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LETTER FROM THE EDITORS

Dear Friends and Colleagues of the Vanderbilt Neuroscience Community,

It is with great enthusiasm that I present to you the 10th Volume of Vanderbilt Reviews Neuroscience (VRN), a jour-
nal showcasing the work of the newly-minted class of Ph.D. candidates in the Vanderbilt Neuroscience Graduate Pro-
gram. Over the past decade of its existence, the VRN has evolved to reflect the changing needs and wants of our neu-
roscience community while still preserving many foundational traditions. Importantly, at its core the VRN remains
trainee-centric, with the contributions and content coming predominantly from current graduate students. This year
marks the first that, in place of volunteers, Associate Editors were elected to their position through the Neuroscience
Student Organization (NSO) to provide support to the Editor-in-Chief. One of the recent changes to the VRN relates
to the publishing process: we are now using electronic media as our primary mode of dissemination.

In Volume 10, you will find reviews from the talented qualifying class of 2017 - comprising students from the IGP,
the direct admit program, MSTP students, and one of our first joint ].D./Ph.D. candidates. Topics include the role of
parvalbumin interneurons in addiction, injury, and disease states; understanding how sensory systems work together
to encode information and utilizing multisensory processing concepts to create novel rehabilitative tools; the contri-
bution of various protein complexes, cotransporters, and receptors to epilepsy; and how neuroscience can inform the

assumptions behind existing evidentiary rules used in the courtroom.

As always, the students in our program are highly productive publishers. In this volume we highlight a number of
these first-author manuscripts published during the 2017-2018 year.

As a community our efforts extend far beyond the lab. Our Vanderbilt Brain Institute (VBI) Interim Director, VBI
Director of Graduate Studies, NSO President, and NSO Community Outreach Coordinators, were kind enough to
provide messages with updates on just some of these efforts.

There are several individuals to whom I would like to extend my sincere gratitude. Francis Cambronero and Randy
Golovin, our first elected Associate Editors, have poured a tremendous amount of work into editing several reviews
and coordinating revisions with busy graduate students - all while balancing their own lab schedules; I am grateful to
them for their assistance in helping me get the reviews into the condition you will see here. I appreciate the advice
from our previous Editor-in-Chief, Robin Schafer, who openly shared her experiences of what did and did not work
in producing this publication. I would like to acknowledge Tin Nguyen for providing the cover art for this issue. I am
indebted to Beth Sims, who has been nothing short of instrumental in the creation of this issue. Beth, among many
other tasks, spearheaded the collecting of reviews from students and the formatting of the entire issue, which is by no
means a small feat. Of course, this publication would not be possible without the hard work and the timely coopera-
tion of the 2017 qualifying class during the review process. Finally, a special thanks to our VBI leadership for their
continued support of our students and the production of the VRN.

I am honored to have been elected to serve as Editor-in-Chief of this year’s VRN. Having read these insightful reviews
and seen the quality of work produced by our graduate students I am excited for the continued success and growth of
the Neuroscience Graduate Program and the Vanderbilt Brain Institute.

Your Editor-in-Chief,

/(/U}W W Allyson Mallya
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Vanderbilt Brain Institute

6133 Medical Research Building IIT
Nashville, TN 37232

(615) 936-3705

Vanderbilt Reviews Neuroscience (VRN) is open-access journal (insert link). VRN is the official journal of the Vander-
bilt University Neuroscience Graduate Program and the Vanderbilt Brain Institute. VRN is a collection of reviews sub-
mitted by Vanderbilt Neuroscience Students whilst qualifying for doctoral candidacy. The journal also offers highlights
and commentary on work being done at Vanderbilt and Neuroscience laboratories around the world. VRN was found-
ing in 2009 in an effort to consolidate and recognize the hard work done by each class of Ph.D. qualifiers, and is pub-
lished annually by the Institute.

Review Process
All reviews submitted for doctoral qualifications must be approved by a committee of at least four tenured or tenure-
track faculty members. All approved reviews are accepted by VRN.

Reprints of individual articles are available from the authors or on the website. Requests for permission to reprint ma-
terial published in VRN should be made in writing and addressed to the attention of Journal Permissions, Vanderbilt
Reviews Neuroscience, 6133 Medical Research Building III, Nashville, TN 37232. The request must include a citation
of the exact material that will be reprinted and specific information about where it will be used. One must receive writ-
ten permission from the authors whose work will be reused. All copyrights are held by the Authors.

2018 Editorial Board

Editor-in-Chief
Allyson Mallya

Associate Editors
Francis Cambronero

Randy Golovin

Faculty Reviewers
Ronald Emeson

Bruce Carter

Allyson Mallya Francis Cambronero Randy Golovin
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OUTREACH +
EDUCATION

A Message from the Interim Director of the Vanderbilt Institute

Dr. Lee Limbird, former Chair of the Department of Pharmacology, told me that the role of graduate school
was “to learn to overcome the fear of failure”. In the nearly three decades that have passed since I first heard
those words, I often reflect upon how failure represents an integral part of success, not only in graduate
school, but also in any endeavor which one might choose to pursue. Albert Einstein was quoted as saying,
“failure is success in progress”, yet somewhere along the way, we begin to associate failure with defeat, rather
than opportunity. Somewhere along the way, we see failure as a monster, rather than a mentor.

For doctoral students in the Vanderbilt Training Program in Neuroscience, the admission to candidacy rep-
resents a critical first step on a much longer road to personal development and scientific training. Part of this
process requires publication of a review in a student’s research area in Vanderbilt Reviews Neuroscience
(VRN), which can be enjoyed within these pages. These early successes are the products of hard work, prepa-
ration, persistence and confidence, but also may have been punctuated by failures in the classroom, the li-
brary or the laboratory. These are not the last failures that neuroscience graduate students will experience. As
Winston Churchill stated, “Success is not final, failure is not fatal: the only thing that counts and is forever is
your courage to continue”.

May your year be filled with the kinds of failure that lead to exciting discoveries, new opportunities and sci-
entific surprises.

M i P~

Ronald B. Emeson, Ph.D.
Joel G. Hardman Professor of Pharmacology, Biochemistry, Molecular Physiology & Biophysics and
Psychiatry & Behavioral Sciences
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A Message from the Neuroscience Program Director of Graduate Studies

Dear Readers,

It has been another successful and exciting year for the Neuroscience Graduate Program! With Ron Emeson taking
the helm for Mark Wallace, the program has continued to florish and a variety of changes have been made that benefit
the students. Many of these developments are regarding funding and typically go unnoticed by the students, but they
create a more equitable and balanced system for everyone. Ron has consistently been a champion of equal treatment
for all students and we are all very grateful for the battles he’s fought on behalf of the program.

We are also excited to find out who the new VBI director will be and look forward to that announcement in the com-
ing months. With the new director will certainly come a variety of new initiatives and changes that will reinvigorate
the VBI and our graduate program.

It has been another successful year of recruiting new students. We admitted 6 students through the direct admit route
and accepted 10 from the IGP and 2 MSTPs. As usual, they respresent the cream of the crop and are from a wide vari-
ety backgrounds and locations. I look forward to working with all of them!

