprising. !is review will 
explore current literature of GR-mediated e#ects within the 
extended amygdala, particularly in the context of anxiety 
and addiction behavior.

Nucleus Accumbens
GR-mediated E!ects on Excitability
 Within the NAc-Sh, GR activation has been associ-
ated with an increase in neuronal excitability and extracel-
lular dopamine (DA) levels. It has long been known that the 
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NAc-Sh is more responsive to glucocorticoids than the NAc 
core region44. Recently, Campioni, et al.45 demonstrated that 
the activation of GR leads to increased neuronal excitability 
in the NAc-Sh. !e AMPA/NMDA ratio was increased in 
the shell following a cold water forced swim stress, and this 
e#ect was postulated to be GR-mediated, as it was mirrored 
with CORT application and abolished by RU486. Increased 
AMPAR miniature excitatory postsynaptic current (mEP-
SC) amplitude and reduced recti"cation of AMPA currents 
suggested that the increase in excitability was primarily due 
to an increase in the number of functional GluR2-contain-
ing AMPA receptors  (AMPARs) present at the postsynaptic 
membrane45. In accordance, it has been demonstrated using 
cell culture models that long-term corticosterone applica-
tion facilitates the lateral di#usion of AMPARs though a 
GR-mediated mechanism that can be blocked with a GR 
antagonist46. Because GR-facilitated integration of AM-
PARs to the post synaptic membrane is delayed and can be 
blocked by the protein synthesis inhibitor cycloheximide, it 
has been suggested that this e#ect is mediated through the 
genomic pathway47. !e observation of increased AMPAR 
mEPSC amplitude in the NAc is mirrored by earlier work 
in the CA1 region of the hippocampus in which CORT or 
a selective GR agonist was able to enhance amplitude – but 
not frequency – of AMPAR mEPSCs48. !e enhanced excit-
ability within the NAc in response to GR activation could 
play a role in the increased drive to obtain a drug of abuse 
or in the ability of stress to evoke compulsive behaviors in 
addicted individuals. 

GR Involvement in NAc Dopaminergic Signaling
 Dopaminergic projections from the ventral teg-
mental area (VTA) to the NAc are crucial in the reward 
system49, and it has been demonstrated that stressors are ca-
pable of initiating relapse to drug seeking in humans50-51 and 
rodents52-53.  !us, the e#ect of stress on dopamine release 
within the NAc is an active area of research. Indeed, foot-
shock stress is capable of increasing extracellular DA levels 
within the NAc shell in the rat, with no change in the NAc 
core54. !is e#ect appears to be mediated through stress-
induced CORT release, as adrenalectomy selectively lowers 
extracellular DA in the shell but not the core44. !e DA 
spike observed in the NAc-Sh following stress or the admin-
istration of various drugs of abuse may be due in part to the 
activation of GRs. !e hyperlocomotion and increase in ex-
tracellular NAc DA following systemic morphine adminis-
tration can be attenuated by i.c.v. treatment with RU48655. 
In fact, direct infusion of RU486 to the NAc is capable of 
preventing conditioned place preference to morphine in ro-

dents56. It has also been found that mice lacking GRs in D1 
dopamine receptor-containing (dopaminoceptive) neurons 
showed decreased DA release in the NAc following cocaine 
administration57. !ese studies suggest that GRs have a cen-
tral role in the release of DA within the NAc following drug 
administration. 
 !e rise in extracellular DA within the NAc fol-
lowing stress or administration of drugs of abuse could 
be partially due to GRs in the VTA. Acute stress has been 
demonstrated to increase the AMPA/NMDA ratio in DA 
neurons within the VTA to a greater extent than acute ad-
ministration of drugs of abuse58, and this e#ect is blocked 
completely by RU486.  Morphine, cocaine, nicotine, and 
forced swim stress impair the ability of GABAergic synapses 
to induce LTP onto VTA DA neurons. !is leads to a disin-
hibition of these projections to the NAc, and increased DA 
release within the NAc59. !e stress-induced impairment of 
GABAergic LTP is believed to be GR-mediated as it was 
attenuated by RU486. Further, direct infusion of CORT to 
the VTA is su$cient to induce NAc DA release, and this is 
e#ectively blocked by coapplication of RU48660. Because ex-
posure to a stressor is capable of initiating DA release within 
the NAc through a GR-dependent mechanism, and because 
drugs of abuse have been demonstrated to induce a similar 
DA spike within the NAc, GRs within the NAc and regions 
projecting to the NAc are crucial for drug-seeking behaviors 
such as stress-induced reinstatement.  Elevation in NAc DA 
following exposure to drugs of abuse is a key component in 
the early rewarding stages of drug addiction39, thus xposure 
to a stressor after a long period of drug abstinence would 
cause a GR-mediated DA spike within the NAc that may 
be reminiscent of the rewarding e#ects of such early drug 
use. !is could lead a previously addicted individual to re-
turn to their drug of choice in order to mediate the reward-
ing e#ects while simultaneously blocking the negative a#ect 
caused by the stressor.

Central Nucleus of the Amygdala
Regulation of the HPA Axis and GR Pharmacology:!e CeA 
is well situated to contribute to the HPA axis response to a 
stressor.  Electrical stimulation of the CeA leads to an HPA 
response with increased serum CORT61. Stimulation of 
GABAergic projections from the CeA to the BNST quiets 
BNST GABAergic projections to the PVN, thus leading to 
a disinhibition of the HPA response62. !e CeA in particu-
lar has been implicated in the response to an acute stressor, 
and has been argued to mediate stimulus-speci"c fear-like 
behavior associated with such a stressor63-64. Indeed, ablation 
of the CeA completely eliminates cue-induced potentiation 
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GRs in the negative feedback of the HPA axis upon activa-
tion. !us, elevated GR activation within this region could 
be postulated to cause chronically elevated CORT levels and 
future anxiety related disorders. 

Bed Nucleus of the Stria Terminalis
 Despite direct projections to the PVN and heavy 
GR expression, the roles of GRs within the BNST are very 
poorly understood. Dunn73 demonstrated that electrical 
stimulation of the lateral aspect of the BNST decreased 
plasma CORT levels, presumably through activation of 
GABAergic projections to the PVN. Adrenalectomy de-
creases expression of CRF mRNA within the dorsolateral 
aspect of the BNST (dlBNST) and the CeA while increas-
ing extracellular norepinephrine and DA in the dlBNST74. 
Our group has recently shown that chronic stress or sys-
temic CORT administration increases anxiety-like behavior 
in mice and blunts LTP within the dlBNST75. It has long 
been known that chronic treatment with CORT downregu-
lates GR function within the brain76, leading to impaired 
negative feedback of the HPA axis.  !us, the inhibitory 
e#ect of CORT treatment on BNST plasticity may repre-
sent decreased GR function and re%ect a role of GRs in the 
maintenance of excitability within the region. In support 
of this hypothesis, speci"c deletion of BNST GRs using 
the %oxed GR mice described above exacerbated anxiety-
like behavior in response to chronic stress as well decreasing 
locomotion in a stressful situation (EPM), mimicking the 
e#ects of chronic CORT administration described above 
(unpublished data). An important future study will examine 
alterations in excitability within the BNST of these mice, as 
well as the consequence of pharmacological manipulation of 
GRs on BNST excitability. We hypothesize that one role of 
GRs within the BNST is to maintain excitability in order to 
inhibit the HPA axis in response to a stressor. !us, chronic 
stress exposure could downregulate GRs within the region 
and lead to hyperactivity of the HPA axis and associated 
conditions, such as anxiety-related disorders and addiction.

Conclusions
 While GRs have been postulated to reduce excit-
ability in other limbic regions such as the hippocampus32-34, 
emerging literature seems to indicate that GRs in the ex-
tended amygdala strengthen excitability. GRs in this re-
gion likely mediate appropriate response to stressful events 
in healthy individuals, but dysregulation of GRs, through 
drug addiction or chronic stress for example, may trigger the 
development of maladaptive behaviors. . For instance, GR-
mediated enhancement of glutamate response and extracel-

of startle response to a footshock65. 
!e CeA contains the densest expression of GR within the 
amygdala11, potentially implicating GRs in the fear response 
mediated by the CeA. !is has led some to examine the 
e#ects of GRs within the CeA on fear- and anxiety-like re-
sponses in rodents. Selective pharmacologic activation of 
GRs within the CeA elevates GR expression levels, increas-
es anxiety-like behavior in the elevated plus maze (EPM), 
and increases the plasma CORT in response to the stress of 
exposure to the EPM66. Conversely, increased anxiety-like 
behavior on the EPM following implantation of a CORT 
pellet into the CeA can be blocked with co-administration 
of the GR antagonist RU486 into the CeA67. 
Genetic Deletion of GRs within the CeA
  !e development of a transgenic “%oxed” mouse 
harboring loxP sites around exons 1 and 2 of the GR gene, 
NR3C1, has been an invaluable resource for determining 
region-speci"c involvement of GRs within the brain as the 
mouse exhibits a loss of GR expression in regions exposed 
to Cre-recombinase68. Lentivirally-mediated delivery of 
Cre-recombinase has allowed precise site-speci"c deletion 
of GR in this mouse line, and was recently utilized in or-
der to examine the e#ect of GR deletion within the CeA 
(CeAGRKO) on anxiety- and fear-related behaviors69-70. 
!e resulting 65% deletion of GRs within CeA neurons did 
not lead to alterations in locomotor activity or circulating 
plasma levels of CORT, and the apparent incongruity with 
the pharmacological HPA data described above may be at-
tributable to the incomplete GR deletion observed in the 
present study. In accordance with the CeA’s role in fear-like 
behavior, CeAGRKO mice exhibited impairment in both 
cue and contextual fear conditioning when compared to 
mice injected with lentiviral GFP69. Interestingly, the e#ect 
of GRs speci"cally within the CeA on fear-conditioning 
was further con"rmed by mice with forebrain GR knockout 
(FBGRKO). !ese animals lack GRs in the cortex, hippo-
campus, BLA, and striatum but do not show GR disrup-
tion in the CeA or PVN71. FBGRKO mice do not demon-
strate impairments in fear conditioning, indicating that the 
fear-like CeAGRKO phenotype is region-speci"c. Further, 
it was demonstrated that adrenalectomized mice show im-
pairments in contextual fear conditioning, but have intact 
cue fear conditioning72. !us, there may be mechanisms in 
place within other brain areas to account for global brain 
reductions in CORT signaling, as speci"c impairment of 
CeA GRs leads to a more robust fear conditioning pheno-
type than adrenalectomy. !us, GRs within the CeA are 
capable of inducing HPA axis activation in response to an 
acutely stressful stimulus, which de"es the classical role of 
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30(9): 1751-1763.
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DGUHQHUJLF�FKURPDIÀQ�FHOO�GHYHORSPHQW�DQG�VHYHUHO\�UHWDUGV�OXQJ�PDW-
XUDWLRQ��*HQHV�	�'HYHORSPHQW��������������������
���� 0RULPRWR�0��0RULWD�1��2]DZD�+�DQG�<RNR\DPD�.���������
'LVWULEXWLRQ�RI�JOXFRFRUWLFRLG�UHFHSWRU�LPPXQRUHDFWLYLW\�DQG�P51$�
LQ� WKH� UDW� EUDLQ�� DQ� LPPXQRKLVWRFKHPLFDO� DQG� LQ� VLWX� K\EULGL]DWLRQ�
VWXG\��1HXURVFLHQFH�5HVHDUFK���������������
12. Prager EM and Johnson LR (2009). Stress at the synapse: 

VLJQDO�WUDQVGXFWLRQ�PHFKDQLVPV�RI�DGUHQDO�VWHURLGV�DW�QHXURQDO�PHP-

branes. Science signaling, 2(86): 1-10.

���� 6PLWK�')�DQG�7RIW�'2���������6WHURLG�UHFHSWRUV�DQG�WKHLU�
DVVRFLDWHG�SURWHLQV��0ROHFXODU�HQGRFULQRORJ\��������������
���� 0RULVKLPD�<��0XUSK\�3-��/L�'3��6DQFKH]�(5�DQG�3UDWW�:%�
��������6WHSZLVH�DVVHPEO\�RI�D�JOXFRFRUWLFRLG�UHFHSWRU�KVS���KHWHUR-

FRPSOH[�UHVROYHV�WZR�VHTXHQWLDO�$73�GHSHQGHQW�HYHQWV�LQYROYLQJ�ÀUVW�
hsp70 and then hsp90 in opening of the steroid binding pocket. The 

-RXUQDO�RI�ELRORJLFDO�FKHPLVWU\������������������������
15. Wang Z, Frederick J and Garabedian MJ (2002). Decipher-

LQJ�WKH�SKRVSKRU\ODWLRQ�´FRGHµ�RI�WKH�JOXFRFRUWLFRLG�UHFHSWRU�LQ�YLYR��
7KH�-RXUQDO�RI�ELRORJLFDO�FKHPLVWU\������������������������
���� .DVVHO�2�DQG�+HUUOLFK�3���������&URVVWDON�EHWZHHQ�WKH�JOX-

FRFRUWLFRLG�UHFHSWRU�DQG�RWKHU�WUDQVFULSWLRQ�IDFWRUV��PROHFXODU�DVSHFWV��
0ROHFXODU�DQG�FHOOXODU�HQGRFULQRORJ\�������������������
���� 3UHVPDQ�'0��$OYDUH]�/'��/HYL�9��(GXDUGR�6��'LJPDQ�0$���
0DUWt�0$��9HOHLUR�$6��%XUWRQ�*�DQG�3HFFL�$���������,QVLJKWV�RQ�JOX-

FRFRUWLFRLG�UHFHSWRU�DFWLYLW\�PRGXODWLRQ�WKURXJK�WKH�ELQGLQJ�RI�ULJLG�
steroids. PloS one, 5(10): e13279

���� &KDQGOHU�9/��0DOHU�%$�DQG�<DPDPRWR�.5���������'1$�
VHTXHQFHV�ERXQG�VSHFLÀFDOO\�E\�JOXFRFRUWLFRLG�UHFHSWRU�LQ�YLWUR�UHQGHU�
D�KHWHURORJRXV�SURPRWHU�KRUPRQH�UHVSRQVLYH�LQ�YLYR��&HOO�������������
499.

