Gray Matter on My Mind

Brains Wired For Surviwal & Success
Newroscience for the Health Professions

A T B Y

2 ,"’,.)‘

't /(- o ‘ ‘ ) “*;.!‘
|- .'.

George E. Carvell, PhD, PT

1st Edition

Copyright © 1999-2022 by George E. Carvell, PhD, PT

Professor Emeritus

Unwersity of Puttsburgh, All rights reserved.



All humans (and small dogs) are free to read and contemplate the text
and figures contained within this ebook. You may use this material in
a strictly non-commercial fashion for teaching purposes or for
reference as long as you provide the appropriate Creative Commons

attribution of this scholarly work (whose writing only took about 2.3
decades to complete). Enjoy!

ePrinted in the United States of America
Copyright 1999-2022
ePrinting: May, 2022
eISBN-978-0-578-29958-7

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License

2 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E. Carvell,
PhD, PT University of Pittsburgh, Copyright 1999-2020 elSBN-978-0-578-29958-7


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Forward

There are many excellent textbooks written for neuroscience instruction. Gray Matter On
My Mind (GMOMM) is written for readers who have little or no formal background in
neuroscience but want to discover something about the very organ they use to learn.

I'm writing from the perspective of a neuroscience teacher and researcher with a systems
level approach rather than a molecular approach to nervous system concepts and principles.
Furthermore, I've placed emphasis on information that may be most relevant to those who aspire
to be, or are, healthcare professionals that choose rehabilitation as the entry point into patient
care. I've included “classic” information as well as more recent discoveries that build on or
challenge the “classics.” As an instructor, I find teaching neuroscience to be a wonderful
challenge to make such information accessible to students at many levels of education: from
undergraduate to graduate predoctoral, doctoral and professional doctoral students.

I do not have a mathematical mind although I have great respect for those who understand
nature “by the numbers.” I use what one might call a “mechanistic” approach. I've found most
learners I have encountered can follow and use this approach as an analogy for often complex
processes that are likely to be probabilistic (mathematically speaking) in their actual occurrence.

Also you may notice I provide a sprinkling of humor in my writing much as I do in the
classroom because an engaged brain retains a sense of humor even if it is not explicitly expressed
for others to appreciate. Of course many topics related to nervous system dysfunction are deadly
serious for the healthcare provider as well as for the patient and are treated as such. Many
students find science to be “dry, abstract, intimidating, irrelevant, boring, esoteric,
incomprehensible, etc.” and neuroscience, in particular, to fit all those descriptions and worse.

However, if the nervous system can be presented as a dynamic structural and functional
entity, the learner will tend to be more engaged in and out of the classroom. That’s why I've
included many movies and interactive media to make points about particular dynamic concepts
or processes. I may not be the sharpest tack in the pack of neuroscientists but I do have a point
that, pushed hard enough by inquisitive students, can attach a memo to their cerebral gray cork
boards. Note: I know grey is a classic spelling of this color but as an anatomist I prefer gray.

GMOMM does not tell you everything you need to know about neuroscience; such a book
has yet to be written. I'll never be able to provide a comprehensive picture at all levels of research
in this enticing field of study. As a researcher I have moments of exhilaration in discovery but
everyday I am humbled by the extraordinarily complex “simplicity” of nature.

I hope you learn something about the wrinkled organ in your cranium from this introduction
to neuroscience, and that it entices you to continue your investigation and/or the application of
your knowledge for the benefit of those individuals who need expert assistance to regain function
following assaults to their nervous system due to disease or injury.
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Pretace

This Gray Matter On My Mind (GMOMM) neuroscience ebook includes links to dynamic
media that directly complement the text and static images. Where figures link to the dynamic
media (movie or interactive file) web links will be provided in the figure caption. Your web
browser must support the particular media type to open it in a separate web browser window.
Interactive media files have been converted from a flash format to a Swifty (Google, Inc.) file that
will open in html> compliant devices, including the iPad. The interactive media web link will
open the media in a separate web-browser window.

A number of spinal cord and brain anatomy figures are derived from instructional material
used in my neuroanatomy lecture and laboratory teaching (past and present) at the University of

Pittsburgh.

All referenced video and interactive media in GMOMM are copyrighted material of
University of Pittsburgh (Copyright 1999-20229, all rights reserved). Media are resident
on a University of Pittsburgh server and are provided at no extra cost to the purchaser
of the book. Just as we respect your privacy, we ask you to agree to the terms of use
just as you would for any other copyright protected software: these instructional media
are provided for on-line access only: DO NOT COPY Media. These terms protect the
intellectual property of the University of
Pittsburgh, and the author. Smalldog Video: GO
TO: gmomm.pitt.edu

Smalldog_ Introduction_Video

Seedldog Productions, I®

You may open this ebook draft with a pdf reader on -
a mobile device, laptop computer or desktop
computer (Windows or Mac). The mp4 Videos
should play if your web browser supports htmld
content. If you use an ebook mobile device you
should use an e-reader that does not block web links within the document. Interactive media files
were converted using an Adobe extension (Swifly) created by smart people at Google, Inc. These
converted flash files are accessed by links marked as Interactive Media files (performance
varies across devices). Throughout this ebook any figure image that has the blue play button has a
link to open an mp4_video (requires html5 enabled web browser). The video player “skin” for
the mp4 movie is dependent upon each device’s playback properties of the mp4 videos. Playback
of default html5> mp4 video may vary depending upon the operating system of your mobile
device, the speed of your web connection and the hardware device’s web browser support of this
video format. Three dimensional virtual reality (VR) movies of the brain, brain models, head
and cranial vault have been converted using Object2VR software (Garden Gnome Software ®:
Vienna, Austria), from a previous Apple QTVR format. The converted Object2VR Movies play
on all devices that support html> compliant web browsers that do not block Java scripts.
Download and Playback of VR movies may differ across web browsers, devices, operating
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systems and internet connection speeds. The local GMOMM search file and all copyright
protected movie and interactive media files reside on a University of Pittsburgh secure server
location- http://gmomm.pitt.edu. The search feature for this web site allows you to
choose a particular figure and, where applicable, its media link(s). All media are copyright
protected, with a hyperlink related to the appropriate figure in the GMOMM ebook.

The following movie “Wormholes and 4 Dimensional Space: Expanding the Dynamics
of the Mind” is an example that has both audio and video content. This formatting is repeated
throughout this digital GMOMM ebook. The caption for the Wormholes and 4 Dimensional
Space image below contains a link that opens a “default” html5/mp4 video file.

Sometimes, static, uniplang

Right HalfBrain Model

o80 ®0 00 &

Description | VR of Polyurethane Model of Right Halfbrain
v;uthor ) GeorrgrerE. Carvellr, PhD, PT )
' Date/Time March723, 2020
‘ Copyright | University of Pittsburgh, Smalldog Productions Inc.®

Wormholes and 4 Dimensional Space:
Expanding the Dynamics of the Mind
(gec,jec,dh). GO TO: gmomm.pitt.edu

Dynamic_Brain _Geometry

Video

The following 3D VR Movie 1s an
example of 3D brain VR Movie content.
This 3D VR video (movie) link formatting

1s repeated throughout this digital
GMOMM ebook.

Fig 00-00. Right Halfbrain 3D
Polyurethane Rubber VR Movie. The
control buttons for the VR Movie allow
you to zoom-in (+), or zoom-out (-).
By dragging the "hand" cursor across
the brain you can alter its orientation
to see various views. The arrow
buttons allow you to move in a single
direction. The curved arrow button
rotates object automatically.
Rectangle-in-rectangle button
changes movie to full screen.(gec).
GO TO: gmomm.pitt.edu

Fig1-2VR_MOVIE
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Chapter 1

INTRODUCTION TO THE MAMMALIAN NERVOUS SYSTEM

CEREBRAL CONSCIOUS SELF AND “FREE WILL":
THE TIP OF THE NERVOUS SYSTEM ICEBERG
The me revealed to you and to my own conscious self is
only the tip of the larger neural processing iceberg
formed in my awake or sleeping brain.

If you think you have full conscious control over all you feel
and do, some part of your brain is messing with your head.
SELF
QNS CloUus

CEREBRAL Swawn
CEREBRAL. N\2\\\x

THALAMUS

BASAL GANGLIA CEREBELLUN

SN\\\SsSTewm spP/NgL 287
PERIPHERY

FLOATING IN THE OCEAN OF LIFE

Fig 1-1. Your Conscious Self:
Only The Tip of the Neural
Iceberg (gec). GO TO: gmomm.

pittedu _Fig1-1_Video

A brain sure you have-but
is your mind in there?

This question is not meant as
an insult, nor is it a trivial query,
since a clear majority of
neuroscientists describe some
equivalence between the brain
and the mind, while a minority

do not (see references). Rene
Descartes is often referenced as a dualist where the mind and the physical being are
seen as separate entities. However, Descartes describes a case where a young girl had
progressive gangrene of the hand leading to amputation of the arm at the elbow. He
states that the amputation was done without her knowledge (how did that happen?)
followed by adding cloth bandages lengthened to simulate the missing limb. The young
girl complained of pain in various missing fingers following the amputation (what is now
known as phantom pain). Descartes uses this example to argue that our senses are not
experienced in the body but in the mind. However, the mind does seem have a physical
location for Descartes: the brain. He summarizes his interpretation of this case in the
following way “[And this clearly shows that the pain of the hand is not felt by the mind in
so far as it is in the hand, but in so far as it is in the brain.]” Descartes, Part IV, CXCVI,
p. 114, Selections From The Principles of Philosophy; Principles of Philosophy originally
published in 1644. The mind has a physical location: the brain. By analogy, a code-
based digital operating system (software = mind?) is useless unless it is matched to a
compatible silicon-based electronic device (hardware = brain?) that “runs” the digital
code. Operational System (OS) Codes are matched to the physical device, e.g., Apple
iPhones don’t run a Google Android OS. Likewise, shrinking your brain and
transplanting it into the cranial vault of a squirrel would likely not go well for you or the
squirrel. What does “free will” look like for a squirrel with a shrunken human brain/mind?
Is this a story-line for a blockbuster animated movie?

So, some might suggest your mind represents (or is) the product of your
remembered experiences, relationships, moods, wants, drives, thoughts, skills and a
particular view of the world (with you in it). The brain is a real biological structure that
resides in a defined physical location transported by the body it comes to know so well.
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How brain and mind relate is not now easily resolved by currently available physical
measurements of brain activity. So your mind may be in there or is just simply there.

The mind is often characterized as an invisible entity, known to some degree by its
owner but becomes apparent to everyone else only by the actions, gestures and
thoughts shared by that mind with others. Even then my interpretation of your mind may
not be entirely accurate, since my own conscious experiences or subliminal biases
outside of consciousness may subtly or substantially flavor my interpretations of the
thoughts, actions or gestures of others. Moreover, cognitive neuroscientists suggest that
a majority of brain duties are completed without conscious awareness by the brain’s
owner, e.g., see Custers & Aarts, 2010; Fuster; 2013; Gladwell, 2005; Roskies, 2010.
Our conscious self and our expressions of “free will” are but the tip of the iceberg in the
complex and often hidden neural processing within our brains. We are not consciously
aware of most brain activity responsible for engaging our bodies with our surroundings
nor are we consciously aware of many internally generated decisions nor do we
consciously attend to the plethora of sensory information associated with our actions.

First impressions may come around only once but they may completely miss the
mark and distort one’s feelings about a person we are meeting for the first time.
Moreover, if injury or disease disrupts your complex neural processes then to some
extent altered higher brain structure/function may result in you losing your mind to one
degree or another. Some would suggest that despite our best efforts to prevent such a
tragic state of affairs, it may indeed happen for many of us to some degree as we
become eligible for membership in AARP (we hope our expiration date and loss of
cognitive abilities will be coincident events in the distant future). Recent research
suggests that healthy aging is associated with compensatory biochemical changes that
allow the mature owner of the body/brain to live quite successfully even if the brain
circuitry and electrochemical links to the more mature body are most certainly different
from a younger self (we adapt to age-dependent physical and mental “maturation”). A
human mind (brain) regardless of age uses critical neural resources to generate four
key processes for individualized success: creativity, selectivity, initiative and focus. Age
likely influences the brain’s strategy for generating and controlling these processes.

So, are you a glass half full, or glass half empty brain/mind owner? Now that you are
either charged up to learn more or are totally depressed, you will be introduced to the
astounding bio-electro-chemical system that provides the fundamental wiring for
mammalian survival and success across the lifespan of the individual and the species.

First, a word (actually many words) about science as an intellectual noncommercial
venture. When a scientist is interviewed by the media about an exciting discovery
(typically something chosen as “sexy” from the vast expanse of more mundane scientific
endeavors), you may often come away with this impression: the scientist has great
confidence in his or her answer. Although the interview often ends with the caveat “more
research must be done,” this is only the tip of the intellectual iceberg. Watching a
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dedicated scientist at work provides an entirely different perspective. Definitive proof of
a theory or hypothesis is often an elusive target in science. A single study is not proof.
Replication of a study’s findings strengthens the argument and advances knowledge. A
scientist who does not acknowledge this important qualification of our current
understanding of nature is overstating his or her conclusions.

Scientists by their very nature are inquisitive people who typically see science as
more of a matter of formulating testable questions to advance our understanding rather
than providing a final answer to complex phenomena in nature (truth). More often than
not, research findings lead to incomplete answers that, in turn, provide more refined
questions and new approaches. Dedicated scientists and clinician-scholars have
repeated “scratch your head-what does that mean?” moments in the laboratory or clinic.
If the scientist scratches her head but then does nothing, that will not lead to progress. If
the head-scratching leads to action, progress may be made. On the other hand, if she
scratches someone else’s head without permission she may become quite unpopular.

Science is the intellectual “itch” that keeps on returning to the curious. The cure is
not a lotion or potion but is the scientist’s incentive driving that curious individual to take
demonstrative action and to persevere in the face of daunting challenges, both
intellectual and fiscal.

THREE BASIC PRINCIPLES TO REMEMBER

Here are three fundamental principles to begin your study of neuroscience:

1. Normal cell physiology is like “Goldilocks and the Three Bears.” Typical mid-
range use is “just right” while the extremes (too hot or too cool) provide important
cues for more “radical’ adjustments. Multiple buffers and intrinsic cellular repair
mechanisms are critical in this regard providing continuity of function under extreme
circumstances. In addition, neural networks appear to use this Goldilocks principle for
optimal function, at least in auditory cortex of mice, e.g., see McGinley, et.al., 2015.

2. Normal adult mammalian brain function is a tenuous balance between order
and entropy. Order requires precise but adaptable connectivity. Entropy arises from
variability in stochastic “analog” processing and from more diffuse global influences
within a distributed system. Many neural networks within our brain have mechanisms
that support some degree of self-organization: see Waterfall Order Entropy and
Waterfall Whirlpool Movies below.

3. Life as we know it appears to be a product of nature’s lottery. Scientists
attempting to unravel nature’s “rules” depend on informed ‘hunches’, hypothesis-
driven trial and error investigative processes, rethinking questions based on new data
and some luck (some clever individuals turn their luck into serendipity and perhaps a
Nobel prize). By definition, nature’s lottery introduces a capricious element to the
process of discovery. Moreover, the incredible persistence of life itself depends upon
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a molecular structure (DNA) which alone is not alive in a biological sense until it is
incorporated within a carbon-based living being.

MAMMALIAN NERVOUS SYSTEM: THE SOPHISTICATED
MESSENGER

The intact mammalian nervous system functions properly only by cooperative
interactions among connected neurons. Excitability by itself is a necessary but not
sufficient condition to build an organ that can control the carbon-based mass where it
lives; neural communication within that mass provides the necessary means to that end.

Some connections among neurons are restricted to a small local cluster of cells
(local network). Other neuronal networks use massive white matter “cables” to link one
brain area to another (long-range binding of distributed networks). Connected networks
from the top of the brain to the bottom of the spinal cord provide the “bioelectric-
chemical” system to interact with, learn about and adapt to a changing world. Despite
the enormous progress made over the past 150+ years, neuroscientists have not
agreed upon a single unifying construct regarding all neural events leading to human
conscious perception. Considering the enormity of the challenge (billions of neurons
and trillions of connections) this should not be surprising.

Consider this illustration:

Pet a dog [one that you can trust and likes to be petted]. When you stroke
the dog’s fur, where does the touch sensation seem to be coming from? You
experience the touch as if it occurs at your fingertips and palm (where
contact occurred). However, the actual location of the neural processing
that reveals the perception to you is in your brain which has no sensory
receptors for touch.

If a neurosurgeon touched your awake brain (not the overlying meninges)
you would not know it. If the neurosurgeon applied a 0.5 sec train of brief
electrical pulses to the correct part of the brain that interprets touch
information, you would experience some sensation from the appropriate
body part even if it felt unusual. Although your brain lacks sensory
receptors it “feels” what you touch with your hand. For this sensation to
rise to conscious awareness some suggest that neural activity within
multiple brain areas must be sustained for at least 0.3 to 0.5 seconds before
one is fully aware of the event. Others suggest conscious awareness may
begin to arise within about 0.15 to 0.2 seconds. Despite some apparent
delay in awareness, your brain may retrospectively place the event at the
actual instance of the tactile contact and “project” the sensation to an
inferred skin location, e.g., see Cauller & Kulics, 1991; Engbert, et.al.,
2008; Libet, et.al., 1967; Libet, 2004; Mountcastle, 1980. Feeling related to
touch i1s a much richer experience than just a tactile sensation. Many
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individuals will experience also some emotional overtone in their brain/
mind when petting a friendly animal. This feeling is layered on the
warmth and texture of the fur that you can recognize by active touch. If
you deem such an encounter as a pleasant experience, you (and your dog)
may have autonomic changes such as a reduced heart rate and lower blood
pressure. Besides your sensorimotor systems, your limbic system, insula,
brainstem neuro-modulators and neuroendocrine system are involved in
biological feelings. Such individual, subjective feelings enrich our lives but
are difficult to localize at a high level of resolution to any single structure
within our brain circuitry using current methods, e.g., see Craig, 2002,
2009; Damasio & Carvalho, 2013; Solms & Turnbull, 2002. Moreover,
your brain is not a blank slate upon which each sensory experience is
written anew. Prior experiences influence what you feel in a Bayesian sense
such that perceptions are influenced by both external sensory data and by
probabilistic intrinsic “expectations”, e.g. see Blankenburg, et.al., 2006;
Geldard & Sherrick, 1972, 1983; Goldreich & Tong, 2015; Price, 1763.

Your brain “creates” this complex series of neural
events from such a simple encounter between
two carbon-based biologic entities (man and
man’s best friend). This is an active process such
that one or both entities willingly seek it out, i.e., it
is an intentional behavior driven from within your
brain(s). Now imagine a neuroprosthetic device
(e.g., brain machine interface) that could restore
Medial o> this complex experience following loss of
sensation in the fingers and/or loss of voluntary
control of the petting hand.

Superior
View

Fig 1-2. Superior, Medial Sagittal and Inferior
Views extracted from Deep Visible Brain VR
Movie. The control buttons for the VR Movie
allow you to zoom-in (+), or zoom-out (-). By
dragging the "hand" cursor across the brain you
can alter its orientation to see various views. The
Inferior arrow buttons allow you to move in a single
View direction. The curved arrow button rotates object
Caudate _gemiietv™ automatically. Rectangle-in-rectangle button
: changes movie to full screen. There are Three
HotSpots; each will open a linear mp4 movie in a

L X f'uigm_-ﬁt.gn Nigra separate browser window to label: 1.
M ' Diencephalon, 2. Basal Ganglia and 3. Limbic
Structures (gec). GO TO: gmomm.pitt.edu

Fig1-2VR_MOVIE
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To those interested in studying the organ they use to study, a full appreciation of the
magnificent brain cannot be realized unless you can see it as the dynamic four-
dimensional structure (three spatial and one temporal dimension) that it is. Figure 1-2
shows three static views extracted from a 3D VR movie. The figure labels key outer and
inner structures of a constructed digital model of the human brain.

BRAINS OF MICE TO MEN: EXPANSION OF NEURAL
NETWORKS

The nervous system provides: 1.) a link between you and the external world, 2.) a
means of moving within your environment, and 3.) a network of cells that allows you to
think, create and interact with others at many levels of sophistication. The Central
Nervous System (CNS) includes the brain and spinal cord. The CNS is a floating
powerhouse of information acquisition, data interpretation and creator of actions. The
brain and spinal cord are surrounded by a clear lake (cerebrospinal fluid) that bathes
and protects your mobile “processors”. don’t try this with your smartphone, tablet or
laptop computer. The Peripheral Nervous System (PNS) includes neural components
located within the non-neural tissues extrinsic to the CNS plus anatomical connections
with CNS nerve cells (neurons). The PNS provides the link between central neural
codes for what we do and the peripheral end organs responsible for generating
movements and secretions. It also links peripheral sensory organs that transduce non-
neural energies into neural codes to inform you about your internal and external world.

Fig 1-3. Mouse Brain: A =

USSENCEP,_._.HA.‘L__C M__,OUSE BRAIN Auditory Area, V = Visual Area,

P e Y- Ty B Sll = Second Somatosensory

v T Area, S| = Primary

| Q .;" ] M (B):Ifﬁ;:tory Somatosensory Area: F =

J— Ws, w  ow | Forelimb, H = Hindimb, LL =

| _&’f 8 Lower Lip, T = Trunk, W =

<xs Sl ' Mobile Mystacial Vibrissae

[ — ' o al\ (Whiskers), M = Motor Area, rs

Qle fs ot™ '\ ¢c) = rhinal sulcus G.E. Carvell,
&_, € “t\ w® A 2 unpublished photo (gec).

Compared to rodents as small
mammals with lissencephalic (smooth surface) brains, higher primate cerebrums
represent the dramatic expansion of neural networks contained within big gyrencephalic
(folded surface) brains, e.g., you fold your shirt (brain) to fit it into your suitcase (skull).

Note a ten-fold order of magnitude difference in scale bars for the smooth
lissencephalic (Mouse) versus the “wrinkled” gyrencephalic (Human) brain figures. Mice
and rats have relatively poor eyesight but as nocturnal animals have sophisticated
olfactory and tactile sensory organs supporting survival skills. Note the relatively large
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area of the rodent brain for smell (olfactory bulb) and somatosensory representation for
face, especially the mystacial whiskers in the rodent’s limited cerebral cortex.

Primates have excellent vision: many neural networks are wholly or partially devoted
to visual processing in the superficial cerebral gray matter. In addition, human
cerebrums have greatly expanded “association” cerebral cortical areas that provide the
wiring for both survival and success at a level that far exceeds that of sub-primate
species. Success here is defined as the individual expression of abstract, creative
thoughts and translation of those ideations into highly skilled behaviors, e.g., language,
human gestures, manual dexterity and other nonverbal precision actions.

Fig 1-4. Gyrencephalic (folded)
human brain: lateral view of
cerebrum and cerebellum. The
gray matter located within the
dashed white line borders is
called association cortex for
integrating complex neural
events. Cerebellum (inferior to
cerebrum) is “pink” in this
colorful figure. Note the
difference in scale for this
figure versus the mouse brain
figure above (gec).

GYRENCEPHALIC HUMAN BRAIN

YOUR NERVOUS
SYSTEM IS NOT A
COMPUTER BUT IT
CRUNCHES NEURAL

DATA NONETHELESS

The human brain feels, sees, hears, thinks and does its will. The basic computer
detects inputs, “crunches” data & generates logical outputs. Some digital devices have
been programmed to be so clever one might be tempted to think they are alive. Artificial
Intelligence (Al) scientists are attempting to bridge the gap between carbon-based
neural processing and silicon-based computational processing.

The nervous system is our “bioelectrochemical” system that:
1. powers our actions, secretions, thoughts, expressions & gestures.

2. makes us aware of ourselves, other living beings & our surroundings; provides an
internal “virtual” representation of “reality.”

3. defines us as a species, empowers us as individuals, and allows for conformity or
change (novelty) based upon judgments of relevant external and internal conditions.
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4. provides the neural basis for creativity, abstract reasoning, our personal “history”
and the will to “be,” to “do” and to “feel.”

If our computers functioned like biological neural networks these silicon ‘brains’
would not put up with the inherent delays, “hidden” data and “best guess” interpretation
of afferent inputs or generation of outputs that contain jitter and lag; we expect
consistent “behavior” from our desktop or laptop computers and mobile digital devices.
By contrast, neural processes creating biological behavior rarely show such digital
computational consistency from one trial to another even if the outcome appears to be
predictable on its surface. This variability in brain network solutions to life’s challenges
indeed may be one critical element that makes biology so adaptive and resilient within
an environment having unpredictable levels of entropy, e.g., see Deco, et.al. 2011.

Likewise, we might like our brains to do logical sequences and complex number
crunching at supersonic speeds, but we would not be happy when in the middle of the
day our brain must reboot because our BOS (Brain Operating System) has a fatal error.
Nevertheless, our slower brain processors do have adequate time to react to variations
in our environment and to alter our internal state within a fraction of a second or, within
a different timeframe, to adjust neural processing over a lifetime (see below).

Fig 1-5.
Hypothetical
Brain Computer
Interface Movie
(gec).GO TO:
gmomm.pitt.edu

Brain-Computer Interface Multielectrode
Neuroprosthetic Device Array

Multimuscle
Actuator B N’

' oder/

ul:P enerator Fig1-5 Video
Motor Cortex Recordi & ;f.unulation -
Computer Interface: Bratr Muscle
P . " ; b We currently
Operating System (BMOS) 4
upgrade our

Muscle Stimulation & Recording

nervous system
by the relatively
slow process of development, maturation and adaptation: “exposing” our brain to new
experiences and learning opportunities. Most of our neural networks have cellular and
sub-cellular mechanisms for neural plasticity. At present, we can't purchase new brain
hardware or software, plug-in a thumb-drive nor can we simply download updates to fix
bugs in the programming. Perhaps it is for our benefit as a species that the “algorithm”
used by my brain is not identical to that used by your brain when complex networking
takes place to solve a difficult problem or to be creative. Some level of stochastic
processing has allowed biology to evolve and, when conditions are right, to flourish in
the face of daunting challenges to our being.