As always, our curriculum continues to evolve, with substantial input from the students. Our Fundamentals of Neu-
roscience courses have changed a bit this year, as they do each year, with some new lecturers and slightly revised cur-
ricula. In addition, the Fundamentals II course (8340) will be undergoing substantial reorganization next year with a
new course director, Thilo Womelsdorf. Thilo has a very interesting and innovative plan for revising the course and I
look forward to its implementation! We are also revising the fall section of 8325 to focus on “rigor and reproducibil-
ity.” The new course will incorporate a substantial amount of statistics, giving all of our students a solid foundation in
methods of data analysis.

The remarkable scientific acheivements, the bold leadership and the commitment to service by our students never
ceases to amaze me. I am always very impressed by the scholarly reviews written by our students for their Qualifying
Exam and published in the VRN. These reviews typically serve as a springboard for further high quality publications
based on their thesis research. This year, 15 of our students successfully defended their thesis, many having been rec-
ognized for their contributions with grants and awards. Our students also continue to organize our annual retreat, the
Brain Blast outreach program, as well as other activities and events, including running this unique publication (thank
you to Ally Mallya for this edition), which they founded. Thank You All for your commitment to the program! It is a
privilege to serve as the Director of Graduate Studies for such a fantastic group of students!

Sincerely,

_—

DPaarc A L=

Bruce Carter, Ph.D.

Associate Director for Education and Training, Vanderbilt Brain Institute
Director of Graduate Studies in Neuroscience

Professor of Biochemistry
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An Update from the Neuroscience President

Dear Vanderbilt Neuroscience Community,

It was my pleasure and an honor to serve as President of the Neuroscience Student Organization this year. In opera-
tion since 2000, the purpose of this organization is to support the professional development and success of the neuro-
science graduate students, to promote community engagement and public outreach, and to encourage work-life bal-
ance among the graduate students. We are able to achieve these goals only through the hard work of the NSO student
leadership and with the support of the VBI administrative team.

I would like to congratulate the neuroscience graduate students who passed their qualifying exams this year and tran-
sitioned into doctoral candidacy. Their qualifying exam review papers, published here, reflect the impressive concep-
tual and technical diversity of the ongoing research in our neuroscience community. Special thanks are due to Ally
Mallya, Francis Cambronero, and Randy Golovin for editing and producing this edition of Vanderbilt Reviews Neu-
roscience. I would also like to thank our academic committee (Sierra Palumbos, Lauryn Luderman, and Collins Opoku-
Baah) for their work preparing students for their qualifying exams.

The VBI and NSO had many outstanding accomplishments this year. The work supported by our outreach committee
(Jacob Ruden, Salma Omer, and Francis Cambronero) this year demonstrates the continued commitment of the VBI
and the NSO to meaningful community engagement. Jacob, Salma, and Francis spearheaded our outreach efforts, in-
cluding the annual Brain Blast event, new classroom-based neuroscience lectures and hands-on brain dissections at
Nashville Metro Public Schools, and a number of public talks. Sahana Nagabhushan Kalburgi organized and executed
this year’s VBI Retreat at the beautiful Schermerhorn Symphony Center. Highlights of the day included the keynote
address by Dr. Ramesh Balasubramaniam (Professor of Cognitive and Information Sciences at the University of Cali-
fornia) and new faculty talks by Miriam Lense, Melissa Duff, Carrie Jones, and Vivian Gama. Sean Moran and Greg
Salimando played vital roles in promoting the work-life balance and wellness efforts of the NSO by hosting several
excellent NSO socials and the VBI Spring Picnic.

This year we welcomed the new Barlow Family Director of the Vanderbilt Brain Institute, Lisa Monteggia, to Vander-
bilt. We are thrilled to have her join our community and look excitedly to the future of the VBI under her leadership.
I would be remiss if I did not also specifically acknowledge and thank Ron Emeson for his exceptional service to the
Vanderbilt Brain Institute during his time as Interim Director and now as Associate Director of the VBI. The entire
NSO and VBI community joins me in extending a heartfelt thank you to Ron for his dedication to the VBI and to its
students. Finally, I would like to underscore the invaluable contributions of our administrative staff, not least Roz
Johnson and Beth Sims, to the neuroscience graduate program. Their commitment to the students and to the program
forms the foundation for our successes.

I hope you join me in celebrating these accomplishments and the many more to come this year!

Gabriella DiCarlo
NSO President 2017-2018

VOLUME 10 | 2018 ® 7 VANDERBILT REVIEWS NEUROSCIENCE
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Brain Blast | Community Outreach

Community outreach is a major focus of the Vanderbilt Brain Institute (VBI).
The VBI Outreach Committee, made up of Ph.D. students and faculty from the
VBI, plans and coordinates free outreach events ranging from interactive learn-
ing activities to seminars and lectures aimed at engaging the greater Nashville
and Tennessee populations. This year, Ph.D. students Francis Cambronero, Sal-
ma Omer, and Jacob Ruden served as the Neuroscience Student Organization
Outreach Coordinators, and Dr. Rebecca Ihrie served as the Faculty Chair of the
Outreach Committee.

The VBI Outreach Committee’s signature annual event is Brain Blast, held dur-
ing Brain Awareness Week, which is a worldwide celebration of the brain. This
year’s event, Brain Blast 2018, was a resounding success. The event was held on a
beautiful and sunny Saturday - March 17th, 2018 - at the Martin Professional
Development Center. Nearly 500 kindergarten to 8th grade students and their
families visited over 15 exciting booths to learn about bike safety from the Van-
derbilt University Police Department, hold hissing Madagascar giant cock-
roaches, dissect various animal brains and eyeballs, extract DNA from strawber-
ries, and more! A guest appearance from Mr. Commodore wearing his very own
monogrammed lab coat made Brain Blast 2018 that much more special. We
cannot wait to see what Brain Blast 2019 will have in store.

The VBI Outreach Committee also coordinated sheep brain dissections for local
middle school students throughout the school year. “The students were ecstatic
about being involved in the sheep brain dissections. They were particularly ex-
cited to directly apply what they had learned in class about the brain and nerv-
ous system to the dissections,” explained Salma Omer, the main organizer of
these events. “The dissections are a great way to offer middle school students a
hands-on learning experience about the mammalian brain.” The Outreach
Committee also planned a neuroscience-themed day for summer campers at
CampVandy, a new event that is likely to become an annual tradition.

In addition to youth-targeted events, the VBI hosted “get the facts” presenta-
tions and discussions about Alzheimer’s Disease at different Nashville Public
Libraries, as well as a series of neuroscience lectures at the Osher Lifelong --
Learning Institute for the older adults in the community.

VANDERBILT ¢ .
R7| VANDERBILT | Brain |nstitute

VOLUME 10 | 2018 * 8 VANDERBILT REVIEWS NEUROSCIENCE



HIGHLIGHTS
+ BRIEFS

RESEARCH HIGHLIGHTS

Input-specific modulation of Reward Circuity by
mGlu receptors

Allyson Mallya, Graduate Student

The nucleus accumbens (NAc) is a hub for integrating
excitatory inputs from different brain regions to direct
reward- and motivation-related behaviors. Maladaptive
synaptic changes and reorganization of neural circuits in
the NAc are thought to contribute to motivational disor-
ders and drug abuse. Although metabotropic glutmate
(mGlu) receptors are known to play a principal role in
modulating these synapses, how mGlu receptors regulate

distinct NAc afferents was not understood -- until now.