���� %HFNHU� 3%��*ORVV�%�� 6FKPLG�:�� 6WUDKOH�8� DQG� 6FKXW]�*�
��������,Q�YLYR�SURWHLQ�'1$�LQWHUDFWLRQV�LQ�D�JOXFRFRUWLFRLG�UHVSRQVH�
HOHPHQW�UHTXLUH�WKH�SUHVHQFH�RI�WKH�KRUPRQH��1DWXUH���������������
���� 6FKRQHYHOG� 2-/0�� *DHPHUV� ,&� DQG� /DPHUV�:+� ��������
0HFKDQLVPV� RI� JOXFRFRUWLFRLG� VLJQDOOLQJ�� %LRFKLPLFD� HW� ELRSK\VLFD�
acta, 1680(2): 114-128. 

���� -RsOV� 0�� .UXJHUV� +-�� � /XFDVVHQ� 3-� DQG� .DUVW� +� ��������
&RUWLFRVWHURLG�HIIHFWV�RQ�FHOOXODU�SK\VLRORJ\�RI�OLPELF�FHOOV��%UDLQ�UH-
search, 1293: 91-100. 

���� (YDQVRQ�1.��7DVNHU�-*��+LOO�01��+LOODUG�&-�DQG�+HUPDQ�
-3���������)DVW�IHHGEDFN�LQKLELWLRQ�RI�WKH�+3$�D[LV�E\�JOXFRFRUWLFRLGV�
is mediated by endocannabinoid signaling. Endocrinology, 151(10): 

4811-4819.

���� 0DLHU� &�� 5�Q]OHU�'�� 6FKLQGHODU� -�� *UDEQHU�*��:DOGKlXVO�
:��.|KOHU�*�DQG�/XJHU�$� ��������*�SURWHLQ�FRXSOHG�JOXFRFRUWLFRLG�
UHFHSWRUV�RQ�WKH�SLWXLWDU\�FHOO�PHPEUDQH��-RXUQDO�RI�FHOO�VFLHQFH�������
3353-3361. 

���� .DUVW� +�� %HUJHU� 6�� (UGPDQQ� *�� 6FK�W]� *� DQG� -RsOV� 0�
(2010). Metaplasticity of amygdalar responses to the stress hormone 

corticosterone. Proceedings of the National Academy of Sciences of 

the United States of America, 107(32): 14449-14454. 

lular dopamine in the NAc might contribute to the salience 
of natural rewards under normal circumstances, but may 
lead to stress-induced relapse to addiction in individuals 
with altered extended amygdala circuitry as a result of previ-
ous drug use. Activation of CeA GRs causes anxiety-like re-
sponses and CORT release66-67, whereas selective deletion of 
CeA GRs appears to alleviate fear-like behavior69. !us, CeA 
GRs likely initiate an HPA response to a frightening stimu-
lus by strengthening GABAergic projections to the BNST 
and disinbibiting the PVN. However, an individual with 
unusually high GR tone within the CeA would likely have a 
lowered threshold for fear-like responses and may be suscep-
tible to anxiety disorders and addiction. Finally, GRs within 
the BNST may maintain excitability in order to inhibit the 
HPA axis following exposure to a stressor. However, in an 
individual that has undergone chronic stress, BNST GRs 
could be downregulated, and the ability of the BNST to 
inhibit the HPA axis would be impaired. !is could result in 
anxiety disorders or stress-induced relapse to drug seeking, 
a behavior that is dependent upon the BNST41. GRs within 
the extended amygdala are important in mediating anxiety- 
or addiction-like responses to stress. Extensive further study 
of the e#ects of GRs within the region on plasticity and 
anxiety- and addiction-like behaviors will prove crucial to 
complete understanding of such maladaptive responses to 
stress.
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of mice harboring loxP sites around the GR gene in order to selec-
tively delete GRs from the region, and saw impairments in con-
text- and cue-conditioned fear behavior and reduced CRF expres-
sion in response to stress, demonstrating the involvement of GRs 
in these effects.
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 Hearing is an important component of experienc-
ing the world we live in and interacting with our environ-
ment.  At any given moment, an individual is exposed to 
many di#erent sounds occurring simultaneously in time 
and from various locations and sources.  It is the purpose 
of the central auditory system to interpret these sounds and 
"lter out sounds that are irrelevant for the situation.  
!ere are many structures in the brain that process audi-
tory information, but auditory cortex is the "rst stage in 
cortical auditory processing and is necessary for perception 
of sounds1.  Additionally, there are many areas of cerebral 
cortex involved in hearing, but other areas of cortex depend 
on auditory cortex for auditory input.  !erefore, auditory 
cortex is an ideal place to research how sounds are coded by 
neural circuits, assigned meaning, and relayed to other areas 
so the individual can perceive sounds, associate them with 
emotions and memories, and make decisions about behav-
ior.  !ere are three major ways in which to de"ne auditory 
cortical areas: (1) physiology, (2) anatomy or connectivity, 
and (3) histology.  
 In terms of physiology, di#erent parameters can be 
used to describe how neurons in di#erent "elds behave in re-
sponse to di#erent stimuli being presented to the ear.  !ese 
measurements often include response latency, spike rates, 
and properties of tuning curves.  !e most common tool 
used to di#erentiate subdivisions is by de"ning a reversal in 
 tonotopya, which indicates the border of two adjacent areas.   

a. Tonotopy LV�WKH�WRSRJUDSKLF�DUUDQJHPHQW�RI�IUHTXHQF\�UHSUHVHQ-

tation that is conserved along the lemniscal pathway of the central 

DXGLWRU\�V\VWHP�IURP�WKH�FRFKOHD�WR�DXGLWRU\�FRUWH[��

In terms of anatomy and connectivity, areas can be de"ned 
based on their connectional patterns with thalamus and 
other parts of cortex.  !ese pathways are most commonly 
examined using anatomical tracers.  In terms of histology, 
tissue staining techniques can highlight di#erences in the 
architecture among various auditory areas.  By combining 
these three techniques, each area of auditory cortex has a 
unique pro"le consisting of physiological, connectional, 
and architectural properties. 
 Non-human primate research has surged in the past 
ten years to focus on the neural mechanisms of processing 
and generation of species-speci"c vocalizations that may 
be similar to speech processing and generation in humans.  
Over the past two decades, rodents have become common 
models for researching the neural mechanisms of diseases 
and cortical plasticity.  Rodents are the closest relatives of 
non-human primates, but little has been done to compare 
the two bodies of literature of these two popular models in 
auditory research.  !is review, therefore, seeks to compare 
the basic structures of monkey and rodent auditory cortex 
in order to understand the common roles of cortex in these 
two groups.

Core, belt, and parabelt of monkey auditory cortex
 Non-human primates have become essential mod-
els for investigating neural components of speech by study-
ing neural coding of species-speci"c vocalizations.  !e cur-
rent primate model of auditory cortex was "rst suggested 
by Hackett et al2 using histological techniques to de"ne 
di#erent regions that could be further subdivided into dif-

Auditory
Cortex
!alamus
Primates
Rodents
Tonotopy
Anatomy

Auditory cortex is the "rst stage in cortical processing of auditory stimuli and is essential for the percep-
tion of sounds.  Research of this area has increased in two closely related groups, rodents and non-
human primates.  However, no comparisons between these two popular animal models have been made 
to evaluate similarities and di#erences that could contribute to understanding how mammalian audi-
tory cortex is involved in processing sounds.  !e most striking commonality among the two groups is 
evidence of serial and parallel processing.  !is review seeks to compare the physiology, anatomy, and 
histology of basic structures of monkey and rodent auditory cortex in order to understand the common 
roles of this region in these two groups.  

;Zk[ZkZ�F'�C'�H�;kb^g
Auditory Cortical Processing in Primates and Rodents
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ferent areas based on physiological features and connec-
tion patterns. !is model (Figure 1) describes three levels 
of processing, where each level occurs in a region that is 
further divided into separate areas.  !e "rst stage occurs in 
the “core” and consists of one primary and two primary-like 
areas; the second level is in the “belt” region of eight areas 
narrowly surrounding the core; the third region is the “para-
belt,” which has been divided into two general areas.  

Physiological properties of primate auditory cortex.  Early elec-
trophysiolgical recordings of monkey auditory cortex uti-
lized tuning curves to determine the best frequency of a neu-
ron or a group of neurons in order to create a tonotopic map 
used to de"ne "elds within auditory cortex.  Merzenich and 
Brugge3 described several distinct areas, including primary 
auditory area (A1), an area rostral to A1 that they termed 
RL, and an area caudomedial to A1 called CM.  !ese areas 
were further investigated in macaques by Morel et al4, who 
proposed that A1 and RL, which they renamed R, were part 
of the core, while CM was part of the belt.  A third core area 
was proposed by Morel and Kaas5 in owl monkeys that was 
rostral to R called the rostrotemporal area (RT).  !e general 
consensus today is that these three areas – A1, R, and RT – 
make up the core region (Figure 1).  Other tonotopic areas 
had been described as well, but they were later categorized as 
belt areas that receive tonotopic information from adjacent 
core areas.  
 In addition to being tonotopically organized and 
responding well to pure tones, the three core areas have been 
di#erentiated based on neuronal responses.  Of the three 
areas, neurons in A1 have the shortest response latency6-10 
and the highest spike rates when stimuli were presented at 
the preferred sound level7,9.  Neurons in area R have signi"-
cantly longer minimum latencies, compared to A16-10 and 
have narrow intensity and frequency tuning compared to 

A18.  A smaller portion of neurons in RT respond well to 
pure tones, though the "eld overall was tonotopic.  Neurons 
in RT also possessed a lower threshold for sound level, nar-
rower bandwidth, and long minimum and peak response 
latencies.  RT neurons were also found to have longer re-
sponse duration compared to A1 but not to R, which may 
indicate that response duration increases among "elds going 
caudal to rostral9. 
 Belt areas have been shown to have di#erent physi-
ology than core areas.  Neurons in the belt region are active 
when pure tones are presented to the ear, but tuning curves 
are broad6,7,11.  Belt neurons also tend to have lower "ring 
rates to both tones and noise11 compared to responses in 
core neurons.  Furthermore, neurons in the belt prefer in-
creasingly complex stimuli11-13 such as FM sweeps14 or band-
pass noise6,10,15. 
 Overall, neurons in the core region have short re-
sponse latencies, respond best to pure tones than to com-
plex stimuli, and possess narrow tuning curves.  Neurons 
in belt areas, however, have long latencies, possess broader 
tuning, and do not respond well to pure tones but rather 
seem to prefer complex stimuli.  In this sense, it appears as 
though stimulus preference gets more complex from core to 
belt to parabelt, thus a general %ow of information is set up 
in a hierarchical order from core to belt to parabelt.  Paral-
lel processing is also occurring among subdivisions within 
regions. One important study that illustrates this involved 
recording from two core areas A1 and R as well as a belt 
area CM while presenting either pure tones or broad-band 
noise clicks to the contralateral ear.  After establishing tono-
topic maps and that each area responded to both clicks and 
tones, the authors removed A1.  After ablation of A1, the 
researchers recorded again from R and CM, which would 
be devoid of inputs from A1, and found that neurons in 
CM no longer responded well to pure tones, but maintained 
responses to clicks.  Neurons in R, however, maintained re-
sponses to both pure tones and clicks.  !is study provides 
strong evidence of both serial and parallel processing in the 
auditory cortex.  Parallel processing was evidenced by the 
fact that in the absence of A1, neurons in R maintained re-
sponses to both pure tones and clicks.  !e fact that CM lost 
its responses to pure tones is evidence that it receives tonal 
information from A1, showing not only that CM was a sec-
ondary level of processing but also that information %owed 
from a core area to a belt area6. 