Who knows perhaps in the future there will be an “app” on a digital device no larger
than a smart phone that literally helps you to move using short-range, secure wireless
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connectivity. There is of course a potential downside to this Al technology. The device
must be reliable and secure: you would not want hackers stealing your identity and
possibly your very ability to report the incident.

Today silicon-based computational devices and carbon-based thinking devices are
separate entities (with a few exceptions, e.g., cochlear implants, deep brain stimulators,
exoskeletal walking devices), but in the future, there is likely to be greater inter-digitation
as “man-machine” cybernetic, carbon-silicate and other material composites: a Brain-
Machine Interface (BMI), e.g. see Wander and Rao, 2014; Capogrosso, et.al., 2016;
Rivnay, et.al., 2017.

LIGHT UP MY BRAIN?: EXPERIMENTAL OPTOGENETIC
APPLICATIONS IN NEUROBIOLOGY

It is now possible to experimentally activate neurons in the brain by using light
pulses rather than electrical pulses. These experimental procedures in animals take
advantage of the genetic manipulations of neuronal DNA and the use of introduction of
fiber optic delivery of laser light filtered to emit specific wavelengths. Light-sensitive
transmembrane protein complexes that open an ion channel (opsins) can be
incorporated into neuronal membranes. One example is channel rhodopsin (CHR2).
When activated by light of the appropriate wavelength a Na+ ion channel is opened in
the opsin protein complex. Opening these channels depolarizes the neuron.
Alternatively incorporation of halorhodopsins (HR) into a neuron will tend to
hyperpolarize the cell due to opening of a CI- ion channel when activated by light at a
different wavelength. Opsins are typically incorporated into a neuron’s membrane due to
‘transfection’ of the cells with a virus or bacterium that has been genetically altered to
express the opsin. By injecting the opsin-containing virus or bacteria into a particular
brain region the microorganism is incorporated into the cell, activates the neuron’s DNA
to replicate the virus and thus provide an abundant supply of the opsin. The opsins are
incorporated then into the neuronal membrane. Such infected neurons will then respond
to light pulses of the correct wavelength. Many of these opsins have fast-acting ion
channel kinetics. The opsin channels may be expressed in different neuronal
components. By injecting the correct virus in one area of the brain the opsins will be
expressed in the axons and axon terminals in other brain areas to which the infected
cells project. For example, one could inject a deep brain nucleus such as the thalamus
and then apply light pulses via a fiber optic probe in the appropriate region of the
cerebral cortex to activate the opsin-containing thalamic axons/axon terminals. Tagging
specific cell markers allows scientists to target specific cell types as well. Currently,
there are many limitations in these methods that preclude application in humans. For
example, depending upon the wavelength, most light pulses do not penetrate brain
tissue more than ~ 0.5 mm with any appreciable degree of light power. Introducing the
opsins requires genetic manipulations of “foreign” microorganisms that are injected into
the brain. This all suggests that the future could include such optogenetic manipulations
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applied to human neuropathological conditions. Other techniques use Ca++ imaging to
detect depolarizing influences in single cells and neural networks. However, it may not
be time yet for me to offer my brain for such experimental procedures (don’t light up my
brain just yet)! Optogenetic approaches are well established in the mouse model but
such techniques are just emerging for other species, e.g, marmosets (small “primitive”
primates), see Kim, et.al., 2017 for recent review. Such technology may provide high
resolution mapping of specific neuron types, e.g., see Furth, et.al., 2018.

NEUROEMBRYOLOGY: AN ONTOGENETIC OVERVIEW OF
NERVOUS SYSTEM ORIGINS

The nervous system is differentiated early (many of these cells define their life’s
work and often their place of employment before they go to school) and is derived from
the ectoderm of the embryonic disk.

TELENCEPHALON POSTNATAL

EARLY
PRENATAL

ROSTRAL

DIENCEPHALO

\MYELENCEPH-
ALON

neural erest
(dorsal root ganglion)

& %% alar plate
7 % (darsal horn)

5th week sulcus limitans
3rd week 5 vesicle basal plate

CAUDAL y stage {ventral horn)

The postnatal forebrain, in particular the telencephalon, is the location of
cerebral cortical networks that provide the neural basis of cognition. Your
creative thoughts, abstract reasoning, and perceptions require a forebrain.

4th week
3 vesicle
stage

SPINAL
CORD

Fig 1-6. Neuroembryology Basics (gec).

The embryo observed from above contains three layers: the ectoderm (top), the
mesoderm (middle) and the endoderm (bottom). The endoderm will develop into
visceral structures, the mesoderm will develop into musculoskeletal structures and the
ectoderm gives rise to the skin and the nervous system (neurectoderm). The nervous
system at this early stage is composed of the neural plate which curves to form the
neural tube as cells are rapidly added due to mitotic activity. As it grows some of these
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cells split to become neural crest cells. The formation of the neural tube may occur even
before the mother may be aware of her pregnancy (about 3 weeks gestation). The
neural tube grows rapidly to form three rostral vesicles: prosencephalon (forebrain), the
mesencephalon (midbrain) and the rhombencephalon (hindbrain). This three vesicle
stage of development quickly morphs into the five vesicle stage of neural tube
development. The five vesicles are: the telencephalon & the diencephalon derived from
the prosencephalon, the mesencephalon which changes little from the three vesicle
stage, and the metencephalon + myelencephalon which are derived from the
rhombencephalon of the three vesicle neural tube.

The major adult brain derivations are listed below.

- Telencephalon = Cerebral Cortical Gray & White Matter, Basal Ganglia, Basal
Forebrain, Lateral Ventricles

- Diencephalon = Thalamus, Hypothalamus, Subthalamus, Retina, Optic Nerve/Tract,
Third Ventricle

- Mesencephalon = Midbrain-Superior Colliculus, Inferior Colliculus, Substantia Nigra,
Ventral Tegmental Area, Crus Cerebri, Red Nucleus, Sulcus Limitans, Cerebral
Aqueduct

- Metencephalon = Pons & Cerebellum-Pontine Nuclei, Cerebellar Peduncles, Facial
Colliculus, 4th Ventricle, Vestibular Trigone (Area), Sulcus Limitans

- Myelencephalon = Medulla Oblongata-Medullary Pyramid, Inferior Olive, Cuneate &
Gracile Tubercles, Fourth Ventricle, Sulcus Limitans

- Peripheral Neural Crest cells will become Dorsal Root Ganglion Cells, Autonomic
Post-ganglionic Cells, Cranial Nerve Ganglion Cells, Chromaffin Cells (Adrenal
Medulla), Schwann Cells

Nervous system cells often have help in their migration to their final location. These
guiding cues may be both physical and chemical in nature and may attract or repulse.
Think of the youngster that is just beginning her schooling and is guided by her parents,
crossing guards and teachers who assist in her transition from home to school. Come
here, go this way not that way, wait for the light before crossing the street. Supportive
cells in the CNS may provide physical barriers or scaffolds for migration of neurons. For
example, at the appropriate time, radial glial cells seem to provide a guiding path for
cells in the deep telencephalon to migrate along a radial (vertical) path in the developing
cerebral cortex. Neurons follow this path and stop at the appropriate layer within the
gray matter to do their job with “predictable” consequences-appropriate access to the
information they need, crunching of data and then distribution of the processed
information to appropriate targets (those elements willing and able to listen). These
physical (cellular) cues plus chemical cues are vital to organizing the central nervous
system. Physical and chemical cues are required to acquire as well as maintain the
appropriate peripheral nervous system relationships with the head and body organs that
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are non-neural in their function. Peripheral nervous system neurons are the
adventurous components since they experience the body in which they reside at the
‘margins” in a “foreign” and potentially “hostile” environment (we’re not within the
meninges anymore). By contrast, neurons in the deep gray matter of the brain within a
group called the Basal Ganglia (BG) are “homebodies” that never let their neurons or
neuronal projections stray into unknown territory since they make only local connections
with nearby neighbors (see below). Their view of the body in which they live is
somewhat insular and their “world” view is somewhat abstract. They may have “read
about’ but never experienced the external (real) world in its gritty detailed reality. As you
will learn later, the basal ganglia take on some of the most important roles in human
behavior. The basal ganglia may provide a critical neural substrate for choosing one
behavior out of many to devote precious neural resources for reaching a goal. BG do
not do this alone since they have direct or indirect access to needed information upon
which decisions are made. Fortunately (for their owner) BG are well-connected to other
nervous system areas which DO receive reports from and send messages to those
more adventurous components of the nervous system. In addition, BG have substantial
reciprocal connections with association cerebral cortical areas responsible for higher
cognitive functions. Does this remind you of organizations such as universities, for-profit
businesses or certain governments?

Our nervous system needs a variety of elements to make it a viable entity that
typically does its part to keep its host (body) engaged and adaptable. The intact human
nervous system seems to be particularly adept at limited “multitasking” since it attends
to and reacts to its owner’s self-centered internal milieu while also experiencing and
engaging the external world beyond the me. Nervous system pathology then has
serious consequences for one’s ability to maintain normal or extraordinary bodily and
“out-of-brain” functions. Dedicated health professionals serve a critical role in helping
others retrieve or resume a higher quality of life after such devastating incidents.

NERVOUS SYSTEM LEVELS

The Nervous System can be parsed into four clinically relevant levels: three Central
Nervous System (CNS) levels (Supratentorial Brain, Posterior Fossa Brain and Spinal
Cord) and one Peripheral Nervous System (PNS) level.

1. CNS Supratentorial Brain Level: Gray and white matter associated with the
Cerebral Hemispheres and Supratentorial Brainstem (Telencephalon, Diencephalon)
located above the tentorium cerebelli.

2. CNS Posterior Fossa Brain Level: Gray and white matter associated with the
Posterior Fossa Brainstem (Midbrain, Pons, Medulla Oblongata) and Cerebellum
located beneath the tentorium cerebelli.

3. CNS Spinal Level: Spinal cord gray matter (dorsal horn, intermediate gray and
ventral horn gray) where neurons and synapses are found plus surrounding white
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matter where axons transmit information to another location (spino-spinal, ascending,
and descending long tracts).

4. PNS Peripheral Level: Cranial Nerves, Peripheral Nerves, dorsal roots (sensory/
afferent), ventral roots (motor/efferent), ganglia (dorsal root ganglia, autonomic
sympathetic & parasympathetic ganglia), plexi and supportive cells. The peripheral level
provides a mechanism to activate effectors (glands, smooth muscle, cardiac muscle and
skeletal muscle) and transmit data from a variety of sensory receptors that convert non-
neural energy into neural impulses.

Fig 1-7. Rostral Neural Tube
= NG o Adult Brain Derivatives  of
A Gly Forebrain (Telencephalon,
D Diencephalon); Midbrain
&,y ,Basal Ganglia| (Mesencephalon); and
by (Deep Telen- i, -in  (Metencephalon

cephalon)
Myel hal )
Thstainii & and Myelencephalon) (gec)

’1‘(3;“!:'.' iypothalamus

“ (Diencephalon) .
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Pons (Metencephalon)
Medulla (Myelencephalon) SUPERFICIAL TO
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Fig 1-8. Central Nervous
System Brainstem 3D Label Movie;
Cerebral Cortex, Cerebellum  are
Removed (gec). GO TO:

gmomm.pitt.edu Fig1-8 Video

4

The cerebral cortex is a thin gray
matter mantle covering deeper white
matter and gray matter structures.
Basal Ganglia are deep gray matter
nuclei important in cognitive and
sensorimotor behaviors and include:
1. Striatum = Caudate Nucleus +
Putamen, 2. Globus Pallidus, 3.
Substantia Nigra and 4. Subthalamic Nucleus. Thalamus is a gray matter structure that
serves as the gateway for information ascending to the cerebral cortex from subcortical
structures and monitors our intentions and actions derived from cerebral cortical
networks. It includes a number of separate nuclei that relate to sensory, motor, limbic,
consciousness & integrative functions.
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The Internal Capsule is a white matter structure that contains axons originating from
pyramidal cells in the cerebral cortex that travel to brainstem and spinal cord structures
plus thalamocortical & corticothalamic axons that link the thalamus to the cerebral
cortex.

Pituitary Gland in conjunction with the hypothalamus is the major hormonal controller
for the brain and endocrine system.

Amygdala is a gray matter nucleus involved in limbic functions including anxiety, fear
& reactions to highly charged affective stimuli, memories, or events.

Red Nucleus in midbrain contributes to control of dexterous limb movements
(Rubrospinal Tract). It is well connected: Motor Cortex, Cerebellum, Inferior Olive.

Striatum = Fig 1-9. Brain Explode Movie
Caudate Nucleus . (gec): GO TO: gmomm.pitt.edu
& Putamen B ¢ Fig1-9 Video
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Fig 1-10. Visible Brain: Digital Model
of Cerebral Cortex and Subcortical
Brainstem Structures in 3D. Control
buttons for the VR Movie allow you to
zoom-in (+), or zoom-out (-). By
dragging the "hand" cursor across
the brain you can alter its orientation
to see various views. Arrow buttons
allow you to move in a single
direction. Curved arrow button
—_—— rotates object automatically.
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Each of the brain lobes contains cerebral gray association areas that integrate
information arising from a.) nearby and distant cerebral cortical areas (corticocortical),
b.) from the thalamus (thalamocortical), and c.) from brainstem nuclei that provide
widespread modulatory effects on the cerebral cortex (Dopaminergic, Noradrenergic,
Cholinergic, Serotonergic [5HT] Nuclei). Regulation of these neuromodulatory
influences may be critical to optimize cerebral neural network function, e.g., see
Bennett, et.al., 2013 and McGinley, et.al., 2015.a

These lobes in the human brain include substantial collections of neurons in areas
that are not related to primary sensory or motor function. Evidence supports the idea
that these association (non-primary) areas provide the neural basis for higher functions
in humans, non-human primates and perhaps some other species (see below).

Higher level association cortical areas include:

1. Anterior Association Cortex includes Dorsolateral, Ventrolateral Prefrontal Areas
(See UPFRONT “ME, BE, DO”)

2. Posterior Association Cortex includes Posterior Parietal, Parieto-Occipito-
Temporal and Lateral, Inferior Temporal Areas (See BACKUP/Superior “OBJECTS &
ME IN WORLD”-ACTION ORIENTED plus BACKDOWN/Inferior “YOU & WORLD”-
CONSCIOUS PERCEPTIONS & CREATIONS).

3. Limbic Association Areas include inferior and medial limbic cortical plus deep
subcortical limbic areas (See Fig 1-11 and INNER DEPTHS [LIMBIC] “VALUE-ADDED
FLAVORING FOR ME, YOU & WORLD”).

UPFRONT: BACKUP: ‘OBJECTS & ME IN UPFRONT:
‘ME, BE, DO'__ ,.WORLD'-ACTION ORIENTED ‘ME, BE, DO’

INNER
DEPTHS
(LIMBIC):
‘VALUE-
ADDED
FLAVORING
FOR ME,

' Medial A YOU
Temporal Lobe & WORLD'

BACKDOWN: 'YOU & WORLD'- CONSCIOUS PERCEPTIONS & CREATIONS

Fig 1-11. Anterior, Posterior-Superior, Posterior-Inferior & Limbic Association Areas (gec).

WHY WE HAVE SO MUCH GRAY MATTER ON OUR MINDS!
The adult human cerebral cortex is 1.5 to 4.5 mm thick depending on the cortical

area. If we strip this thin outer mantle of cerebral gray matter from the underlying white

51 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



matter, iron out the wrinkles and lay it out flat, the gray matter would cover the surface
area of a large computer monitor; this, of course, is not recommended-use this as a
figurative reference only. The total surface area of the adult human cerebral cortex has
been estimated to be about 2.5 square feet containing ~20-30 billion (or more) neurons
along with many more supportive cells: glia (astrocytes, oligodendrocytes, microglia),
blood vessel cells (pericytes, endothelial cells, vascular smooth muscle cells), etc.

Astronomers estimate that the Milky Way Galaxy in which we reside is composed of
perhaps 250-300 billion stars (no one has really counted) plus much more invisible dark
matter. Neuroscientists estimate that the entire adult human brain has perhaps 90-100
billion neurons plus ~150-200 billion glial cells. Thus, if one could compress the Milky
Way into the space of the human cranial vault (skull), the number of stars might be just
right to replace these brain cells. After such a substitution, perhaps we would all be star-
studded celebrities with a small part of the universe guiding our way.

. Fig 1-12. Brain Galaxy
1 : i Movie. Your Star-
Ima‘gme the Milky Way Cod s Star
' Professional Milky
Way Photograph
Courtesy of Hannah
Marchant, BS, CSCS
(hm, gec). GO TO:
gmomm.pitt.edu

Fig1-12_Video

However, while each
star may be a solitary
bit of the universe with
only gravity, photons and perhaps some ethereal “stuff’ (dark matter, dark energy,
hydrogen clouds, “Big Bang” debris?) linking one star to another, our brain cells cannot
do their job alone in a vacuum. Brain cells must be interconnected within networks to be
functional. Moreover, brain cells like other living cells in our body utilize energy derived
from ATP to accomplish their biochemical missions (our brains tend to be energy hogs-
see later). For normal nervous system function our brain cells must communicate with
one another and work together as a cooperative system. Brains do NOT operate well as
a loose collection of self-absorbed “celebrity stars” although astrophysicists tell us that
at the atomic or subatomic level we all indeed are derived from stardust, e.g. see Tyson,
2017. Nonetheless, such stardust does not guarantee us fame and fortune within the
wide expanse of dark matter. Fame and fortune require talent, dedication, luck, access
to the “right” people and quite often a healthy dose of expensive marketing.

Neurons are excitable cells that provide the anatomical basis for integrative
processes that we understand to be the bases for our thoughts, feelings, actions.
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Ultimately neural networks are the origins for our capacity to both survive and succeed
as human beings. Neurons generate Action Potentials (APs). Patterns of APs become
the “language” for rapid communication between neurons. Electrophysiologists are
neuroscientists who study this language and try to translate it for us into our native
languages: no small task for us humans as non-AP linguists. Other neuroscientists
study the biochemical, molecular, computational, and genetic “languages” of brain
function. My brain is multilingual even if my communicative mind is not, i.e., don’t ask
me to explain to you all of the detailed intricacies of my molecular brain.

Glial cells are traditionally thought of as supportive cells that do not generate APs
although such glial cells are responsive to neurochemical cues and communicate with
each other, with neurons and with blood vessels. Such supportive roles are critical to
the mission: brain metabolism & blood flow regulation, “sinks” for neurotransmitters and
certain ions, myelination of central nervous system axons, regulation of neural network
activity, regulation of synaptic function. In addition, reaction to injury and other protective
roles are performed by a variety of abundant glial cells, i.e., a mixture of microglia,
oligodendrocytes and a variety of astrocytes.

KEEP THE GRAY & WHITE MATTER: COLORS of SUCCESS

Through extensive intrinsic and extrinsic connections, the human cerebral
cortex extends our perceptual and behavior repertoire to include:

1. FRACTIONATION - the ability to move body parts independently and to localize
motor actions to a limited set of appropriate muscles.

2. ENHANCED SPEED, AGILITY, ACCURACY, AND ADAPTABILITY IN GOAL-
DIRECTED MOTOR BEHAVIOR.

3. REFINED MOTOR LEARNING AND ENHANCED MOTOR PERFORMANCE IN
SKILLED TASKS.

4. THE ABILITY TO DEFINE AND TO REFINE THE PERCEPTIONS OF as well as
THE MANIPULATIONS OF OUR ENVIRONMENT

- by superb manual dexterity & eye-hand coordination in use of tools

- by improved control of communication skills and expressions of one's being: e.g.,
reading, writing, drawing, painting, sculpting, dancing, sports, music, computations and
myriad expressions of abstract reasoning.

5. CREATION AND TRANSFORMATION OF OUR IDEAS, THOUGHTS, AND WILL

INTO IMMEDIATE OR DELAYED ACTIONS/GESTURES AS APPROPRIATE FOR
THE SITUATION; this requires planning, programming, and judgement for the
generation & regulation of goal directed purposive behavior.

6. THOUGHTFUL SELECTION OF REWARD-BASED “POSITIVE” BEHAVIORAL
CHOICES WHILE PURPOSEFULLY SUPPRESSING BEHAVIORS HAVING
POTENTIALLY “NEGATIVE” OUTCOMES.
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STRUCTURE/FUNCTION ARE RELATED: “SHADES OF GRAY
AND WHITE”

Korbinian Brodmann in 1909 published a “map” of the cerebral cortex gray matter
based upon the cytoarchitectonic differences from one portion of the cerebral cortex to
another. This map of ~50 separate areas has been used as a “template” for relating
structure to function. The map has been reproduced here as an introduction to
structure-function relations “by the numbers.” Brodmann’s original map, like the living
brain is not this colorful. Brodmann areas have been used as identifiable landmarks for
many anatomical, physiological and brain imaging studies in monkeys that have similar
cortical regions to us and for brain imaging studies in us humans.

CEREBRAL NEOCORTEX: STRUCTURE/FUNCTION RELATIONS i i oo e e ot

BRODMANN AREAS: CYTOARCHITECTONIC MAP OF HUMAN CEREBRAL CORTEX
312 5 B = Broca's Area
W = Wernicke's

Gyri & Area 14:
Gyrus Rectus

Not éll Brodmann Areas
(BAs) are shown.

Fig 1-13. Brodmann Areas (BAs) of the Human Cerebral Cortex. Interactive Media File
shows relationships of BAs to function according to the area(s) that you choose (gec).

GO TO: gmomm.pittedu  Fig1-13_Interactive Media

HUMAN BRAINS ARE WELL WIRED FOR SURVIVAL AND
SUCCESS.

Traditionally ascending tracts from spinal cord to brain have been regarded as
sensory channels and descending tracts from brain to spinal cord as motor channels of
brain function. However, this view may be an artifact of our need to categorize and link
structure to function. Advances in methodology to trace pathways across synapses and
to precisely measure neural activity in these pathways in behaving beings suggest we
have oversimplified tracts as currently professed in neuroscience and neurology texts.
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If we think of the nervous system as the “electrical” system that sparks the life of an
organism, then perhaps we must reconsider ascending and descending tracts as part of
a larger network that cannot be constrained to having only “sensory” or “motor”
properties. What if these ascending and descending tracts merely provide circuits that
are part of a “grander” mission related to the organism’s “raison d’étre.” For humans, in
particular, these tracts may have evolved to wire us for both survival and success.

Survival includes behaviors common to all mammals and those behaviors particular
to all members of a species (Homo sapiens, in this case). Survival does not equate to
unrefined actions. Many survival actions are sophisticated and unique to the behavioral
repertoire of the species; some may be inherited through a long line of human ancestry.

Success here refers to human behaviors defined by an individualized neural
representation of abstract ideation that is supported by the skills necessary for its
expression. Success infers an ability to take precise action upon internalized
perceptions and intentions individualized to our goal. This may be expressed at the tips
of our fingers, the tip of our tongue, at the junction of our vocal folds or telescoped
through an instrument linked to our action. The gray and white matter that underlies
these two entities (survival and success) may be partially segregated or more likely,
success is fleshed out upon the skeleton of survival. Improvements in pathway tracing
and network activity monitoring should reveal the extent of any such separation in the
future. This dialogue does not represent an elitist attitude about human behavior nor is it
a treatise on Darwinian principles. It is meant to be an argument that encourages us to
think about our brains from a more pragmatic view of how our electrical system’s wiring
supports our biology; a dialogue about how each brain interacts with the body it inhabits
and the world in which it lives. This dialogue occurs with or without a full cognizance of
all that “sparks” in the cranium (see below).

HOW MUCH DO WE REALLY KNOW ABOUT OUR OWN
THOUGHTS?

To what extent are we consciously aware of our brain’s hard work of deep thought?
Do we have full conscious control over the amazing cognitive powers of our forebrains?
This is a basic question regarding the neural basis for self and self-control, e.g., see
Brass & Haggard, 2007; Custers & Aarts, 2010; Haggard, 2008. We think of free will as
our ability to do, say or think what we want (usually within bounds of societal and moral
constraints). What if most of the hard work of thinking, like that for skilled actions, really
goes on behind the scenes, out of the “reach” of consciousness? Perhaps it becomes
available to our conscious brain only when we add sense to the thought. Sense here
may be related to activation of receptors for those energies that we recognize in the
world around us (“bottom-up”) and/or an internal representation of the world (“mind’s
eye”) built upon previous experience from the “top-down.” Maybe it makes no “sense”
for the cognitive brain to bother (engage) our consciousness unless we must make
some decision that potentially will involve us interacting with the outside world. What if
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we are unaware of what our brain is cogitating for most of our waking hours? After all, |
can’t read your mind, so what makes you think that you have full-access privileges to all
of your own forebrain’s information?

Does this strike you as a bit “unnerving”? Does this sound like the raving of a brain
whose clutch is not fully engaged? Not really. Many well-respected neuroscientists are
dealing with these very issues of self-consciousness: see references. Invasive single
cell electrophysiological recordings in human subjects are not routine measures for fine-
grained study of cognition (this may occur during neurosurgery or in identification of the
source of seizures using implanted microelectrodes), but global assessments of brain
activity are more commonly done using brain imaging, e.g, functional magnetic
resonance imaging (fMRI) or positron emission tomography (PET) and electro-
encephalography (EEG). Critical regions of our brain must read between the conscious
explicit lines of our being to keep our biology humming along (silently of course).

IS THE FRONTAL LOBE REALLY UPFRONT WITH FREE
WILL? DO WE REALLY HAVE FULL CONSCIOUS CONTROL
OF ALL OF OUR THOUGHTS & ACTIONS?