Brandon Turner, Ph.D., while a neuroscience graduate
student in the lab of Brad Grueter, Ph.D., Assistant Pro-
fessor of Anesthesiology, dissected the modulatory impact
of Group I mGlu receptors (mGlu,and mGlu;) on differ-
ent inputs to the NAc shell (NAcSh), specifically from the
prefrontal cortex (PFC) and the medio-dorsal thalamus
(MDT). In a report published in Neuropsychopharmacol-
ogy, Turner and colleagues used a combination of whole-
cell patch clamp electrophysiology, optogenetics, and
pharmacology in transgenic mice to demonstrate that
mGlu receptors differentially regulate NAcSh synapses
based both on afferent origin and cell type.

The authors first demonstrated that both PFC and MDT
neurons form connections with NAc medium spiny neu-
rons (MSNs). To do so, they performed electrophysiology
on acute brain slices from mice that had been injected
with a virus to induce expression of channelrhodopsin
(ChR2) in excitatory neurons in the PFC and MDT. Acti-
vation of neurons from each region individually, using
blue light to stimulate ChR2, evoked excitatory synaptic
activity onto both dopamine receptor type-1 (D1)- and
type 2 (D2)-expressing MSNs, which canonically promote
reward seeking and aversion behaviors, respectively.

They then examined how post-synaptic Group I mGlu
receptors, which have an established role in triggering
long-term depression (LTD) of excitatory signaling in the
NAg, influence these NAcSh inputs. Low frequency stim-
ulation was able to induce LTD in both D1 and D2 MSNs
at PFC synapses, but only caused LTD in D1 MSNS at
MDT synapses. MPEP, an antagonist of mGlusreceptors,
abolished LTD at MDT-D1 synapses but not in PFC-D1
or -D2 synapses. Conversely, LY367385, an antagonist of
mGlu,,blocked LTD at all PFC-NAcSh synapses but not
in MDT-D1 synapses, suggesting that mGlu receptors
differentially function at PFC and MDT synapses.

Finally, Turner and colleagues examined whether cocaine,
which has been shown to diminish mGlu LTD function in
the NAc, impacts mGlu function at PFC and MDT synap-
ses. Mice were subjected to a cocaine sensitization para-
digm followed by a period of cocaine abstinence; LTD at
specific synapses was then examined. Only mGlus-
dependentLTD at MDT-D1 synapses was impaired in
cocaine-exposed mice; application of the mGlusselective
positive allosteric modulator VU0409551 rescued LTD at

these synapses.

Taken together, the data suggest differential regulation,
both in input-specific and cell type-specific manners, of
synaptic strength by mGlu receptors in the NAcSh. Tar-
geting mGlusagonists may be therapeutically beneficial
for alleviating maladaptive synaptic changes caused by
cocaine and possibly other drugs of abuse. This study
highlights the importance of further understanding syn-
apse-specific plasticity and how doing so may guide novel
treatment options for motivation and substance use disor-
ders.

Learn More: Turner, B.D., Rook, J.R., Lindsley, C.W.,
Conn, P.].,, Grueter, B.A. (2018). mGlu, and mGlu; modu-
late distinct excitatory inputs to the nucleus accumbens
shell. Neuropsychopharmacology, 43:2075-2082.
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RESEARCH BRIEFS

Modulation of the BNST CRF Neuron
Stress Response

Allyson Mallya, Graduate Student

Stress is a major contributor to a variety of neuropsychiat-
ric, mood, and affective disorders. The bed nucleus of the
stria terminalis (BNST) plays a principal role in mediating
the normal adaptive response to stress; however, chronic
stress can cause maladaptive changes in BNST-dependent
circuitry over time. The corticotropin releasing factor
(CRF) system in the BNST is a key regulator of stress re-
sponses and contributes to negative affective behaviors.

A recent study from Tracy Fetterly, Ph.D., a neuroscience
alumna from the lab of Danny Winder, Ph.D., explored
how BNST CREF signaling is modulated following stress

exposure.

Fetterly and colleagues first established that acute restraint
stress increased the activation of BNST CRF neurons in
mice. Administration of the a,,-adrenergic receptor (AR)
inhibitor of certain CRF-
dependent behaviors, prevented this increase, suggesting

agonist guanfacine, an
that the BNST CRF system is regulated in part by norepi-
nephrine (NE). The authors then used electrophysiology
to show that NE inhibits excitatory signaling to BNST
CREF cells via a,,-AR.

Circuit mapping approaches demonstrated that both the
parabrachial nucleus (PBN) and insular cortex send affer-
ent projections to the BNST. Interestingly, only the PBN-
BSNT CRF synapses were sensitive to NE modulation.
Using chemogenetic techniques, the authors demonstrat-
ed that activation of PBN neurons reduced BNST CRF cell

activation in a manner similar to guanfacine.

Together, this article, published in The Journal of Neuro-
science, establishes that stress enhances BNST CRF neuron
activity and that a,,-AR activation can dampen this effect.

Better understanding of how different these systems inter-

act within the BNST to influence stress responses can
guide future strategies for the treatment and prevention of

related disorders.

Learn More: Fetterly, T.L., Basu, A., Nabit, B.P., Awad,
E., Williford, K.M., Centanni, S.W., Matthews, R.T., Sil-
berman, Y., Winder, D.G. (2018). a,,-adrenergic receptor
activation decreases parabrachial nucleus excitatory drive
onto BNST CRF neurons and reduces their activity in vi-
vo. The Journal of Neuroscience. doi:10.1523/
JNEUROSCI.1035-18.2018.
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Prefrontal Mediation of the Reading Network
Predicts Intervention Response in Dyslexia

Randall Golovin, Graduate Student

Dyslexia, an impaired ability to read words despite intact
comprehension and sufficient reading instruction, is the
most common form of learning disorder. Even when the
disorder is diagnosed early in life some people respond
better to treatment than others. One place to start looking
for individual differences are the reading network and
frontoparietal control network (FPN) are two groups of
interconnected brain regions that are activated by reading
and executive processing, respectively. In psychiatric pa-
tients an interplay between cognitive systems and execu-
tive processing predicted learning outcomes. Katherine
Aboud, a neuroscience graduate student, and her col-
league working in Laurie Cutting’s laboratory thought
that this work could extend to an interaction between the
reading network and FPN explaining which dyslexic pa-
tients respond to treatment and which do not. The re-
searchers suspected that a strong connection between the
FPN and reading networks would be an important predic-
tor of reading interventions for dyslexic patients. In an
article recently published in Cortex, Aboud and her col-
leagues used functional magnetic resonance imaging
(fMRI) to record brain activity from dyslexic and typically
developing children before a reading intervention training
looking for changes in the FPN and reading network that
might explain differences in response to the treatment.

In order to elicit reading related areas in the brain, the
authors showed children short words while in the fMRI
scanner while recording the FPN and reading network
brain regions. First, Aboud and colleagues looked at the
connections in the reading network in isolation compar-
ing three separate groups. 1) children who were typically
developing (TD) 2) children with dyslexia who were re-
sponsive to treatment (DYS-R) 3) children with dyslexia
who were unresponsive to treatment (DYS-NR). The sci-

entists found that connections within the reading network
were greatest in the DYS-R group suggesting that these
individuals can deal with their dyslexia more effectively
through a compensatory mechanism increasing activity in
the reading network.