Anatomy and histology of primate auditory cortex.  Using ana-
tomical tracers, connections between the auditory thalamus 
and di#erent parts of auditory cortex have been described 

Figure 1. Schematic of primate auditory cortex.  Core areas are 
shaded by tonotopic gradients.  Subdivisions of belt and parabelt 
are indicated by dashed lines.  Tonotopic gradients of belt areas 
are indicated by H (high) and L (low) frequency representation.
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Fig. 1.  Schematic of primate auditory cortex.  Primary areas are shaded in by tonotopic gradients.  
Subdivisions of belt (blue) and parabelt (green) are indicated by dashed lines.  Tonotopic gradients of 
belt areas are indicated by areas representing H (high) and L (low) frequencies.
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and employed to de"ne cortical regions.  In general, the 
core region receives preferential input from the ventral divi-
sion of the medial geniculate body (MGv), while belt and 
parabelt regions receive preferential input from the dorsal 
division (MGd).  All regions receive inputs from the medial 
or magnocellular division (MGm)16.  !alaomocortical con-
nections provide evidence of parallel processing because di-
visions within the thalamus project to multiple areas within 
a level of processing in cortex.  Connections within auditory 
cortex have also been described.  !e belt region receives 
input from core; the parabelt region receives input from the 
belt; but parabelt does not receive input from core areas.  
!is provides additional evidence of serial processing within 
auditory cortex, where information is passed from core to 
belt to parabelt, but not from core to parabelt17-18.
 !e histological commonalities for sensory areas 
have been described in macaques and marmosets.  !e 
core region is heavily myelinated and has a thick, densely 
packed cell layer IV.  Core areas also express dense stain-
ing of cytochrome oxidase (CO) which labels the metabolic 
enzymes in the cells, the vesicular glutamate transporter-2 
(VGLuT2), and the calcium-binding protein Parvalbumin.  
!is is likely because the core region is highly metabolic and 
active since it is the "rst stage of cortical processing.  Within 
the core, the extents of these properties are less apparent go-
ing from rostral to caudal areas.  However, these properties 
are still more common in the core than belt regions2,18.  !e 
cytoarchitecture between the core, belt, and parabelt regions 
also di#ers.  Aside from the prominent layer IV, the core 
region possesses tightly packed columns of cells.  !e lateral 
belt contains similar columns spaced apart; layer IV is nar-
rower; and prominent pyramidal cells can be seen in layer 
V.   !e parabelt layer III seems to be broader, and the col-
umns appear to be more striking in appearance than in the 
belt region18.   By combining these histological techniques 
and looking at the speci"c histological signatures of the vari-
ous types of tissues, the three regions were further divided 
into three core areas, eight belt areas, and two parabelt areas.  
!is di#erentiation among regions and areas provides ad-
ditional evidence of parallel processing in the implied func-
tional di#erences that come with histological di#erences.

Primary and secondary regions of rodent auditory cortex
 Rodents have been used in auditory research as 
ideal models for plasticity and deafness or hearing disorders.  
Unlike primate auditory cortex, there is no general model 
for rodents.  !e bulk of basic research in the descriptions 
of auditory cortical "elds has been well-described in guinea 
pigs, rats, mice, and gerbils, where there may be at least "ve 

(mice19 and rats20) and up to as many as seven (gerbils21) or 
eight (guinea pigs22) areas based on physiological distinc-
tions and tonotopic reversals.  !is portion of the review 
will focus on the common properties described in the pri-
mary and secondary areas in these species.  Figure 2 shows a 
general schematic of a hypothetical “typical” rodent. 

Physiological properties of rodent auditory cortex. Of the ro-
dents studied, at least two prominent adjacent tonotopic 
"elds are found.  !ese two primary "elds show mirrored 
tonotopy and possess neurons with short response laten-
cies and narrow tuning curves19-24. In addition to these two 
areas, another tonotopic primary area containing neurons 
with broad tuning curves and long latencies has been found 
in guinea pigs22-23, gerbils21, and rats20. !ese are characteris-
tics similar to core areas in non-human primates. Also simi-
lar to primates, multiple core-like areas have been described, 
indicating parallel processing.
 Common secondary areas have also been shown in 
these rodent models.  One non-tonotopic area has been im-
plicated as having neurons with short response latencies and 
broad tuning21-22.  Another secondary area is described as 
tonotopic, but these neurons prefer more complex stimuli 
to pure tones19,21-22.  Similarly, neurons in another area also 
have broad tuning and prefer complex stimuli, but tuning 
curves are consistently multi-peaked19-20,22.  In rats20 and ger-
bils21 an additional secondary area has been demonstrated 
to contain neurons with variable responses.  !ese areas are 
distinctly di#erent but, in general, are characteristic of sec-
ondary areas.
 In addition to characteristic primary and secondary 
areas, rodents may also have specialized "elds.  For example, 

Figure 2. Schematic of a hypothetical rodent auditory cortex.  
Primary areas are shaded depicting tonotopic gradients. Exam-
ple belt areas are indicated by dashed lines. Tonotopic gradients 
of belt areas are indicated by H (high) and L (low) frequency 
representations.
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Fig. 2.  Schematic of a hypothetical rodent auditory cortex.  Primary areas are shaded in by tonotopic 
gradients.  Example belt areas (blue) are indicated by dashed lines.  Tonotopic gradients of belt areas 
are indicated by areas representing H (high) and L (low) frequencies.
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mice have a specialized ultrasonic "eld that possesses neu-
rons that are active only when frequencies above 45kHz are 
present19.  Similarly, rats20 and gerbils21 have an area with 
no clear tonotopy, but neurons in these regions prefer high 
frequencies.

Anatomy and histology of rodent auditory cortex.  Among the 
physiologically de"ned primary areas, the densest projec-
tions come from the ventral division of the medial genicu-
late body (MGv) with sparse connections from the medial 
division (MGm)20,25-26.  Some of the areas also receive sparse 
input from the dorsal division (MGd), but these are much 
less by comparison.  Other primary areas receive preferen-
tial input from MGm rather than from MGv25.  Physiologi-
cally de"ned secondary areas receive preferential input from 
MGd26.  !e specialized ultrasonic "eld in mice also has 
dense innervation from MGd, suggesting it may be a sec-
ondary level of processing27.  !e general trend of thalamic 
input to di#erent levels of cortical processing is similar to 
primates, but the projection patterns are not necessarily as 
straightforward.  For example, in gerbils, connections with 
the thalamus have shown that all cortical areas are connect-
ed with MGv, MGd, and MGm, but relative strengths of 
these connections di#er among the areas.  Primary areas are 
predominately innervated by MGv, but some are also pre-
dominately innervated by MGm.  Similarly, secondary areas 
receive densest projections from MGd and MGv28.
 !e topography of these projections has been ex-
amined, and it is evident that di#erent parts of the divisions 
of the medial geniculate project to di#erent areas of cortex, 
indicating parallel inputs.  !is is further evidence of paral-
lel processing in auditory cortex whereby areas receive simi-
lar projections from the divisions of the thalamus in parallel.  

For example, in rats, the rostral portion of the MGv projects 
to the primary area A1; conversely, the caudal portion of the 
MGv projects to the ventral auditory "eld20. 
  Unlike in non-human primates, the corticocortical 
connectivity patterns in rodent auditory cortex do not indi-
cate a clear hierarchical processing.  Rather, tracer injections 
into di#erent "elds of auditory cortex show that areas are 
highly interconnected ipsilaterally and contrallaterally.  For 
connections between tonotopically organized "elds, con-
nections are generally between tonotopically matched fre-
quency representations29.
   !e histological evidence for auditory cortical areas 
in rodents has been described in guinea pigs and gerbils.  
Consistent with other primary sensory areas, the cytoarchi-
tecture of the two most prominent primary areas of rodent 
auditory cortex are granular in nature21.  Staining patters of 
cytochrome oxidase (CO) and myelin have been described 
for auditory cortical areas in guinea pigs.  !e primary areas 
contain the densest staining for CO and myelin.  All other 
cortical areas showed low levels of CO staining.  Similarly, 
primary areas show higher levels of myelination than sec-
ondary areas22.  

Concluding Remarks
 In looking at the organization of auditory cortex 
in non-human primates and rodents, it is apparent that the 
two groups share a common feature of hierarchical process-
ing from primary-like areas to secondary areas and parallel 
processing within these levels (Figure 3).  Primates appear 
to have three distinct levels of serial processing while ro-
dents only possess two.  !is may be attributed to demands 
of more complex communication such as species-speci"c 
vocalizations.  It is worth noting, however, that the major-
ity of conclusions on primate auditory cortex have come 
from studies of macaques and marmosets, which are highly 
evolved and possess specializations that may not generalize 
to all primates.  In addition, the thalamocortical projections 
that de"ne these areas in the primate model do not appear 
to be as strong of a marker for de"ning similar areas in ro-
dents.  !erefore, examining the cortical organization and 
thalamocortical connections of other non-human primates 
would further re"ne the model to describe all primates and 
what underlying principals occur in mammalian auditory 
cortex.  In particular, looking to an animal model from the 
more primitive branch of primates would provide insight 
into the basics of primate auditory cortex across primates.  
Prosimian galagos (Otolemur garnettii) are a good candi-
date for this question.  Understanding di#erences and simi-
larities between galagos and the current model would allow 

Figure 3. Schematic of serial and parallel processing in auditory 
cortex.  Subdivisions of auditory cortex are indicated by dashed 
lines.
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Fig. 3.  Schematic of a serial and parllel processing in auditory cortex.  Subdivisions of auditory cortex 
are indicated by dashed lines.
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for more precise comparisons of primates to other species 
such as rodents.  If the organization of galago auditory cor-
tex is similar to that of the primate model, this would imply 
that the model could serve as a true template for all primate 
species because it would hold true for two drastically dif-
ferent primate groups.  If the two are di#erent, it would 
increase our knowledge of the role auditory cortex plays in 
processing sounds for di#erent demands and environmental 
pressures and provide insight into the evolution of primate 
auditory cortex.
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Mitochondrial Signaling through PTEN-Inducible Putative Kinase-1 (PINK1) 
bg�K^lihgl^�mh�Bl\a^fbZ3�E^llhgl�_khf�?ZfbebZe�IZkdbglhg�l�=bl^Zl^
Amy Palubinsky

 While much is known about the signaling events elicited in response to stroke, the role of mi-
tochondrial signaling following an ischemic event has only recently begun to be investigated.  Increasing 
evidence demonstrates mitochondrial dysfunction in numerous neurological disorders including Par-
kinson’s disease (PD), Alzheimer’s disease, Huntington’s disease, autism spectrum disorders and stroke, 
which suggests that understanding the components of mitochondrial signaling in these disorders may 
uncover conserved signaling molecules at the level of the mitochondria. !e recent identi"cation of 
genetic mutations that result in the development of familial forms of PD and a#ect mitochondrially-
associated proteins, such as the stress-associated kinase PTEN-Inducible putative kinase 1 (PINK1) and 
the E3 ubiquitin ligase Parkin, have provided new and interesting insights into mitochondrial signaling 
pathways in response to stress. Studies regarding the PINK1 pathway suggest a role for this protein in mi-
tochondrial quality control via  initiation of the selective autophagic removal of damaged mitochondria 
or mitophagy.  Given that mitophagic processing has been shown to occur in a number of di#erent stress 
paradigms suggests that PINK1 may act as global sensor of stress, recognizing damaged mitochondria 
in a number of pathological settings including that of neuronal ischemia. !is review aims to introduce 
evidence for a link between PD and stroke namely through conserved PINK1 signaling at the level of the 
mitochondria. 

Ischemic stroke
excitotoxicity 
mitophagy 
PINK1
Parkin 
CHIP

 A blocked cerebral vessel results in decreased supply 
of oxygen and glucose to an area or areas of the brain that 
usually rely on blood %ow from the occluded vessel. !ese 
events trigger the initiation of what is often referred to as an 
excitotoxic cascade wherein the loss of oxygen and glucose 
leads to a subsequent loss of energy in the form of ATP. As 
such, neurons in this region no longer have the proper sub-
strates to carry out oxidative phosphorylation and instead 
are forced to switch to anaerobic respiration. Without ATP, 
numerous energy-dependent membrane pumps become 
dysregulated, the neuron becomes depolarized and an in%ux 
of calcium ions (Ca2+) results8. Because ATP-dependent ion 
pumps can no longer remove the Ca2+ from the cell, intracel-
lular calcium becomes much higher than physiological lev-
els. !is increased intracellular calcium initiates two major 
events: activation of enzymes, proteases and endonucleases 
that further disrupt the cellular membrane and the release 
of the major excitatory neurotransmitter, glutamate. !e 
presence of excessive amounts of glutamate in the synaptic 
cleft causes stimulation of both AMPA receptors and Ca2+ 

permeable NMDA receptors on neighboring neurons, evok-
ing even more Ca2+ to enter these already damaged neurons.  
!e resulting overexcitation leads to the generation of free 

Stroke: #e Basics

 Stroke is the world’s second leading cause of mor-
tality, accounting for over 6,000,000 deaths annually2. 
Moreover, stroke is the leading cause of long-term adult dis-
ability3 and accounts for nearly 70 billion dollars per year in 
direct costs such as healthcare, prescriptions and rehabilita-
tion, as well as, indirect costs such as those that accrue from 
loss of workforce and therefore loss of economic e$ciency4. 
Ischemic stroke encompasses 85% of stroke cases and is de-
"ned as an occurrence in which a reduction in blood %ow 
results in alterations in normal cellular function2,5. !e ma-
jor risk factors for ischemic stroke include age, diabetes, and 
hypertension— all of which are represented though family 
history and genetics6.  While these risk factors account for 
a signi"cant portion of strokes, there is no explanation as 
to why some patients with similar risk pro"les incur strokes 
while others do not7. Currently the estimated lifetime risk 
for stroke lies between 8 and 10%2, yet both preemptive 
treatments for high-risk patients , as well as therapies that 
could reduce neuronal damage following a stroke remain 
elusive4.  

Ischemic Stroke: Pathophysiological Mechanisms
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Currently, Parkinson’s disease is estimated to e#ect 6 million 
people worldwide, although many undiagnosed cases are 
probable. PD is therefore noted as the most common age-
related neurodegenerative movement disorder (WHO). PD 
patients typically present with bradykinesia, resting tremor, 
muscular rigidity and postural instability, as well as, major 
cellular hallmarks such as the presence of cytoplasmic Lewy 
bodies and neuronal cell loss speci"cally within the sub-
stantia nigra pars compacta12. !e majority of PD cases are 
sporadic, exhibiting no genetic inheritance; however, 5% 
of PD cases are familial12. Recently, genetic links have been 
discovered in autosomal recessive forms of PD and include 
mutations in the PARK2c and PARK6d genes12-15. One of 
the most interesting "ndings regarding single mutations in 
either PARK2 or PARK6 is that mitochondrial turnover is 
dysregulated16.