Human brains have expansive cerebral cortices. We like to think that all this gray
matter is under our full conscious control; we control all thoughts and actions through
our self-awareness and volitional commands that fulfill our most treasured wants and
needs. Alas, such is not the case according to cognitive neuroscientists. Portions of our
cerebral cortex, in particular our massive prefrontal cortex (PFC) churns through neural
processes that apparently are not brought to our conscious attention, i.e., many
thoughts and actions occur outside of our full awareness. Full transparency in PFC
governance may not be the norm; portions of the PFC may take advantage of privileged
access to information and communicate such data on a “need to know” basis to our
consciously aware selves. For example, rapid “automatic” movements, such as rapid
postural adjustments or rapid precision grip force adjustments often occur outside of
consciousness. It has been suggested that until we receive sensory information
resulting from an action, we have no conscious awareness of the action and even so
much of that data may be utilized subconsciously and out of our explicitly reportable
experience. Moreover, studies suggest that first impressions or quick “gut feelings”
about an event or another person may be based primarily on subconscious, implicit
preconceived notions or stereotypes, e.g. see Custers & Aarts, 2010; Gladwell, 2005.
Goals based upon such processing may serve our survival behaviors. However, rational
thoughts may require a suppression of such fast, biased “survival instincts”; this extra
neural effort demands more time & greater neural resources.

Nevertheless, access may be limited to background processing and many of our
goals may be substantially influenced by neural decisions that do not “rise” to our full
conscious awareness. Perhaps circuitry responsible for conscious decisions have
signed non-disclosure agreements with these frontal lobe networks regarding
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proprietary information. Therefore, if you are one of those individuals who takes pride in
your ability to gain full conscious control of your life, a portion of your brain may be
“messing with your head.”

The expression of a person’s will in a civilized democratic society seems to be
based upon a combination of aspiration, inspiration and “desiration” that in toto
do not lead to incarceration (allow me a little “poetic license” here). The mixture is
not a simple mathematical sum since each component may be weighted differently
depending upon the situation and personality of the owner of the will. The will may be
an expression of one’s individuality at the brain-mind interface, e.g., see Fuster, 2013.

NERVOUS SYSTEM ORGANIZATION: CONCEPTUAL
HYPOTHESES

The nervous system is organized according to a central and peripheral division of
labor. The Peripheral Nervous System (PNS) provides connectivity between non-neural
portions of the organism with the neural portion the Central Nervous System (CNS) that
controls many of our bodily functions and interprets sensory data transduced and
gathered by the PNS. The way these PNS and CNS structures interact with one another
has important implications regarding what scientists pay attention to when designing
research, how we regard the altered nervous system following damage due to disease
or injury, and how we plan rehabilitation approaches to recovery of function following
such nervous system injury.

Fig 1-14. Traditional Jacksonian Top-Down, One-way

UPPER LEVEL Hierarchy (gec). GO TO: gmomm.pitt.edu Fig1-14 Video

ASSOCIATION

CORTEX HIERARCHY: A hierarchical control model has been
proposed by a number of scientists. A one-way, top-down
* control model was proposed by John Hughlings-dackson at
the end of the nineteenth century. Jackson parsed the CNS
MIDDLE LEVEL into three levels. The Upper Level corresponding to
SENSORIMOTOR "Association" Cortex is the least automatic and provides the
SRS ) commands to implement one's will to the Middle Level. The
Middle Level corresponds to the Sensorimotor Cerebral
* Cortex that as a "middle manager" provides the orders to the
Lower Level to implement the action. The Lower Level
;%:‘5";#::5; includes the Brainstem and Spinal Cord. Thus, according to
SPINAL CORD this view, a ONE WAY, TOP-DOWN Organization has evolved
to add higher level control over more “primitive” lower brain &

spinal levels. Since the nineteenth century hierarchical
control has been revised according to anatomical and
physiological findings that suggest a more flexible information flow. Nonetheless, even
these recent modified hierarchical models suggest that information builds through
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stages that require a serial flow from simple to more complex (e.g., bottom-up for
sensory processing) or from highly integrated commands to targeted executioners of
such commands (top-down control of volitional movements), e.g., see Hughlings-
Jackson; 1884; Davis, 1976; Walshe, 1961.

HETERARCHY: By contrast, a more recent proposal by some neuroscientists
suggests that the nervous system uses a heterarchical or modified hierarchical control
that distributes the “signing of the will” and the “execution of the will” across multiple
neural networks located within “higher” and “lower” regions of the neuraxis. Legally, a
person’s final will cannot be executed unless it already has been signed by the one that
composed it and by authorized witnesses to the signing. Such distributed control is
made possible in our advanced nervous system by reentrant connectivity and
multitasking of neurons that share responsibility for neural representation of intentions,
actions and perceptions (this is a “living” will: we do not have to die to implement the
process). Thus, neurons in a network may function differently depending upon the
timing of events in an evolving process. Parallel and serial processing may occur but
the critical factor is reciprocity of connectivity that, given time and access to information,
dynamically regulates network participation in neural processing. This model suggests
that function is derived, for the most part, as an emergent property of a coalition (group)
not the fixed property of individual members (neurons). Some coalitions may be highly
structured and relatively “hard-wired” e.g., highly evolved sensory & motor pathways,
while others may be quite transient and emerge only when a particular need arises, for
example, in decision-making, perceptual judgments and cogitation within cerebral
structures, e.g., see Cisek, 2012; Cisek & Kalaska, 2010; Davis, 1976; Kalaska &
Crammond, 1999.

The will to do appears to be implemented by a distributed network using reciprocity
of connectivity. Function is not restricted to individual structures but is distributed
among many cell assemblies at many levels of the CNS. Cortical and Subcortical
Structures are heavily interconnected and once one's will is set in motion, information
flows in multiple directions. "Cognitive" aspects (PLANNING, PROGRAMMING,
PREPARATION and DECLARATION of One's INTENT) are not restricted to
association cortex. Recent evidence shows that some spinal interneurons adjust their
activity during "mental" aspects of decision making before movement begins. Function
is distributed and most information flow is not polarized. Likewise, implementation of
one's Action (COORDINATION, EXECUTION, REVISION, & PERFECTION) is not
simply an order from the "CEQ" but a cooperative feedforward and feedback interplay
amongst multiple neurons at many levels of the CNS. Reciprocity of information sharing
is a critical aspect of intelligent biological communication as happens for non-biological
digital networks.
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HETERARCHICAL NERVOUS SYSTEM

Fig 1-15. Heterarchical
Nervous System
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loop connections with
Cerebral Cortical Motor
Areas (that project to

spinal motor centers).
BG and CBM also

project to brainstem structures that are directly involved in sending signals to spinal
centers responsible for “Execution of the Will.” Moreover, recent neuroanatomical
tracing studies in higher primates suggest that portions of BG and the Lateral

Cerebellum have loop connections with “cognitive”

Prefrontal Cortical Areas (see

references). These loop connections provide a distributed network that is responsible
for the “Compiling and Signing of the Will.” As such, models that look only to higher level

corticocortical connections for cognitive processes

appear to be shortsighted. A

posterior view of a transparent model of right cerebral cortex, cerebellum, thalami and

bilateral basal ganglia is illustrated below.
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Fig 1-16. Posterior view of
Right Cerebral Cortex,
Cerebellum, Thalami and
Bilateral Basal Ganglia (gec).

For several thought-provoking
comparisons of a hierarchical
versus a heterarchical nervous
system organization see Dauvis,
1976 for a heterarchy based
upon fundamental survival
behavior circuitry in
invertebrates and see Kalaska
& Crammond, 1992 plus Cisek
& Kalaska, 2010 for a
distributed “heterarchical”
organizational model related to
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skilled cerebral sensorimotor control in primates. Self-organizing neural representations
may require a brain heterarchy or a substantially modified hierarchy.

THE BRAIN IS ALL ABOUT MOTION

Our brains provide the neural basis for voluntary (willed) motor control including
locomotion. Neuropathology that interrupts neuronal interactions within CNS
sensorimotor control centers and/or interrupts signal transmission along central or
peripheral sensorimotor pathways produces deficits in our ability to move in a precise,
reward-based and goal-driven fashion. At this macroscopic level of motion analysis, only
the outcome of movement is obvious to the naked eye of an untrained observer (see
Walking Your Brain Movie). To understand the neural events leading to the motor
outcome one must use additional (and often sophisticated) instrumentation to measure
events within the machinery of the brain that lead to such body motion.

Fig 1-17A. Walking Your Brain Movie: A Wandering Mind
(gec). GO TO: gmomm.pitt.edu Fig1-17A_Video

Using sophisticated instrumentation, neuroscientists can
“see” (measure) relationships between brain processes
and motion at the cellular, sub-cellular and molecular level.
At a microscopic or finer level, motion of ions & molecules
provides the basis for the electrochemical events that
underlie basic intracellular and intercellular signaling.

PYRAMIDAL CELL ON THE RUN | 59 7t rur ove: !

N st GO TO: gmomm.pitt.edu
ML () Fig1-17B Video
Bof o

, One important neuron
l’ . within the cerebral cortex
1 critical for perception,
cognition and volitional
action is the pyramidal cell.
While the Pyramidal Cell
, On The Run Movie provides
Oy an unrealistic expectation
for such microscopic motion
in your brain, neurons and
glia indeed survive and succeed as living cells due to motion of the cell’s membrane or
motion within the molecular constituents that form the cell membrane. In addition,
motion occurs within and among organelles and ultrastructural “highways” for molecular
transport, e.g. microtubules inside the extended protoplasmic extensions of these cells.
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For example, under certain circumstances, axons may grow due to long-term plastic
adaptation or in response to injury. Synapses may “wiggle”, grow in size, or even
disappear in response to electrochemical signals that influence dynamic actin. Protein
complexes inside the axons and dendrites of neurons provide highways and “delivery
vehicles” for active transport of membrane-bound proteins either to or from the neuron’s
cell body. Protein complexes within different compartments of either a neuron or a glial
cell provide a channel for ions to pass through the channel’s aperture to produce a
depolarizing or hyperpolarizing effect on the membrane. Other protein complexes may
bind a signaling chemical to activate other regulatory proteins as second messengers
within the membrane and messenger proteins inside the cell and thus change the cell’s
structure/function. Molecular motion is a hallmark of signaling at a submicroscopic level,
e.g., nucleotide-dependent coding of amino acid aggregation and construction of
peptides/proteins according to a precise amino acid sequencing code.

Later chapters will focus on the dynamic pathways and processes necessary for
normal brain function at the system, cellular and sub-cellular levels.

DO WE SENSE TO MOVE, MOVE TO SENSE OR JUST ACT?

Sir Charles Sherrington and colleagues at the end of the nineteenth and beginning
of the twentieth century did experiments to reveal reflexive neural control circuitry. Such
investigations suggested that particular sensory stimuli are both necessary and
sufficient to produce simple to complex evoked responses in reduced (lesioned)
nervous systems. Such spinal or brainstem reflexes were suggested to be a framework
for functional activities such as locomotion and postural control. By chaining reflexes
together complex, integrated multilimb actions would be triggered by the appropriate
stimuli.

However, a contemporary of Sherrington, Graham-Brown (1914) performed a series
of experiments that suggested no such requirement for sensory stimuli to generate
complex rhythmic actions.

Graham-Brown showed that immediately following a thoracic spinal cord
transection, the hindlimbs would step on a treadmill even after complete lumbosacral
dorsal rhizotomy (all lumbosacral dorsal roots were transected). Graham-Brown
suggested that stepping was due to a centrally generated rhythm based upon agonist-
antagonist mutual inhibitory cycling: half-centre hypothesis for internally generated
rhythmic movement. Since then, many experiments have supported the concept of
central pattern generators (CPGs) for rhythmic motor output and have suggested that
while sensory inputs may certainly modulate CPG output, many motor activities do not
require specific sensory input to either trigger or guide such actions. While reflexes may
play a role in daily activities such actions are not likely to be the building blocks for
complex behaviors even in invertebrates, e.g., see Davis, 1976. Sensory input does
appear to be very important for informing the organism about its immediate or distant
environment but such sensory inputs may just as often be used in a feedforward context
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(predictive control) manner as in a reactive, feedback context. Sensory inputs may be
critical for periodic updating of behaviors that require precise control of sustained force
and/or position.

Recent studies suggest that many actions designated as reflexes are not invariant
and may represent only a fraction of those mechanisms responsible for stereotypical
patterns (e.g., gait) and more sophisticated skills (e.g., reaching and grasping). So, we
use our senses to guide or trigger some movements. We also move so we can gather
data from our environment when we interact with the objects and people in our world;
active touch is a prime example that will be discussed in later chapters. Based on an
informed choice we act when a volitional goal is to be fulfiled and either
preprogrammed or newly programmed complex sequences of movements will generate
the rewarded behavior. For a review of these movement control issues see: Prochazka
et.al., 2000; Haggard & Lau, 2013; Frith, 2013. A separate but related issue is the origin
of actions: nature or nurture? Some species-specific behaviors may have a significant
genetically endowed basis while others seem to be learned as we experience and
interact with our world. Even inherited behaviors may be modified by learning.

N. A. BERNSTEIN’'S CIRCULAR “SERVO LOOP”
HYPOTHESIS

Early in the twentieth century, Nicholai A. Bernstein proposed an organization of the
nervous system quite different from his contemporaries: for English translation of “The
Coordination and Regulation of Movements” see Bernstein, 1967; see also Latash,
2021.

Bernstein envisioned a circular servo “reflex” loop where the required signal (the
intended action,"DO THIS") is compared with the actual signal (feedback from afferent,
re-afferent & efferent signals from sensors or motors: "DID THAT") as the task
unfolds.The Comparator in Bernstein’s loop generates an error signal that drives neural
processing (see diagram). The circular process may be either continual or reiterative to
reduce error; energy & the error signal keep the loop active. Note that the "Will-
Command" center is isolated from the loop and that all connections are one-way.
Bernstein believed that practice is essential for the nervous system to solve the problem
of motor control through repetition of the task to reduce the error signal. The solution is
an emergent property that changes according to a process of problem-solving: the
nervous system searches for an optimal successful solution; a "dynamical systems"
approach. Modern modifications of this hypothesis include reciprocally connected neural
components that are less functionally segregated. The change in color and size of the
looping signal simulates the reduced error and improved control as the task is repeated.
With practice, actual output more closely matches the idealized “Will.” Bernstein and
others suggest hundreds to thousands or hundreds of thousands of repetitions are
required to perfect skill (reduce errors and better match the idealized implicit plan).
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DISTRIBUTED NETWORK-MODIFIED HIERARCHY:
DISTRIBUTED FEEDFORWARD & FEEDBACK LOOPS

Anatomical, physiological and lesion studies suggest that the mammalian nervous
system can operate in an efficient manner only when neural circuits distributed across
multiple levels and areas of the neuraxis communicate in a feedforward and feedback
manner. Information flow is rarely a one-way process. This process may require
significant preparation (think of hosting a dinner party) or a more casual process (think
of popping into a deli for a sandwich).

Motor Control is really a story about sensorimotor control unless the individual is
totally deafferented and has no access to information from any other senses.

The Modified Hierarchical Distributed System: Sensorimotor Loop Movie illustrates
the relationship between supraspinal (brain) & spinal levels of the CNS and the
periphery (afferent & efferent). Some or all of our senses may provide information about
peripheral events. If the sensory input is generated by our actions it is called re-afferent.
Both afferent and re-afferent information is shared with neurons at spinal & supraspinal
levels (on-line feedback or periodic knowledge of results). However, afferent impulses
are not the sole source of information. Central gray neurons provide efferent information
about ongoing motor events (central events in the animation).

A motor (efferent) copy of what is going out of the system is critical information
ascending to the brainstem (& eventually the cerebral cortex by way of the thalamus)
and to the cerebellum. Information is shared within & among spinal levels via the
propriospinal tract (double arrows in spinal level).
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source of
feedforward signals as predictive data so that we can anticipate what motor signals
soon will be required (forming internal models compared to external/internal updates).

Indeed classic neuroscience teaching and experimental laboratory protocols typically
assign sensation/perception, thought/cognition and motor/action to different portions of
the nervous system. A different view suggests a more overlapping function for neurons
within both local and more global networks to allow us to interact with our world using a
principle of selecting the most appropriate behavior from among several concurrent
possible choices, e.g., see Cisek, 2012 and Cisek and Kalaska, 2010.

CNS BENEATH THE BRAIN = SPINAL CORD: SEGMENTED
INPUTS, OUTPUTS AND BRAIN CONNECTION HIGHWAYS

The adult spinal cord begins at the medulla-spinal cord transition at the foramen
magnum and ends as the conus medullaris at the L1-L2 vertebral level. Below the
conus, spinal roots continue caudally as the cauda equina. Lumbar and sacral roots of
the cauda equina exit at the appropriate orthopedic level. Like the Brain in the cranial
vault, the spinal cord and the cauda equina are surrounded by the three meninges
(dura, arachnoid, and pia mater) and cerebrospinal fluid (CSF). A spinal tap at the L4-5
level is used to measure the pressure and constituents of the CSF. There are 8 cervical,
12 thoracic, 5 lumbar, 5 sacral and 1 coccygeal segments in the human spinal cord.

The Spinal Cord has gray matter where neurons live and work (communicating and
integrating information sent to, and received from the Brain, the Periphery, and other
Spinal Cord segments). This circuitry incorporates Relay (Projection) Neurons,
Propriospinal Neurons (spinospinal connections) and local interneurons (excitatory and
inhibitory) and motoneurons to innervate muscle.
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The Spinal Gray develops from the mantle layer of the neural tube. It is divided in
half (both right to left and dorsal to ventral). The dorsal median sulcus and ventral
median fissure draw the line right to left. The sulcus limitans (seen as a midline groove
in the developing neural tube) divides dorsal from ventral. Dorsal gray (DG) is derived
from the alar plate, the ventral gray (VG) from the basal plate of the developing neural
tube.

Fig 1-21. Spinal Gray and White
Zones (gec).
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dorsal horn contains projection neurons that send ascending signals about the
consequences of movement (proprioception, kinesthesia) to the cerebellum to guide
and/or modulate movement.

The gray matter contains local excitatory and inhibitory interneurons that influence
neural networks within one or several segments. Propriospinal (spinospinal) neurons in
the gray interconnect spinal segments: within a local region (e.g., short propriospinal
neurons at the cervical level) or across regions (long propriospinal neurons
interconnecting multiple levels). Motoneurons in the ventral horn innervate extrafusal
and intrafusal skeletal muscle.

Projection Neurons in the dorsal and intermediate gray send information from the
spinal level to the brain. Alpha Motoneurons in the ventral gray (VG) innervate
extrafusal skeletal muscle to move our articulated skeleton. Gamma Motoneurons
innervate intrafusal muscle in the muscle spindle to alter sensitivity of the proprioceptive
endings. Preganglionic Autonomic Motoneurons in the lateral portion of the
thoracolumbar Intermediate Gray (IG) innervate smooth muscle, and glands by way of a
two neuron chain (output to sympathetic chain ganglia).

SPINAL CORD OVERVIEW

The Spinal Cord has gray matter where neurons live and work (communicating and integrating
information sent to, and received from the Brain, the Periphery, and other Spinal Cord segments).
This circuitry incorporates Relay (Projection) Neurons, Propriospinal Neurons (spinospinal
connections) and local Interneurons (excitatory and inhibitory) and Motoneurons to innervate
muscle. White matter surrounding the spinal gray provides highways for Action Potential (AP)
signals among segments of the Spinal Cord, for AP signals that ascend from the Spinal Cord to the
Brain (Ascending Tracts/Pathways), and for descending AP signals from the Brain to the Spinal
Cord (Descending Tracts/Pathways). While neurons are cast in the leading roles on this stage, they
could not reach their lofty goals without the support of others. The Supporting Cast includes the
spinal meninges, cerebrospinal fluid system, and the arterial blood supply of the spinal cord.
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Fig 1-22. Spinal Cord Over-view Interactive Media File (gec). GO TO: gmomm.pitt.edu
Fig1-22_Interactive Media
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The Spinal White develops from the marginal layer of the neural tube, and surrounds
the gray matter. It is divided into three funiculi (columns): dorsal, lateral and ventral
(anterior) white matter. Axons in the white matter provide continuity between spinal
segments (Propriospinal Tract) and between the brain and spinal cord levels of the CNS
(ascending and descending tracts). In addition, peripheral (sensory) afferents enter the
spinal white at the dorsal root entry zone. Dorsal root ganglion cells send central axons
into the dorsal funiculus (dorsal column) via the medial division of the dorsal root
afferents or into the Tract of Lissauer (TL) via the lateral division of the dorsal root
afferents. TL is located at the juncture of the dorsal and lateral funiculi. Dorsal gray (DG)
neurons receive multiple synapses from these peripheral inputs. The Spinal Cord
Overview Interactive Flash File provides an introduction to the spinal level of the CNS
including gray and white matter.

PERIPHERAL NERVOUS SYSTEM

The peripheral nervous system (PNS) is the portion of the nervous system that
wanders into “foreign” non-neural cellular territories (the skin, deep subcutaneous
structures, internal organs, sensory receptor organs, muscles and glands).

Fig 1-23. Peripheral Nervous
System Basic Architecture (gec).

The PNS provides: 1.) a link
between you and the external
world, 2.) sensory and motor
data for control of homeostatic
mechanisms that keep
fundamental physiological
processes responsive to
changing needs and 3.) a means
to move within your environment
in a controlled fashion.
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upper limb the anterior rami form the brachial plexus. The lower extremity is innervated
by peripheral nerve roots that form from the lumbosacral plexus.

Autonomic components of the PNS includes autonomic ganglia, the white ramus that
contains myelinated B sized autonomic motor axons from preganglionic motoneurons,
the gray ramus that contains unmyelinated C sized autonomic axons arising from
postganglionic autonomic motoneurons in the chain ganglia plus sympathetic and
parasympathetic afferent and efferent axons within peripheral nerves innervating the
visceral organs in the head, neck, thorax and abdomen, glands, vascular organs and
blood vessels.

Sympathetic (paravertebral) chain ganglia and sympathetic or parasympathetic end
organ (prevertebral) ganglia are locations of autonomic synaptic interactions between
preganglionic motoneuron axon terminals and postganglionic motoneurons in the
periphery. Along with motor axons, the motor periphery includes the Alpha Motoneurons
in the ventral horn, the neuromuscular junction and most clinicians include skeletal
muscle (as part of the motor unit).

Sensory (afferent) axons within peripheral nerves provide long range signals as
action potentials (APs) that arise from transduction of non-neural energy into a
language understood by the nervous system: volleys of APs sent at different speeds
according to the conduction properties of those afferent axons. The Peripheral Axon
Conduction Velocity Properties Interactive Flash File shows relationship of AP
conduction speed to axon size & simulates effects of cooling on conduction velocity.

ACTION POTENTIAL CONDUCTION: A vs. C, WARM VS. COOL  picirgn Smltieg Procuctont, nc: Copyriatt 2013 Fig ) 1-24.
The distribution of fibers extends from large diameter, heavily myelinated A Alpha axons to small Peripheral
unmyelinated C fiber axons in many peripheral nerves. Fiber diameter and conduction velocity are A X o0 n
proportional. Moreover, larger myelinated axons have lower thresholds for activation by electrical C d ti
stimulation. Most peripheral nerves have a higher proportion of unmyelinated C fibers than onauc ’ on
myelinated A fibers. Similar myelinated and unmyelinated axons are found in the white matter of the Velocit y
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dependent upon sensory receptors distributed within most tissues and specific organs
of the body that respond to such stimuli by producing local generator potentials. General
somatic sensations arise from cutaneous and subcutaneous tissues plus deep non-
contractile and contractile tissues associated with the musculoskeletal system. Visceral
afferents arise from organs deep within the thorax, abdomen, blood vessels and glands.
Special senses provide afferents from the sensory organs within the head: eyes, ears,
nasal cavity, tongue and pharynx.

The special sensory organs for sight, sound, balance, taste and smell involve
relatively complex anatomical receptor organs that are activated by unique non-neural
energies that are limited to a relatively narrow spectrum among the many energies that
exist in nature. For example, only a small portion of the electromagnetic spectrum is
transduced by our eyes (visible light) while the rest of the spectrum in bandwidth
frequencies above or below visible light can only be appreciated if we produce man-
made devices that can measure those energies. My human sense of smell is
responsive to a fraction of the aromatic chemicals that are exciting to the nose of my
beagle (26 pounds of olfactory mucosa mounted on four legs) even when (for the
beagle) the concentration of those chemicals is miniscule. Perhaps, we are fortunate to
not be bombarded by all those energies that would require massive energy expenditure
to transduce and perceive. We must recognize there is much more in nature than we
can ever appreciate by direct biological access.

Motor (efferent) axons within the PNS innervate organs of action: smooth muscle,
glands, cardiac muscle and skeletal (striated) muscle. Our ability to interact with our
environment and the inanimate and animate objects within it is limited by our biology. |
can flap my arms as hard as | can but cannot fly like an eagle. Excellent human
swimmers cannot match the grace, speed and adaptability of a dolphin (another big-
brained mammal). | might wish to jump vertically from a standing start up to twice my
height like a cat but | cannot. However, the eagle, dolphin and cat cannot hammer out a
message on a keyboard to translate their thoughts into a written message for others to
read (although | am not particularly facile at typing like others | see texting like mad with
their thumbs on a small digital device).

Our anatomy provides both affordances for and constraints on our actionable
intentions. Some motor axons provide not direct action but indirect control of sensory
receptors, e.g., gamma motor axons that innervate the special (intrafusal) muscle
located within the muscle spindle proprioceptive organ. The gamma innervation alters
the sensitivity of the muscle spindle sensory transduction that, in-turn, may alter our
skeletal muscle actions. Likewise cochlear nerve efferent axons do not directly
transduce sound waves but may alter the sensitivity of the sensory transduction within
the cochlear organ of the inner ear. Innervation of the smooth muscle in the gut, airways
or blood vessels may not help us to get from one place to another or maintain a
particular posture but they do support those aspects of mammalian physiology that keep
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us going from a dynamic bodily physiology standpoint, e.g., | need more oxygen, more
blood, more nutrition or less gaseous, liquid or solid byproducts of metabolism. Cardiac
motor innervation is special from the standpoint that without it our hearts still pump
blood due to the intrinsic impulse conduction system within the heart but without the
cardiac parasympathetic and sympathetic innervation our hearts are unresponsive to
changing demands of blood delivery as we burn more or less ATP by action-oriented
organs within the cranium, body wall, limbs or viscera.