Next Aboud and colleagues explored how executive con-
trol areas of the FPN were connected to the reading net-
work by seeing how well the activity of the FPN predicat-
ed the activation of the reading network. Similar to their
first analysis the authors split the participants into TD,
DYS-R and DYS-NR. The story with the FPN was difter-
ent than the reading network with TD and DYS-R groups
showing similar executive control over reading while the
DYS-NR group showed reduced executive control. This
means that dyslexic children who have executive function
more similar to TD children can better utilize the reading
interventions.

Overall, this paper by Aboud and colleagues made two
important discoveries regarding the treatment strategies
for individuals with dyslexia. First, people who respond to
reading intervention have greater compensatory activity
in their reading network. Second, dyslexic patients that
respond to treatment have similar executive control over
their reading network as TD children while dyslexic pa-
tients who do not respond to treatment have reduced ex-
ecutive control over their reading network. Together these
findings lead to two important takeaways. One, not all
children with dyslexia have the same underlying brain
changes. Two, children with dyslexia should be treated
with reading interventions and executive control training.
This study tackled an important issue of dyslexia treat-
ment and should pave the way to better treatments in the
future.

Learn More: Aboud, K.S., Barquero, L.A., Curring. L.E.,
(2018). Prefrontal mediation of the reading network pre-
dicts intervention response in dyslexia. The Cortex.
doi:10.1016/CORTEX.96-106.2018.
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ON THE COVER

This work was inspired by a recent publication, Aboud et al. (2018; Human Brain
Mapping). This study applied a big-data framework and sophisticated regression
strategy to map the brain volumetric trajectories, using over 5,000 MR images
(ages 7-90). Another key highlight of the study was its potential illustration of
changes in brain network organizational efficiency with age - i.e., structural co-
variance network (SCN). SCN reflects the brain structural underpinnings and
correspondence of functional modalities; for example, brain regions, such as the

, lingual and middle occipital gyri and the superior and transverse temporal gyri,
© 0+ fall within the functionally-relevant visual and auditory networks, respectively
(Alexander-Bloch et al., 2013; Evans, 2013; see also Guo et al., 2015). This art-
work aimed to represent not only the coordinated maturational trends (local ver-
Tin Nguyen sus global changes) but also the coupling and de-coupling patterns of brain struc-
Cutting Lab ture and function. Specifically, local brain structural changes fine-tune functional
efficiency (such as identifying faces and objects and decoding words and num-
bers); yet, global brain structural refinement also strengthens the convergence
and communication across brain functional networks (i.e., connectomics) to
support the more cognitively taxing tasks, such as linguistic comprehension and
theory of mind.

Main Reference (* indicates members of the Vanderbilt Brain Institute)

Aboud*, K. S., Huo, Y., Kang, H., Ealey, A., Resnick, S. M., Landman*, B. A., & Cutting*, L. E. (2018). Struc-
tural covariance across the lifespan: brain development and aging through the lens of inter-network rela-
tionships. Human Brain Mapping, 40, 125-136.

Supporting References

Alexander-Bloch, A., Giedd, J. N., & Bullmore, E. (2013). Imaging structural co-variance between human
brain regions. Nature Reviews Neuroscience, 14(5), 322-336.

Evans, A. C. (2013). Networks of anatomical covariance. Neurolmage, 80, 489-504.

Guo, X., Wang, Y., Guo, T., Chen, K., Zhang, J., Li, K., ... Yao, L. (2015). Structural covariance networks
across healthy young adults and their consistency. Journal of Magnetic ~ Resonance Imaging, 42(2), 261-
268.
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Chapter 5: Hemodynamics in Alzheimer’s Disease and
Vascular Cognitive Impairment and Dementia

Francis Cambronero

Hemodynamic impairment is one the earliest detectable abnormalities in Alzheimer’s disease (AD)-2 with well-
documented cerebral blood flow (CBF) changes occurring in prodromal AD (i.e., mild cognitive impairment*> (MCI))
as well as in cognitively normal older adults at genetic risk for AD.¢ Chronic cerebral hypoperfusion develops decades
before cognitive decline and precedes the earliest detectable in vivo changes in amyloid- (AB) accumulation, hypome-
tabolism, and brain atrophy. These early vascular insufficiencies, including CBF dysfunction and blood brain barrier
(BBB) breakdown, trigger the development of cerebrovascular pathology that drives cognitive impairment and may
accelerate AD pathology. In fact, cerebrovascular disease (CVD) is the most common pathology to co-occur with AD,?
leading to possible additive and synergistic effects of both pathologies on cognitive impairment.&-10

The clinical impact of hemodynamic impairment and CVD have been well characterized in vascular cognitive impair-
ment and dementia (VCID). Among aging adults free of clinical dementia, CVD is frequently reported,!! particularly
mild forms of cerebral small vessel disease (SVD), such as microinfarcts detected at autopsy2 or diffuse white matter
damage on magnetic resonance imaging (MRI).2:2 Plus, it is the second most common cause of dementia after AD.2
Emerging evidence suggests there is considerable overlap between VCID and AD and that mixed pathologies account
for most clinical dementia syndromes.Z Vascular lesions influence the presence of dementia in AD, both by lowering
the threshold at which existing pathology will clinically present as overt demential¢ and potentially mediating or ampli-
fying the severity of amyloid effects. Given the growing recognition of the link between cerebrovascular dysfunction
and AD, it is important to understand how observed hemodynamic impairments contribute to worse vascular and neu-
ronal health.

This chapter reviews the fundamentals of the cerebrovasculature, the tightly controlled mechanisms underlying CBF
regulation, the early hemodynamic differences that emerge in AD and VCID,
and how these changes are connected to dysfunction and damage of key neu- Common Abbreviations
rovascular cells. The chapter also discusses how AB pathology in AD contrib- | AX |Amyloid-beta

utes to these pathways of damage in the cerebrovasculature and its surround- | AD |Alzheimer’s disease

ing tissue. Finally, the relevance of systemic contributions to cerebral vascular | BBB [Blood brain barrier
dysfunction and hemodynamic impairment, including vascular risk factors| CBF [Cerebral blood flow

and cardiac function, is reviewed. CSF |Cerebrospinal fluid

. . CVD |Cerebrovascular disease
Section 1: An Introduction to the Cerebrovasculature CVR |Cerebrovascular reactivity

Blood flow control is especially critical to neuronal health and is tightly con- | ISE |Interstitial fluid

trolled by specific mechanisms at rest and under stress. The brain is one of | MCI |Mild cognitive impairment
the most metabolically demanding organs in the human body, consuming | MRI [Magnetic resonance imaging
20% of total oxygen and 25% of total glucose. It is incredibly sensitive to met- | NC Cognitively normal controls
abolic deficits, with hypoxia causing unconsciousness within seconds and SVD _|Small vessel di§§asg i
irreversible neuronal damage within minutes.-1? Tightly controlled systemic | VCID Xr?gcclll elirf ec;lot%;ntlve impairment
and CBF regulation mechanisms are thus required to ensure rapid and con-

tinuous delivery of vital substrates across a variety of conditions.