PINK1 and Parkin: Involvement in Mitochondrial Qual-
ity Control and Mitophagy
 PINK1 is a  ubiquitously expressed, 63kDa protein 
that is encoded by the PARK6 gene. It has a N-terminal 
mitochondrial targeting sequence (MTS) that is inserted 
into the outer mitochondrial membrane (OMM), as well 
as  a C-terminal kinase domain that faces the cytosol. When 
directed to healthy mitochondria via its MTS, PINK1 in-
serts into the OMM and is immediately cleaved by mito-
chondrial proteases and released into the cytosol where it is 
delivered to the proteasome for degradation17-19. Ongoing 
studies that focus on the mechanisms of PINK1 cleavage 
have identi"ed a number of mitochondrial proteases that  
cleave PINK1. Examples of these proteases include prese-
nilin-associated rhomboid-like protein (PARL) and matrix 
metalloproteinase (MMP), both of which have been shown 
to generate markedly di#erent PINK1 cleavage products. 
Such studies are key as they may uncover novel signaling 
roles of the various PINK1 cleavage products. Furthermore, 
when mitochondria is injured or depolarized, PINK1 not 
only becomes stabilized but also accumulates in the OMM 
due to the inhibition of mitochondrial proteases19. In such 
cases, PINK1 then acts to recruit the 53kDa, cytoplasmic, 
E3 ubiquitin ligase, Parkin,  to damaged mitochondria18. 
Extensive studies by Matsuda, et al have demonstrated that 
while in the cytosol, the ubiquitin ligase activity of Parkin 
is repressed; however, once stabilized at the mitochon-

c. PARK2��*HQH�HQFRGLQJ�WKH�(��XELTXLWLQ�OLJDVH��3DUNLQ��IRXQG�
WR�EH�PXWDWHG�LQ�����RI�DXWRVRPDO�UHFHVVLYH�IRUPV�RI�3'�DV�ZHOO�DV�
�������RI�VSRUDGLF�3'�FDVHV�

d. PARK6: Gene encoding the stress-associated kinase, PINK1, 

IRXQG�WR�EH�PXWDWHG�LQ�VRPH�FDVHV�RI�IDPLOLDO�3DUNLQVRQ·V�GLVHDVH�

radicals, speci"cally reactive oxygen species (ROSa), as well 
as further glutamate release. In addition, phospholipases 
continue to be activated and ,consequently, excessive mem-
brane damage and non-regulated movement of ions into 
and out of the cell occurs. !e overall result of excess in-
tracellular calcium, excess glutamate release, the generation 
of free radicals and ROS, in addition to the breakdown of 
the cell’s outer membrane is termed neuronal excitotoxicityb 
and often results in neuronal cell death9. 

Ischemic Stroke: Understanding the Role of Mitochon-
dria
 An ischemic event in the brain is particularly devas-
tating due to this organ’s high metabolic demand and, there-
fore, its major reliance on mitochondria10. !e excitotoxic 
cascade is initiated in large part by loss of ATP generation 
within mitochondria, which are the site of greater than 90% 
of ROS generation—  yet another major consequence of 
ischemia. In addition to their role in maintaining cellular 
energetics, mitochondria are also intimately involved in the 
regulation of cellular ion homeostasis and are particularly 
well known for their role in caspase-dependent apoptosis, 
often the end result of ischemic events. Given the connec-
tion between mitochondria and the events involved in the 
excitotoxic cascade, identifying the molecules and molecular 
complexes involved in the ischemic response, as well as un-
derstanding their mechanisms of action at the level of these 
organelles, is of utmost importance. 
Mitochondrial signaling in response to stress has gained 
much attention in relation to diseased states of the brain. 
In fact, many recent articles have focused on the role of ab-
normal or dysregulated mitochondria in neurodegenerative 
diseases including Parkinson’s Disease (PD), Alzheimer’s 
Disease (AD) and typical ageing processes10,11. In this con-
text, major strides have been made in identifying genetic 
mutations in mitochondrial proteins in the PD "eld. Be-
cause there are a limited number of molecules available to 
participate in mitochondrial signaling, it is plausible that 
crucial insight can be gained from the Parkinson’s Disease 
literature regarding mitochondrial responses to stress.     

Parkinson’s Disease: Basic Information and an Introduc-
tion to Genetic Mutations

a. Reactive Oxygen Species (ROS)��1RUPDO�E\SURGXFWV�RI�
PLWRFKRQGULDO�PHWDEROLVP�WKDW�LQFUHDVH�GUDPDWLFDOO\�GXULQJ�WLPHV�RI�
FHOOXODU�VWUHVV�

b. Excitotoxicity��$�SDWKRORJLFDO�SURFHVV�GXULQJ�ZKLFK�QHXURQV�DUH�
VHYHUHO\�GDPDJHG�GXH�WR�H[FHVVLYH�VWLPXODWLRQ�E\�QHXURWUDQVPLWWHUV�
RIWHQ�UHVXOWLQJ�LQ�QHXURQDO�FHOO�GHDWK�
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interacting protein (CHIP), has been shown to enhance Par-
kin activity under normal circumstances and to compen-
sate for loss of Parkin activity in cases of Parkin mutation23. 
Interestingly, Stankowski et al., have shown that CHIP ex-
pression levels are increased in post mortem human brain 
tissue samples from patients that had su# ered from either a 
transient ischemic attack (TIA) or a stroke. In addition, they 
found that CHIP is also upregulated in response to oxygen 
and glucose deprivation (OGD) in an in vitro model of pri-
mary rat cortical neurons24. ! e noted interactions between 
CHIP and Parkin are interesting in light of the emerging 
role of CHIP in ischemia. Given the previously discussed 
data supporting PINK1 involvement in the recruitment of 
Parkin and subsequent mitophagic processing, a closer in-
vestigation into the possible role of the PINK1 pathway in 
response to ischemia and in relation to CHIP is warranted.  

Ischemic Stroke: Involvement of PINK1 Signaling
 ! us far only one study has been published with re-
gards to a role for PINK1 in cerebral ischemic models. ! is 
study demonstrates a decrease in PINK1 expression in pri-
mary cortical neuronal cultures 24 hours following 2 hours 
of OGD25; however, the cells utilized were only cultured 
for 12 days in vitro (DIV) while the literature supports that 
mature NMDA receptors expressing the necessary subunits 
to respond to excitotoxicity are not developed until at least 

dria, via recruitment and interaction with PINK1, its en-
zymatic activity is unmasked18. Activated Parkin has been 
shown to ubiquitinate protein substrates of mitochondria 
with reduced membrane potential following treatment with 
the mitochondrial uncoupling agent, carbonyl cyanide m-
chlorophenylhydrazone (CCCP)18. Furthermore, using 
mouse embryonic " broblasts (MEFs) from PINK1 wildtype 
(WT) and PINK1 knockout (KO) mice, it has been dem-
onstrated that only WT MEFs are able to recruit Parkin to 
mitochondria following CCCP treatment and,  following 
this recruitment, damaged mitochondria are cleared from 
the cells18. ! e disappearance of mitochondria following 
CCCP treatment was also noted by another group when 
they compared HeLa cells lacking Parkin to HeLa cells ex-
pressing Parkin. ! is study  found that 48 hours following 
treatment, Parkin expressing HeLa cells had no remaining 
detectable mitochondria as assessed by three independent 
mitochondrial markers20. Additionally, following adminis-
tration of CCCP the knockdown of an essential mammalian 
autophagy protein, autophagy-related protein 7 (Atg7), in 
Parkin-expressing HeLa cells demonstrated a loss of dam-
aged mitochondrial clearance20, 21.  
 Together, these data support a hypothesis whereby 
PINK1 accumulation and stabilization within the OMM of 
a damaged, depolarized mitochondria leads to the recruit-
ment of Parkin from the cytosol to these organelles where its 
unmasked E3 ligase activity, results in the ubiquitination of 
mitochondrial substrates and, in turn, orchestrates the selec-
tive autophagy of damaged mitochondria, otherwise known 
as mitophagye* (Figure 1).  

Ischemic Stroke: Mitophagic Responses and the Role of 
E3 Ligases
 Autophagy commonly refers to the bulk degrada-
tion of the cytoplasm and organelles in order to regulate in-
tracellular homeostasis and numerous groups have reported 
changes in autophagy in response to di# erent types of in 
vivo and in vitro stress paradigms including ischemic models 
(Reviewed in22). Recently, we have become aware of more 
selective forms of autophagy that target speci" c organelles 
for degradation such as mitochondria. In an elaborate set 
of experiments, Narenda et al., demonstrated for the " rst 
time that Parkin is a regulator of the selective mitophagic 
response20. Another E3 ligase, carboxy-terminus of HSC70 

e. Mitophagy��7KH�VHOHFWLYH��DXWRSKDJLF�GHJUDGDWLRQ�RI�GDPDJHG�
PLWRFKRQGULD�WKDW�FDQ�RFFXU�DV�D�PHDQV�WR�UHJXODWH�PLWRFKRQGULDO�
TXDOLW\�FRQWURO�XQGHU�QRUPDO�FHOOXODU�FRQGLWLRQV�RU�LQ�UHVSRQVH�WR�
FHOOXODU�VWUHVVRUV�

Figure 1: PINK1 plays a key role in determining healthy versus 
damaged mitochondria.  Healthy mitochondria (A) undergo 
constitutive turnover of PINK1 via the proteasome. Damaged, 
depolarized mitochondria (B) accumulate PINK1 in their OMM 
which leads to the subsequent recruitment of other molecular 
players necessary for autophagy of unhealthy mitochondria also 
known as mitophagy (adapted from 1).
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DIV1426. In addition, given that PINK1 is immediately tar-
geted to mitochondria via its MTS and that the previously 
discussed studies "nd few remaining damaged mitochondria 
by 24 hours following a stress due to mitophagic clearance18, 

20, it may be that earlier time points following OGD need 
to be examined. Accordingly, a study of ischemia in spinal 
cord neurons demonstrated, via Western blot and immuno-
cytochemistry, increases in PINK1 expression  in response 
to this stress within 8 hours27.
 Given the immense amount of new evidence sup-
porting a role for PINK1 and Parkin in general mitochon-
drial quality control mechanisms28,29, the heavy reliance of 
neurons on mitochondrial support and the increasingly 
noted a#ect of mitochondrial dysfunction in neurodegen-
erative diseases, more detailed investigations into the role 
of mitochondrial signaling in response to ischemic events 
may uncover novel therapeutic targets for the treatment of 
stroke.  

Conclusion:
 Stroke and Parkinson’s disease are common neuro-
degenerative disorders a#ecting millions of patients world-
wide. Although science has made great strides in identifying 
the molecular mechanisms and pathways involved in these 
disorders, therapeutic intervention remains elusive. In re-
cent years, the role of PINK1 signaling at the level of the 
mitochondria in response to stress has come to the forefront 
of research studies as we now recognize common themes 
regarding mitochondria and stress signaling across such dis-
orders. As we continue to search for therapeutics for these 
neurological diseases, interesting new insights into the re-
lationship between general mitochondrial dynamics and 
neurodegeneration have come to light. In addition, many 
conserved pathways and molecules have been uncovered, in-
cluding but not limited to, those that involve: PINK1, Par-
kin and CHIP. !e purpose of this review was to not only 
introduce these relatively new molecular players, but also to 
remind us of what can be learned from similar but di#erent 
"elds of science and to stimulate further interest and inves-
tigation of potential therapeutic targets across these "elds 
towards a common goal.  
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TRPV1: A multifunctional TRP channel
 Transient receptor potential (TRP) channels repre-
sent a diverse superfamily of proteins that gate cation en-
try into cells. Functional characteristics of TRP channels 
are so dissimilar that these proteins comprise six subfami-
lies grouped solely by amino acid homology rather than by 
function1. In mammals, these subfamilies include 28 dif-
ferent TRPs: canonical (TRPC1-7), vanilloid (TRPV1-
6), melastatin (TRPM1-8), ankyrin (TRPA1), polycystin 
(TRPP1-3) and mucolipin (TRPML1-3)2. First character-
ized in the Drosophila phototransduction cascade3, TRP 
channels are situated in the cell membrane, which positions 
them to transduce extracellular sensory information to the 
intracellular space. TRP channel subunits all possess six pu-
tative transmembrane (TM) domains with a stretch of hy-
drophobic amino acids between TM5 and TM6 that serves 
as a pore region (Figure 1). When these subunits tetramer-
ize, they form a pore permeable to monovalent and diva-
lent cations. Upon activation, TRP channels mediate Ca2+ 
%ux across membranes, resulting in an increase in [Ca2+]i. 
Perturbations of neuronal Ca2+ signaling are a hallmark of 
neurodegenerative disease, thus it is particularly important 
to understand how TRP channels functionally in%uence 
neuropathic mechanisms4.
 One subfamily of TRP channels, the vanilloid 
TRPs (TRPVs) derive their name from the vanillyl func-
tional group found on some of their ligands. Of the TRPVs, 
TRPV1 was the "rst discovered and remains the best char-

acterized5. TRPV1 was "rst discovered based on its activa-
tion by the pungent component of chili peppers, capsaicin6. 
TRPV1 transduces information regarding other noxious 
stimuli, including heat (>42 °C temperatures), low pH 
(<6.0), and pressure6, 7. Within the peripheral nervous sys-
tem, TRPV1 channels are expressed in primary sensory af-
ferent "bers, allowing peripheral pain information to reach 
the central nervous system6.  Accordingly, TRPV1 knock-
out mice exhibit a reduced pain response, which makes this 
channel of particular interest as a target for pain and hyper-
algesia therapeutics8, 9.
 TRPV1 activity depends upon the sensitization 
state of the channel, which can be in%uenced by cellular 
signaling cascades. Phosphorylated TRPV1 represents a 
channel state that is more sensitive to activation10. Protein 
kinase A (PKA)11, protein kinase C (PKC)12, protein kinase 
D (PKD)13, cyclin-dependent kinase 5 (Cdk5)14 and Ca2+/
calmodulin-dependent protein kinase II (CaMKII)15 all sen-
sitize TRPV1 by phosphorylation at serine, threonine, or ty-
rosine residues (Figure 1). !is sensitization can be reversed 
by protein phosphatase 2B (calcineurin), which employs a 
Ca2+-dependent phosphatase activity during this desensi-
tization process5. When assessing TRPV1 function within 
injury or pathology, it is important to consider these modu-
latory e#ects by protein kinases and phosphatases.
 Although TRPV1 was "rst characterized as a mo-
lecular detector of noxious stimuli, the discovery of wide-
spread TRPV1 expression throughout the brain suggested 
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TRPV1 and the Intrinsic Neuronal Response to stress