Glands provide more broadly distributed responses to biological need. For example,
sweat glands provide a mechanism to cool bodies who’s core temperature is rising,
release of chemicals from visceral glands help us digest the foods that provide energy
for basic and special biological processes. The adrenal glands in particular provide
chemicals for big responses to life experiences where “action as usual” will not suffice.
Blood cortisol and adrenalin are responses to real or perceived conditions where
homeostasis is being significantly challenged perhaps to an extent that a live-or-die
response is engaged. One could see how such an actionable system would be vital in
an unpredictable world. However, too often for modern humans it is only that one
person’s perspective (not that of all others) that evokes such emergency responses:
think of personal stress in a civilized society! Nevertheless, there are those occasions
where a collective response to a real or perceived threat engages many nervous
systems to prepare for or react to large-scale emergencies. All of this suggests that the
peripheral nervous system is central for us to continue to exist as complex living
animals (humans) that can both appreciate and interact with a changing world in such
an extraordinary fashion.

CELLULAR BASIS OF NERVOUS SYSTEM INTEGRATION

The nervous system is composed of cellular components. These cells are classified
as neurons or glial cells. A population of these cells are of non-neural origin, e.g,
vascular cells, pericytes that support physiological demands of neural cells. Other cells
in the meninges cover the brain and spinal cord (dura, arachnoid and pia), while others
form an intrinsic plumbing system known as the cerebrospinal fluid (CSF) system. Cells
in the choroid plexus of the CSF system are located in the ventricles (internal fluid filled
caverns) and arachnoid granulations are located in the superior sagittal sinus
(subarachnoid space meets venous system). All the cells above plus a special group of
intrinsic supportive cells called glial cells are non-spiking cells (they do not generate
action potentials). Glial cells include astrocytes, oligodendroglia and microglia.

The cells capable of generating all-or-none spikes (action potentials) are called
neurons. Neurons provide the unique communication system within an organism that
allows it to rapidly interact with and often alter its environment and the life-forms
contained therein.

The human nervous system is a highly sophisticated biological communication
“device” that, compared to other species, provides its owners a complex array of
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adaptive features to generate a maximal impact on themselves and on nature. As will be
discussed later, neurons and astrocytes communicate with each other and their blood
supply to provide a dynamic architecture responsive to changing levels of brain activity.
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5 Productions, Inc® Copyright 2013
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Pyramidal cells are found in Supragranular
and Infragranular Cortex. Their name
describes the shape of their cell body (soma).
Pyramidal cells are excitatory projection
neurons that use glutamate as their
neurotransmitter. Pyramidal cells have basal
dendrites and a branched apical dendrite. The
apical dendrite ascends to more superficial
layers, often to layer | or Il. Pyramidal cell
dendrites are typically spinous and its axon

typically descends to the white matter.
Recurrent axon collaterals provide signals
back to other neurons in the cortex.
Corticocortical and callosal pyramidal cells
are most commonly found in layer Il
Corticofugal pyramidal cells (projecting to
subcortical structures) are most commonly

. found in layer V, but a few live in layer lIl.

" Most if not all Layer V corticofugal pyramidal
. , cells send a collateral axonal branch to matrix
cells in the thalamus. A special group of
corticothalamic neurons live in layer VI.
These neurons may have pyramidal,
triangular or fusiform somas and project their
axons to the specific nucleus that provides
thalamocortical afferent input to the cortical
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Fig 1-25. Cerebral and Cerebellar Cortex Cell Type Sampler Interactive Media File (gec).

GO TO: gmomm.pittedu  Fig1-25_Interactive Media

A sampling of neurons present in the cerebral and cerebellar cortex (accounting for ~
75-80% of all brain neurons) are shown in the Cerebral & Cerebellar Cortex Cell
Sampler Interactive Flash File. These cell types will be revisited in detail in later
chapters.

Neurons communicate with one another primarily through extensions that protrude
from the cell body or soma. These cytoplasmic extensions are called neurites. Some
neurites act primarily as collectors of information from other neurons (dendrites).

Each neuron typically extends from its soma a neurite called an axon that may then
branch many times to deliver signals to other cells. The major way that neurons talk to
one another is by way of synaptic junctions. The presynaptic portion of the synapse
(typically an axon terminal of the presynaptic cell) releases a chemical
(neurotransmitter) that binds to a receptor protein complex that recognizes the chemical
on the postsynaptic portion of the synapse. The postsynaptic membrane may be located
on a dendrite, a dendritic protrusion (dendritic spine) or on the soma of a postsynaptic
cell. Less frequently the axon of one neuron may provide an axon terminal that
synapses on the axon of a second neuron providing an axo-axonal synapse. Thus most
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communication within the nervous system requires electrochemical signaling with
chemical messenger release at the junctions among many neurons.

Some cell-cell connections utilize signals with no chemical release (electrical gap
junctions). Gap junction synapses are fast and may occur between two neurons,
between two glial cells, between glia and neurons or between glia and blood vessel
endothelial cells. Compared to modern digital devices, chemical and gap junction
information transmission in the nervous system is a relatively slow process consuming
many microseconds to milliseconds compared to the nanosecond to picosecond
information transfer in an electronic integrated circuit.

The “Classic” Pyramidal Cell Activation Movie illustrates incoming messages (orange
glows) that sum at the pyramidal cell’s soma (green pyramid) to produce an outgoing
message in the form of an action potential (AP) that jumps from node to node along the
myelinated axon (bright flashes). Nodes are periodic excitable interruptions in the
“‘insulating” myelin sheath.

Fig 1-26. “Classic” Pyramidal Cell
Activation Movie (gec). GO TO:

gmomm.pitt.edu Fig1-26_Video

Although digital devices are becoming
astonishingly “clever,” their adaptive
intelligence pales in comparison to the
carbon-based humans who created
(and almost all who use) these “smart”
silicon-based devices which currently
lack 1. a conscious will, 2. self-
referential feelings, 3. morals, 4. highly
adaptive communication and 5.
adaptive manual task management
(sci-fi cyborgs excluded). Note: artificial intelligence folks might disagree with this list.

So, if you happen to have a bright teen son or daughter who is more proficient than
you are with their thumbs on a smartphone don't fret, you have other talents and skills
that are very critical: e.g., you are probably paying for it.....

....... Does that contradict my argument?

Some neurons are contacted by thousands of synapses which may represent
relatively redundant information from one or a few input sources. Alternatively, neurons
may collect data from inputs representing varied types of information some of which
may already be processed from prior integrative procedures. The “default” method of
data collection by a neuron is thought to be a straightforward accumulation of inputs and
an algebraic summation: an “integrate and fire” or “rate” coding of data. By contrast,

72 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7


http://gmomm.pitt.edu/pyramidalactivd.mp4

neurons which receive powerful temporally synchronized synaptic inputs may use a
“coincidence detection” coding where relatively few correlated inputs rapidly sum
(sparse spike coding). This coincident firing may occur due to massive convergence of
strong inputs from a single source such as is found in many sensory pathways or such
coincident firing may be due to the emergence of a learned cooperative processing
among neurons in a circuit that is repeatedly activated in a similar fashion from one
iteration to the next for a repeated task. Such learning may be due to neural network
plasticity correlated with perfecting a skill. The Pyramidal Cell Activation Movie shows
simultaneous inputs to a number of synaptic spines on many branches of the dendritic
tree (orange glows). This relatively synchronous input results in an integration of local
depolarizing potentials known as Excitatory PostSynaptic Potentials (EPSPs). The
soma is depolarized above threshold to initiate an AP.

A subset of pyramidal neurons are capable of repetitive firing due to dendritic ionic
channels opening or closing. These neurons have a persistent firing mode thought to be
important in supporting working memory within certain regions of the brain.

Fig 1-27. Neurons
Howling- Neuronal
Integration: A Simple
Aid .l Simulation of a Complex
. "T \ Process (gec,jec). GO
TO: gmomm.pitt.edu
Fig1-27 Video

‘NEURONS® HOWLING
Left Audio- Neuron Input 1

Right Audio- Neurog Input 2
An example of a

simulated “neuron”
listening to two separate
inputs (Right Audio &
Left Audio) is presented
in the Neurons Howling
Movie. Each channel has similar but not identical data that are spatially and temporally
separated (right versus left). The final audio represents an example of an integrate and
fire mode of processing by neuron 3 of inputs from neuron 1 (left audio) & neuron 2
(right audio). The right and left audio channels are integrated (mixed in this example).
This simple audio simulation representing such limited input is a simplified version that
is virtually never found in a complex brain. Each neuron in a mammalian brain is more
like a person sitting in an acoustically magnificent venue listening to a live symphonic
presentation. You appreciate the rich score not the individual notes. Play the movie for a
highly simplified version of neuronal integration. Although most messages in the brain
may not be so dramatic, the movie simulates one neuron’s capacity to listen to subtle
(or not so subtle) differences in the tales being told by different actors (neuron 1 and
neuron 2) trying to get the attention of postsynaptic neuron three.
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Although not simulated here, the output of neuron three would be a series of action
potentials: a digital signature of the analog integrative process. Of course, neurons
downstream that receive this digital signature may or may not be interested in the
“howling,” i.e., the processed data may have a small or a large impact upon other
neural networks.

The lone wolf’s impact depends significantly upon other messages being transmitted
at the same time from other places. Combined data may be integrated, or other
alternative “exciting” information may win the day. Excitatory information competes with
influences from inhibitory neurons that suppress or “stifle” the circuitry (turn down that
loud music, I'm trying to think here!). Local membrane fluctuations combined with
particular ion channels add an unpredictable element (entropy) to data transmission.

CELL ASSEMBLY: NEURON NETWORKS DO THE WORK OF
THE BRAIN -”’NO NEURON IS AN ISLAND UNTO ITSELF”*

Brains work correctly and efficiently when neurons interact in either a cooperative or
a competitive fashion (these are not mutually exclusive within a group of connected
cells). Groups of neurons that have local interactions to code a specific function may be
called a cell assembly, an ensemble, a cellular aggregate, a nest of cells, a node, a cell
colony or a column. The concept “no neuron is an island unto itself’ is a play on the
words of J. Donne, “Devotions Upon Emergent Occasions,” Meditation 17, 1623.*

A neuron in isolation emits but a whisper until many cells form cooperative coalitions.
Then as a group the ensemble’s voice is very powerful. Moreover, unlike hard-wired
groups of components in an electronic integrated circuit, brain circuits tend to be more
fluid in their structure and function: a critical capacity of their biology & chemistry that
produces molecular, sub-cellular and cellular plastic changes according to use and
experience, e.g., see Dias, et.al., 2015. Contrary to earlier thoughts about age-restricted
brain maturation & plasticity, more recent evidence supports the notion that brains can
and do adapt and learn at any age, e.g., see Katz & Schatz, 1996; Kempermann, 2008.

Many cells in the Motor Cortex (MI) hand area are well-suited to code even the
lowest force levels of distal muscles when measured on a cell by cell basis. Precise
force control is robustly coded by individual MI neurons. However, no such robust
relationship exists for Motor Cortex single cell activity regarding the direction of reaching
movements. Single cell directional specificity coding has not been seen despite an
obvious engagement of motor cortex circuitry for fine motor control of multiple muscles
involved in complex reaching and grasping synergistic tasks.

Since the 1980s, research by A. P. Georgopoulos, A. Schwartz and others (e.g., see
Georgopoulos, et.al., 1988) have approached this problem using more sophisticated
computational methodology to describe a directional coding mechanism for reaching an
arm into either 2D or 3D space.
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Directional coding
appears to be an
< : emergent property of a
A neuronal ensemble
(population code) not an
elemental feature of
individual, segregated
single cells. In addition, multiple cerebral and subcortical sensorimotor areas are
involved in this distributed network function, e.g. see Kalaska & Crammond, 1992.
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The Simulation of MI Neurons and Directional Coding of Movement Direction Movie
above allows you to see & hear the simulated response from a Motor Cortex Pyramidal
Cell as a subject reaches for that target. Note the movement directions associated with
either high, medium or low firing rates of the selected neuron; note the relatively broad
directional tuning of individual Ml cells. This appearance of the yellow target is the GO
signal for the subject to reach for the target. You should hear the modulated neuronal
discharge begin slightly ahead of the movement after the target appears which
simulates the known property of Ml Neurons related to Motor Set. The Pre-movement
modulation of activity (Motor Set) typically begins several hundred milliseconds before
movement onset in MI (mental preparation to move). Precise coding of movement
direction is due to increased discharge of a subpopulation of neurons while inhibiting
others that code opposite directions: an emergent property of the cell assembly.

THE BIG PICTURE: LARGE SCALE NETWORK ACCESS
WITHIN A BIG BRAIN - CONNECTING CELL ASSEMBLIES

High quality signal transmission among widely separated areas of the brain
supported by healthy white matter bundles is thought to be a necessary condition for
higher level cognitive functions of the primate cerebrum.

Consider the following scenario:

Think of yourself as standing among a throng of people in Times Square,
New York City at 1 minute before midnight on December 31 of a year of
your choosing. You use your smartphone to let your friends (located in
another state or another country) share in the experience. Of course you
are not the only person who has thought of this. Your data transmission is
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“spotty” at best and when you do connect, all your friends hear is barely
audible garbled sounds and all they see is uneven, choppy low resolution
images. Your audio and video data are immersed within a sea of chaotic
AV noise. On the other hand, if your phone has circuitry that blocks all
ambient noise, your friends may wonder if the connection has been lost
when you are not talking. Some electrophysiological studies suggest a small
amount of background noise may optimize neural network function (I
know we are still connected). Now you can appreciate the scale and
complexity of the data handling required of individual neurons in
generating reliable long-range communication in the human brain, i.e.
why we need coalitions (well-connected neural networks) that filter and
optimize meaningful signals embedded within a noisy background.

Brains do not have “Wi-Fi” so the axons of projection neurons that provide these
long-range connections must have reproducible, “guaranteed” signal transmission. This
faithful nerve impulse transmission is a necessary but not sufficient condition for normal
brain function. A unified function such as conscious perception of a visual scene
depends also upon a distributed parsing of the components that, when bound together,
lead to normal perception. In addition, some neuroscientists suggest that these higher
functions rely upon genetic history built upon a long-standing empirical learning process
by our species. The visual system in primate brains utilizes many different cerebral
cortical and subcortical brain areas to code the different aspects of visual signals. It has
been proposed that due to the numerous and widely separated areas participating in
perception, neuronal activity must be transiently and functionally bound together to
create a relative synchrony of firing across separate networks (the binding problem).

Cell assemblies such as cerebral cortical columns provide “integrated circuitry” to
accumulate data, transform those data into a neural image and then share that
integrated information with other cell assemblies from which meaning is derived. A
physical analogy of integrating separate sensory data into a more unified multisensory
perception is illustrated by the Waterfall Order Entropy Movie. While data streams begin
as separate entities they eventually flow into a common pool where mixing of data
occurs. Such later processing is influenced by top-down cognitive and limbic processes.
Note the less predictable nature of flow for individual bits (drops) of data within each
data stream.

Cerebral cortical cell assemblies may be combined at different scales, e.g., at a
macro-columnar scale providing a broader “Standard Definition (SD)” image or in the
case of evolved primates a finer grained “High Definition (HD)” neural image that
rescales data by fracturing the macrocolumnar representation into selective
minicolumnar neural images (see SD to HD Movie). Slow-motion simulation of this
hypothesized processing shows the transition from SD to HD neural image that in your
brain would occur within a fraction of a second (e.g., recognizing a familiar face).

76 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



Consb;%?@ercepu%‘ﬁf‘%'fe 577N Fig 1-29. Waterfall

N iueleiipmeaa Order Entropy Movie
B\aflarree Between Order V woe) GO TO

o ' alltyspemfic gmomm.pitt._edu
N Neural FlowHas [ESCECERECE
g Order &-Entropy
: )‘ \/H COnsﬂo'u's—Jw Evidence for such a

neural images in

humans is yet to be
documented and
may only be tested
, 3 1) P s when technology
GlobafWaterfall Pzttenﬂiasﬁr&e B AL =-= advances to allow
Drop by Drop Flow&: Mixing}]ave e S measurements at
this fine-grained level

of spatial and temporal detail in-situ.

Fi 1- .
VISUAL IT CORTEX: CREATING HIGH DEFINITION IMAGES C g I:-3I'0h
Simulated Fracturing of Macro ‘Standard Definition (SD)’ Thalamic & real_"”g_ 119
Cortical Inputs into a ‘High Definition (HD)’ Minicolumnar Neural Image, Definition
Primate Cerebral Cortex Contains Inhibitory Double Bouquet Cells that| Afjnicolumnar
Parse SD Macrocolumns into Active & Inactive HD Minicolumns (red). | F
This hypothesis can be tested only if high spatiotemporal resolution functional mages rom
imaging can penetrate deep into cortex to target specific neurons in humans. Standard
V|§ual FaceArFa Minicolumn Simulated Neural Image Definition
Honeycomb’, Red Dots = ransition From Standard | M a cr o -
Location of Double Bouquet Cells finition to High Definition| co/umnar
m’(\"ﬁv YYYYYYyrxr) .
Y Y XY IX XYY XYy Images Movie
OO '
9008088008880 gmomm.pitt
jesssssessssse edu
3000808088000 q1-
Jessseceebbose Fig1-30
QOO _Video
DOOOOOOOOOOOCC

MEASURING LARGE SCALE BRAIN ACTIVITY PATTERNS:
ELECTROENCEPHALOGRAM (EEG)

Multiple scalp macroelectrodes are used to measure large-scale brain waves from
different portions of the human cerebral cortex. These electroencephalogram (EEQG)
electrodes provide a glimpse into large populations of neurons working in a collective
fashion often with one or more underlying rhythms in the EEG recordings.
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Fig 1-31.  Electro-
encephalogram
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Sophisticated
algorithms have
been developed to
decipher patterns of
activity within these
EEG recordings.
EEG potentials
represent the
s umme e d
subthreshold and
suprathreshold activity of many thousands of neurons that form local cell assemblies
connected to many other nearby and distant cell assemblies. The EEG therefore
represents large scale not small scale brain activity. The different frequency bands
within the EEG spectrum are shown in the figure above. The proposed relationship of
each band of activity to function is included. While you are reading this information we
would anticipate substantial portions of your cerebral cortex to be generating Alpha,
Beta, Gamma and Theta rhythms.
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Certain EEG rhythms are associated with cognitive mental processes, e.g., Gamma
(30-70 Hz) rhythms.

A. Lutz and colleagues (see A. Lutz et.al., 2004) measured EEG activity in 8 veteran
practitioners of objective-less meditation (mean age 49) versus 10 young novices (mean
age 21). The young subjects had one week of instruction before the EEG
measurements during meditation. Compare this to the experts who had 10,000 to
50,000 hours of practice over 15-40 years. Experts showed profound differences in
gamma band (25-42 Hz in this study) EEG activity compared to novices.

Activity within “hotspots” of prefrontal and posterior parietal cortex showed high
levels of synchronized gamma oscillations (binding?) for expert but not for novice
meditators.

According to the authors, Objectless Meditation is a form of mental training where
practitioners contemplate no specific object or person but self-induce a cognitive/
emotional state of well-being. This altered state of consciousness is accompanied by a
significant change in EEG oscillations within frontal and parietal association areas. For
the meditation experts, but not novices, even when the individuals are in a “resting”
premeditation state the gamma band amplitude is elevated in portions of the frontal and
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parietal lobes. The “hotspots” of synchronized gamma band oscillations seen in these
areas suggest a binding of cerebral areas involved in perception, intention and
executive decisions.

- - Fi 1-32.
EEG Rhythms: Intense Brain Buzz In Expert Cogltaéors Mef,,-t ation -
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See: A. Lutz, et.al., Long-Term Meditators Self-Induce High-Amplitude Gamma Synchrony In addition, a
During Mental Practice. PNAS 101: 18389-18373, 2004. “horseshoe”

shaped inter-
hemispheric corticocortical gamma activity across parieto-occipital and prefrontal EEG
recording sites suggest shared function between right brain and left brain. Binding is
thought to be one method of getting networks within different brain areas “on the same
page” during cognition and other higher level cerebral functions. The lack of such a
significant increase in gamma band activity in younger rookie meditators implies either a
training effect, age effect or lack of specific talent for this mental processing. The strong
correlation between the level of gamma activity and the hours of experience with
meditation but not age shown in this study is consistent with a training effect. It would be
instructive but technically tedious to follow changes in EEG patterns in novice subjects
as they gain experience with meditation.

Perhaps filtering out external stimuli and “concentrating” on an internal state of calm
accesses our deepest thoughts of contentment that would otherwise be hidden from our
cognitive self, e.g., see Tang, et.al., 2015. These EEG results do not address the issue
of defining a mechanism for generation of and the purpose for the gamma band
rhythms. It is not clear whether Gamma Band Cerebral Oscillations are responsible for
cogitation or if these oscillations are only an epiphenomenon of underlying neural
mechanisms responsible for correlated firing of relevant cell assemblies. See “EEG
Rhythms: Intense Brain Buzz in Expert Cogitators” simulation above and an introduction
to binding below.

EVENT RELATED POTENTIALS: READINESS POTENTIAL -
READY TO GO BEFORE YOU KNOW
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The EEG waves at various frequency bands indicate rhythmic activity that may
correlate to ongoing brain activity associated with the functions described in the EEG
spectrum figure above. In addition, non-rhythmic event related activity may be recorded
at certain electrode locations. For example, a “readiness potential” may be recorded at
the vertex of the skull (C;) when an individual is about to perform a voluntary action,
e.g., see Cunnington, et.al., 2003; Deecke, et.al., 1976; Haggard, 2008 and refs below.

The readiness potential may begin one to 1.5 seconds before conscious
awareness of the neural machinery that initiates this mental process and the onset of
the action being contemplated (W-Judgement). The W-Judgement is taken as first
awareness of the urge to move. This C, EEG location lies above several midline
cerebral cortical brain areas that appear to be related to a neural signal of an intent to
act and perhaps the action coupled to awareness of that will.

READY TO GO BEFORE YOU KNOW
Readiness Potential On Top
Cz = Vertex
EEG Scalp
Electrode
Agency-
GO! I did it!
(Matching
Intentions to the

Consequences
of One s Actions)

Volition:
When You Are
Ready-

READY?

Press Key | | |
(= time 0) | | | |
-2000 -1500 -1000 -500
W- Judgement 5\‘
(first hint of intent Key M- Judgement
to move = ‘Will’?) Press (Mc_>vem_ent onset
< UNAWARE AWARE egmatlon)
Preconscious? : Conscious?

Fig 1-33. Readiness Potential (ERP): Ready To Go Before You Know. (gec) GO TO:
gmomm.pitt.edu Fig1-33 Video

Lateralized EEG potentials over the frontal motor areas have been recorded before
contralateral arm movement onset. Such lateralized potentials typically begin ~0.6 to 0.8
second before movement suggesting that they reflect the brain’s preparation to move in
a volitional fashion. A simulation shows these central and lateralized Event Related
Potentials (ERPs) recorded by EEG scalp electrodes: see Readiness Potential (ERP)
Movie. Subjects normally appear to be aware of their first intent to act ~200-250
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milliseconds before movement (W-Judgement) onset despite the fact that the scalp
recorded ERP may begin hundreds to thousands of milliseconds before the
“awareness” of one’s own actions. Preplanning or “intentional deliberation” to move in
the near future seems to initiate and prolong the duration of the ERP before movement
onset. Subjects place the actual movement onset (M-Judgement) quite closely in time to
the beginning of action: e.g., see Libet, et.al., 1983, Libet, 2004, and Haggard, 2008.

Considering the delay in awareness of a volitional act relative to the brain’s initiation
of neural resources to produce the act and the delay in neural awareness following the
onset of a sensory signal (see pet a dog scenario above) it would appear my conscious
self is living on borrowed time and in a derived virtual space (my brain’s neural
resources). Preconscious or non-conscious brain activity may lead to conscious
awareness but such delayed sharing of information does not prevent me (portions of my
brain) from vetoing an action before it is unleashed. As will be illustrated in later
chapters many rapid actions occur without the need for conscious awareness and when
conscious control is required details regarding me as the agent may occur after the fact.

BINDING: GETTING DISTRIBUTED NETWORKS ON THE
SAME PAGE AT THE SAME TIME - WHY WE NEED
COHERENT CONVERSATIONS IN OUR BRAIN

Cerebral cortical networks have local and global connectivity. These networks may
‘read” and “write” information in back and forth data streams. It has been suggested
networks are most efficient in neural processing when they are bound together. Such
binding is suggested to be associated with oscillatory activity and re-entrant
connectivity. There are a number of rhythms that may accomplish such high level data
translation. One important frequency range is called gamma band (40-70) Hz frequency
as recorded by EEG or local field potentials in awake “thinking” brains. Gamma binding
has been implicated in higher level processing: e.g., see Pritchett, et.al., 2015 & below.

Other lower frequencies are critical for higher level processing as well. For example,
a recent study (Helfrich, et.al., 2018) has provided evidence that slow oscillations < 1.5
Hz (SO) plus sleep spindles (12-16 Hz) are synchronized during Non-REM sleep. This
synchronization is different for young vs.older adult subjects during a night’s sleep. This
slight shift in synchrony of these two rhythms for older adults was correlated with
greater forgetting of “nonsense” words learned on the previous day (as compared to
younger adults). The authors suggest that the medial prefrontal cortex (mPFC) is a
critical cortical area involved in synchronization of SO and sleep spindles leading to
memory consolidation. They show a correlation between age-related mPFC gray matter
loss and decreased function: see Helfrich, et.al., 2018. While this is an intriguing study,
one wonders if the older adults (70+) are simply forgetting nonsense information (that
has no importance to them) while the twenty year olds (who own slightly less “mature”
prefrontal networks but robust hippocampi) have no compulsion to forget anything. The
No-Binding Vs. Gamma Oscillation Binding Simulation Movie is an attempt to illustrate
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an oversimplified solution to the binding problem inherent in a distributed network. The
scenario as shown in the movie below is artificia.NO BINDING: Neurons in the
Posterior Parietal Cortex (Dorsal Visual Stream = Where/How processing) discharge
~10 Hz when an object is within their receptive field (green 10 Hz Sine). The Inferior
Temporal Cortex Neurons (Ventral Visual Stream = What processing) discharge at ~15
Hz (blue 15 Hz Sine). There is rarely a coincident discharge between the two areas
(sines out of phase & light flashes are asynchronous). BINDING: If a small 60 Hz Sine
(small central red sine) is mixed with both signals the resultant waveforms have periodic
coincident activity as shown by the “ugly” green & blue waveforms and synchronous
flashes. The scenario will work only if the two areas are interconnected and are equally
influenced by a common source of the “binding” 60 Hz input.