The body must respond to physical activity, external temperature, and other pertinent factors by adjusting blood flow
delivery to stressed tissue for proper function. In basic fluid dynamics, flow results when a pressure difference is exert-
ed over a given resistance. In humans, the heart’s left ventricular pump creates a large pressure difference every cardiac
cycle that is exerted over vascular resistance segments to generate blood flow, analogous to an electrical circuit. The
primary determinant of this vascular resistance to flow is vessel diameter, wherein smaller diameters increase resistance
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and reduce blood flow. However, predictive models of hemodynamics are further complicated by real-life vessel prop-
erties, including vessel wall compliance that dampens fluctuations in pressure and diverse vessel architecture that con-
tributes to irregularities in flow patterns. Vessel tortuosity, non-smooth vascular walls, irregular arterial geometry, and
branching patterns all contribute to variabilities in vascular resistance (and thus blood flow) throughout the vascula-
ture.

Influential works like Duvernoy et al (1981) have described the complexity of the vascular system of the human brain
in detail,?? and it is important to underscore that vascular architecture varies more than neuronal circuitry. Primary
feeding arteries in the neck join near the base of the skull to form the Circle of Willis, a structure that supports collat-
eral circulation. There is considerable variation in Circle of Willis anatomy across humans, with only 21% of individu-
als possessing a completely patent structure on post-mortem examination?! and 36 to 42% on in vivo magnetic reso-
nance angiography.?>?* The major arteries of the Circle of Willis give rise to progressively smaller pial arteries, which
run along the surface of the brain in the pia-arachnoid space until they penetrate the brain parenchyma as intracerebral
arterioles and begin associating with astrocytes and neurons. Pial arteries are structurally distinct from the microcircu-
lation in several important ways. First, pial arteries are supported by collateral networks and innervated by perivascular
nerves critical for regulation of cerebrovascular tone. In contrast, downstream arterioles are typically long and un-
branched, making their flow territories more susceptible to damage from occlusion. Both pial arteries and intracerebral
arterioles are surrounded by smooth muscle cell layers that further ensure greater basal tone. As parenchymal arterioles
successively branch into capillaries, the smooth muscle cell layer gradually disappears and vascular tone is supplement-
ed by pericyte contractile cells that wrap around capillaries.* At this level of the BBB, vital substrates may be extracted
from the blood and toxic metabolites may be cleared (e.g., carbon dioxide) via the selective diffusion barrier at tight
junctions between endothelial cells. Blood flow to these capillary beds is primarily driven by smooth muscle cells,
which locally control arteriole diameter and help amplify the pressure wave over the entire arterial tree. Thus, the com-
plex and intricate structure of the human cerebrovasculature ensures adequate blood flow delivery to tissue by regulat-
ing vascular resistance through a variety of structural and cellular properties.

Section 2: Mechanisms of Hemodynamic Regulation

The cerebral circulatory system is controlled by distinct homeostatic mechanisms that ensure stable blood flow delivery
in the face of fluctuating central perfusion pressures (i.e., cerebral autoregulation,?> commonly referred to as mecha-
noregulation) and further adapt blood flow to meet the metabolic demands of activated neurons (i.e., functional hyper-
emia? or neurovascular coupling). Arterioles regulate CBF via adjacent smooth muscle cells, which induce local con-
tractions in response to a variety of mechanical and chemical stimuli. Depending on how the smooth muscle mem-
brane is polarized, it will either relax (hyperpolarization) or contract (depolarization) to control arteriole diameter and
thus flow. This smooth muscle cell activity is regulated by mechanical stimuli and complex signaling cascades involving
a variety of neurovascular cells. For example, neurons,?? endothelial cells,’®? and astrocytes®*3! produce vasoactive sub-
stances known to regulate smooth muscle cells. Ultimately, vascular smooth muscle integrates a myriad of vasoactive
and vasoconstrictive signals to regulate CBF, including signals propagated through passive diffusion, ligand-gated ion
channels, and voltage-gated ion channels.

Cerebrovascular autoregulation mechanisms work at rest and throughout postural changes to protect delicate brain
vasculature from changes in central blood pressure. Autoregulation ensures that the microvasculature receives a uni-
form level of CBF regardless of arterial blood pressure by narrowing arterioles in high-pressure states and dilating arte-
rioles in low-pressure states.® Although incompletely understood, cerebral autoregulation mechanisms are thought to
occur in response to transmural blood pressure forces and linear shear stress (i.e., increased blood-flow velocity) that
stimulate stretching of the vascular smooth muscle to maintain arteriole wall tension. Changes in arteriolar wall ten-
sion trigger biochemical signaling pathways in smooth muscle cells2 and the endothelium3*3> that work to modulate
contractility. In contrast, neurovascular coupling is stimulated by vasoactive metabolites produced during neural activ-
ity. Neurovascular coupling involves well-characterized signaling pathways with contributions from astrocytic endfeet,
interneurons,® and retrograde endothelium signaling®*® that work to regulate smooth muscle cell tone. The neurovas-
cular coupling mechanism determines the hemodynamic response function, which is the physiological foundation for
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functional MRI. The initiators and mediators of neurovascular coupling are thought to be located at the capillary
bed,*4! and pericytes have recently been implicated as a candidate initiator of the functional MRI signal.2*

In addition to resting and functional mechanisms of CBF regulation, cerebrovascular reactivity (CVR) mechanisms
(i.e., chemoregulation) play a critical role during physiological stress to clear carbon dioxide waste from the blood
stream. This mechanism is the basis of the hypercapnic response often used in neuroimaging paradigms to assess arte-
riolar health. It is defined by the ability of the cerebrovasculature to increase CBF in response to arterial carbon dioxide
changes (i.e., cerebrovascular reserve capacity). CVR mechanisms regulate CBF changes during hypercapnia via myo-
genic partial pressure-sensing mechanisms mediated by pH changes in the extracellular fluid and the formation of ni-
tric oxide.

Although there is still conflicting evidence surrounding the underlying mechanisms and overlap between cerebral au-
toregulation, neurovascular coupling, and chemoregulation, these CBF regulation pathways are thought to be the most
predominant and fast-acting. Despite well-documented sympathetic innervation of intracerebral arteries, the role of
neurogenic regulation remains controversial, with some evidence suggesting it is beneficial in conditions of severe is-
chemia# With advancing age, these predominant resting and dynamic CBF control mechanisms may be increasingly
less effective. Emerging evidence suggests that the quality of hemodynamics and perfusion appear to be compromised
in both typical aging as well as disease, including AD and CVD, such as VCID.£ Such compromise ultimately places
the brain at risk for oligemia, ischemic damage, and a cascade of pathological changes associated with vascular and
neuronal injury.

Section 3: Patterns of Hemodynamic Impairment in Aging and Dementia

Although brain structure, activity, and cognitive abilities all undergo patterned changes with normal aging, some of the
earliest patterned changes to emerge are in blood flow. Chronic hypoperfusion is promoted by aging and comorbidi-
ties, including hypertension, obesity, and diabetes.? Early CBF studies demonstrated global and regional reductions in
the aging brain, particularly in limbic or association cortices.?Z Given that blood-oxygen-level-dependent MRI signals
may be compromised in CVD due to altered neurovascular coupling and baseline CBF,% more recent, reproducible
studies have relied on arterial spin labeling MRI quantification of CBF. These MRI studies have revealed more complex,
bidirectional regional CBF patterns in aging. Although global CBF is still reduced, there are increases in regional CBF,
which may provide support for a functional compensation theory% (cf. Cabeza et al., 2002%). Furthermore, flow asym-
metry is inversely related to memory performance in cognitively normal older adults.2! These findings suggest that in
addition to global decreases in CBF,2 typical aging likely involves the bilateral recruitment of certain regions for new
functional roles, perhaps to offset the effects of emerging reductions in brain activity and related CBF.