TRP channels
TRPV1
Neuronal stress 
response
Neurotoxicity
Neuroprotection

 By gating cation entry into cells, the TRP superfamily of ion channels aid in signal transduction 
of various stimuli. One particular TRP channel, TRPV1, activates upon exposure to certain noxious 
stimuli such as heat, low pH, and pressure. Although "rst characterized as a channel critical to nocicep-
tion, TRPV1 is now known to participate in such diverse activities as mediating synaptic plasticity, initi-
ating and regulating "lopodia, aiding axonal guidance and migration, and participating in the neuronal 
stress response. Evidence from the literature, reviewed here, suggests that TRPV1 may promote neuronal 
survival under stress. Using glaucomatous neurodegeneration as a model of neuronal stress, a potential 
role of TRPV1-mediated neuroprotection is outlined here. Reasoning for this protective role draws upon 
TRPV1-/- data and the demonstrated abilities of TRPV1 to sensitize and translocate to the membrane 
in response to stressors, to localize to synapses, and to maintain synaptic structures via potentiating excit-
atory synaptic activity.
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that the channel may possess additional functions beyond 
nociception17.  It was proposed that there must be a class 
of endogenous ligands (endovanilloids) that regulated this 
signaling18. !is class of ligands exists, and includes en-
docannabinoids such as anandamide and N-arachidono-
yl-dopamine (NADA), lipoxygenase products, as well as 
endogenous inhibitors like PIP2. !e endocannabinoids 
are particularly interesting because anandamide and anan-
damide-like structures can often act at both TRPV1 and the 
cannabinoid (CB1 and CB2) receptors10. !ese promiscu-
ous interactions indicate that there may be some interplay 
between the cannabinoid system and TRPV1.

Functions of TRPV1 in the  central nervous system
 Although TRPV1 is well-characterized with respect 
to pain perception at the periphery, data regarding its func-
tion within the CNS is limited. Examination of TRPV1 
knockout mice revealed a reduction in anxiety, conditioned 
fear responses, long-term potentiation (LTP) in the hip-
pocampus, and long-term depression (LTD) in the dentate 
gyrus19, 20. !ese alterations in behavior and neurophysiol-
ogy suggest the relevance of TRPV1 to synaptic plasticity 
and neuronal networks. Within the CNS, TRPV1 activa-
tion in dorsolateral periaqueductal gray neurons increases 
neuronal activity by potentiating input from glutamatergic 
synapses21. Despite TRPV1’s involvement in modulating 
synaptic transmission, it was not known if TRPV1 itself was 
located in synaptic terminals. Recently, it was determined 

that TRPV1 is present in synaptic structures by colocaliza-
tion with pre- and post-synaptic markers as well as presence 
within biochemical fractions of synaptosomes and the post-
synaptic density22.
 TRPV1 functions in developmental aspects of the 
CNS, such as regulation of the neuronal growth cones and 
"lopodia. !ese TRPV1-positive "lopodia contain synap-
tic vesicular and sca#olding proteins, thus it is likely that 
TRPV1 plays a role in synapse formation23, 24. !ese studies 
were complemented by another developmental study which 
indicated that TRPV1 mediates LTD in the developing su-
perior colliculus via the depression of glutamatergic retino-
collicular synapses25. Altogether, these examples show that 
TRPV1 is involved in plasticity and activity of synapses.

TRPV1 and the neuronal stress response
 TRPV1 expression and localization in neurons is 
a#ected by injurious stressors and pathology. Increases in 
TRPV1 protein were observed in models of neuronal injury 
such as lingual nerve injury26, chronic constriction injury27, 
and gentamicin-induced ototoxicity28. In human tissue, 
increases in TRPV1 protein levels were found in aged and 
photoaged skin and its associated nerve "bers29, as well as in 
tissue collected from patients with traumatic and diabetic 
neuropathy30.
 In multiple instances, TRPV1 has been implicated 
in physiological stress responses. Injured cells release ATP 
into the extracellular space, which can bind metabotropic 
ATP receptors31. !ese ATP receptors in turn sensitize 
TRPV1 via PKC-dependent phosphorylation32. Addi-
tionally, neurodegenerative diseases often have a sustained 
neuroin%ammatory component that contributes to pathol-
ogy33. Proin%ammatory chemokines bind G protein-cou-
pled receptors, which can cause downstream sensitization 
of TRPV1 by PKC34. Another proin%ammatory mediator, 
nerve growth factor (NGF), promotes an increase in mem-
brane current carried by TRPV1 by increasing the number 
of TRPV1 channels inserted in the membrane35. NGF binds 
the TrkA receptor, which activates a signaling cascade that 
ultimately phosphorylates TRPV1 at tyrosine residue Y200 
via Src kinase. Tyrosine phosphorylation is involved in traf-
"cking ion channels36 and receptors37, and is responsible for 
increasing the number of TRPV1 channels at the membrane 
following NGF binding35. !ese examples show that neuro-
nal stressors can a#ect TRPV1 both by sensitizing the chan-
nel to activation as well as increasing levels of TRPV1 at the 
membrane, where it enhances current.

TRPV1: functionally neurotoxic or neuroprotective?

Figure 1. TRPV1 channel structure and functionally important 
residues. TRPV1 is a membranous ion channel characterized 
by intracellular N- and C-termini, 6 transmembrane (TM) do-
mains, and a cation-permeable pore region between TM5 and 
TM6. Protein kinases phosphorylate speci"c residues (red ar-
rows) in order to sensitize TRPV1 to ligand interactions (blue 
arrows). Figure constructed from reviewed information16.
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 For many years, it has been known that capsaicin 
treatment causes degeneration of primary sensory neurons38 
as well as many neurons of the central nervous system39. Both 
in vivo and in vitro data gathered from mesencephalic dopa-
minergic neurons indicate that direct activation of TRPV1 
with capsaicin or the endogenous ligand anandamide medi-
ates cell death40. Such treatment produces a large increase in 
[Ca2+]i, subsequent mitochondrial damage, and cell death. 
However, the pathway mediated by anandamide may not 
actually act through TRPV1 due to the inability of TRPV1 
antagonist capsazepine to prevent anandamide-induced cell 
death41. !is is particularly important to consider in relation 
to cellular signaling occurring in neuropathy—anandamide 
may contribute to neurotoxicity independently of TRPV1.
Although direct activation of TRPV1 via capsaicin is neuro-
toxic, there is some evidence that TRPV1 can be function-
ally neuroprotective. In a global ischemia model, TRPV1 
antagonist capsazepine was able to block the neuropro-
tective e#ects of CB1 receptor antagonist rimonabant in 
CA1 hippocampal neurons42. !e ability of capsazepine 
to block neuroprotection in this case suggests that TRPV1 
at least partially mediates the neuroprotective e#ects of 
rimonabant43. !is data concerning neurotoxic versus neu-
roprotective functions must be considered with the under-
standing that perturbing neurons with TRPV1 agonists and 
antagonists (some of which are not endogenous) does not 
necessarily represent functions that actually occur in stressed 
or degenerating neurons in vivo. While evidence supports 
neurotoxic and neuroprotective roles of TRPV1, it is of 
primary importance to understand that channel function is 
dictated by the neuronal signaling milieu. !is signaling in-
evitably varies between classes of neurons as well as between 
di#erent injury and disease states.

TRPV1 function in retinal ganglion cells: potential neu-
roprotection
 !e role of TRPV1 in neuronal survival remains 
controversial, especially with respect to disease and injury 
states in vivo. Glaucoma, an irreversible optic neuropathy, 
presents an especially interesting system in which to study 
TRPV1. In glaucoma, intraocular pressure (IOP) is the 
primary modi"able risk factor44, so many animal models 
of this neurodegenerative disease require inducing elevat-
ed IOP45, 46. It is known that this channel contributes to 
pressure-induced changes in Ca2+ signaling in retinal gan-
glion cells (RGCs)47 and retinal microglia7. Preliminary data 
from TRPV1 knockout mice suggests a neuroprotective role 
of TRPV1 against pressure-induced neurodegeneration of 
RGCs (Ward - unpublished data). !ese TRPV1-/- mice, 

when subjected to IOP elevation, exhibited increased optic 
nerve pathology when compared to wildtype controls. !is 
is unusual, given that pressure is known to activate TRPV1 
in RGCs, and that such Ca2+ in%ux can cause neurotoxic-
ity. It seems logical that loss of TRPV1 would render RGCs 
less susceptible to pressure-induced death in vivo; however, 
this would not be the case if TRPV1 activation is actually 
neuroprotective. !e potential for a TRP channel to exhibit 
neuroprotective activity in retinal injury is not unprecedent-
ed, as a recent study of retinal ischemia/reperfusion injury 
indicated that TRPC6 is protective48.
 Our working hypothesis is that TRPV1 functions 
as an intrinsic stress responder that slows down RGC degen-
eration by increasing excitatory activity at RGC synapses. 
In the DBA/2 mouse model of glaucoma, RGCs experienc-
ing degeneration regularly exhibit dendrites with decreased 
complexity that lack higher-order branching, an indication 
of dendritic pruning49. Likewise, it is known that synaptic ac-
tivity is a crucial factor in long-term synapse maintenance50. 
Increased TRPV1 activity at RGC synapses may counter the 
dendritic pruning seen in glaucoma, as retention of synapses 
requires maintenance of synaptic activity. In fact, eyes with 
elevated IOP exhibit increased levels of TRPV1 in the inner 
plexiform layer (IPL) of the retina47 (Figure 2), which sup-
ports the idea of increased synapse potentiation in response 
to stress. !e IPL includes extensive synaptic connections 
between RGC dendrites and bipolar cells, so this observed 
localization to the RGC dendrites may involve potentiation 
of synaptic connections under IOP stress.
 As described in this review, TRPV1 exhibits a func-
tional pro"le that "ts with this working hypothesis. First, 
TRPV1 exhibits an intrinsic stress response that often in-
cludes increased levels of channel expression in injured and 
degenerating neurons26-30. Second, under stressed condi-
tions, TRPV1 is sensitized by phosphorylation and relocal-
ization to the membrane, where it increases membrane cur-
rents32, 34, 35. !ird, within neuronal networks in the CNS, 
TRPV1 is known to modulate synaptic plasticity19, 20 and to 
potentiate input from glutamatergic synapses21. Finally, the 
potential for TRPV1-mediated neuroprotection is support-
ed by our preliminary data, where TRPV1-/- mice exhibit 
reduced RGC survival despite elevated IOP. Altogether, 
these functions indicate that TRPV1 may exhibit neuropro-
tective activity in glaucoma.
 !is hypothesis speci"cally addresses a potential 
TRPV1-mediated mechanism for intrinsic neuroprotec-
tion. Examination of TRPV1 function outside the neuron 
itself may provide even more information regarding how 
this channel mediates RGC survival. For example, retinal 
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microglia exhibit pressure-dependent release of IL-6, a cy-
tokine that is protective against pressure-induced RGC 
death51. Speci"c antagonism of TRPV1 revealed that this 
release was partially mediated by TRPV1-induced Ca2+ in-
%ux7. It is therefore likely that TRPV1-mediated neuropro-
tection is not simply intrinsic to RGCs, but may also involve 
glial cells.