The source (central red glow) of the 60 Hz (40-70 Hz Gamma Frequency
oscillations) is unknown. The Thalamic Reticular Nucleus, Pulvinar, Claustrum, Intrinsic
Cortical Circuits have been suggested as potential candidates. Not all neurons have
properties allowing for such synchrony. A subset of neurons may produce/induce the
binding, e.g., certain inhibitory GABAergic interneurons synching discharge of pyramidal
cells. Some neuroscientists suggest the synchronous oscillations are an
epiphenomenon (not the cause) of network interactions. Moreover, additional rhythms
(not simulated here) may be involved in binding, e.g., alpha, beta or theta band
oscillations. Some evidence suggests that gamma oscillations may be most important
within local networks while other slower rhythms are more evident with longer range
network connections. Sleeping brains may use other rhythm binding frequencies as
related to memory consolidation, see above and Helfrich, et.al., 2018.

Fig 1-34. No-Binding Vs. Gamma Oscillation
I (e d {0 Lo Av]  Binding Simulation Movie (gec). GO TO: gmomm.

(MY TSV VRN pittedu Fig1-34 Video
FORA BLING

coO NT This simulation has serious limitations (see
, references). 1. Actual mechanisms for binding are
COALI NSINA likely to be more complex and may utilize more
DISTRIBUTED than one frequency band to accomplish the task,
SYSTEM e.g, alpha, beta and theta bands. 2. Neurons
discharge discrete action potentials not
continuously varying voltage fluctuations as
simulated here (sinewaves). 3. Cortical Neurons are seldom so consistent in their
discharge periodicity. 4. Biology is seldom this straightforward or so “simple.” For
reviews of these complexities in brain rhythms see Steriade, 2006; Buzsaki, 2006,;
Buzsaki & Wang; 2012; Freeman, 2015; Siegle, et.al., 2014 and Kim. et.al., 2016.

SELF-ORGANIZING PRINCIPLES FOR NERVOUS SYSTEM
FUNCTION
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While brain anatomy has many consistent features from one brain to the next based
upon species-dependent genetic and epigenetic ordered developmental rules, any such
precise form may not necessarily predict function at the brain/mind interface. Coalitions
of neurons reciprocally connected within local and long-range networks may show
functions that may not be predictable on a cell-by-cell basis as neural processing
unfolds over time. Populations of neurons may show probabilistic emergent properties
not self-evident when investigating the nervous system on a cell by cell basis, e.g., see
Georgopoulos, et.al., 1988; Pouget, et.al., 2003; Ma et.al., 2006 and Yuste, 2015.

These emergent properties are based upon classic excitatory-inhibitory interactions
and more fluid global neuromodulatory and recurrent connectional influences. Such
limits in predictability may drive neurobiologists crazy when attempting to reveal
consistent rules and logical mechanisms to account for behavior. Alternatively, such
natural fluidity in biology may offer surprises in data obtained by experimentation. Such
revelations may lead to new experimental approaches and perhaps reveal those
mechanisms nature has selected to solve neural control problems in complex biological
entities: see Waterfall-Whirlpool Movie. Adaptability to changing circumstances layered
upon some basic structural rules together form the essence of a plan for both survival
and success of evolved or evolving organisms, e.g. see Edelman, 1987; Edelman &
Tononi, 2000; Damasio, 2010; Damasio & Carvalho, 2013.

Fig 1-35. Waterfall-
Whirlpool Movie (gec). GO
TO: gmomm.pitt.edu

Fig1-35_Video

So, if you are a person who
above all else treasures
logical predictable
outcomes to life’s
challenges, you probably
should not consider a
career as a neurobiologist
and you should consider
consulting an experienced, trusted financial advisor to plan for your retirement rather
than dabble in stocks and bonds on your own.

A BRAIN FOR ME AND A BRAIN FOR YOU: A MEETING OF
THE MINDS

It has been said you must love yourself before you can love another.

¢ A1 =
—ib ) | d
= e

tonE )

Reilect

Some individuals appear to be well-wired for the former (which on occasion is
blatantly obvious) while other people seem to be well-wired for making friends, family
and colleagues the center of their attention. Each of us is different. While the following
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discussion is not intended to address such a specific philosophical issue related to love
of others versus love of self, there is some indirect evidence suggesting that portions of
your cerebrum are primarily devoted to the self while additional cerebral areas provide
circuitry to allow you to interact with the outside world & relevant biological entities in it.
Both brain “views” appear to be essential for humans to become self-aware, socially
engaged and to form a personal theory of mind consistent with reality (the
multidimensional physical world), e.g., see Churchland, 2011; Schilbach, et.al., 2012.

These distinctions are not absolute since an intelligent nervous system must be
capable of integrating “in here” with “out there”. Such an inference regarding potential
separation of neural processing of endogenous and exogenous behaviors is supported,
in part, by results of human brain imaging studies, primate neuroanatomical and
neurophysiological studies and the functional deficits accompanying localized cerebral
cortical lesions, e.g., see Baluch & Itti, 2011; Churchland, 2002; Damasio, 2010;
Damasio & Carvelho, 2013; Dehaene, et.al., 2014; Frith & Frith, 2010; Haggard, 2017;
Kjaer, et.al., 2002; Northoff & Bermpohl, 2004; Raichle, 2015; Rothschild & Mizrahi,
2015; Solms & Turnbill, 2002.

= : Fig 1-36. “In Here” (green) and “Out There-
A. e , Related to In Here” (blue) Cerebral Cortical

' ; Areas. A. Lateral View; B. Medial View of
Cerebral Cortex (gec). GO TO: gmomm.pitt.edu

Fig1-36_Video

> Self-referential processing appears to be
sts= linked substantially to areas along the medial

Superior Temporall wall of the cerebral cortex plus the insular

Sulcal Area T

cortex deep within the lateral sulcus (panel B

green areas in the figure) and a limited portion
of the lateral temporal cortex (panel A green
area). On the other hand, the much larger
“outer” regions of the lateral, superior and
inferior cortex (blue areas in the figure) provide
a means to engage and understand other
biological or non-biological entities in the
outside world (with the self in it). Human brain
imaging studies suggest a portion of the
Superior Temporal Sulcal Area (green on blue [STS] in panel A of the figure) is involved
in identification of motions unique to a person or to another species versus motions of
inanimate objects: a key feature supporting a “social” brain. The “In Here” and “Out
There-Related to In Here” movie simulates: first a limited local activation of the visual
cortex when the visual stimulus is of no relevance or interest to the subject and second,
by contrast, a global cerebral cortical activation including both feedforward and
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reentrant (feedback) connectivity when there is a visually captivating experience to be
emulated and remembered. The normal mature human brain becomes well attuned to
the biological cues and gestures of others to infer intention of the brains (beings)
demonstrating those signs of life. These cues are compared to our own personal
experience to provide us a best guess regarding the intentions and feelings of others,
e.g., see Deco, et.al.,, 2011; Frith & Frith, 2010; Kjaer, et.al., 2002; Haggard, 2017.
Some humans are better at reading both obvious and subtle social cues than others.
Individuals within the Autism Spectrum are often poor at reading many (but not all)
subtle or obvious social cues, e.g., see T. Grandin, 2008.

One significant evolutionary advantage of this “mind-reading” would seem to be the
enabling of individuals to amicably engage with others so that human civilization may
flourish. Alternatively, the ability to read social cues may mitigate potential hazards
associated with threatening behaviors of others.

While competitive pressures certainly influence our interactions with one another, at
times of relative peace and prosperity, a “cooperative” brain would seem to be better
suited than a highly competitive one for socializing large groups of people who must
interact in a symbiotic fashion to survive and succeed. War and various real or
perceived threats of violence or even an epidemic of a life-threatening disease add
substantial conscious & non-conscious biases to a competitive vs. cooperative balance.

Nonetheless, even in times of relative peace and tranquility, competition seems to
trump cooperation as a reward structure for many public or private institutions/
corporations, social organizations and some individuals having big-headed egos. A mind
torn between a competitive bent and a cooperative one leads to some level of tension
within the reward system of the brain. As such, one might consider the composite
historical record of the human race to be an enigma. Perhaps the sustained history of
human existence is an example of the “Goldilocks” principle including extremes on a
global biological scale (see beginning of this chapter).

Concepts regarding a brain linked to a self and to the rest of the world will
be revisited often in the following chapters. A healthy brain/mind balances
the interface between internal processes and the appropriate external links
to the physical world. For example, there is mounting evidence that your
brain and your viscera are linked in a reciprocal fashion. This infers that
your gut and its diverse microbiome influence some of the circuitry in your
brain/mind and vice-versa. This may be especially true for your
emotional/feeling brain/mind such that glad gut = glad gyri or sad sacs =
sad sulci. It has been suggested that your overall state of mind related to
anxiety, stress and your diet is malleable; some preliminary experiments
(primarily in rodents) using fecal transplants (that is not a misspelling) may
alter your mood (if you were a rodent)! In addition, inflammatory and
immune reactions may link your internal milieu to your mind in a
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pathologic fashion. Much of this understanding has come about quite
recently due to advanced technology allowing researchers to make
appropriate measurements to substantiate their hypotheses (see refs). So if
you are anxious and stressed but you have a relative or friend who is easy
going, totally laid back, and seems to have their s*** together (so to speak)
you might consider asking them for a special gift on your birthday. Such
visceral-mind interactions are not limited to the gut. For example, as a
precocious toddler once pronounced: “7o pee or NOT to pee that is the question.
Whether “tis nobler to pee in the potty or suffer the slings and arrows of peeing in one’s
training pants”. We all learn self control of body and mind at different stages
of development (my apologies to W. Shakespeare). I could go on but it
might get gross(er) (see refs). Indeed, Antonio Damasio’s hypothesis for our
conscious being is called “The Somatic-Marker Hypothesis” where body
(all of it) and brain/mind cannot be treated as separate entities (Damasio,

1994, 2010).
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Chapter 2
NEURONS, NEURITES, GLIA AND MICROVASCULATURE

Cells are complex carbon-based building blocks of living biological entities. Neurons
and some glial cells in the nervous system are excitable cells. Neurons “talking” to one
another provide the basis for rapid neural communication. Glial cells use relatively slow
signals to form glial networks and communicate with neurons, neurites and blood
vessels. Unlike neurons, glia do not generate “all-or-none” Action Potentials (APs).
“Fast” communication takes place by neuronal signaling where APs carry the message
from one neuron to another. Peripheral Nervous System (PNS) Neurons provide a
mechanism to transduce non-neural energy to neural energy (sensory) or to evoke
actions by neurotransmitter release at glands or muscle due to motor axon impulses
(motor). Fast communication to or from peripheral structures with the Central Nervous
System (CNS) is coded by APs. Slower biochemical signals use intracellular transport
mechanisms, glial-neuron interactions, and messages carried by the bloodstream, e.g,
hormones. CNS Neurons provide a mechanism to gather information from one or more
source(s), integrate that information (“analog” processing) and then “decide” whether
information is to be sent to other neurons as a “digital” signal (axonal APs).

NMDA- A MOLECULE SUBCELLULAR CELL-NEURON CELL ASSEMBLY BRAIN &
TO REMEMBER SYNAPSE BEHAVIOR

PRESYNAPTIC
AXON TERMINAL

Microtubules
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Fig 2-1. Molecule To Man. The nervous system is studied at many levels from the
molecular basis of nervous system organization to behavioral studies of brains within
their owners. Studies using computational networks and those combining computational
and biological networks-brain machine interfaces or neuroprosthetic research are not
represented in the figure. Play Many Faces of Neuroscience Movie (gec). GO TO:

gmomm.pitt.edu Fig2-1_Video (LARGE MOVIE-BE PATIENT).

Neurons may accomplish the analog to digital sampling in different ways, e.g, a
neuron may sum the inputs as they arrive in an integrate and fire mode or rapidly collect
temporally coherent “first-in” signals in a coincidence detection mode. Most neurons use
both coding mechanisms and more sophisticated methods with the selected coding
dependent upon past-history and often upon the intensity of signals being accumulated.
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In some instances data must be held in mind for some time, e.g., working memory
and short-term memory.

Discrimination tasks most certainly require greater neural processing than simple
detection tasks.

None of our brain circuitry approaches the speed of digital integrated circuits that
operate at nanosecond or picosecond speeds. Biological communicators take longer to
process data (typically milliseconds to seconds). Of course utilization of accumulated
information may be expanded over much longer time frames, from seconds to an entire
lifetime (reuse of historical “engrams” or de-novo use of stored data).

Neuroscientists investigates the nervous system using a broad range of methods;
from a small scale, e.g, molecular to large scale, e.g., neural basis of behavior. The
scale selected for study by the investigator is related to the questions to be asked in the
research endeavor and the tools available to the investigator to do the work.

NEURON DOCTRINE

Two major theories formulated in the nineteenth century attempted to describe the
fundamental organization of the central nervous system. One theory proposed a global
lattice of continuously connected cells into a reticulum. The reticular theory was
championed by J. von Gerlach and C. Golgi.

A contemporary of Golgi, Santiago Ramon y Cajal proposed an alternative
hypothesis. Cajal developed a modification of Golgi's staining technique to
microscopically visualize and manually render the histological details of neurons and
glia. Although light microscope magnification provides limited resolution of fine detail (at
micrometer level), Cajal argued that each neuron is a separate entity that connects to
other neurons indirectly, i.e., an unseen physical gap exists between cells: the Neuron
Doctrine, see: S. Ramon y Cajal, 1995, Lopez-Munoz, et.al., 2006 and L. Swanson,
2017. Moreover, Cajal asserted that neurons have a specific directional flow of
information. Dendrites & Dendritic Spines collect information from other neurons that
“flows t0” and is integrated at the soma. Output from the soma occurs by way of
branches of an axon that has multiple axonal swellings (synaptic boutons). Recently,
neuroscientists have provided convincing evidence to show that information flow, at
least for some neurons, is less polarized than that represented by Cajal’s classic
Neuron Doctrine (see later chapters).

We have substantial evidence to show that neurotransmitters are released by axon
boutons to provide signal transmission between excitable cells.

Chemical transmission at central nervous system synapses was not widely accepted
until the latter half of the 20t century, e.g., see Katz, 1966. Charles Sherrington, at the
end of the nineteenth century, named the cell to cell junction a synapse (see Fulton, p.
55, 1938).

99 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



The synaptic cleft is ~20-30 nanometers wide (as revealed in mid twentieth century
by electron microscopy). Neurites include branched dendrites and branched axons.
Astrocytes interact with neurites including synapses (tripartite synapse: presynaptic &
postsynaptic neural
membranes plus glial

\EUROFILAMENTs  SYNAPTIC CLEFT  AXONAL BOUTON membrane).
& MICROTUBULES SYNAPTIC SYNAPTIC VESICLE Fig 2-2. A Neuron like
b /7y [ MITOCHONDRION other cells of the body

has organelles to
manufacture and
regulate proteins and
biochemicals for normal
function. It contains
mitochondria to provide
energy for the high
metabolic demands of
these excitable cells. A
neuron extends its
cytoplasm from its body
(soma) by way of
neurites (dendrites and

NUCLEUS

NUCLEOLUS axon). This requires
GOLGI CAPILLARY special cytoskeletal
APPARATUS proteins (neuro-

27) "GLIAL CELL . g
&7 (asTROCYTE) | filaments) and protein

transport tubules
(microtubules). Neuron
Ultrastructure drawing
courtesy of Francesca
Varela-Seri, AB, BS, (fv-
S, gec).
The neuron is a post-
mitotic cell incapable of replicating itself. There is evidence that stem cells capable of
maturing into neurons are found in certain locations within the brain that last into
adulthood. Stem cells have been identified in the phylogenetically older hippocampal
and olfactory brain areas although no such stem cells have been identified in the
phylogenetically “younger” cerebral neocortex (cerebral gray mantle). The trigger(s) for
activation of this stem cell conversion to a functioning neuron is currently being studied.
Hippocampal adult stem cell neurogenesis may be critical for memory, learning and
spatial navigation and may be significantly attenuated with aging and certain brain
pathologies or possibly augmented by certain lifestyle or “training” factors: e.g., see
Kempermann, 2008; Inoue, et.al., 2015; Anacker and Hen, 2017.

NEURON ORGANELLES

AXON
#ﬁf HILLOCK

AXON
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Microtubules provide highways for active transport of vesicles containing proteins
and biochemicals. Anterograde transport = soma to axon or dendrite terminals,
retrograde transport = axon or dendrite terminals to soma. Axonal terminations
(boutons) typically form synaptic connections with another excitable cell's membrane (a
neuron or muscle fiber). Nuclear DNA in neurons as in other cells provides the code
necessary for the cell to sustain its structural, regulatory plus metabolic proteins and
regulate gene expression. Intracellular triggers (e.g., enzymes or viruses) induce DNA
to transcribe specific RNA. RNA provides the template necessary for selecting and
linking amino acids to form peptides and protein molecules with the aid of the
endoplasmic reticulum (ER) and ribosomes. Ribosomes and ER has been identified in
portions of the dendritic tree as well as the soma. The Golgi Apparatus packages
proteins into vesicles for delivery to distant locations by way of active transport: think
moving truck. Mitochondria are found in soma & neurites and synapses where energy is
required. Mitochondria contain their own separate DNA (mDNA) that can replicate even
though the nuclear DNA of the neuron in which they reside cannot. Mitochondria use
aerobic metabolism (oxidative phosphorylation) as a primary mechanism to produce the
critical molecular energy source: Adenosine Triphosphate (ATP). Mitochondrial function
and mDNA may be altered by aging or pathology with effects on energy production and
perhaps effects on the survival of the neuron itself, see references.

ACTIVE TRANSPORT OF BIOCHEMICALS & ORGANELLES

Microtubules provide highways for axonal trafficking of vesicles containing proteins,
organelles and biochemicals (neurotransmitters or precursors, neurotrophins, viruses,
etc). Fast axonal transport requires ATP to energize motor molecules (dynein & kinesin)
that provide the “wheels” to interface the molecular “cargo” to the microtubule highway
(see animation). Vesicles are membrane bound packages of biochemicals that may be
transported in either direction (see blue sphere). Viruses, large proteins may be
transported in either direction (see gray particle). Axonal transport mechanism disorders

may lead to “sick” neurites (distal

Microtubule- Associated Active Transport:| 5yong| dystrophy or dying-back

ATP Powered Cargo Proteins (Kinesin & . . .

Dynein) Traffic Vesicles and Particles to phenomenon) in chronic diseases,
and from Neuronal Soma e.g., diabetic neuropathy.

Fig 2-3. Active Axonal Transport
Animation Movie (gec). GO TO:

® gmomm.pitt.edu Fig2-3 Video
G
‘3 Dysfunction of transport physiology or

abnormal neurite infrastructure may
impede or even block transport in
progressive neurodegenerative
diseases e.g., Alzheimer’s Disease,

rom soma) —*

ort (f
Anterograde Tmnsp ( orort (to soma)
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-
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Amyotrophic Lateral Sclerosis or Parkinson’s Disease e.g., see: Koleske, 2013; Maeder,
et.al., 2014; Millecamps & Julien, 2013.

Neuroscientists take advantage of active transport to label neurons and neurites or
trace pathways in the nervous system. For example, rabies virus injected into a muscle
infects motor axon terminals. Retrograde axonal transport of the virus infects (labels)
motoneurons in the spinal ventral horn.

Fig 2-4. Retrograde Transport of Rabies
Virus: Tracing Cerebral Cortex
projections to spinal motoneurons (gec).

CorticoMotoneuronal (CM)
Cell in Motor Cortex

p , GO TO: gmomm.pitt.edu Fig2-4 Video
- / The virus next infects those axon
.l :
oo 3 terminals that synapse on the
CO,'::Z: .,,:.“}',zc, \\ B motoneurons. From the spinal cord, the
. * Inject Tagged

Alpha Motoneuron (AMN)

g . rabies virus is transported back
in Lateral Motor Nucleus Rabies Virus P

(retrograde axonal transport) by way of

Target Agonist Into Muscle- _ _ .
Motor Unit / Motoneuron | the lateral corticospinal tract to pyramidal
Muscle Fibers s Infected cells in the cerebral cortex. The

Retrograde Transport of Rabies Virus
animation simulates such a use of retrograde tracing to define the origin of
corticomotoneuronal cells in the motor cortex that provide direct monosynaptic
connections to those specific alpha motoneurons in the spinal cord that innervate the
particular muscle targeted by the Rabies injection.

NEURON COMPONENTS-SOMA, DENDRITES, DENDRITIC
SPINES, AXONS, AXONAL BOUTONS AND SYNAPSES

Neurons are excitable cells that have the capacity to generate large depolarizing
potentials that are propagated in an all-or-none fashion from their point of initiation
along an axon to the target cell(s). This self-regenerating depolarization is called an
Action Potential (AP) which is critically dependent upon high densities of voltage-gated
Na+ channels. The Soma and Initial Segment of the axon (axon hillock) are the normal
points for suprathreshold initiation of the AP as the result of summation of accumulated
depolarizing currents due to multiple excitatory inputs (EPSPs). Some dendrites also
contain voltage-gated Na+ channels that propagate plateau potentials from the soma
into the dendrites and/or voltage-gated Ca++ channels that may generate depolarizing
plateau potentials which propagate from dendrites to the soma. Excitatory inputs may
be suppressed by hyperpolarizing influences from inhibitory synapses (IPSPs) and/or by
voltage-gated K+ channels or other ion channels in dendrites and soma of the neuron.

SOMA-CELL BODY

The membrane of the soma or somata or cell body is the classic location of an
integration of multiple excitatory and inhibitory potentials. When the soma and axon

102 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7


http://gmomm.pitt.edu/RabiesRetroaed.mp4

hillock are depolarized above threshold, the cell will initiate one or more Action
Potentials (APs). Dendritic shafts may be capable of propagating a dendritic plateau
potential. Back-propagated (soma to dendrite) or forward-propagated (dendrite to soma)
plateau potentials may influence synaptic potentials (Synaptic Potentiation or
Depression). Organelles within the soma are responsible for protein production and
biochemistry that keeps the neuron viable, and responsive to alterations in its
microenvironment (see above).

Fig 2-5. Basic Compartments of the
NEURON Typical Neuron Interactive Media
File(gec). GO TO: gmomm.pitt.edu

Fig2-5_Interactive Media

DENDRITES

The dendritic tree provides a

Axor Hillock dlstrlbuj[ed netv_vork of neurites that
IR  collect information from a number of
sources by way of excitatory and

: Internode
Nodes of Ranvier (myelin sheath) inhibitory synapses on the dendritic

(AP generation) shaft or on dendritic spines. The

dendritic tree provides one
mechanism to summate membrane
potentials that will be distributed to the soma. Some dendrites may propagate Sodium
or Calcium potentials (spikes) from or to the soma when sufficiently depolarized.
Voltage-gated Potassium channels may influence membrane conductance. Their
distribution appears to be activity-dependent. Patch clamp recordings of thin dendritic
branches in-vitro suggest that small populations of NMDA glutamate receptors may
generate “propagated” NMDA potentials. The pyramidal cell, as illustrated here, has a
single apical dendrite with many branches and several basal dendrites emerging from
the base of the soma's pyramid. The apical dendrite traverses a number of cortical
layers in a vertical fashion, while the basal dendrites tend to have a more restricted
laminar distribution. Apical versus basal dendrites may be influenced by synaptic inputs
originating from different intrinsic or extrinsic sources (compartmentalization).

DENDRITIC SPINE

Dendritic spines provide a distinct point of contact for axospinous synapses which
invariably are excitatory synapses. lonotropic (AMPA, NMDA) and metabotropic
glutamate receptors populate the spines. Many researchers have investigated the
plasticity of these special synapses. There is increasing evidence to suggest that
repetitive activation of axospinous synapses changes their morphology and efficacy;
this may be one type of morphological alteration responsible for learning and memory in
the CNS. Spines have a variety of sizes and shapes. Recent in-vitro and in-vivo studies
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have shown an amazing mobility of the spine head and neck in response to altered
glutamate, NMDA receptor or Ca++ levels. This rapid mobility may be due, in part, to
activation of dynamic actin & other contractile/elastic proteins that form the cytoskeletal
architecture of the spine. Protein manufacture may be due to local ribosomes/ER and/or
proteins transported to the spines from the soma; signals for nucleic acid activation are
sent from the spines to the nucleus in the soma.

AXON HILLOCK-INITIAL SEGMENT OF AXON

Action Potentials (APs) represent non-graded, all-or-none, faithful transmission of
signals from the soma to the axon termination at some distance from the cell body. The
AP is generated at the axon hillock (initial segment) and regenerated at each Node of
Ranvier in a myelinated axon. The axon hillock represents a transition from “analog” to
“digital” signals: an “analog” integration of somal graded depolarization that meets the
threshold for generation of the “digital” Action Potential. A “guaranteed delivery” of AP
messages ensures that if the summed local depolarizing events at the soma meet or
exceed threshold and the axon hillock is not inhibited, information will be passed on to
other neurons or peripheral end organs without fail. The axon hillock marks the first
super high density collection of voltage-gated Na+ channels in the neuron, i.e., the
normal site of axonal AP initiation for the neuron. The precise anatomical location of this
AP initiation varies by neuron type and perhaps by the neuron’s activation history, e.g.,
see Bean, 2007; Debanne et.al., 2011 and Yoshimura & Rasband, 2014.

AXONAL NODES OF RANVIER

Action Potentials (APs) are self-regenerative depolarizations of the axon. In a
myelinated axon this regenerative process occurs at each successive Node of Ranvier
(saltatory conduction). The current generated by an AP (named action current) is
typically far in excess of threshold required for each Node under “normal”’ physiological
conditions (~5x threshold safety factor for transmission). This safety factor provides a
margin for continued function despite less than optimal conditions, e.g., cooled nerve.
AP generation is dependent upon a high density of voltage-gated Na+ channels that are
clustered at each Node. Nodes have few voltage-gated K+ channels so repolarization is
different for myelinated versus unmyelinated axons.