Unlike structural tissue measures, drivers of age-related changes in CBF remain harder to isolate and are largely un-
clear. Nevertheless, there are clear patterns of hypo- and hyperperfusion across the brain. Decreased regional CBF in
older adults is likely intimately linked to subtle neuronal dysfunction due to oligemia and age-related neurodegenera-
tive factors (e.g., reduced neuronal number, size, and activity, or synaptic density changes), while increased regional
CBF may indicate neuronal compensation® or pathological overactivation (i.e., hyperactivity that emerges in brain re-
gions typically affected in AD).2* In addition, it is very likely that a lifetime burden of systemic vascular risk factors
contributes to vascular dysfunction and compromised blood delivery, particularly when cerebral autoregulation mech-
anisms begin to fail in conditions like hypertension®-2¢ (during which higher perfusion pressures are needed to main-
tain the same level of CBF). Subtle changes in cerebral autoregulation may make the brain more susceptible to central
hemodynamic changes.

There is consistent evidence of hemodynamic changes in VCID and AD, but both diseases appear to have pronounced
CBF disturbances beyond typical aging with neuropathological overlap.Z Although previous Doppler-based CBF stud-
ies indicated that the severity of disturbances in cerebral hemodynamics may be higher in VCID compared to AD.2
Both VCID and AD demonstrate CBF reductions relative to cognitively normal older adults, but it has been harder to
distinguish CBF patterns in VCID and AD based on more recent arterial spin labeling MRI studies.? Interestingly,
both groups also have elevated pulsatility indices®! compared to cognitively normal controls, but patients with VCID
demonstrate relatively higher pulsatility indices compared to AD.¢ Blood flow pulsatility can be damaging to the
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microcirculation, contributing to vascular remodeling, increasing resistance, and failing cerebrovascular reserve over
time. Accordingly, significant reductions in CVR have been found in VCID compared to cognitive controls.5>¢* How-
ever, similar to arterial spin labeling MRI CBF studies, there are minimal detectable differences in CVR between VCID
and AD,%% perhaps because of the neuropathological co-occurrence of these two diseases.

In AD, CBF patterns distinct from normal aging emerge early on, before tissue atrophy, and most noticeably as global
hypoperfusion, which eventually correlates with cognitive impairment.©> Compared to cognitive controls, there is
unique hypoperfusion of lateral temporo-parietal and medial parietal regions, including precuneus and posterior cin-
gulate cortex, in AD.%*¢” Interestingly, hypoperfusion in parietal areas predicts conversion from MCI to AD.¢ The earli-
est stages of AD are also associated with distinct patterns of regional hyperperfusion, most prominently in the hippo-
campus® and basal ganglia,”? suggesting compensatory or pathological elevation of neural activity.Z Flow territory
asymmetry (defined as how much an individual’s CBF pattern deviates from the more symmetrical group pattern) is
positively correlated with memory performance in MCI but not cognitively normal older adults.2! This observation in-
dicates that flow asymmetry may develop as a protective mechanism in early, prodromal AD to recruit additional re-
sources for tissue operating at maximal cerebrovascular reserve capacity.

Emerging MRI studies of CVR in AD support the notion that cerebrovascular capacity may also be impaired in the ear-
liest disease stages. In addition to hypoperfusion, CVR seems to be among the earliest neuroimaging markers of AD.
While significant CVR reductions have been found in AD, the largest CVR impairments appear to be in bilateral
frontal cortices.2 CVR is a measure of how well vessels respond to changes in arterial carbon dioxide and more accu-
rately reflects myogenic function (i.e., smooth muscle cell contractility) than neurovascular coupling, which is depend-
ent on neuroactive substrate release into the tissue. Although the hemodynamic response function is thought to be
driven by neuronal-derived signals in healthy states (e.g., classical nitric oxide signal transductionZ), its physiological
basis in AD may rely more heavily on alternative mechanisms when neurovascular coupling begins to fail and blood-
oxygen-level-dependent MRI signals become more unreliable measures of underlying neuronal activity.”>”¢ The eftec-
tiveness of any given hemodynamic regulatory mechanism relies heavily on the integrity of its cellular components and
tightly coupled molecular signaling pathways. Alterations in CBF in both VCID and AD likely reflect microvascular
dysfunction that may be driven by declines in capillary health, endothelial dysfunction, and other neurovascular unit
cell problems. These eventual patterns of hypoperfusion will drive damage to the immediate vascular tissue and sur-
rounding parenchyma.

Section 4: Hemodynamic Contributions to Vascular Injury and Neurodegeneration

Once hemodynamic impairments develop, they contribute to worse brain health primarily through ischemic and hem-
orrhagic injury. Subtle CBF reductions may result in oligemia, which promotes suboptimal neuronal activity due to
deprivation of vital ions and nutrients and pathological protein homeostasis. However, more significant CBF reduc-
tions lead to ischemia, resulting in hypoxia-triggered oxidative-nitrosative stress and neuroinflammation damage path-
ways. Less common forms of hemorrhagic damage stemming from microbleeds and blood toxicity promote similar
damage pathways secondary to disruption of the cellular architecture.”Z The ultimate activation of apoptotic and ne-
crotic cascade pathways drive neuronal damage and clinically detectable cerebrovascular lesions in the parenchyma,
seen on MRI as cerebral SVD. These cerebrovascular lesions contribute directly to worse neuronal health, neurodegen-
eration, and subsequent cognitive impairment. Original definitions of vascular dementia focused on diffuse arterioscle-
rotic changes,”®” including large vessel disease. However, a more recent reconceptualization of VCID expands to all
forms of cerebrovascular changes that affect cognition, including cerebral SVD, offering a more sophisticated perspec-
tive on cerebrovascular underpinnings of cognitive impairment and dementia.&

From a neuropathological perspective, cerebral SVD encompasses a variety of degenerative changes affecting small ar-
terioles and microvessels of the brain, primarily driven by arteriolosclerosis, cerebral amyloid angiopathy, microaneu-
rysms, and microvascular degeneration markers, such as fibrinoid necrosis and lipohyalinosis (i.e. arteriolar wall disor-
ganization characterized by thickening and narrowing of small vessels). These pathologies are mostly observed in sub-
cortical brain areas (e.g., basal ganglia and white matter) and lead to lacunar infarcts, hemorrhages, and axonal loss.
Interestingly, recent evidence suggests the observance of even a few microinfarcts at autopsy implies the presence of
hundreds, suggesting a substantial whole-brain burden of SVD capable of driving neurologic dysfunction.!