Conclusions
 Transduction of stimuli from the extracellular envi-
ronment is a critical component of the neuronal response to 
stressors. !e responses of TRPV1 to stress, reviewed here, 
indicate a potential role of TRPV1 in neuroprotection. 
TRPV1 activation is known to potentiate glutamatergic syn-
apses, thus relocalization of TRPV1 to RGC dendrites may 
be involved in slowing the progression of dendritic pruning 
in glaucoma. Neurodegenerative diseases such as glaucoma 
do not push neurons unidirectionally toward death without 
a response from intrinsic cellular mechanisms that counter 
dysfunction. It is therefore important to characterize intrin-
sic stress responders such as TRPV1 in order to assess the 
potential for therapeutic interventions.
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Introduction
 !e identi"cation of glucagon-like peptide-1 (GLP-
1) as a potent incretin (an insulinotropic gut hormone), 
along with the development of non-hydrolysable forms of 
this incretin, has revolutionized the treatment of diabetes 
mellitus type-2 (T2DM). !e physiological e#ects of GLP-
1 have been extensively studied in the periphery due to its 
important clinical application in the treatment of T2DM. 
Clinical studies have revealed that, in addition to its abil-
ity to enhance glucose-stimulated insulin secretion, GLP-1 
analogues are able to curb appetite (hypophagia)1 and have 
a protective e#ect on cardiovascular function2. GLP-1’s hy-
pophagic properties have led many researchers to explore its 
actions in appetite-regulating regions of the brain. Evidence 
indicates that GLP-1 acts directly in the brain to control ap-
petite and energy balance3; this evidence, in addition to data 
suggesting cardiovascular protection (a known comorbidity 
with obesity2), has led investigators to view GLP-1 as a po-
tential therapeutic for obesity. 
Obesity is a medical condition in which there is a positive 
energy balance (calories taken in are greater than calories 
expended). Brain regions, such as the hypothalamus, tight-
ly regulate this important homeostatic process. However, 
reward pathways can override the hypothalamic signals, 
leading to compulsive overeating, obesity, and T2DM5. In 

obesity, there are de"cits in reward pathways, such as dys-
regulated striatal dopamine (DA) signaling. !ese de"cits 
are similar to what is seen in other substance use disorders6. 
Recent evidence shows that GLP-1 can regulate striatal DA 
through a novel, transynaptic signaling mechanism, involv-
ing nitric oxide (NO)4, potentially making it an even more 
powerful therapy for obesity. !is review will discuss what 
is known about GLP-1 in both the periphery and the brain; 
GLP-1 as a treatment for T2DM and obesity; and examine 
the recent "ndings about GLP-1 signaling and striatal DA 
homeostasis. 

1. GLP-1 in the Periphery

1.1 Source
GLP-1 (7-36-NH2 or 7-37) is a peptide derived from the 
180-amino acid prohormone preproglucagon (PPG) encod-
ed in the proglucagon gene7. !is prohormone contains the 
sequences of several small peptide hormones, such as GLP-
1, glucagon-like peptide-2, and glucagon. Prohormone 
convertases (PCs) that process PPG are localized to speci"c 
tissues, allowing for targeted production of PPG products. 
For example, glucagon is produced in the pancreas by PC2, 
while GLP-1 (1-37) is produced in the gut by PC1/38, 9. 
In the gut, after PPG has been cleaved to create GLP-1 (1-

Glucagon-like 
peptide-1
Incretin
Obesity
Type-2 diabetes 
mellitus
Dopamine
Reward

Erin E. Watt
@en\Z`hg&ebd^�I^imb]^&*�bl�Fn\a�Fhk^�MaZg�Zg�Bg\k^mbg

 !is review will discuss glucagon-like peptide-1 (GLP-1) in both the periphery and the brain; 
GLP-1 analogues as treatments for type-2 diabetes mellitus (T2DM) and obesity; and examine the recent 
"ndings about GLP-1 signaling and striatal dopamine (DA) homeostasis. !e published literature was re-
viewed, with an emphasis on recent publications investigating GLP-1’s actions beyond its typical incretin 
role, such as novel signaling pathways in the brain. In patients with T2DM, GLP-1 levels are reduced, 
but GLP-1 receptor (GLP-1R) signaling remains intact. !erefore, GLP-1R agonists are ideal therapies 
for T2DM. Furthermore, GLP-1R signaling reduces appetite, decreases fat mass, promotes cardiovascu-
lar protection, and can modulate striatal DA homeostasis, making GLP-1R agonists an ideal therapy for 
obesity. GLP-1R agonists can cross the blood-brain barrier, while GLP-1R’s in the brain contribute to 
the reduction in appetite and decrease in fat mass shown in GLP-1R agonist studies. Recent studies show 
that GLP-1R signaling may also regulate striatal DA homeostasis, which is known to be dysfunctional in 
obesity, further implicating GLP-1R agonists as powerful obesogenic therapies. 
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36-NH2 or 1-37), it undergoes further processing by the 
removal of six amino acids from the amino terminus, gener-
ating the mature GLP-1 (7-36-NH2 or 7-37)10. !is mature 
form (most commonly 7-36-NH2) can activate the GLP-1 
receptors (GLP-1R) located in GLP-1’s target tissues.

1.2 Secretion, Action & Metabolism
GLP-1 is an incretin, a substance secreted from the gut to 
enhance oral glucose-stimulated insulin release (Figure 1). 
After a meal, GLP-1 is secreted from the small intestine. !e 
speci"c gastrointestinal cells that process and secrete mature 
GLP-1 are L-cells found in the distal ileum and colon11, 

12. Upon ingestion of a meal, L-cells release GLP-1 in two 
phases: an early phase (10-15 minutes post prandiala) and a 
later phase (30-60 minutes post prandial)13. !e early phase 
is stimulated by gastrin-releasing peptide, acetylcholine, 
gastric inhibitory peptide (the other known incretin) and 
the vagus nerve14-16, whereas the later phase is induced by 
direct nutrient sensing on the apical surface of the L-cells17. 
GLP-1 has a half-life of only 2 minutes; once secreted, it 
is inactivated by the serine exopeptidase, dipeptidyl pepti-
dase-4 (DPP-4), which hydrolyses peptides at serines with 
prolines or alanines in the penultimate positions18.  GLP-1’s 
quick biphasic response to a meal and rapid clearance by 
DPP-4 allows GLP-1 to enhance glucose-dependent insulin 
release at exactly the right time for the appropriate amount 
of time11, 12. Other than the enhancement of glucose-de-
pendent insulin secretion, GLP-1 also decreases glucagon 
secretion19; increases insulin sensitivity in both _-cells and 
`-cells20; increases `-cell mass and insulin gene expression21; 
inhibits stomach acid production; slows gastric emptying22; 
and indirectly increases insulin sensitivity in muscle, liver 
and adipose tissue23. All of the e#ects mediated by GLP-1 
are critical for the body to properly metabolize a meal. Each 
direct action of GLP-1 described above occurs when GLP-1 
binds to its receptor, GLP-1R, which will be discussed in 
more detail below. 

1.3 Receptors
!e GLP-1R is a seven transmembrane, heterotrimeric, 
G-protein coupled receptor (GPCR)24. In order for this re-
ceptor it to be fully functional, it must be glycosylated25. 
!e GLP-1 binding domain is the N-terminal region of the 
GLP-1R. !e third intracellular loop of this GPCR is criti-
cal for G-protein coupling. !e GLP-1R can couple with 
many G-proteins including G_s, G_q, G_i, and G_o

26. !is 
GPCR has been most extensively studied in the context of 
enhancing glucose-dependent insulin secretion post pran-

a. After a meal

dial in the pancreatic `-cell. In these cells it is known to be 
G_S-coupled. Upon activation of GLP-1R in the pancreas, 
G_S dissociates from GLP-1R and stimulates membrane-
anchored adenylate cyclase (AC). AC catalyzes the conver-
sion of adenosine triphosphate (ATP) to cyclic adenosine 
monophosphate (cAMP). As this reaction continues, high 
levels of cAMP accumulate and can activate protein kinase 
A (PKA), among other intracellular messengers, having the 
combined e#ect of increasing intracellular calcium (Ca2+) 
levels and depolarizing the membrane. Activating PKA, in-
creasing intracellular Ca2+ concentrations, and depolarizing 
the membrane all lead to enhancement of glucose-depen-
dent insulin secretion11, 17, 27. In pancreatic islet cell lines, the 
GLP-1R localizes to lipid raftsb; the subcellular localization, 
tra$cking, and signaling is dependent on its interaction 
with caveolin-1c. In these same cell lines, there is evidence 
of rapid desensitization and internalization of the GLP-1R, 
which is dependent on phosphorylation of certain residues 
on this GPCR. However, some in vivo studies of chronic 
GLP-1R stimulation show no such sensitization28. 
 Structurally identical GLP-1R’s are expressed in 
many areas of the body other than the pancreas, includ-
ing the heart, stomach, and numerous brain regions29. In 
clinical trials, GLP-1 analogues have been shown to exert 
a protective e#ect on cardiovascular function, prompting 
researchers to explore GLP-1R activity in vasculature endo-
thelial cells. It was found that GLP-1R signaling increased 
phosphorylation (thereby increasing activity) of endothelial 

b. Glycolipoprotein microdomains responsible for centralizing signal-

LQJ�PROHFXOHV�QHHGHG�IRU�VSHFLÀF�VLJQDOLQJ�SDWKZD\V�DQG�WUDIÀFNLQJ�
of membrane receptors and transporters 

c. Integral membrane protein that mediates receptor-independent 

endocytosis

Figure 1: $e incretin e!ect accounts for 50-70% of insulin se-
cretion a%er oral glucose ingestion. GLP-1 is an incretin. 
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nitric oxide synthase (eNOS), and decreased in%ammation 
through inhibiting expression of genes encoding in%amma-
tory molecules2. !e speci"c cellular mechanisms as to how 
GLP-1R modulates phosphorylation of eNOS and in%am-
matory gene expression are still unknown and are under fur-
ther investigation. Activation of the GLP-1R in the brain 
will be discussed in more detail below.    

2. GLP-1 Analogues as T2DM Drugs

2.1 GLP-1R Agonist
GLP-1 plays an important role in maintaining proper glu-
cose homeostasis in the body29. In patients with T2DM, 
GLP-1 secretion is reduced while GLP-1R signaling re-
mains intact30, making the GLP-1R a logical pharmaceuti-
cal target for the treatment of T2DM. !e administration 
of the native form of GLP-1 must be given continually by 
intravenous therapy (IV) in order to be e#ective because of 
DPP-4-mediated rapid enzymatic degradation of GLP-1, 
making it an infeasible solution23. Fortunately, non-hydro-
lysable analogues of GLP-1 have since been created. !ere 
are currently two GLP-1R agonists available for the treat-
ment of T2DM: exenatide (Byetta, Eli Lilly) and liraglutide 
(Victoza, Novo Nordisk). Both are synthetic analogues of 
the GLP-1 peptide that act as agonists at the GLP-1R and 
have been modi"ed to be resistant to enzymatic cleavage by 
DPP-430. Exenatide is a mimetic of a naturally occurring 
peptide hormone found in the saliva of Hela monsters. It has 
53% sequence identity to native GLP-1 but lacks the DPP-
4 cleavage site31. As a therapeutic, it must be given twice 
daily; when given along with other oral anti-diabetic drugs 
(such as metformin), exenatide is e$cient at maintaining 
glycemic control in patients with T2DM1. Furthermore, it 
has been reported that exenatide promotes `-cell prolifera-
tion32 and protects `-cells from apoptosis33. In clinical tri-
als, it has been reported that exenatide reduces food intake 
and promotes weight loss1. Meanwhile, liraglutide has 97% 
sequence homology with native GLP-134. What makes this 
peptide resistant to enzymatic degradation is the addition of 
a C16 fatty acid side chain that can reversibly bind albumin, 
prolonging its activity to over 24 hours. Much like exena-
tide, liraglutide (given along with metformin) is e#ective in 
maintaining glycemic control and aiding in weight loss35. 
!ese GLP-1R agonists have recently been shown to have 
protective cardiovascular action2. Since there is a high co-
morbidity of obesity and cardiovascular disease, this further 
supports that GLP-1R agonists are appropriate for treating 
obesity as well as T2DM.      

2.2 DPP-4 Inhibitors
Another class of GLP-1 drugs used to treat T2DM is the 
DPP-4 inhibitors. DPP-4, as described above, is a serine 
protease that is responsible for the degradation of GLP-1. 
DPP-4 inhibitors increase endogenous levels of native GLP-
1 by inhibiting the enzyme responsible for its degradation. 
!ere are four approved DPP-4 inhibitors on the market: 
sitagliptin, vildagliptin, saxagliptin, and alogliptin. All of 
these drugs are small molecules and can be taken orally. 
!ey also have good e$cacy and have been proven to be 
very safe with few side e#ects, but are not as popular as 
GLP-1R agonists36.   

3. GLP-1 in the Brain

3.1 Source
PPG is expressed in two brain regions, the nucleus of the 
solitary tract (NTS) and the olfactory bulb. PPG expression 
in the olfactory bulb is contained in interneurons, signifying 
that the only known GLP-1 projections in the brain origi-
nate from the NTS37. mRNA expression of PC1/3 coincide 
with regions of the NTS that have been shown to express 
both PPG and GLP-1, indicating that PPG is similarly pro-
cessed in the NTS as to what has been shown in the pe-
riphery28, 38, 39. !rough retrograde tracing, immunoreactive 
staining of PPG, and GLP-1 speci"c antibodies, investiga-
tors have determined that NTS neurons containing GLP-
1 most densely project to the hypothalamus40. !e speci"c 
regions of the hypothalamus receiving these projections are 
important for food intake and the regulation of energy bal-
ance41. No other known GLP-1 projections have been dis-
covered at this time. 