Fig 2-6. Photomicrograph (x125) of a
portion of sciatic nerve in cross-section.
Heavy metal stain (Osmium Tetroxide)
‘i reveals the myelin sheaths (“donuts”)
9Q | surrounding axons of different
© > | diameters.  Unmyelinated axons are
= | not visible. Axons are grouped into
( | fascicles (see dashed red lines drawn
¢ | on photo separating axon bundles) (G.E.
% Carvell & W.D. Letbetter, unpublished data).
<

6
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Myelin is produced by Oligodendroglia in the CNS and by Schwann Cells in the
PNS. Central or peripheral demyelinating diseases may slow or block AP conduction
due to a dispersing of Na+ channels to paranodal regions, frank loss of Na+ channels,
expression of non-native Na+ channels and/or alterations in K+ channels in paranodal
regions.

SYNAPSE-POST YOUR MESSAGE HERE!

The synapse is the location of information transfer from one
neuron to another. There are many types of synapses that have
been physiologically and anatomically characterized. Protein
complexes provide voltage-gated and chemically-gated channels
for information transfer from a presynaptic to a postsynaptic cell.
Synapse structure/function and synaptic integration will be
discussed in detail in a later chapter.

Fig 2-7. Signpost for Information Transfer: Synaptic Voltage-Gated
and Chemically-Gated lon Channels (gec).

EXCITATORY AXOSPINOUS SYNAPSE-
EXCITATORY POSTSYNAPTIC POTENTIAL
(EPSP)

EPSPs are small depolarizing potentials that individually are inadequate to
depolarize the CNS neuron’s membrane to threshold for generation of an AP; many

EPSPs must sum to create an AP. Summation may

occur within both a spatial domain and a temporal
domain. In reality summation is typically a
combination of the two: a spatialsummation of
EPSPs arriving at the cell at about the same time.
Axospinous synapses are typically excitatory.

Fig 2-8. Activation of an excitatory axospinous
synapse (glutamatergic excitatory axon terminal
bouton synapsing on dendritic spine: see purple
starburst) (gec).

These excitatory synapses are glutamatergic (use glutamate as neurotransmitter)
and many axospinous postsynaptic membranes include both NMDA and non-NMDA
(AMPA/Kainate) Glutamate Receptor Types. They will be discussed again in a later
chapter.
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Fig 2-9. Axospinous Synapse Movie:
Typical Excitatory Synapse. Watch
presynaptic and postsynaptic
sequence of events (gec). GO TO:
Vesicles : gmomm.pitt.edu Fig2-9 Video

Axospinous Synapse

Presynaptic, INHIBITORY AXOSOMATIC
RSy PCULHUENE SYNAPSE-INHIBITORY
Spine POSTSYNAPTIC
POTENTIAL (IPSP)

Inhibitory synapses have a key role in
controlling levels of neuronal
excitability. Inhibitory synapses are
located along dendritic shafts (especially at branch points), are axosomatic (directly on
soma) and are even found at the axon hillock (axoaxonic synapse). Thus, inhibitory
synapses are in key positions to counteract the depolarizing influences of excitatory
synapses on dendrites and dendritic spines.

Postsynaptic

Fig 2-10. Activation of an inhibitory
axosomatic synapse (inhibitory axon terminal
bouton synapsing on soma: see yellow glow)

(gec).
Mature Active Inhibitory Synapses may

cancel all but the most potent excitatory
inputs. GABAA receptors on the Soma or
‘ Dendritic Shaft hyperpolarize membranes
‘ that are relatively depolarized due to
excitatory synapses, or "clamp" more
f | hyperpolarized membranes to the CI-
equilibrium potential (-60 mV). GABAergic
synapses may provide one form of a
"shunting" inhibition. Lack of GABAergic connections would be disastrous for the brain.
GABAergic synapses on the axon hillock of excitatory neurons (inhibitory axo-axonic
synapses) will prevent that excitatory cell from generating APs as long as the inhibitory
influence lasts.

GABA MAY ENTICE YOUNG NEURONS TO DEVELOP
EXCITATORY CONNECTIONS

The prenatal and early postnatal brain is a beehive of activity. Early in prenatal life
precocious neural tube and neural crest cells are replicating and some are forming
appropriate connections with targets in the periphery or within the developing CNS.
Most of these cells will define themselves as either neurons or glial cells while a minority
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may put off such a decision and remain as neural stem cells in a few regions of the
developing brain even into adulthood. Some cells will not match with an appropriate
target and undergo naturally occurring cell death (apoptosis). Patterns of cell migration

and pathway development continue within the prenatal and early postnatal period.

DEVELOPING CEREBRAL CORTEX: GABA MATCH-MAKER
FOR MOBILIZING SPINES & GROWING MUSHROOMS

L [T N

PP ~r ‘

iz
Axon Bouton of ‘*.r:

GABAergic Neuron .

Fig 2-11. GABA
Enhances
Immature
“Silent”
Glutamatergic
Synapses to
find their voices

TEmbursl Mk pala (develop
¥ = GABAA Receplor ‘.:a' | outamatergie Nouto:. naptic Density functitona)l
& eceptos shaidhy == 8 Presynaptic Densi connections
pme— : Aeadpape Ol | ec.. GO TO:

gmomm.pitt.
YOUNG GABA NEURONS HELP YOUNG edu Fig2-11
GLUTAMATE CELLS FIND THEIR VOICES | —Video
During

postnatal development, cells may decide early what they will be when they grow up
while others put off this decision until greater experience with the outside world is
obtained. Development of synaptic connectivity is intense in the young brain. Many
genetic, molecular and activity-dependent cues appear to be important in creating,
eliminating or stabilizing synaptic connections. This appears to be a “mutual admiration
society” where some level of consensus is reached between the presynaptic and
postsynaptic neuron. This “mating” may be dependent upon chemical cues alone or in
many cases the match requires some more work in the form of patterns of neural
activity (Hebbian plasticity).

Some of these relationships do not last and the synapses are eliminated while
others go on to a more permanent bond as secure synaptic “marriages.” One of the
most common types of synapses in the cerebral cortex is the glutamatergic axospinous
synapse (axon bouton to dendritic spine). Most dendritic spines start out as filopodia. If
“Mr. Right’ axon bouton meets the filopodia, trans-synaptic adhesions form, pre-
synaptic and post-synaptic densities form and NMDA (but not AMPA) receptors are
active. However, such nascent synapses are called “silent synapses” since the NMDA
receptor requires not only glutamate binding but depolarization of the post-synaptic
membrane to open the ion channel. One mechanism proposed to depolarize the post-
synaptic membrane in the immature brain is GABAA receptor activation. Immature
neurons are said to have a Cl- gradient that unlike mature neurons supports
depolarization not hyperpolarization of the membrane. Increased Ca++ conductance by
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way of NMDA receptors may then activate AMPA receptor insertion so the synapse is no
longer silent.

Initially, GABA neurons may be the “matchmakers” for budding excitatory synapses.
Once the postsynaptic GABAergic cell matures the ClI- gradient changes and an inward
CI- conductance produces hyperpolarization. GABA neurons now become the “mature”
constraining influence on highly excitable cells (the honeymoon is over). Play the movie.

BRAIN IS PLASTIC THROUGHOUT ITS LIFETIME

Recent evidence suggests that many connections in the brain do not become hard
wired as we become adults. Brain cells contain sophisticated chemical laboratories that
attempt to maintain a balance of potentially volatile biochemical reactions.

Production of new proteins is critical to long-term plastic changes. This chemistry
maintains the general health of the cells and provides the extraordinary communicative
functions defining sophisticated mammalian nervous systems.

Fig 2-12. Axospinous synaptic
Potentiation: Synapse \"[(eIgelsW growth (morphing) - Long Term
Dynamic P Potentiation (LTP) Movie (gec). GO
Cytoskeletal 2 TO: gmomm.pitt.edu Fig2-12
Proteins S n Video

Reshape

synapse (Lol Early studies showed that
| Activates communication between neurons

l;' L"";J’JJ" =101 0:]11} reauires synapses with chemically

s gated receptors. Recent research
’-:"“”Ur'ﬁ BAS '-"J” Ze SyntheSIS suggests a more diverse and

complicated interaction among
neurons using both autocrine and
paracrine chemical messengers
having both short-term & long-term effects on individual cells and cell assemblies.
Activity related changes may be specific to certain synapses and/or to the overall
activity of the organism (e.g., exercise may influence certain neurotrophin levels in
multiple brain areas). The movie shows synaptic growth due to increased use. In
addition, plasticity may result from typical maturation of the brain, brain injury,
neuropathological insults. Changes occur in both neurons and glia (see below).

MICROGLIA, PERICYTES, OLIGODENDROCYTES &
ASTROCYTES: BLUE COLLAR WORKERS & UNSUNG
HEROES

Microglia, oligodendrocytes and astrocytes (glia) are supportive cells in the central
nervous system (CNS). These supportive cells reach out to touch other CNS elements.
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Fig 2-13. A. Astrocyte with end-feet on a
Dendrite and a Capillary; another astrocyte
and two pericytes along the capillary. Actual
Structural Relationships are more complex
than illustrated here. B. Each
Oligodendrocyte myelinates multiple CNS
axons (gec).

While they do not have roles in neural
communication in the traditional sense (origin
of excitability and synaptic interactions),
these cells are critical to brain function. For
example, Oligodendrocytes are glial cells
responsible for myelinating CNS axons. New
oligodendrocytes arising from progenitor
cells may increase in number as a result of
aging, disease or even motor skill learning.
Action potentials may trigger release of
factors that influence astrocytes and
oligodendrocytes (see references). A change
in CNS myelination due to age-related
maturation, use-dependent cues and as
reaction to injury provide examples of
nervous system plasticity. Early work
suggested that glial cells associated with

Oligodendrocyte
Cell Body

capillaries have a passive physical and
nutritive supportive role (blood brain barrier and blood flow regulation). Recent studies
propose a broader and more active relationship of glia to neurons and their blood
supply. Astrocytes are implicated in functions as diverse as neurotransmitter and K+
uptake, modulating neurotransmitter release, regulating synaptogenesis & synapse
plasticity, regulating extracellular biochemistry, acting as sentinel cells for homeostasis,
responding to injury & aging, responding to hyperemia, and providing nutritional support
of brain cells.

Recent evidence suggests that astrocytes have evolved in size, diversity and
complexity as the sophistication of neural processing has evolved; human brains have
well developed populations of astrocytes, e.g., see Glaume, et.al., 2010; Haim &
Rowitch, 2017; Oberheim, et.al., 2006. Astrocytes are not the cells that come out on
stage to take a bow at the end of a performance. However, the show will not go on
without them. One study of Albert Einstein’s brain showed that in Brodmann Area 39
(Posterior Parietal Cortex) there are more glia (but not neurons) than that found in
control brains: see Diamond, et.al. 1985. Pericytes are contractile cells that are
juxtaposed to brain capillaries (see below).
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NEUROVASCULAR CAPILLARY COMPLEX
& BLOOD BRAIN BARRIER

Basement
Membrane
(Yellow)

Pericyte
(Purple)

Endothelial Cell
(Orange)

Selective Molecular Tight
Transporter ~ Junction

7o
" 0oo/ Axon
<5‘9(" Bouton

4 (Green)

Parenchyma
(Background)

Fig 2-14. Pericyte,
Astrocyte, Neuronal Input
and Microvasculature: Key
Elements for Normal Blood
Brain Barrier and Proper

Brain Perfusion (gec).
Astrocyte

EndFoot Pericytes have a role in
maintenance of a restricted
permeability (H20 and
molecules) in the blood
brain barrier, see Armulik,
et.al., 2010. When pericytes
contract they constrict the
capillary or when they relax
the capillary dilates.
Increasing levels of
noradrenaline causes

pericyte contraction while

A\

Brain

increasing levels of

glutamate results in pericyte relaxation. Brain ischemia appears to be associated with
pericyte contraction and their demise, see Hall, et.al., 2014 and Fernandez-Klett, et.al.,
2010. Pericytes along with Astrocytes may play a key role in normal neurovascular
coupling; dysfunctional neurovascular coupling is associated with degenerative and
blood system brain disorders, e.g., see Sweeney, et.al., 2016.

Microglia: Immediate Reaction
to Brain Injury

Green Fluorescent
Protein (GFP)
abeled Microglia

Microglial Processes Away From

Lesion Retract; Other Processes

Grow Toward Lesion and Form

10:10  Bulbous Terminals. Microglial
Min:Sec Terminals Surround Lesion Site.

Fig 2-15. Microglia In Action Movie-Rapid
Response to Brain Injury (gec). GO TO:
gmomm.pitt.edu Fig2-15_Video

Microglia (that invade the early developing
CNS) & some astrocytes, e.g., reactive
astrocytes, react within minutes to hours in
response to brain injury due to physical,
biochemical or molecular triggers. They
attempt to contain the injury site and assist
repair for extended time periods. Microglia and
Reactive Astrocytes have a key role in
response to inflammatory stimuli, degenerative
pathology, biochemical stressors and
hormonal changes within the brain.

Overactivity in these glial cells with certain conditions may actually increase pathology,
e.g., see Deczkowska, et.al., 2018; J. Ulrich and D.M. Holtzman, 2021. Glia may also
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have a key role in regulating synaptic transmission, e.g., see Martin-Fernandez, et.al.,
2017.

Microglia and Astrocytes may send protoplasmic “fingers” to separate presynaptic
and postsynaptic elements at synapses during plastic events (developmental or
pathologic). Play Microglia In Action movie and see references at end of movie to see
rapid response “wall off” injury site due to physical or biochemical triggers. Neurons are
“married” to microglia- “for better or for worse”. Recent studies suggest that microglia
assist astrocytes in removing extracellular Beta Amyloid plaques in brains of individuals
with early onset Alzheimer’s Disease. However, later in the disease, abnormal tau
proteins (neurofibrillary tangles) accumulate inside neurites and microglia attack.
Normal tau protein anchors microtubules within axons providing a highway for fast
axonal transport. Abnormal tau configurations no longer do their duty and the highways
crumble destroying neurites and synapses, for review see J. Ulrich and D.M. Holtzman,
2021.

PYRAMIDAL CELL DENDRITIC POTENTIALS, TRIPARTITE
SYNAPSES AND NEURAL PLASTICITY

Recent technological advances have provided sophisticated tools to investigate
specific compartments of the dendritic tree of pyramidal neurons. Two-Photon
microscopy, laser-activated release of caged glutamate at single dendritic spines,
identification of specific ion channel proteins and optogenetic techniques have shown a
complex interaction of synaptically-mediated and ion-channel-mediated integration and
propagation of depolarizing and hyperpolarizing events within the dendritic tree. Most
data are derived from in-vitro brain slices but some findings have been confirmed for in-
Vvivo brains.

Both forward-propagated and back-propagated dendritic potentials are thought to be
due to voltage-gated Ca++ or Na+ channels respectively. These transmembrane ion
channel proteins may be altered by use-dependent redistribution and/or altered density
of these channels within different compartments of the dendritic tree. There is some
evidence to suggest that dendritic potentials contribute to “Hebbian” and perhaps non-
Hebbian synaptic plasticity either locally or over broader expanses of the neurites. In
addition, Various types of K+ channels and hyperpolarization-activated cyclic nucleotide
gated (HCN) channels have been identified that could alter the dendritic membrane
potential and contribute to shunting hyperpolarization much as inhibitory axo-dendritic
synapses contribute to a shunting inhibition. If these ionic channels function in a similar
manner in mature, intact brains then the mechanisms that a neuron uses to adapt to
new information processing extends beyond its synapses and beyond classic
spatiotemporal integration of currents derived from summation of EPSPs and IPSPs at
the neuron soma.
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TRI- (QUAD-) PARTITE GLIAL PROCESS + EXCITATORY AXOSPINOUS SYNAPSE

Presynaptic Axon B Mieretubuies Fig 2-16. TriPartite
Terminal (Bouton) Mitochondria (Quadripartite)
Microfilaments Synapse-
Clathrin Coated Re/ationship of
Vesicles N /S ;
ron n
7. o Round Synaptic euronal synapse o
A o __~Vesicles (Glutamate) Astrocyte and
GLIAL / Presynaptic Density Microglia (gec)
PROCESS / (Active Zone)
o Synaptic Cleft ~ 30 nm
oLAL | & Postsynapﬁ;\ Pestaynaptic Neurqsmentlsts have
PROCESS = Dendritic Density described a robust
ASTROCYTE - Spine Microfilaments interaction between

OR MICROGLIA
PROCESS

astrocytes, microglia
and neurons
including tripartite
(quadripartite)
synapses: pre- and
post-synaptic neural
elements flanked by
an astrocytic and microglial processes (see figure); but compared to most neural
membrane potential events, glial-neural interactions are slower and are not confined to
a single cell (e.g., a human astrocyte “oversees” a 200-300 micrometer microdomain).
Such glial-neuron bidirectional interactions are critical components in synaptic plasticity.
the relationship changes with age, is altered in degenerative brain disorders and brain
trauma.

200 nm (.2 ym)
Postsynaptic Dendrite

A neuron, like the human brain it inhabits can be seen as a consumer of information.
Access to data on the internet is not limited to an ethernet wire connected to a desktop
computer: there are other “wireless” options to get data, filter it and perhaps send it to
others (if high speed is not critical then synapses are not the only option for data
transfer). Astrocyte domain signaling may have an important role in more indirect
“slower” brain processing.

MICROVASCULATURE: PERFUSING AN ACTIVE BRAIN

Microvasculature within the gray and white matter provides the constant supply of
blood nutrients (glucose) and transport of blood gases oxygen (0O2) and carbon dioxide
(CO2) required for an organ that has little capacity for anaerobic metabolism.

While slight changes in blood flow follows cardiovascular and respiratory cycles,
increased demand by elevated neuronal activity is related directly to more substantial
changes in local blood flow.

The classic view is that elevated blood flow is directly correlated with increased
neuronal firing: a typical supply demand relationship. However, recent investigations
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suggest that elevated cellular activity (neurons and glia) is related in a complex fashion
to the demands of increased metabolic requirements and hyperemia (excessive
elevated blood flow). Recent evidence suggests there is no simple one-way pathway
among neurons, glia and capillaries. Multiple signals from all of these elements and
pericytes (see above) interact. Such interactions may provide a critical contribution to
brain function beyond the basic structural or metabolic roles traditionally assigned to
astrocytes and blood supply: for recent review of normal and dysfunctional blood flow
regulation mechanics see Kisler, et.al., 2017; play Cerebral Neurovascular Blood Flow
Regulation movie.

Fig 2-17. Cerebral

CEREBRAL NEUROVASCULAR BLOOD FLOW REGULATION| 2 °" * ~*2°%

A localized increase in neuronal activity is one factor

responsible for an increase in regional cerebral blood flow.
Glutamatergic axon terminals from excitatory cells, vascular
smooth muscle, astrocytes & contractile pericytes all appear
to be participants in the dilation of capillaries & arterioles
(the former before latter). Many other neural and metabolic

Flow Regulation
Simulation (gec). GO
TO: gmomm.pitt.edu

Fig2-17 Video

agents participate in this process (not shown here): see refs.

Arteriole RedCells=Vascular  Capillary Microvasculature-

Astrocyte Smooth Muscle )

End Foot Astro Purple Cells = 4s, Neural-Glial

P En CCxte urple Cells = _g 845, | o lationshio Movi
- y \0-7d Foot Contractile _ l’dFoo,e elationship Movie
' Pericytes c. -~ | shows a localized

'\ :

,, ARE— / arterial (red), venous
Green= Basement Membrane X (blue) and capillary
Inner Orange Cells = Endothelial * network within a

Glutamatergic [

Axon Terminal Cells (Tight Junctions)

portion of a cortical
column in the
cerebral cortex. Yellow spots represent increasing levels of neural activity (subthreshold
and suprathreshold synaptic events) within a number of small neuronal networks: note
change when thalamic input excites many neurons. Cerebral Blood Flow, density of
microvasculature and levels of neural activity are highest in the middle cortical layers
(layer IV and lower layer lll), at least for those sensory cerebral cortices studied: see
references. Vessel pulsations mimic cyclic cardiovascular and respiratory effects on
blood flow. Remember that the brain surrounded by meninges, cerebrospinal fluid and a
bony cranial vault “floats” within a pressurized closed compartment (normally a low
pressure).

Mechanical micropulsations are transmitted through the semisolid brain tissue.
Recent direct measurements of localized blood flow suggest that as neuronal activity
increases there is a localized hyperemia. Astrocytes with direct access to microvessels
(arterioles and capillaries) are highly active during hyperemia. However, the level of
hyperemia appears to be far in excess of actual requirements: i.e., blood supply
exceeds metabolic demand. While some might argue that this represents a “safety
factor,” others have suggested that the observed hyperemia represents a real signal of
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altered brain function beyond a simple summation of sub-threshold and supra-threshold
synaptic events. Local blood flow change is assessed in functional Magnetic Resonance
Imaging (fMRI) of the brain. Thus the fMRI Blood-Oxygen-Level Dependent (BOLD)
signal is at best an indirect measure of neuronal function (see below).

Fig 2-18. Microvasculature-Neural-
MICROVASCULATURE | gjja/ Relationship to Increased

Cerebral Cortical Metabolic Demand (gec). GO TO:
Column gmomm.pitt.edu Fig2-18_Video

Baseline 'Resting’ ppA|N IS AN ENERGY
~._ Neural Activity HOG: YOU PAY DEARLY

(see Yellow

v \ 'Bubbles‘) (ATP CURRENCY) FOR

v |3 ’-;“-3.’11 > Astrocytes ENHANCED NEURAL
— O AN LT COMMUNICATION

VI g A While the brain is typically 2% or less

of your body weight, it is a greedy
organ since it utilizes ~17% of your
cardiac output and ~20% of the
oxygen supply: see Carpenter and Sutin, 1983. Perhaps there is a reason why some
individuals look forward to “couch-potato” time watching mind-numbing TV shows or
web videos at the end of a long and challenging work day. If an individual utilizes
cognitive resources for a significant time throughout the day their brain has “burned”
through huge quantities of Adenosine TriPhosphate (ATP), oxygen (O2) and blood
glucose. High rates of Action Potential propagation is akin to your brain running a
marathon (or perhaps a speedy sprint). It should not then be surprising that
neuroscientists who do “spike counting” have suggested that sparse spike coding is a
network's “pbest friend.” Efficient (neurophysiological and metabolic) neural network
activity occurs when connections have been well established (repetitive practice) and
“coincidence detection” replaces an “integrate & fire” mode of synaptic integration to
initiate an action potential in a post-synaptic cell. This suggests an “efficient” brain opts
for sparse but synchronous spiking among a sub-population of neurons within a
distributed grouping of cells, e.g., within a cerebral cortical macrocolumn or
microcolumn.

Note: Vascular Pulses Exaggerated for Effect

When information must be kept “in mind” for periods of seconds to minutes, e.g.,
working memory, special burst firing patterns may emerge for certain cells in the
cerebral cortex. This value-added markup in energy consumption to support a burst of
action potentials in a network of neurons is the price we pay for data storage and
retrieval. Thinking is hard work even though the brain rarely lets you see it sweat.

The Thinking Brain Is an Energy Hog movie illustrates the expected energy
requirements for the cerebral gray matter as estimated for a rat brain: see Laughlin,
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et.al., 1998; Attwell and Laughlin, 2001. Such requirements for your brain may differ.
Aging and/or brain pathology may compromise the mitochondrial efficiency and/or
reduce the number of mitochondria available to the energy hungry brain. In addition,
mitochondrial dysfunction compromises metabolism and altered biochemistry could
trigger pathways responsible for apoptosis, e.g., see Kujoth, et.al., 2005; Sahin &

DePinho, 2010; Sahin, et.al., 2011.

BRAIN IS AN ENERGY HOG! - HIGH COST TO BE ONLINE

Neuron Power Generation _qtials Ao Intracellular Membrane Potential
ATP Budgel 34 APs/sec: q°\ 4 LA 0 -20

~ 13% for Resting =¥ S 2 Threshold 2o N
Membrane Potential / ATP °

~ 40% for Synaptic S, [ =108 62 39 i *20
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~ 47% for Action RMPAN\_ Eneray "95% & 680\ porennat imv,
Potential {AP) Generation Meter
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for 1 Action Polential
(1 'Bit’ of Information)
e = ~700 million ATP!
T L ' Keep Your Brain's
¥+  Mitochondria Healthy &
Well Nourished. High

Firing Rates Require
Multiplicative Increases
in ATP Consumption.

See: D. Attwell & S.B. Laughlin,
An Energy Budget for
Signaling in the Gray Matter of
the Brain. J Cerebral Blood Flow
Metabolism 21: 1133-1148§, 2001,

Fig 2-19. Thinking
Brain is an Energy
Hog-Burning ATP by
the bucket loads
(gec). GO TO:
gmomm.pitt.edu

Fig2-19 Video

It is suggested that
the human brain may
have even higher
energy demands due
to more complex
circuitry at least in
some cerebral
cortical areas. Play

the Thinking Brain Is
an Energy Hog movie to see the large ATP budget that the brain submits to the local
mitochondria and cardiovascular system for normal high-level function. It should not be
difficult to imagine the critical role of optimized cerebral blood supply (plus the nutrients
that it delivers to neurons and glia) in keeping ATP production at a high level. An
increase in blood flow associated with increased neuronal activity has been
demonstrated at least since the 19th century, e.g., see Roy and Sherrington, 1890.