VOLUME 10 | 2018 ® 16 VANDERBILT REVIEWS NEUROSCIENCE


file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_62#_ENREF_62
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_63#_ENREF_63
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_63#_ENREF_63
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_64#_ENREF_64
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_65#_ENREF_65
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_66#_ENREF_66
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_67#_ENREF_67
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_68#_ENREF_68
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_69#_ENREF_69
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_70#_ENREF_70
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_71#_ENREF_71
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_51#_ENREF_51
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_72#_ENREF_72
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_73#_ENREF_73
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_74#_ENREF_74
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_75#_ENREF_75
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_76#_ENREF_76
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_77#_ENREF_77
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_78#_ENREF_78
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_79#_ENREF_79
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_80#_ENREF_80
file:///C:/Users/simsme1/AppData/Local/Box/Box%20Edit/Documents/IWaAD7ZP2USeuXrfP3u9SA==/Cambronero-VRN2018-FINAL.docx#_ENREF_81#_ENREF_81

CANDIDATE
REVIEWS

Clinically, the term cerebral SVD is also used to describe larger parenchymal damage easily detected on MRI. Conven-
tional MRI markers of SVD include white matter abnormalities, cerebral microbleeds, and lacunar infarcts, which have
been shown to exist in up to 85% of aging adults!! and associate with cognitive impairment and dementia. White mat-
ter abnormalities appear as hyperintensities on T2 fluid-attenuated inversion recovery MRI. While presumably of vas-
cular origin, such as ischemia, microhemorrhages, and damage to small blood vessel walls, they can be of varying path-
ogenesis, including gliosis, breaches in the cerebrospinal fluid (CSF) and brain barrier, or myelin sheath loss and defor-
mation. Cerebral microbleeds result from impaired small vessel integrity, mainly attributed to either hypertensive vas-
culopathy or cerebral amyloid angiopathy.£2 Lacunar infarcts are small (<15 mm in diameter), caused by ischemia, and
located in the territory of deep penetrating arteries. While not a common MRI marker of SVD, perivascular spaces are
visible fluid-filled spaces adjacent to cerebral vessels thought to reflect tissue damage due to impairments in perivascu-
lar drainage, particularly driven by hypertension and abnormal arterial pulsatility in the basal ganglia.t* Traditionally,
perivascular spaces have been considered benign with limited clinical significance. However, recent work by our group
suggests perivascular spaces not only correlate strongly with information processing speed and executive function, they
also appear to have more robust associations with cognition than other SVD markers.&

In addition to ischemic and hemorrhagic damage, hemodynamic insufficiencies also promote damage to the BBB and
neurovascular unit. As described above, the BBB is critical for both providing the neuron with blood-derived nutrients
and minerals and protecting the neuron from toxic blood components that can cause diffuse oxidative damage and
outright cell death (e.g., exposure to red blood cells). BBB permeability increases in advanced aging and has become an
intense focus of recent AD research.8-¢7 The neurotoxic consequences of BBB breakdown include endothelial metabolic
dysfunction, pericyte dysfunction, and hypoperfusion-hypoxia. Taken together, current evidence suggests hypoperfu-
sion, SVD, and BBB breakdown are closely related in cognitive impairment and dementia. Going forward, both typical
and abnormal brain aging studies will benefit from examining how early vascular changes fit into the larger pathologi-
cal cascade to understand drivers of disease and how neuronal health is ultimately affected.

Section 5: Interactions of AD Pathology with Vascular Dysfunction

Cerebrovascular pathology has overlapping and even possibly synergistic effects with amyloid pathology, the pathologi-
cal hallmark of AD.2 In autopsy series, cerebrovascular pathology reflects the second most common pathology after
AD? and the most common pathology to co-occur with AD.#% Furthermore, vascular dysfunction is common in AD.
Both patients with prodromal AD# and transgenic AD mouse models®*®! have accelerated BBB breakdown, along with
focal microcirculatory changes, such as string vessels, reductions in capillary density, rises in endothelial pinocytosis,
decreases in mitochondrial content, accumulation of collagen and perlecans in the basement membrane, and loss of
tight junctions.t These prominent AD-related vascular changes have intimate interactions with AP metabolism, as de-
scribed below.

Accumulating evidence suggest cerebrovascular compromise may contribute to impairments in amyloid transport
across various clearance pathways. AP is eliminated from extracellular spaces primarily via exchange across the BBB.22
However, a smaller percentage of AP clearance is also supported by interstitial fluid (ISF) bulk flow pathways, includ-
ing traditional perivascular clearance?: (i.e., ISF drainage through basement membranes of smooth muscle cells in the
capillary and arterial walls)**> and glymphatic perivascular clearance®®*” (i.e., CSF influx into the periarterial space and
CSF-ISF exchange in the parenchyma). Thus, small vessel injury likely affects AP accumulation across varied perivascu-
lar®®*® and BBB!X clearance pathways. Molecular evidence further indicates that impairments in AP clearance receptor
expression, including increased receptors for advanced glycation end products implicated in AP influx into the brain
and decreased lipoprotein receptor-related protein receptors involved in AP efflux into the circulation. In addition to
clearance impairments, hypoperfusion in AD may stimulate diffuse AD pathology, including AP deposition,!2-1% tau
hyperphosphorylation, and reductions in autophagy.! Chronic hypoperfusion purportedly promotes AP pathology
through aberrant amyloid precursor protein processing (e.g., increases in -secretase/y-secretase amyloidogenic activi-
ty’22) and local AP release from degenerating smooth muscle cells and endothelial cells.1%

Evidence supporting Ap-vascular interactions suggests pathological changes in CBF may occur along shared pathways
with AP pathology and compromise the structural and functional integrity of cell types involved in hemodynamic reg-
ulation. CBF is reduced in inferior parietal cortices in participants with amyloid-positive MCI compared to normal
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cognition.!”” These reductions are further extended to inferior temporal and precuneus regions in participants with am-
yloid-positive AD, tracking with typical AD pathology progression.!Z On a cellular level, AB pathology may cause
changes in cell types of the neurovascular unit, including endothelial and pericyte damage and basement membrane
thickening. These microvascular cellular changes are accompanied by functional reductions in glucose transport across
the BBB and reductions in blood flow shear stress critical for maintaining vascular endothelial cell health and surviv-
al.4442 A likely disrupts upstream vessel reactivity mechanisms and promotes oxidative stress that both inhibits vasodi-
lation!%-110 and contributes to the degeneration of smooth muscle cells, a common feature of AD. In this manner, Ap
can be a potent disrupter of hemodynamic regulation at all levels of the arterial tree.

The vascular structural abnormalities in AD brains described above likely increase vascular resistance and contribute to
hypercontractility and hypoperfusion. Indeed, recent studies show increased pulsatility and resistance indices in AD.1!
Moreover, functional deficits in neurovascular unit signaling may contribute to neurovascular uncoupling, which is
well-documented in AD.!2113 Age- and AD-related alterations in cerebrovascular structure and functional reactivity
may reduce the efficacy of cerebral autoregulation,®>!* especially when vascular risk factors are present.2¢ In this man-
ner, the brain may be more vulnerable to damage over time, particularly from exposure to subtle age-related alterations
in cardiovascular hemodynamics.

Section 6: Cardiac Contributions to Cerebral Hemodynamics

As the central blood pump of the human body, the heart plays an essential role in hemodynamic regulation and deter-
mines critical characteristics of initial blood flow, including volume, pressure, and pulsatility. The brain consumes 15%
of cardiac output, a measure of forward stroke volume, despite only accounting for 2% of total body weight. Like de-
mentia, cardiovascular dysfunction becomes increasingly common with advancing age, with 28% of older adults expe-
riencing some form of prevalent cardiovascular disease (e.g., coronary heart disease, angina, heart attack, heart failure,
or peripheral artery disease).l’> Furthermore, as many as 97% of older adults also have at least one key cardiovascular
risk factor, including high blood pressure, diabetes, high cholesterol, or smoking, all of which are associated with a
higher burden of subclinical cardiovascular dysfunction.l¢ Thus, alterations in heart health can have implications for
brain health, particularly in older adults with more vulnerable vascular systems.