3.2 Receptors
Although GLP-1 projections mainly target the hypothala-
mus, the GLP-1R is found throughout the brain and is 
structurally identical to GLP-1R’s in the periphery. GLP-1R 
agonists easily cross the blood brain barrier42. !erefore, the 
study of GLP-1R signaling in other brain regions is critical. 
!ere have been extensive studies exploring which brain re-
gions express the GLP-1R. One of the most comprehensive 
studies was done using in situ hybridization to show that 
GLP-1R-expressing cells are found in the olfactory bulb, 
cortex, striatum, amygdala, hippocampus, bed nucleus of 
the stria terminalas, hypothalamus, thalamus, medulla and 
many other speci"c nuclei37. As previously mentioned, 
GLP-1R is structurally identical throughout, but the G-
protein coupling and subsequent signaling of GLP-1R in 
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each region has not yet been elucidated.  

3.3 Studies of GLP-1 and the Brain
Some of the earliest studies of GLP-1 in the brain showed 
that intracerebro-ventricular  (ICV) injection of GLP-1 
could reduce food intake3 and body weight in rats. !is ef-
fect was speci"c to GLP-1R signaling because GLP-1R an-
tagonists could block these e#ects43. !is indicates that at 
least some of the anorexic e#ects of GLP-1R agonists given 
peripherally could be due to actions on GLP-1R’s in the 
brain. More recently, investigators have shown that knock-
ing down PPG in the NTS or blockade of GLP-1R’s with an 
antagonist in the hypothalamus of rats leads to hyperphagia 
and fat accumulation44. !is is the best recent evidence that 
GLP-1R signaling in the brain, speci"cally in the hypothala-
mus, is critical for maintaining energy balance.
Some investigators have found common pathologies be-
tween Alzheimer’s disease (AD) and T2DM, prompting 
researchers to explore GLP-1R signaling in the hippocam-
pus and in mouse models of AD. In hippocampal neuron 
cultures, it was discovered that GLP-1R activation is neuro-
protective against glutamatergic excitotoxicity45. In mouse 
models of AD, GLP-1R signaling was able to prevent the 
formation of `-amyloid plaques46. !ese studies, among 
others, show that GLP-1R signaling is much more complex 
than previously thought. 
 !e important role of DA signaling in obesity has 
become increasingly apparent. GLP-1R’s are expressed in 
the striatum, an important brain region for reward37. Dr. 
Aurelio Galli and colleagues at Vanderbilt University have 
recently discovered that GLP-1 can regulate tra$cking 
of the DA transporter (DAT) in the striatum. DAT is an 
important component of the machinery used to maintain 
proper DA homeostasis and clearly instrumental in reward 
pathways, as many drugs of abuse target DAT. !e molecu-
lar mechanism by which GLP-1R signaling can modulate 
DAT is entirely novel from what is currently known about 
GLP-1R signaling and is the "rst account of GLP-1R sig-
naling in the striatum. !e pathway these investigators pro-
pose entails the employment of the di#usible transynaptic 
messenger, nitric oxide (NO), to regulate surface levels of 
DAT protein. !ey have shown that the GLP-1R is not on 
DA terminals in the striatum, but rather on a subpopulation 
of neuronal NO synthase (nNOS, the enzyme that produces 
NO in neurons)-producing interneurons. In acute rat stria-
tal slices, they demonstrate that GLP-1 acts by reducing the 
activity of nNOS via phosphorylating nNOS at serine 847 
(an inhibitory site on nNOS), thereby increasing surface 
levels of DAT on nearby DA terminals4 (Figure 2).

 !e regulation of monoamine transporters by NO47 
and GLP-1R coupling to NO2 is not completely novel, yet 
these experiments illustrate that GLP-1R signaling has even 
more versatility than previously imagined. !e implications 
of GLP-1R signaling regulating DA homeostasis in the 
striatum, independent of known mechanisms for regulat-
ing DAT, are that GLP-1 may play a role in regulating the 
reward component of food intake (striatal DA), not just the 
homeostatic (hypothalamus) or peripheral (pancreas) roles 
it is already known to have. If this is the case, GLP-1 may 
be a potential therapy for other substance use disorders in 
which dysregulated striatal DA is also present.     

Summary & Future Directions
 GLP-1 was "rst discovered as an incretin but has 
since proven to have other vital roles. GLP-1R agonist and 
therapies that increase endogenous levels of GLP-1 (DPP-
4 inhibitors) are powerful pharmaceutical agents used to 
treat T2DM. GLP-1R signaling has been studied in several 
regions of the periphery and brain. While the amino acid 
structure of the GLP-1R is identical in all regions of the 
body, its signaling is versatile. Studies to further elucidate 
the molecular mechanisms behind GLP-1R coupling to 
NO in the cardio-vasculature and striatum will be essential 
in maximizing the use of the powerful GLP-1R agonists. 
In the United States today, about one third of the popula-
tion is obese48, and over 1.5 million new cases of T2DM are 
diagnosed per year49. !e leading cause of T2DM is obesity, 
a disease of positive energy balance that is most commonly 
the outcome of compulsive overeating and lack of physi-
cal activity. Homeostatic pathways in brain regions, such as 
the hypothalamus, have been extensively studied in hopes of 
"nding therapeutics for obesity5. !us far, this has not been a 
successful route for the treatment of obesity.  More recently, 
it has been demonstrated that reward pathways, speci"cally 
striatal DA, are altered in obese subjects and that therapies 
that target striatal DA would be bene"cial in the treatment 
of obesity6. GLP-1 treats dysglycemia; regulates food intake; 
protects against cardiovascular disease in T2DM and obe-
sity; and now potentially rescues dysregulated DA signaling 
seen in obesity (Figure 3). 
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Figure 3: Obesity and T2DM are comorbid disorders. In T2DM 
there is dysglycemia, and in obesity there is dysregulated DA 
homeostasis. GLP-1 agonists are used to treat dysglycemia in 
T2DM, and new evidence suggests that GLP-1 analogues can 
treat dysfunction in DA signaling in the striatum4. 
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#e glucocorticoid stress response
 !e stress response. Stress re%ects physiological or 
psychological displacement from homeostasis 1,2. Encoun-
tering a “stressor” (either physical or psychological) can re-
sult in adaptive physiological changes known as the stress 
response. In mammals the stress response activates the hypo-
thalamic-pituitary-adrenal (HPA) axis. !e purpose of HPA 
axis activation is to maximize the energy resources needed 
to drive the response to the stressor. Neurons in the hypo-
thalamus secrete corticotrophin releasing hormone (CRH) 
onto the anterior pituitary gland. CRH then binds to its re-
ceptor resulting in the release of adrenocorticotropin releas-
ing hormone (ACTH) from the pituitary gland. In response 
to ACTH the adrenal cortex releases membrane permeable 
glucocorticoids (GCs) into the bloodstream. Once released 
from the adrenal gland GCs bind to either mineralocorticoid 
receptors (MRs) or glucocorticoid receptors (GRs) through-
out the brain. Both MR and GR are transcription factors 
that normally reside in the cytosol. MRs have a high binding 
a$nity for GCs and they are normally bound by the basal 
plasma GC levels making them less available for activation 
via stress induced rises in GC. However, GRs have a lower 
a$nity for the ligand, and thus remain relatively unbound 
at basal GC levels. Since the MR’s are already bound when 
GC levels rise, the stress response is believed to be primarily 
mediated by GRs3,4. GR is ubiquitously expressed; however, 
brain regions such as the PFC (see Fig. 1) contain a higher 
density of GR. Denser expression may be an indicator of the 

receptors importance in the PFC, particularly in the stress 
response. 

#e role of prefrontal cortex in the stress response
 Prefrontal cortex function, anatomy, and homol-
ogy. A large body of evidence implicates the PFC in the 
stress response. !e PFC regulates cognitive and emotional 
processes by integrating past information from long term 
storage with current information before deciding on and 
initiating the optimal response via top-down regulationa. 
!e ability to process past and present information has been 
coined “working memory”6. While the PFC is not the only 
brain region where cognitive functions are processed, a ma-
jority of human imaging studies indicate the PFC as the 
main site of working memory processing and decision mak-
ing7. 
 !ere is consensus that although the homologous 
regions in lower level primates are not as developed as those 
of humans, the type of information being processed is simi-
lar. For example, macaque monkeys trained to perform a 
modi"ed version of the Wisconsin Card Sorting Taskb 
(WCST) display PFC activation similar to that exhibited 

a. Top-down regulation��&RQWURO�RI�ORZHU�RUGHU�SURFHVV�E\�KLJKHU�
order regions.

b. Wisconson Card Sorting Task��D�FODVVLF�UXOH�EDVHG�WHVW�RI�DW-
WHQWLRQ�LQ�ZKLFK�FKDQJHV�WR�WKH�´UXOHVµ�PXVW�EH�UHFRJQL]HG�E\�WKH�
participant. The participants score is determined by how long it takes 

WKHP�WR�OHDUQ�WKH�QHZ�UXOH�

Glucocorticoid 
receptor
Stress
Prefrontal cortex
Cognition
Emotion

 Stress re%ects physiological or psychological displacement from homeostasis. In mammals, 
stressors activate the hypothalamic-pituitary-adrenal axis (HPA axis). HPA axis activation provides the 
nervous system with the required signals to respond to the stressor. In the brain, the response to HPA-axis 
activation is largely mediated by the glucocorticoid receptor (GR). GR orchestrates the transcriptional 
changes required for long term adaptation to the stressor in addition to ending the stress response via a 
negative-feedback circuit. !is adaptation and feedback includes modulation of brain regions implicated 
in cognition and emotion. One of these brain regions is the prefrontal cortex (PFC). Acute and chronic 
stress are both known to a#ect PFC regulation of cognitive processes. Elucidating how the GR in%uences 
processing in the PFC is important for understanding the stress response; however, the mechanisms re-
main incompletely de"ned. !is review presents current knowledge on the PFC and GRs as well as areas 
for future investigation into the PFC-GR interaction in regulation of cognition and emotion.

Alonzo Whyte

Glucocorticoid Receptor Mediated Stress Signaling in the 
Prefrontal Cortex
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in human controls8. For rodents however, the concept of 
a homologous PFC region has only recently begun to be 
accepted. By comparing the anatomical connectivity of the 
rodent and primate PFC areas, researchers have determined 
subdivisions in rodents that exhibit similar projection pat-
terns9. Speci"cally, the granular medial portion of the ro-
dent PFC has three distinct subregions which have the same 
connectivity as the primate PFC. !e anterior cingulate cor-
tex (ACC) is in the dorsal subdivision of the region and its 
projections are known to result in occulomotor movements. 
!e ventral subdivision contains the prelimbic (PL) and 
infralimbic (IL) cortices which are implicated in cognitive 
and emotional regulation based on their connectivity with 
the amygdala, mediodorsal thalamusc, reunions nucleid, 
and other limbic systeme related structures9,10. While the 
ACC is considered part of the homologous PFC structure, 
this review will focus on the role of PL and IL in the stress 
response (each of which di#erentially regulate neuronal pro-
c. Mediodorsal thalamus��1XFOHXV�ZKLFK�SOD\V�D�PDMRU�UROH�LQ�
relaying information from limbic regions to association cortices.

d. Reunions nuclei��7KDODPLF�QXFOHXV�WKDW�UHOD\V�VLJQDOV�IURP�WKHP�
3)&�DQG�WKH�KLSSRFDPSXV

e. Limbic system��1HWZRUN�RI�EUDLQ�UHJLRQV�WKDW�SURFHVV�DQG�UHJXODWH�
FRJQLWLRQ��PHPRU\�DQG�HPRWLRQ��UHODWHG�VWLPXOL

cesses through their unique connectivity).
 Early studies examined the functions of PL and IL 
by selectively lesioning one of the regions and examining 
the e#ects in stress-related behavioral assays. Lesions to PL 
diminish performance in tasks that involve delays (thus re-
quiring functioning working memory) increase anxiety-like 
behaviors11. PL lesions do not however, a#ect performance 
on non-delayed tasks. Lesions to IL have the opposite ef-
fect on anxiety-related behaviors. Further distinctions be-
tween the two regions have been found using fear condi-
tioningf and extinctiong paradigms. Researchers found that 
inactivation of PL resulted in an inability for rats to express 
fear to stimuli that were previously paired with a shock12. 
However, PL inactivation did not diminish the response to 
innately feared stimuli. Further investigation revealed that 
IL inactivation impairs the ability to undergo extinction 
acquisition and develop an extinction memory13. IL has 
also been found to be important in the development of the 
stress resiliency that arises from environmental enrichment 
(EE)14. Lesions to IL prior to EE (although not after) pre-
vented rats from developing the superior positive behavioral 
responses to chronic stress that were developed in control 
(but EE exposed) rats. Further di#erences between PL and 
IL have been demonstrated for autonomic responses. Under 
basal conditions, inactivation of neither PL nor IL produces 
cardiovascular changes15. However, when rats are adminis-
tered restraint stress, rats with PL inactivation exhibit an 
elevated heart rate, while rats with IL inactivation exhibit 
a diminished response (compared to controls). It is possible 
that these PL- and IL- mediated stress-induced changes in 
behavior and physiology are regulated by GR activation. 