FMRI BOLD SIGNAL BEST REFLECTS LOCALIZED NEURAL
ENSEMBLE'S NET INTEGRATION NOT ITS ACTION

POTENTIAL OUTPUT

The Blood Oxygen Level Dependent (BOLD) signature from functional Magnetic
Resonance Imaging (fMRI) of the brain is a spin-echo signal due to the paramagnetic
properties of deoxyhemoglobin as hemoglobin gives up its oxygen. The BOLD signal
represents a localized hyperemic response where blood flow exceeds oxygen demands.
It is still unclear exactly how this blood signal relates to the activity of the cells beneath
the “glow.” While limited studies have suggested that the BOLD signal, like more direct
measures of local circulatory or metabolic changes is related to neural activity within the
brain, this is not a simple linear signal of neuronal function. For example, the BOLD
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signal is significantly delayed relative to rapid, brief, transient network activation due to
a relatively synchronous thalamocortical volley into layer IV of the primary
somatosensory cortex. In addition, any output from this cortex tends to have few Action
Potentials (APs or spikes) representing the sensory data. The BOLD signal correlates
better with intrinsic network activity than with transient input or output spikes.
Recordings of Local Field Potentials (LFPs) appear to be well correlated to the BOLD
signal although the BOLD is delayed and far outlasts the LFP signal in most cortical
areas. The LFP represents subthreshold and suprathreshold synaptic events and
dendritic currents of hundreds to thousands of interacting neurons. The LFP duration
exceeds the front-loaded APs that initially drive the ensemble currents, see Logothetis,
et.al.,, 2001; Lauritzen, 2001; Heeger and Ress, 2002. By analogy, the BOLD may not
represent the bolus of guests arriving at a party, nor the reflections on the party by
guests who have left the party. Is the BOLD signal the lingering guest that doesn't know
when to leave the party or some “re-ciphering” (echo) of the many diverse
conversations that took place during the party? If BOLD represents integrative efforts
but is poorly related to output APs then what is the function of the “chattering” among
excitatory and inhibitory neurons reflected in the BOLD signal? Perhaps this synaptic/
ionic activity contributes to more subtle interactions that represent memory, learning or
some other recurrent image of integrative “history” within the network (after “talking” to
other networks). If the brain uses sparse spike coding as an energy-efficient mechanism
of communication then the BOLD may be a poor indicator of any inter-areal
communication since output APs seem to contribute little to the BOLD signature. A
further complication is the relative role of astrocytes in metabolism and blood flow
regulation: all that “glows” may not be neuronal in origin, e.g., see Zonta, et.al., 2003.
Brain injury/disease involving mitochondria, ion channels, synapses, neurites, glia or
microvasculature will alter the BOLD signal and brain function. Any compensatory
extension of the neural/glial conversation in these brains = increased amplitude and/or
duration of the BOLD signal.

BRAIN FREEZES, ASTROCYTES & “AEROBIC GLYCOLYSIS”
Have you ever had a “brain freeze” and forgotten your PIN as you attempted to
withdraw cash from an ATM? Did your brain ever have a “dropped call” when a
passerby asks you the ages of the three dogs that you are walking? Perhaps you
should blame your “tired” astrocytes not the neurons “holding” the specific information.
Astrocytes are subject to aging like neurons. Neurodegenerative CNS diseases may
alter astrocyte function substantially which degrades neuronal function (see references).
Recent studies of brain metabolism as related to neuronal processing, blood flow and
functional imaging (see references) suggest the relationship of blood flow, oxygen
consumption, glucose utilization, neurons and glia to metabolic demand is much more
complex than previously considered in many physiology and neuroscience textbooks.

There is accumulating evidence that blood flow and oxygen utilization lags behind an
initial increase in neuronal activity for cerebral cortical neural networks. “Aerobic”
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Glycolysis (production of 2 ATP due to anaerobic steps along the way in the metabolic
pathway to oxidative phosphorylation producing 30 ATP) may play a crucial role in
supplying needed ATP when neural network activity is suddenly increased for rapid
brain responses. Thereafter, oxidative phosphorylation may provide a much greater
supply of ATP for maintained brain activity. While blood flow, glucose utilization and
oxygen supply increase in a relatively proportional manner, oxygen utilization may not.

As stated above astrocytes may play a key role in metabolic regulation. What
glycogen there is in the brain appears to be in astrocytes. Astrocytes may use both
glucose and glycogen to generate ATP. Astrocytes interact with neurons,
microvasculature (in particular vascular endothelium) and synapses. There are a
number of signaling molecules being investigated related to regulation of vasculature
volume and pressure. Thus, astrocytes and pericytes may be well positioned to respond
to glycolytic and oxidative changes related to metabolic demand for neurons and glia.

NEURON TYPES
PYRAMIDAL CELLS, MOTONEURONS & PURKINJE CELLS:
PROJECTION NEURONS - AXONAL “TAKE OUT”

-i": {é\ : e

. ‘L% T

Fig 2-20. Pyramidal Cell-Projection
Neuron in Cerebral Cortex. Soma and
dendrites are dark; Note axon (red)
projecting into white matter as well as
an extensive pattern of axonal
collateral projections to superficial
cortical layers (gec).

Pyramidal cells are excitatory
(glutamatergic) neurons found in
Supra- and Infra-granular Cerebral
Cortex. Their name describes the
shape of their soma (somata).
Pyramidal cells have basal dendrites
and a branched apical dendrite. The
apical dendrite often ascends to more
superficial layers, often to layer | or Il.
Pyramidal cell dendrites are typically
spinous and their axon (red in figure)
usually descends to the white matter.
Recurrent axon collaterals provide signals back to other neurons in the cortex (see
figure).
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These excitatory projection neurons provide local or distant communication for
neural networks. Corticocortical & callosal pyramidal cells are most commonly found in
layer Il (supragranular layers). Corticofugal pyramidal cells (projecting to subcortical
brain and/or spinal structures) are typically found in layers V, VI (infragranular layers);
these infragranular pyramidal neurons also have local axonal collateral projections to
nearby gray matter neurons.

Motoneurons (MNs) located in the brainstem and spinal cord are projection neurons
that send an axon into a cranial or peripheral nerve to innervate muscle (smooth,
cardiac or skeletal) or glands. C. S. Sherrington described the alpha motoneuron and its
innervated muscle fibers as the motor unit: the functional unit of contraction in skeletal
muscle, see Sherrington, 1947.

Fig 2-21. Motoneuron and Innervation of " n .
Skeletal Muscle-The Motor Unit (gec). GO [NISICT@UI @ Xe OV Tle]y

TO: gmomm.pitt.edu Fig2-21_Video Alpha
Motoneuron

Once an action potential is conducted
from the motoneuron's axon hillock to the
muscle, all the muscle fibers synaptically
contacted by the axon collateral terminals at
the neuromuscular junction will contract
(assuming the peripheral motor axon is intact
and both nerves and muscles are healthy
and unfatigued). Motoneurons release
Acetylcholine at the neuromuscular junction to depolarize muscle fibers. Thus, the alpha
motoneuron is the final common pathway for control of all movements involving skeletal
muscle, see Sherrington, 1947.

Purkinje cells in the cerebellar cortex have a
broad dendritic arbor that is confined to a
single plane. Dendrites have large spines
that receive excitatory inputs from granule
cells in the cerebellar cortex. Granule cell
axons ascend to the cortical surface where
they bifurcate and are called parallel fibers.

Fig 2-22. Purkinje Cell-GABAergic Output
Neuron of Cerebellar Cortex (axon in red)

(gec).
The Purkinje cell axon (red) projects to deep
— gray matter in the cerebellum (deep

cerebellar nuclei) or to vestibular nuclei in
the brainstem.
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Purkinje cells are excited by a group of parallel fibers, forming an “on-beam” for
inhibition of Deep Cerebellar Nuclei (DCN) or Vestibular Nuclei (VN) cells. The inhibitory
output of the GABAergic Purkinje Cells (and therefore of the Cerebellar Cortex)
provides a mechanism to modulate the discharge pattern of the post-synaptic DCN or
VN cells; these nuclear cells are rarely silent since they are driven by excitatory mossy
fiber inputs. Thus the Purkinje cell may add precise “pauses” in this flow to increase the
fidelity of the ongoing activity patterns. It is the Purkinje Cells that provide precise
regulation of firing that is critical for the accurate timing inherent in coordinating
movements & expediting cognitive outcomes.

NON-PYRAMIDAL CELLS: CEREBRAL CORTICAL LOCAL
CIRCUIT INTERNEURONS - SPINY STELLATE EXCITATORY
INTERNEURON

The soma of a spiny stellate cell is small, dendrites are spinous, and the axon (red in
figure) ramifies within a relatively narrow radius
around the soma.

Fig 2-23. Spiny Stellate Excitatory Glutamatergic
Interneuron in Cerebral Cortex (axon in red) (gec).

Spiny stellate cells are glutamatergic excitatory

B\ Y neurons found in Layer IV of granular cortex. Layer

!, 2 ‘\ IV Spiny Stellate Cells receive a major excitatory

\ ‘:"“’. " input from thalamocortical afferents and from other

ep‘ ;;”q nearby spiny stellate cells. Inhibitory inputs come
'I‘_ “ . f

AR 4 ) rom local smooth stellate (basket) cells. Other

~\§§£%ﬁ§*ﬂz‘ varieties of spiny cells have different dendritic

Smooth Stellate neurons form an important network
N ' that provides integrated output to Supragranular
' and Infragranular Pyramidal Cells. Spiny stellate
cells in the rodent barrel somatosensory cortex are
embedded within a network of these excitatory cells
and another smaller group of inhibitory
interneurons. Spiny to spiny stellate excitatory
synapses outnumber thalamocortical excitatory synapses by an ~10:1 ratio. Inhibitory
connections onto spiny stellate cells appear to be even sparser but these GABAergic
synapses occur on proximal dendrites and the soma of spiny stellate cells where their
hyperpolarizing effect is very potent.

é“"‘&*}%ﬁ' : arbors and axon profiles (not shown). Spiny and
| /

CEREBELLAR CORTEX EXCITATORY GRANULE CELL
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The cerebellar cortex contains millions of small excitatory interneurons called
granule cells. These neurons receive input from excitatory mossy fiber axons that
originate from cells external to the cerebellum. Granule cells are small cells with sparse
dendritic trees that have synaptic connections in distal tufts of dendritic branches. Such
synapses are complex with currents flowing in multiple directions. Granule cells are
inhibited by cerebellar Golgi cells. The axon arises from the top of the granule cell soma
and projects to the surface of the cerebellar cortex. The granule cell axon then
bifurcates in a specific plane in the superficial cerebellar cortex. The bifurcated axon is
called a parallel fiber since it runs in parallel with the many other granule cell axons that
are its neighbors and travel in the same direction.

: Fig 2-24. Granule Cell-Excitatory Interneuron
Parallel Fiber in Cerebellar Cortex (gec).
The parallel fiber provides excitatory drive to

the GABA interneurons in the cerebellar
cortex as well as providing an intense source
of excitatory drive to the output cell of the
cerebellar cortex-the Purkinje Cell.

A stylized illustration of the granule cell is

=7 shown in the accompanying figure. Purkinje

/ cells and granule cells tend to have a

. relatively high tonic background discharge in

\(\/ __,,_,—{5@ the awakeg resting braign. The ceret?ellar

cortex must have its neuronal network firing

rate modulated to perform its duties as a precision regulator of connected brain

structures. The granule cell is the most numerous of all neuron types in the human
brain.

SUPERB GABA INHIBITORY INTERNEURON DIVERSITY
Cortical excitatory cells lack diversity. Excitatory neurons in the cerebral cortex are
few in type (pyramidal cells & Spiny stellate cells) and granule cells in the cerebellar
cortex are the sole cortical excitatory interneuron. By contrast, inhibitory, GABAergic
neurons are diverse in their morphology and connectivity: for review see Kawaguchi and
Kubota, 1997; Markram, 2004. GABAergic interneurons provide local inhibitory
connections to other stellate cells (spiny and smooth) and to pyramidal cells within a
restricted column in the cerebral cortex. Numerous GABA neurons are found also in the
basal ganglia and cerebellar cortex. One particular GABA projection cell, the Purkinje
cell, provides the sole output from the cerebellar cortex to deep cerebellar nuclei or to
vestibular nuclei. For most GABAergic Interneurons the soma (somata or cell body) is
large, dendrites are aspinous (or sparsely spiny), and the axon is “beaded” in many
GABA interneurons. The “beads” are thought to be locations of “en passant’ inhibitory
synapses. Examples of GABAergic cerebral cortical interneurons having different

5 Granule Cell Axon
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morphologies include: Chandelier Cells, Bitufted Cells, Basket Cells, Double-Bouquet
Cells, Single-Bouquet Cells, Martinotti Cells, Neurogliaform and Cajal Retzius Cells.
GABA neurons modulate excitatory cells' discharge rate and recruitment in cell
assemblies. Some GABA cells prevent the production of action potentials in excitatory
cells due to soma and axon hillock inhibition; others may be critical to synchronize
activity among a population of cells or provide shunting inhibition of pyramidal cell
dendritic arbors. Some GABA neurons provide a mechanism to separate influences of
excitatory inputs to different portions of a postsynaptic projection neuron, e.g., pyramidal
cell. Evidence suggests that normal GABA cell function prevents chaotic electrical brain
storms. Some GABA neurons inhibit other GABA neurons: a source of disinhibition.
Both genetic and epigenetic “activity-dependent” mechanisms influence GABA neuron
diversity: for recent review see Wamsley and Fishell, 2017.

A number of investigators have attempted to classify the many types of GABAergic
interneurons using electrophysiological properties, morphology and/or expression of
specific biochemical cell markers (see references). A recent classification based on
study of somatosensory cortex in mice (Rudy, et.al., 2011) suggests neocortical GABA
cells can be classified as Parvalbumin (PV) expressing cells including Basket and
Chandelier cells (40%), Somatostatin (SST) expressing cells, e.g, Martinotti cell (30%)
or Serotonin (5HT3aR) expressing cells, e.g., Bitufted and Neurogliaform cells (30%).
The distribution of each of these groups differs according to depth within the six-layered
neocortex. Within superficial layers 5HT3aR cells inhibit SST cells producing
disinhibition of pyramidal cell dendrites. It is not certain that this classification is
applicable to primate neocortex since the primate cortex has a greater variety and
number of GABAergic interneurons.

BASKET GABA NEURON: STRONG SUPPRESSION OF

PYRAMIDAL CELL OUTPUT - ENOUGH APS ALREADY!

Fig 2-25. Basket Cell Axon Terminals (red)
clustered on the Pyramidal Cell Soma: Influential
Inhibitory Connections in Cerebral Cortex (gec).

Basket cells are Parvalbumin positive (PV) fast-
spiking GABAergic inhibitory interneurons. Basket
cells have aspiny dendrites that travel both
vertically and horizontally within the cerebral cortex:
see Basket Cell figure.

Basket cell GABAergic axon boutons (red) target
pyramidal cell somas and proximal dendrites (see
Basket Cell Axon Terminals figure). Basket cells
come in several sizes from large to small. Each
pyramidal cell receives many axosomatic synapses
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from multiple GABA interneurons. The pattern of these GABA axon terminations form a
basket-like appearance in high-power light microscopy.

Fig 2-26. Basket Cell Soma and
Dendrites are dark, axon in red. Beaded
axon. Beads (axonal swellings) = loci of
presumptive inhibitory synapses (gec).
This inhibitory interneuron may provide
) strong hyperpolarizing currents on
) /7| pyramidal cell or spiny stellate cell somas
VN that would inhibit depolarizing summation
Sil4-4 " | from reaching critical threshold for firing
an action potential from the targeted
cells.

Tonic activation of basket cells would

tend to suppress excitability in many
pyramidal cells reducing corticocortical
and/or corticofugal outputs. Phasic
activation of basket cells may increase
the synchrony of firing of a select population of pyramidal cells due to periodic
instantiation + release of GABA inhibition.

Basket cells have membrane properties and channels producing fast-spiking
characteristics and high discharge rates. These firing properties coupled to the strong
axosomatic inhibition of excitatory neurons makes these PV cells ideally suited for
promoting rhythmic oscillatory network activity, e.g., see Salkoff, et.al., 2015 and Kim,
et.al., 2016.

CHANDELIER GABA NEURON: HEY PYRAMIDAL CELL - BE
QUIET!

Chandelier neurons have been identified as Parvalbumin positive (PV) fast-spiking
GABAergic inhibitory interneurons. Chandelier cells typically have aspiny dendrites that
ascend and descend from the soma within a restricted zone.

The axon arbor (red) has a distinct branching pattern where multiple en passant
axonal cartridge boutons are clustered vertically like a candlestick. Thus the multiple
candlesticks attached to this cell's axonal arbor form a “chandelier.” Synaptic axonal
boutons of the chandelier cell target the initial axon segment of pyramidal cells (axo-
axonic synapse).

The chandelier cell can veto any suprathreshold depolarizing summation in the
pyramidal cell (PC) such that no action potential will be initiated as long as GABA is
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being released from chandelier axon boutons synapsing on the pyramidal cell axonal
initial segment.

Fig 2-27. Chandelier Cell. Soma and dendrites are
dark, axon branches and terminations in red. Note
the vertical orientation of ‘candelabra’ axon boutons
from the Chandelier cell that are associated with
the initial segment of the pyramidal cell (light gray).
This cluster of axo-axonic synapses represents a
powerful mechanism for control of pyramidal cell
activation in the cerebral cortex (gec).

Thus, the chandelier cell provides a “cease &
desist’ order that quiets postsynaptic active PCs,
e.g., see Zhu, et.al.,, 2004; Lu, et.al., 2017, while
also promoting discharge of quiet PCs, see
Woodruff, et.al., 2011, but see also Szabadics,
et.al., 2006. When the brain is awake, alert and
highly active this is a source of potent inhibition.
This GABAergic interneuron may be particularly
well suited to prevent some pyramidal cells from
firing while others continue to influence a local
network or a distant target in the brainstem or
spinal cord: a method of selective suppression and
a process ideally suited to fine-grained,
sophisticated “high definition” cortical control, see Lu, et.al., 2017. Multiple Chandelier
cells innervate each PC: see Inan, et.al., 2013; each Chandelier cell may synchronize
many PCs. Pathophysiology of Chandelier cells has been linked to epilepsy, e.g., see
DeFelipe, 1999.

BITUFTED GABA NEURON

Bitufted neurons like smooth stellate cells are GABAergic inhibitory interneurons.
Bitufted cells have sparsely spiny dendrites that ascend and descend from the soma
within a very narrow distribution (vertical in the cerebral cortex-see figure). The axon
arbor however, has a much broader vertical and horizontal distribution and many en
passant axonal boutons where GABA is released.

Most of the synaptic boutons of the bitufted cell target pyramidal cell dendritic shafts.
Thus, while relatively few cells within a vertical column will excite (or inhibit) the
dendrites of the bitufted neuron, its inhibitory output will quiet a relatively broad network
of neurons.

This inhibitory interneuron may be particularly well suited to regulate patterns of
activity, prevent excessive spread of excitation within the brain and balance depolarizing
and hyperpolarizing influences on pyramidal cell apical dendrites. This inhibitory
influence is distributed across a larger macrocolumnar extent of cortex.
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Fig 2-28. Bitufted GABAergic Cell: Dendritic
Targeting Inhibition. Soma and dendrites are
dark, beaded axon branches in red. Line at
top = pia (gec).

MARTINOTTI GABA NEURON:
PYRAMIDAL CELL APICAL

DISTAL DENDRITE INHIBITION

Martinotti Cell axon terminals target primarily
apical dendrites of pyramidal cells. Many of
these inhibitory synaptic connections are
found in the most superficial layers (layers 1
& 2) of the cerebral cortex.

Martinotti cell somata have been found in
supragranular to infragranular layers although more than half of the GABA interneuron
somas in layer 5 belong to Martinotti cells (see Markrum, et.al., 2004).

Fig 2-29. Martinotti GABAergic Cell:
Dendritic Targeting Inhibition. Soma and
dendrites are dark, beaded axon
branches in red. Line at top = pia (gec).

Like Bitufted cells the dendrites are few,
are sparsely spiny and localized within a
restricted vertical region. Martinotti cells
may synchronize a select group of
pyramidal cells that fire in a burst mode,
e.g. see Berger etal., 2010; Higley,
2014; Silberberg and Markram, 2007.

Martinotti cells, Bitufted cells and Rose
Hip Cells in the superficial layers of the
human cerebral cortex (not illustrated)
251 provide an inhibitory control to balance
the extensive excitatory inputs to
pyramidal cell apical dendritic tufts in
layers 1 & 2. Smaller inhibitory interneurons, e.g., Neurogliaform or Single Bouquet cells
(not shown) may inhibit these inhibitory Bitufted and Martinotti cells: a disinhibitory
network, e.g., see Lee, et.al., 2013; Rudy, et.al., 2011; Tremblay, Lee and Rudy, 2016;
Boldog, et.al., 2018.

DOUBLE BOUQUET GABA NEURON: RENDERING HIGH
DEFINITION NEURAL “IMAGES”?

124 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



Double Bouquet Cells (DBCs) are GABAergic inhibitory interneurons. DBCs have
relatively few aspiny dendrites that ascend and descend from the soma within a short
vertical & very narrow horizontal distribution. The long vertical but horizontally restricted
axon arbor has a distinct branching pattern where multiple en passant axonal boutons
are extended in a clustered manner that has a “horsetail” appearance.

Fig 2-30. Double Bouquet Cell (DBC) GABAergic Inhibitory Interneuron. Cell soma
and dendrites are dark, axon “horsetails” are red. These ‘horsetails” may provide “high
definition” (HD) neural images in your cerebral cortex (more “nixels” per square inch). A
‘nixel” is my word for a neural image pixel: think high definition flat screen

display (gec)

Inhibitory synaptic boutons of the double bouquet cell's axonal arbor
target the dendrites and even some dendritic spines of excitatory pyramidal
& spiny stellate cells within an ~25-30 micron diameter vertical
microcolumn (minicolumn). These cells may also have inhibitory inputs to
Martinotti cells, e.g., see Tremblay, Lee and Rudy, 2016. Thus, DBCs may
have both restricted inhibitory and disinhibitory influences in the cerebral i

\ M
cortex. %
{

The minicolumn may represent a fine-grained functional unit “carved”
out of a larger macrocolumn within the cerebral cortex. Within a minicolumn
a small group of vertically (radially) organized cells and their neurites are
aligned and interconnected across most or all cortical layers to perform a
specific functional task. This task may extract, decipher and “reprocess”
information about a particular subset of data originating from the thalamus
(as thalamocortical afferents to the minicolumn) or from other cortical areas
(as corticocortical afferents to the minicolumn).

Most often the thalamocortical and corticocortical data are integrated
within the columnar network. The minicolumn then sends a refined data set
to subcortical structures by way of an infragranular (typically layer V)
pyramidal cell which projects its axon into the white matter. Such axonal
projections often have multiple subcortical targets. Minicolumns (and
double bouquet cells) are well developed and numerous in the primate as
compared to any sub-primate cerebral neocortex. Whether the minicolumn represents a
refined cell assembly that offers an evolutionary advantage to primate cerebral cortex
has been debated among various neuroscientists., e.g., see Casanova, et.al., 20083;
Peters and Sethares, 1997; Yanez,et.al., 2005. Double Bouquet Cells (DBCs), in
cooperation with other GABA cells, may provide a dynamic regulation of columnar
resolution. DBCs may limit processing within discrete minicolumns creating focused
“high definition” (HD) networks that are fractionated subcolumns within a larger
macrocolumn. HD brain circuits may make neural images sharper with an improved
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sense of depth or vividness in the representation of neural data; a diverse inhibitory
population is a critical component, e.g., see Gupta, et.al., 2000; Tremblay et.al., 2016;
Yoshimura and Callaway, 2005.

Consider this scenario (role of strategic inhibition in higher functions):

You are in a meeting with the “big brass” where they are discussing a
strategy for moving the organization forward. Most of what they are
saying 1s “foreign” to your usual take on such matters. You say nothing! As
the discussion progresses you ascertain they have not considered a
potential pitfall to their plan. Now you “release” that suppression of your

., <€

brain’s “voice” and provide an insightful idea (that they see as superb).

Inhibitory interneurons regulating excitatory pyramidal neurons within
executive brain circuitry allows us to hold our “cerebral tongue” until just
the right moment. For other scenarios, the right time to speak your mind
with the “big brass” might be the 24th of never - whereby your brain holds
your tongue thanks to high functioning GABA cells controlling any unduly
overexcitable pyramidal neurons in your frontal lobes. With aging there is
increased risk for insufficient suppression of all that sparks in a “mature”
brain, which could get you into trouble: NO “off the cuft” remarks!

CEREBRAL & CEREBELLAR CORTEX CELLS (A SAMPLE) e o erasctons, et Comveiant 2013 Fi g ] 2-3 1. .
CEREBRAL CORTEX PYRAMIDAL CELL Pyramidal cells are found in Supragranular Interactive Media
2 53 :—-. et and Infragranular Cortex. Their name H
i T ¢ describes the shape of their cell body (soma). Flle' Cerebral &
Pyramidal cells are excitatory projection Cerebellar

neurons that use glutamate as their
. neurotransmitter. Pyramidal cells have basal Cortex Cells.
Pyramidal Cell dendrites and a branched apical dendrite. The Com pare
Soma, Dendrites apical dendrite ascends to more superficial
& Dendritic layers, often to layer | or Il. Pyramidal cell C ere b ra / an d
Spines dendrites are typically spinous and its axon Cerebellar
typically descends to the white matter. :
Recurrent axon collaterals provide signals Exci t? to ry and
back to other neurons in the cortex. Inhibitor y

Corticocortical and callosal pyramidal cells
are most commonly found in layer IIl. Interneurons and

2 Y / Corticofugal pyramidal cells (projecting to Two Projection
2 X z, : subcortical structures) are most commonly
J-,;r'l-"."\ et (‘{ found in layer V, but a few live in layer IIl. Neuron Types
D 57 ~ o iF 4-;“ Most if not all Layer V corticofugal pyramidal (gec). GO TO:
wa, TN oy e SN cells send a collateral axonal branch to matrix :
i Ja "—/ ¥ 4 chlls in the thalamus. A special group of gmomm'pltt' edu
r< T corticothalamic neurons live in layer V. Fig2-31
K These neurons may have pyramidal, < .
}. 7 triangular or fusiform somas and project their /n teractive
axons to the specific nucleus that provides .
SHOW/| AXONAL ARBOR thalamocortical afferent input to the cortical Media

STELLATE CELLS ARE NEXT rexrﬂ area where they live.
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Chapter 3
EXCITABILITY

Neurons and many glial cells in the nervous system are excitable cells. Glial cells
use relatively slow signals to form glial networks and communicate with neurons and
blood vessels. Glial cells do not generate “explosive” action potentials (APs). APs are
generated by most neurons. “Fast” communication takes place by neuronal signaling
that use APs. Peripheral Nervous System (PNS) Neurons provide a mechanism to
transduce non-neural to neural energy (sensory) or to evoke actions by transforming
APs to gland secretion or muscle contraction (motor). Central Nervous System (CNS)
Neurons provide a mechanism to gather information from more than one source,
integrate that information (analog processing) and then “decide” whether to send
information to other neurons as a “digital” signal (axonal APs). Neurons may code the
analog to digital sampling in different ways, e.g, sum the inputs as they arrive in an
integrate and fire mode or rapidly collect temporally coherent “first-in” signals as a
coincidence detector. Most neurons make a “decision” to initiate an AP using either
coding mechanism with the selection of the code dependent upon past-history and often
the intensity of signals being accumulated. None of the biological signals approach the
speed of electronic digital integrated circuits that transfer information at nanosecond or
picosecond speeds. Biological communicators take a longer time to process data (many
milliseconds to multi-second timeframe). Such data may be optimized over durations
ranging from sub-second intervals to long-lasting alterations in circuits due to memory
consolidation or learning.