Severe cardiac dysfunction in the form of clinical heart failure is a known risk factor for cognitive impairment!!”-11° and
incident clinical dementia,'?*!?! likely through microvascular dysfunction and reduced CBF.!?2!2> However, evidence
from our group!2:12¢ and others'?”12 suggests even subclinical reductions in cardiac output are associated with worse
cognitive outcomes. Lower cardiac output is associated with worse executive function in aging cardiac patients,'2
worse information processing speed and executive function in middle-age and older community dwelling adults,!?>128
and a higher risk of incident clinical dementia and AD in community-dwelling aging adults.’2¢ We have recently shown
that cardiac strain, an early MRI marker of changes in contractility of the myocardial fibers, relates to episodic memory
and language performance.’22 Nearly all of these findings persist when excluding participants with heart failure, preva-
lent cardiovascular disease, or arrhythmias'?>2612 suggesting subclinical changes in cardiac function with advancing
age correspond to cognition with regional vulnerability implicating the temporal lobes.

Cardiac hemodynamics may relate to worse cognition through disturbances of cerebral hemodynamics and subsequent
neurodegeneration. Indeed, our research has shown that lower cardiac output is associated with smaller cerebral gray
matter volume,'2* greater subcortical white matter damage,’*? and CBF reductions as recently reported for the first time
in humans..3! While these latter findings were anatomically global, the most robust effects were regionally specific to
the temporal lobes. The temporal lobes may be particularly vulnerable to systemic hypoperfusion given they are espe-
cially sensitive to hypoxia'®2 and the earliest neuroanatomical location of BBB degeneration in aging and MCI.£ Theo-
retical models linking more severe cardiac dysfunction to AD support reduced systemic perfusion as a primary driver
of reduced CBF (as we have recently observed in a subclinical setting!!) but further implicate compensatory neurohor-
monal activation, inflammation, and microvascular dysfunction as secondary contributors to impaired CBF.12 These
more mild, prolonged damage pathways are likely larger drivers of cerebrovascular and neuronal dysfunction in sub-
clinical cardiac dysfunction rather than outright ischemia and neuronal failure. Chronic but subtle reductions in cardi-
ac output likely results in oligemia with a gradual metabolic energy crisis for neurons, leading to inflammation, oxida-
tive stress, and dysfunction of enzymes and protein synthesis. It is important to note that although cerebral autoregula-
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tion mechanisms generally serve to maintain a constant CBF level, the accumulation of vascular risk factors and vascu-
lar damage with older age may compromise the integrity of these mechanisms.2¢ Thus, in the setting of advanced aging
with a lifetime of vascular burden exposure, subtle changes in systemic blood flow and pressure may exert a larger ad-
verse impact on brain health, including the development or progression of SVD, AD pathology, and neurodegenera-
tion.

While a direct pathway between cardiovascular changes and brain health is plausible, alternatively, cardiovascular dys-
function may relate to worse brain health as a consequence of emerging neuropathology (i.e., a brain to heart pathway).
Several reports indicate that evolving pathology and neurodegeneration in the AD brain may drive disruptions of auto-
nomic control circuits responsible for heart rate and blood pressure control. Indeed, autonomic dysfunction has been
repeatedly described in AD patients,'331% including impaired cardiovagal parasympathetic function'**!4! and vasomo-
tor sympathetic dysfunction.’2 Although Braak and Braak staging criteria do not include evaluation of the brainstem, a
central regulator of autonomic function, its early involvement in AD suggests emerging relevance.’#2 AD pathophysiol-
ogy may cause a disruption of essential brainstem circuitry responsible for cardiovascular control, upstream autonomic
control centers responsible for integrating peripheral signals and regulating the brainstem'#414> (e.g., hypothalamus and
insula), and cortical modulators of these autonomic circuits.*¢ Moreover, cholinergic signaling pathways associated
with cerebral and peripheral nerve dysfunction'?>¥” may be particularly vulnerable in AD. Ultimately, varied abnor-
malities in brain structures and networks subserving autonomic regulation may impair cardiovascular function in AD,

accounting for previously reported connections between cardiovascular function and abnormal brain changes.!24126.12>-
131

It is also possible that the link between cardiovascular and brain dysfunction is an epiphenomenon. In support of this
hypothesis, pleiotropy between AD and cardiovascular risk-associated genes has been increasingly established. For ex-
ample, variants in the presenilin-1 gene, the same gene associated with early-onset AD, have been reported in idio-
pathic dilated cardiomyopathy.!#8 These variants appear to reduce protein expression of the presenilin 1 protein, likely
compromising its direct roles in calcium signaling'#!* and excitation-contraction coupling’#¢ rather than amyloid pro-
cessing. More recent genetic studies have indicated that the polygenetic component of AD is also enriched for cardio-
vascular risk factors, particularly lipid-associated factors potentially linked to BBB damage and pathological cholesterol
metabolism in the brain.!s!? In addition to a common genetic profile affecting the heart and brain, studies of cardio-
vascular protein abnormalities in AD have further demonstrated a common molecular profile. In AD patients, bio-
chemically similar AP deposits have been shown to co-exist in the heart and brain, and myocardial AP deposits appear
to contribute to early diastolic dysfunction, as defined by impaired left ventricular relaxation.!>* Although cardiovascu-
lar amyloid is common in advanced age,'>* cardiovascular AP, and AP,, expression is particularly increased in AD.13
The possibility that AP aggregates may directly drive cardiomyocyte defects is strengthened by findings that myocardial
AP oligomers promote changes in calcium homeostasis that likely mediate cardiomyocyte toxicity and contractile dys-
function in idiopathic dilated cardiomyopathy.4¢ Future genetic, biochemical, and molecular studies will likely contin-
ue to shed light on the shared mechanisms underlying declines in heart and brain health, as well as whether these de-
clines occur independently or through a shared pathway.

Section 7: Conclusions

The clinical diagnosis of dementia is increasingly recognized to be driven by pathophysiological processes decades in
the making.’>> Early hemodynamic changes likely contribute to and reflect frequently co-occurring cerebrovascular
pathology in AD. Although vascular impairments are known to contribute independently and through Ap interactions
to neuronal dysfunction, further research is needed to disentangle additive, mediating, or synergistic effects. Regard-
less, emerging basic science studies and recent clinical trial results support the notion that preventing and treating vas-
cular disease will reduce incident MCI and dementia, both by reducing the clinical significance of existing AD patholo-
gy and decelerating the deposition of emerging AD and vascular pathology. To gain a more comprehensive under-
standing of VCID and AD pathogenesis, emerging measures of hemodynamic compromise (e.g., time-course of re-
sponse’2), regional distribution patterns, and other key players in cerebral metabolism (e.g., glucose utilization, oxida-
tive metabolism) should be further examined across the AD clinical spectrum and incorporated into a larger frame-
work for understanding vascular dysfunction in dementia.
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