#e role of GR in the stress response
Activation of GR. When GC binds to GR the receptor un-
dergoes a conformational change which results in its translo-
cation to the nucleus. Once translocated, GR can a#ect the 
intracellular environment either as a dimer or a monomer. As 
a dimer it can bind the glucocorticoid response elementh 
located on the promoter region of target genes leading to 

f. Fear conditioning��/HDUQLQJ�SDUDGLJP�LQ�ZKLFK�D�QHXWUDO�VWLPXOXV�
LV�SDLUHG�ZLWK�D�IHDUHG�VWLPXOXV��$FTXLVLWLRQ�RFFXUV�ZKHQ�WKH�QHXWUDO�
VWLPXOXV�EHFRPHV�IHDUHG�

g. Fear extinction: Learning paradigm in which the response a 

FRQGLWLRQHG�IHDUHG�VWLPXOXV�LV�OHDUQHG�WR�QR�ORQJHU�EH�SUHGLFWLYH�RI�D�
QR[LRXV�VWLPXOXV�

h. Glucocorticoid response element: region of a gene that activates 

LWV�WUDQVFULSWLRQ�ZKHQ�LW�LV�ERXQG�E\�*5�

Figure 1. Regions of dense GR expression. Acc-nucleus 
accumbens; APit-anterior pituitary gland, BLA- basolateral 
nucleus of the amygdala; BnST- bed nucleus of the stria terminalis; 
CA1, CA2, CA3- hippocampal areas CA to CA3; InfC- inferior 
colliculus; LC- locus coeruleus; CeA- central nucleus of the 
amygdala; Cerb-cerebellum; Cing Ctx- cingulate cortex; DG- 
dentate gyrus; Fr Ctx- frontal cortex; PAG- periaqueductal gray; 
Par Ctx- parietal cortex; PVN- parventricular hypothalamic 
nucleus; Red- Red nucleus; Rn- raphe nuclei; Sep- septum; 
SupC- superior colliculus; SN- substantia nigra; Stri- striatum; 
$al- thalamus. (Reproduced with permission5) 
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transactivationi or transrepressionj16,17. As a monomer it 
can downregulate transcription via transrepression18,19. At 
numerous sites throughout the brain, binding of GCs to 
GRs facilitates adaptive changes to the stressor and restores 
the stress response to baseline5 through negative-feedback 
on the HPA axis. Global and region speci"c manipulations 
of GR have been used to experimentally dissect the role of 
GR in the stress response.

Targeting GR in animal models. GR is encoded in the Nr3c1 
gene. Of Nr3c1’s  9 exons, exon 2 is the main transcriptional 
activation domain, and exons 3 and 4 are responsible for ho-
modimerization  and DNA binding20.  Nr3c1 is ubiquitous-
ly expressed throughout the central and peripheral nervous 
system and early investigations revealed that prenatal global 
deletion of GR resulted in perinatal death as a result of GRs 
role in the periphery21. !e "rst non-lethal deletion meth-
ods were developed in 199822. One involved a point muta-
tion in the DNA binding domain, and the other utilized 
the cre-lox systemk and %anked Exon 3 with LoxP sites. In 
2003, another method for non-lethal deletion of Nr3c1 was 
demonstrated23.  In this model exon 2 of Nr3c1 was %anked 
with LoxP sites (Fig. 2). !e cre-inducible methods allowed 
for local deletions dependent on where the cre enzyme was 
expressed. !ese cre-inducible methods of generating GR 
knockouts (GRKOs) along with several other methods have 
allowed for investigations into the function of the receptor.

Initial Studies on physiological e!ects GR activation. !e ini-
tial animal models used to study the role of GR in the stress 
response involved gross expression of antisensel GR mRNA, 
gross expression of GR protein that lacked the DNA binding 
domain, or conditional knockouts (KO) using a region-spe-
ci"c promoter. Studies involving the antisense GR mRNA 
expression revealed depression-related cognitive de"cits24. 
Mice with point mutations to Nr3c1 that prevented the 
formation of GR homodimers and DNA binding display 
diminished spatial memory capacity25. Using the cre induc-
ible model (see Fig. 2), a forebrain GRKO mouse model was 

i. Transactivation��ELRORJLFDO�SURFHVV�WKDW�UHVXOWV�LQ�LQFUHDVHG�UDWH�
the target genes expression

M��Transprepression��ELRORJLFDO�SURFHVV�WKDW�UHVXOWV�LQ�WKH�GHFUHDVHG�
rate the target genes expression.

k. Cre-lox system��$�PROHFXODU�WRRO�XVHG�WR�UHJXODWH�JHQH�WUDQVFULS-

tion. In the presence of cre recombinase, DNA located between 

inserted lox P sites is excised.

l. Antisense��P51$�WKDW�FRQWDLQV�WKH�FRPSOHPHQWDU\�VHTXHQFH��7KH�
DQWLVHQVH�P51$�ELQGV�WKH�HQGRJHQRXV�51$��EORFNLQJ�WUDQVODWLRQ�

developed. Investigation of this model revealed a depression 
and despair phenotype26, 27. However, across most of these 
studies con%icting results concerning the interpretation 
of the anxiety-phenotype were reported with many of the 
mice exhibiting reduced anxiety-phenotypes in some behav-
ior paradigms and heightened anxiety responses in others3. 
!e confusion around the exact e#ect may result from the 
recently discovered fact that GR activation has di#erent ef-
fects based on which region of the brain it is activated in 
and the conditions underlying the activation. Recent studies 
have begun to target GR in speci"c brain regions to eluci-
date its many roles.

Region speci#c GR studies. A majority of the region specif-
ic GR research has been performed in the hippocampus. 
Electrophysiological experiments have revealed that GR 
activation enhances miniature excitatory postsynaptic 
currentsm (mEPSCs) in CA1 pyramidal neurons28 for 2-4 
hours post-administration. Increased amplitude of mEPSCs 
at the postsynaptic terminal of GR activated cells results 
in enhanced signaling, a correlate of long term potenta-
tionn (LTP). However GR also plays a role in decreasing the 
responsiveness of a cell. Long term depressiono (LTD) in 
CA1 was found to be dependent on GR activation29. Under 
conditions of low synaptic input post-stress GR works to 
diminish the cell’s responsiveness to incoming signals, as op-
posed to placing the synapse in a ready to receive state. How 
can GR accomplish both of these seemingly contradictory 
actions in CA1? AMPA receptorsp (AMPARs) are mediators 
of both LTD and LTP. GR activation results in increased 
tra$cking of AMPARs to the postsynaptic terminal30. If the 
synapse is receiving basal levels of input then this increase in 
AMPARs allows for increased synaptic e$cacy. In addition 
to increasing surface AMPARs, GR activation decreases the 
threshold by which NMDA receptorsq (NMDARs) initiate 
NMDAR dependent AMPAR endocytosis31. !e decrease 

m. Miniature excitatory postsynaptic currents: positively charged 

ÁRZ�RI�LRQV�LQ�WKH�DEVHQFH�RI�SUHV\QDSWLF�GHSRODUL]DWLRQ�

n. Long term potentiation: Prolonged enhancement in signal trans-

PLVVLRQ�UHVXOWLQJ�IRU�VLPXOWDQHRXV�VWLPXODWLRQ�RI�FRQQHFWHG�QHXURQV

o. Long term depression��3URORQJHG�UHGXFWLRQ�LQ�VLJQDO�WUDQVPLV-
VLRQ��,W�FDQ�EH�LQGXFHG�E\�QXPHURXV�VLJQDO�VWUHQJWKV�GHSHQGHQW�RQ�
WKH�EUDLQ�UHJLRQ�WKH�QHXURQV�DUH�ORFDWHG�LQ�

p. AMPA receptors��LRQRWURSLF�JOXWDPDWH�UHFHSWRU�WKDW�DOORZV�FDWLRQ�
LQWUDFHOOXODU�LQÁX[��,W�LV�UHVSRQVLEOH�IRU�IDVW�VLJQDOLQJ�DW�WKH�V\QDSVH�

q. NMDA receptors��LRQRWURSLF�JOXWDPDWH�UHFHSWRU�WKDW�DOORZV�FDWLRQ�
LQWUDFHOOXODU�LQÁX[��,WV�RSHQLQJ�LV�DOVR�YROWDJH�GHSHQGHQW�WKXV�RQO\�
signals above a threshold will activate the receptor.
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in surface AMPARs is concomitant with LTD as the ter-
minal is less responsive to incoming signals. !us GR is 
able to generate a synaptic environment that optimizes ei-
ther LTD or LTP depending on the nature of the incoming 
pre-synaptic signals. It is known that GC signaling leads to 
decreased viability of CA1 neurons32. With GR mediating 
both of these processes what would occur following a stress-
or if GR was not regulating the environment? Twenty-four 
hours following a traumatic brain injury, rats administered 
a GR antagonist show no loss of CA1 pyramidal neurons 
while control mice showed losses of ~30%33. !erefore GR 
is likely responsible for cell death in CA1 neurons following 
chronic stress. !us, in the absence of synaptic input, GR 
activation bypasses LTD instead functioning to assist in the 
elimination of the inactive neuron.
 GR research done in other limbic brain regions 
revealed that responses to GCs vary for each region34. Re-
search into the e#ects of stress on dentate gyrusr (DG) 
pyramidal neurons revealed no change in calcium currents 
in response to 20 min GC exposure, while CA1 pyramidal 
neurons exhibited increased currents in response to the same 
stimulus35. GRs are present in high density in both the DG 
and CA1 indicating that it was not a di#erence in GR ex-
pression levels that caused the di#erent responses in the DG 
and CA1. Rather, it was a di#erence in the stimulus induced 
expression of protein that resulted in the e#ect. While GR 
activation in CA1 neurons results in increased calcium chan-
nel Cav1.2 expression, in the DG GR does not upregulate 
transcription of that channel. In the basolateral amygdala 
(BLA), GR was found to enhance neuronal excitability over 
several hours, unlike the short term enhancement demon-
strated in CA136. In addition, under conditions of chronic 
stress, BLA GRs have the opposite e#ect on neuronal excit-
ability. !ese physiologic responses to GR activation likely 
underlie behavioral responses. Kolber and colleagues found 
that deletion of CeA GRs results in decreased cFos expres-
sion and diminished fear conditioning37. !e "ndings of 
GRs e#ects in these regions have important implications for 
its possible role in the PFC.
 Known Role of GR in the PFC. Early investiga-
tions to elucidate the role of GR in the PFC revealed it to 
be a negative-feedback site. Dioro and colleagues found that 
lesions to the PFC result in elevated plasma GC levels in rats 
exposed to a 20 minute restraint stress38. Compared to the 
control group, the PFC lesioned rats exhibited a diminished 
ability to reduce the stress-induced rise in GC. A later study 
examined the e#ects of chronic stress on GR expression in 
the PFC.  Rats were exposed to 4 weeks of chronic stress re-

r. Dentate gyrus: Part of the hippocampal formation

sulting in signi"cant reductions in total GR mRNA expres-
sion compared to non-stressed controls39. Although overall 
mRNA was reduced, the researchers reported signi"cant in-
creases in nuclear GR and reductions in cytosolic GR. 
 Within the last decade, researchers have begun to 
examine the e#ects of GR activation on PFC structure, tran-
scription, and function. Rats exposed to repeated restraint 
stress exhibit reduction in apical dendritic spine density, as 
well as apical dendritic length in PFC neurons40,41. Con-
sistent with this "nding, previous research has shown that 
chronic activation of GR (via dexamethasones) results in 
behavioral dysfunction in working memory as well as atro-
phy and neuron loss in layer II/IIIt of PFC42. PFC neuronal 
expression of CRH mRNA has been shown to negatively 
correlate with chronic PFC GR activation43. Meng and col-
leagues were able to demonstrate a direct recruitment of the 
CRH promoter by GR and propose it as the mechanism by 
which activated GR reduces CRH mRNA expression. Simi-
lar to its actions in CA1, acute GR activation enhances the 
amplitude of NMDAR and AMPAR excitatory postsyn-
aptic currentsu in response to glutamate44. GR potentiation 
of those responses is responsible for the working memory 
enhancement associated with acute stress. However, chronic 
stress has the opposite e#ect on working memory. !e work-
ing memory de"cit in chronically stressed rats is correlated 
with diminished plasticity in hippocampal-PFC synapses, 
possibly through a similar NMDAR-AMPAR-GR regulated 
molecular signaling pathway45.

Summary and future directions
 !e role of GR in the stress response has been heav-
ily investigated. !ese studies have revealed that the long-
lasting behavioral and cellular changes that result from GR 
activation are region speci"c34. It is possible that region spe-
ci"c GR mechanisms are responsible for proper regulation 
of each limbic system nucleus13. GR-mediated molecular 
pathways are currently being investigated and results dem-
onstrate the involvement of a multitude of proteins includ-
ing ERK1/2, MSK46, and EGR147, which are which are not 
only regulated by classic genomicv GR activity, but also by 
rapid non-genomic GR mechanisms. For example, GR-

s. Dexamethasone��D�SRWHQW�V\QWKHWLF�JOXFRFRUWLFRLG�UHFHSWRU�DJRQLVW

t. Layer II/III: largely responsible for intercortical signaling

X��Excitatory postsynaptic currents��LQÁX[�RI�FDWLRQV�UHVXOWLQJ�IURP�
presynaptic depolarization.

v. Genomic��FODVVLFDO�UHJXODWLRQ�WKURXJK�JHQH�WUDQVFULSWLRQ��LH�*5�
binding to GRE)



VOLUME 4 | 2012 | 124 VANDERBILT REVIEWS NEUROSCIENCE

C A N D I D A T E 
R E V I E W S
dependent epigeneticw modi"cations are being uncovered 
providing a mechanism by which GR can a#ect the cellular 
environment in a matter of minutes46,48. Ongoing research 
will determine how GR activation in the PFC can result in 
enhanced functioning, as well as how dysregulation of GR 
signaling leads to impairments in working memory such as 
those exhibited in many psychiatric illnesses associated with 
PFC dysfunction49, 50.
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