NEURON MEMBRANE (HIGH FAT, ADEQUATE PROTEIN, AND
LOW CARB “DIET”) - RESTING MEMBRANE POTENTIAL

Most of our cells that are alive and healthy have a polarized cell membrane (a
biological battery). This polarization is negative inside and is called the Resting
Membrane Potential (RMP). Typically, intracellular concentrations of Na+ and Ca++ are
low compared to K+ (see lon Table below). Excitable cells such as those in the nervous
system have the additional property of allowing signal generation & transmission (neural
processing). The RMP is due primarily to the selective permeability of the phospholipid
cell membranes to K+. These K+ ion pores in a transmembrane protein complex (K+ leak
channels) provide the mechanism to create a membrane potential (internal negative 65
mV) between the inside and outside of the cell due to an ionic gradient “charging” the
battery. A high concentration of negatively charged large molecules (typically
intracellular proteins), labeled Anions (A) in the figure, are trapped inside the cell. This
thin line of potential difference (RMP) due to K+ permeability exists along the membrane
surface but does not extend into the heart of the cytosol nor the extracellular fluid.
Because cell membranes are leaky, like a battery, the RMP would eventually lose its
charge with repeated excitation (depolarization) that produces an influx of Na+. The Na+-
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K+ ATPase Pump actively maintains this charge by pumping ions against their
concentration gradient at the expense of energy consumption powered by Adenosine
TriPhosphate (ATP).

Phospholipid
Bilayer
+++t+ttrtr bttt

Outside K+ A K+ a K+t A& Kt A K+t a
+++

g1

“Leak

Inside K+ A K+ A-

AK+A K+

Fig 3-1. Transmembrane Proteins in Excitable Phospholipid Bilayer Membrane (gec).

ION CONCENTRATIONS AND ELECTROMOTIVE FORCE OF
CRITICAL IONS FOR “TYPICAL” MAMMALIAN NEURON
I Outside Inside Ratio Outside: Equilibrium
Ofl Concentration | Concentration Inside Potential
"°‘f:f)'“m 5 mM 100 mM 1:20 -80 mV
ROCi 150 mM 15 mM 10:1 62 mV
(Na*) m m : +62 m
c(‘gzﬂ;“ 2 mM .0002 mM 10,000:1 +123 mV
c"('(‘:’l'_;"e 150 mM 13 mM 11.5:1 70 mV

Fig 3-2. Transmembrane lon Concentrations and Equilibrium Potentials (gec).

The milliMolar (mM) concentration of ions inside and outside a healthy neuronal cell
membrane are shown in the table. Their ratio determines the relative electromotive
force. The Equilibrium Potential in milliVolts (mV) represents the cell's membrane
potential at which the diffusion gradient and electrical forces are equal and opposite for
that particular ion. For example, if the Na+ level was measured and equilibrated across
the membrane, the membrane potential would be +62 mV (i.e., in an unsustainable
highly depolarized state). When CI- ion concentration is at equilibrium the membrane will
be at or close to the typical Resting Membrane Potential (-65 mV to -70 mV). When CI-

140 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



passes through the membrane via a Cl- ion channel, the membrane tends to be
clamped (held) at the CI- equilibrium potential. Actual values vary according to location,
e.g., axon versus soma or dendrite, according to cell type and may differ by species,
e.g., invertebrate versus vertebrate animals.

SODIUM-POTASSIUM ATPASE PUMP

Sodium-Potassium ATPase Pump Animation shows sequence of events for the K+
leak channel and the Sodium-Potassium ATPase Pump (Na+-K+ ATPase Pump). The
Na+-K+ ATPase Pump actively maintains or restores a resting membrane potential of an
internal -65 to -70 mV by pumping ions against their concentration gradient at the
expense of burning energy (ATP). Three Na+ ions move to a high affinity binding site.
ATP energizes the pump and a conformational change occurs in the Na+-K+ ATPase
Pump. After ATP activation Na+ ions are pumped outside and two K+ ions move to a
high affinity binding site. The ATPase pump changes shape and delivers the K+ inside.

Fig 3-3. Sodium-
MEMBRANE CHARGE: K LEAK CHANNEL & Na-K ATP PUMP Potassium ATPase
g ! Pump Animation
: Movie (gec). GO TO:
Outside gmomm.pitt.edu
¢ Fig3-3 Video
|
535353%33 VOLTAGE-
HIHHHI, GATED
S SODIUM
A e -3 CHANNEL:
inside & ~ ACTION
2, © 7\ 2 oSN O POTENTIAL
BN . | %, mitochondrion | \) Neurons are
(é) @ excitable cells that
A‘ Anion (-) @ Potassium (+) g Sodium-HOH (hydrated +) can generate Iarge

depolarizing
potentials that are
propagated in an “all-or-none” fashion from their point of initiation along an axon to the
axon terminal(s). This self-regenerating depolarization is called an Action Potential (AP).
The critical ion channel for this depolarization is the voltage-gated Na+ channel (NaV).
Nine subtypes of the NaV channel have been identified for the mammalian nervous
system, e.g., see: Yu and Catterall, 2003; Dib-Hajj, et.al., 2013. The NaV has two gates:
an activation gate and an inactivation gate. At rest, the inactivation gate is open & the
activation gate is closed. During the depolarizing (rising) phase of the AP, the activation
gate opens & Na+ rushes IN before a slower inactivation gate closes. During the
repolarizing (falling) phase of the AP, the inactivation gate is closing to prevent further
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Na+ influx. When the resting membrane potential has recovered, the Na+ inactivation
gate opens and the activation gate closes. The Na+ inactivation gate is critical in
myelinated axons since paranodal voltage-gated K+ channels do not repolarize normal
Nodes of Ranvier (see figure). Repolarization (falling phase) is due to a combination of
Na+ inactivation (closing inactivation gate of Na+ channel and K+ efflux through the open
voltage-gated K+ channel (unmyelinated axon only). An After-Potential is a brief period
of hyperpolarization when threshold is raised for generation of a second spike.

lollace-aaled I8 olioooaioait| Fig 3-4. Node of Ranvier in
has Yoliays-yuisd Myelinated Axon. Sodium &
Paranode Na” . Paranode Potassium Voltage-Gated

....... SRR AN

: Channsls pre————==~ Channel Separation for Node
\ versus Paranode (gec).
'@ The Voltage-Gated Sodium
am e >y -——'* ‘

ivinisniiaies s (Na+*) Channel (NaV) and
Action Potential Movie shows
the sequence of opening and
closing for the Activation and
Inactivation Gates of the NaV
channel related to the
depolarizing, rising phase and
repolarizing, falling phase of an
Myelin Wraps Axolemma | Action Potential. The voltage-
Endoneurium gated K+ channel is not
included in this simulation.

Fig 3-5. Voltage-Gated
1. & 5. RESTING MEMBRANE POTENTIAL S’fd,-um Channgel (NaV)

_— RLCIU R L DIL U and Action Potential
Activation Gate  Na+ Concentration = YIS (gec). GO TO:

Closed i
e High Out, Low In gmomm.pitt.edu
Fig3-5_Video

\ | (1) At rest, the Na+
Voltage Yo dl v inactivation gate is
-gated 4 open, the Na+ activation
Na Channel e gate is closed and the
voltage-gated K+
channel is closed. (2)
During the rising phase
of the AP, the activation gate opens and Na+ rushes IN before the slower inactivation
gate has a chance to close. The K+ channel remains closed. (3) During the falling
phase, the inactivation gate is closing to prevent further Na+ influx and the K+ channel
opens. (4) The Na+ Activation Gate Closes & K+ channel remains open and the

Inactivation Gate Open
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membrane remains relatively refractory for a short period of time after the spike. (5)
When the resting membrane potential (RMP) is recovered, the Na+ inactivation gate is
open and activation gate is closed. The voltage-gated K+ channels are again closed.

ACTION POTENTIAL: Na+ & K+ (1) Atrest, the Na inactivation
VOLTAGE-GATED CHANNEL 325 chood and the voltage -
SEQUENCE OF EVENTS gated K+ channel is closed. (2)

During the rising phase of the AP,

® Action Potential 20 the activation gate opens and Na+
® Nat Conductance -40 rushes IN before the slower
@® K+ cConductance inactivation gate has a chance to
(2) % -60 Bao close. The K+ channel remains
d ;> Eci-70 L -—— closed. (3) During the falling
+ l ® ~ Membrane AL phase, the inactivation gate is
KNG 3) ex-80 +40 5
& e Od " 0 o ® o) closing to prevent further Na+

@ | i +
U4 o & A "_ Na, Activation gate Nflux and the K+ channel opens.
@ KN o (4) The Na* Activation Gate Closes

Na* ivati
.. ®* o od 7 g— Navinactivation & K+ channel remains open and
(1) e @ (4) ; gf"te the membrane remains relatively
®. ¢ e (5) refractory for a short period of

Cg - KL resting membrane potential (RMP)
(Y oLe od 70 is recovered, the Na* inactivation
: : gate is open & activation gate is
closed. The voltage-gated K*
channels are again closed.

- + ! 2 P .
b f=mP 9 )za®@ 4 K LINEL o (== time after the spike. (5) When the
e

£ 2ot
After-Potential — %6 g 440000 ®

Fig 3-6. Voltage-Gated Sodium and Potassium Channel Conductance in Unmyelinated
Axon Movie (gec). GO TO: gmomm.pitt.edu Fig3-6_Video
REFRACTORY PERIOD

An Action Potentials (AP) is the product of the opening and closing of gates in a
population of Na+ voltage-gated channels (NaV) at a Node of Ranvier in a myelinated
axon. Both NaV and the slower voltage-gated K+ channels (Kv) are responsible for the
rising and falling phases of the spike in an unmyelinated axon. Action Potentials are
“explosive” events where NaV channels alter their conformation to open and close gates
rapidly. Nonetheless, the axon has a short time when it is unresponsive after a spike
has been generated. This is the Absolute Refractory Period (ARP) and lasts for the
duration of the spike. Large diameter heavily myelinated axons have spike durations of
~0.40 msec while the smallest unmyelinated axons have spike durations ~1.5 msec.
Thus, large myelinated axons theoretically can be activated at > 2000 times per second
though this rate of spiking typically does not occur in the brain. Short bursts of high
frequency APs occur for some neurons in-vivo under certain conditions.

Following a spike is the after-potential where the membrane is more hyperpolarized
and threshold for reactivation is elevated. This produces a Relative Refractory Period
(RRP). Like the ARP the RRP is shortest in duration for myelinated axons but may be
quite long for unmyelinated axons due to the relatively slower Kv. There may be an
increased conduction delay of the AP during the RRP. Watch four animations in the
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Refractory Period Movie that show spike responses to one or more stimuli. The time of
each stimulus is seen as a stimulus artifact (see S arrows). When two stimuli are far
enough apart in time there is no refractoriness. As the second stimulus occurs closer in
time to the first stimulus, the RRP is seen as a slightly smaller second spike. When two
stimuli are very close in time there is no response to the second stimulus = ARP.

»
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No Refrac* 2SS
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Fig 3-7. Refractory Period
Movie (gec). GO TO: gmomm.

pittedu Fig3-7 Video

COMPOUND ACTION
POTENTIAL (CAP)
REFRACTORY
PERIOD

Dorsal Root Filament Recording
Tibial Nerve Stimulation

A- in Single Stimulus Waveform
f,.__ N——
! »",\ Dual Stimuli Waveform
ﬂ Interstimulus Interval = 0.6 msec
\ Subtraction Waveform
? (Response to 2nd Stimulus)
Arrow Denotes Time of Stimulus o

‘* Single Stimulus Waveform
~

“_ Dual Stimuli Waveform

S’

ﬂlnterstimulus Interval = 0.4 msec

: ____Subtraction Waveform
? (Response to 2nd Stimulus)

Fig 3-8. Dorsal Root Filament
Monophasic CAP Refractory Period:
Digitized Monophasic Waveforms (A/D
sampling @ 20 KHz) G.E. Carvell & W.D.
Letbetter, unpublished data (gec).

The dorsal roots enter the spinal cord

as segregated filaments each of which
is composed of a very small population
of myelinated and unmyelinated
afferents.

The figure shows a monophasic CAP
recording from a single L7 dorsal root
filament in a cat. Dual stimuli reveal a
relative refractory period at 0.6 msec
(panel A) and an absolute refractory
period at 0.4 msec (panel B)
interstimulus intervals for this small
group of rapidly conducting, large
myelinated A sized axons (maximal
Conduction Velocity ~90-100 M/sec).
Compare the single stimulus waveform
to the delayed subtraction waveform
due to the second stimulus at a 0.6
msec interstimulus interval (relative
refractory period) but absence of the
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subtraction waveform when paired stimuli are temporally separated by a 0.4 msec
interval (absolute refractory period).

ALTERED NERVE CONDUCTION AND REFRACTORINESS IN
REGENERATING MYELINATED SENSORY AXONS

If a peripheral nerve is damaged by crushing or transecting the nerve a series of
events ensues. Initially the axons and myelin degenerate distal to the lesion (Wallerian
Degeneration). Provided the local environment is conducive to regeneration, a single
axon sprout will regrow to its distal target (sensory receptor or muscle).

NERVE CONDUCTION RECOVERY FOLLOWING ritirg Smaices productions, inc: Copyriam 2015
TRANSECTION AND REPAIR CONDUCTION VELOCITY

Nerve Conduction and Refractoriness are impaired following peripheral nerve transection. When
the nerve is surgically repaired, axons regenerate and many but not all reinnervate their targets
(sensory receptor or muscle). Nerve conduction is slower than normal in regenerated axons and
their refractory period is prolonged. Compound Action Potentials (CAPs)

Initial Positive Peak = 0.49 msec latency Recorded from Trigeminal Ganglion in
i the Rat. The Infraorbital Nerve (ION) is a
(\ 4 sensory nerve which has branches to
— e N TTT— . innervate the low-threshold tactile
‘ ot - - mechanoreceptors located in the sinus
[|‘ | Intact Compound Action Potential | ;"¢\ 1o Within the whisker pad of
‘w l (CAP) the rat's face. Stimulation of the ION at
- e s 2x threshold (stimulus artifacts) reveals
H Initial Positive Peak = 0.73 msec latency a CAP for an intact ION (Upper Trace)
T and a CAP for an ION that was cut and
surgically repaired 5 weeks prior to the
‘ A & nerve conduction recording (Lower
- l \/ ™\, N - Trace). Note the prolongation in peak

| N o e latency and the temporal dispersion of

| J N the 5 week cut & repair waveform.
CAP of Regenerating Axons 5 Weeks These measures indicate a variable

| . delay in conduction for regenerating
‘H Post Cut & Repalr myelinated axons. The Intact CAP

[ Y
"

f shows normal axons conducting action
R mse otentials all at the same fast speed.
Stimulus 1 = K
Artifact Next =) REFS |

Fig 3-9. Nerve Regeneration Nerve Conduction and Refractoriness Interactive Media
File (gec). GO TO: gmomm.pitt.edu Fig3-9 Interactive Media

If there are no physical or biochemical barriers to regeneration, most but perhaps not
all axons will reinnervate their targets. The process includes remyelination of
regenerated axons. A more complete consideration of this regenerative process will be
discussed in a later chapter: Motor System: Introduction-Peripheral & Spinal. The
Interactive Flash File: Nerve Regeneration Nerve Conduction and Refractoriness shows
Compound Action Potentials in intact and regenerating Trigeminal Ganglion Cells
evoked by stimulation of Infraorbital Nerve in the rat in control animals and in rats at
various time points following complete nerve transection and surgical repair of the
Infraorbital branch of the trigeminal nerve.

MYELINATED AXONS: SALTATORY CONDUCTION
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Myelinated axons conduct Action Potentials (APs) in a saltatory fashion, that is, the
AP is said to jump from one Node of Ranvier to the next.

Saltatory conduction was described in some detail by Ichiji Tasaki in the early
twentieth century who teased out individual myelinated motor axons from a nerve of a
Japanese toad or bullfrog, see: Tasaki, 1938, 1953. Using primarily homemade
equipment, Tasaki described action current in a single axon localized to the Node of
Ranvier that is generated when an AP discharges at the Node. The AP’s action current
spreads to the next Node and generates a new AP at that Node. We now know that
Voltage-gated Na* Channels (NaV) are localized in very high density at normal Nodes of
Ranvier with few or no NaV in the internodal or paranodal regions covered by myelin:
see Bean, 2007; Caldwell, et.al., 2000; Catterall, 2000; Dib-Hajj, et.al., 2013; Goldin,
2002; Waxman, 2006; Waxman, et.al., 2000; Yu & Catterall, 2003. The highly
concentrated population of nodal NaV are responsible for the AP and Tasaki’s action
current. Distribution of the nodal NaV channels may differ at axonal branch points where
there may be an increased chance of conduction failure: see Debanne, et.al., 2011.

Fig 3-10. Cross-section of a portion of the cat sciatic nerve.
Myelin sheaths (black ‘donuts’) are stained with Osmium
Tetroxide (x320 magnification). Axon contained within the
myelin is unstained. Unmyelinated axons are not visible. (G.E.
Carvell & W.D. Letbetter, unpublished data).

There are a number of subtypes of NaV and Kv found in

peripheral or central myelinated axons. NaV are the critical
proteins to generate the all-or-nothing AP in a myelinated
axon. While unmyelinated axons have NaV and voltage-gated
K* (Kv) channels mixed along the axon, voltage-gated K+*
channels are localized to paranodal regions in myelinated
axons and normally do not repolarize the axon at the Node.
Myelin is produced by oligodendrocytes in the Central
Nervous System (CNS) and by Schwann Cells in the
Peripheral Nervous System (PNS). Normal nerve conduction
in myelinated axons is called saltatory conduction: the AP “jumps” from Node to Node.

Fig 3-11. Saltatory Nerve Conduction Movie. An
SALTATORY AP produces action current (zap) that spreads
CONDUCTION to next Node to initiate a new AP (explosive
event). The action current generated at each
node is 5-8x minimal depolarization required to
generate an AP (safety factor) (gec). GO TO:

gmomm.pitt.edu  Fig3-11_Video CAUTION
AUDIO IS LOUD!

DEMYELINATION AND
REMYELINATION
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Segmental Demyelination/Remyelination may result in slowing or failure of nerve
conduction through the pathologically denuded (unmyelinated) portion of the axon.
Figure shows cross section (x320) of Tibial Nerve at site of an acute nerve compression
lesion. Myelin sheaths are stained with Osmium Tetroxide (OsO#%). Nerve Conduction
Studies revealed conduction slowing across the lesion site for large axons; see
numerous abnormal myelin sheaths-blue arrows. Pressure on peripheral nerves has the
greatest effect on large myelinated axons: production of segmental demyelination/
remyelination with little or no axonal degeneration.

Fig 3-12. Cross-section of peripheral nerve with
abnormal myelination following pressure lesion. OsO4
Stain (x320). Abnormal myelin is demarcated by blue
arrows; unmyelinated axons are not visible.(G.E. Carvell
& W.D. Letbetter, unpublished data).

Severe acute demyelination of long expanses of the
fiber often results in nerve conduction failure
(physiological conduction block) in the unmyelinated
portion of the nerve fiber. Conduction abnormalities
appear to be related to dispersion or frank loss of the
voltage-gated Na+ (NaV) channels at the Nodes of
Ranvier. Normally these receptors are densely packed
in the axonal membrane at the Node with few of these
channels found in paranodal regions. Peripheral nerve
pathology may result in a dispersion of the (NaV)
channels or removal of the channels from the
membrane. Chronic demyelination/remyelination alters
axonal conduction properties; such pathology may
result in “continuous” conduction or slowed saltatory conduction across affected axon
areas.

Fig 3-13. Physiological Conduction Block
DEMYELINATION Movie. Action current (zap) fails to spread
CONDUCTION across extensive ‘exposed’ portion of the
BLOCK injured axon; AP conduction block in
demyelinated portion of axon (gec). GO TO:
gmomm.pitt.edu Fig3-13 Video CAUTION
AUDIO IS LOUD!
Central Demyelinating Diseases result in loss

of myelin and possibly destruction of the
Oligodendroglia responsible for myelinating
these axons in the CNS white matter. Effects
may include clinically silent plaques (plaques =
zones of demyelination), higher function loss, sensory/perceptual deficits, cerebellar,
and a variety of motor deficits.
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DE/REMYELINATION Flg 3-14. PhySIoIog/cal Conduction S/OWIng
CONDUCTION Movie. Action current can spread across short
SLOWING gaps in myelin; Action Current is sufficient to
trigger AP but with a temporal delay (gec). GO
TO: gmomm.pitt.edu Fig3-14 Video
CAUTION AUDIO IS LOUD!
The most common central demyelinating
disease is Multiple Sclerosis (MS). Recent
studies of myelin changes in Multiple Sclerosis
have shown that conduction through
demyelinated regions of axons may recover

despite the absence of remyelination.

- Fig 3-15. Demyelinating/Remyelinating
SALTATORY CONDUCTION: Movie: Progressive Recovery (gec). GO

NORMAL AND ABNORMAL TO: gmomm.pitt.edu Fig3-15_Video
NORMAL MYELINATION: Node

to Node Saltatory Conduction Biomarkers specific for different
of Action Potentials (Spikes) subtypes of Voltage-gated Sodium
Nodes of R7 l.gh Density Channels (NaV) show a redistribution of
of Voltage « tea-la” Channels some NaV proteins and insertion of other

/ k \ subtypes within the denuded axon

membrane in chronic demyelination.

There are at least 8-9 subtypes of NaV
\ ~ proteins associated with either peripheral
Myelin Sheath: Voltage-gated K* or central axons. Some subtypes are

Channels in Paranodal Regions found only in specific locations.
(covered by myelin)

At least one NaV subtype appears to be
inserted in the denuded portion of the
axon that is typically not found at Nodes of Ranvier in CNS axons. This subtype can
restore propagation of action potentials but at a reduced speed and lower rates through
the denuded region. Since a number of neural processes depend on both high temporal
fidelity and/or high spike rates for optimal function, conduction through these plaques
may provide limited capacity for full restoration of function. Since demyelination and
remyelination appear to be a common aspect of normal aging in cerebral white matter, a
similar suboptimal spiking may lead to reduced capacity for coherency in spike coding
necessary for rapid network integration as we age. Cognitive processing may decline in
speed & sophistication with aging.

AXON DIAMETER & DEGREE OF MYELINATION
INFLUENCES CONDUCTION SPEED OF APS

The distribution of fibers extends from large diameter, heavily myelinated A Alpha
axons to small unmyelinated C fiber axons in many peripheral nerves. Fiber diameter
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and conduction velocity are proportional. Moreover, larger myelinated axons have lower
thresholds for activation by electrical stimulation. Most peripheral nerves have a higher
proportion of unmyelinated C fibers than myelinated A fibers. Similar myelinated and
unmyelinated axons are found in central nervous system white matter; their
physiological properties are similar to peripheral axons.

Fig 3-16. Relationship of Fiber Size, Myelination and Electrophysiology of A and C
sized axons. Distribution shown is for a mixed peripheral nerve (gec).

Classic nerve conduction is done by direct nerve stimulation and recording. Low
intensity stimulation activates only A fibers. Much higher intensity is required to activate
C fibers. Rapidly conducting A fibers have a saltatory conduction of propagated Action
Potentials (APs) (AP “jumps” from node to node). Unmyelinated C fibers have a re-
initiation of the AP at many points along the axon which considerably slows propagation
speed.

Fig 3-17. Low
memm Intensity Electrical

Low Intensity Suprathreshold Stimulation of AAxons only BN TTIER:IECE
Compound Action
Potential - A fiber
Activation only Movie
(gec). GO TO:
gmomm.pitt.edu

Fig3-17 Video

The Low Intensity
Electrical Stimulus
Pulse Movie illustrates the effect of a low intensity electrical stimulation pulse that
activates only large A myelinated axons in a peripheral nerve. The A fibers have fast
nerve conduction velocities and the lowest threshold for electrical stimulation. The
compound action potential (CAP) includes all A fibers in the nerve.

Fig 3-18. High
Compound Action Potential (CAP) Recording [ WaRte4¢
High Intensity Suprathreshold Stimulation of A & C Axons Stimulus Pulse:

Compound Action
Potential- Activation
of A and C fibers
Movie (gec). GO TO:
gmomm.pitt.edu

Fig3-18 Video

The High Intensity
Electrical Stimulus
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Pulse Movie illustrates the effect of high intensity electrical stimulation pulse that
activates both large, fast conducting A fiber axons (A fiber CAP) and small, slower C
fiber unmyelinated axons (C fiber CAP), i.e., all viable axons in the peripheral nerve.

Temperature has a significant effect on nerve conduction. Nerve conduction velocity
decreases by ~3% for each degree Centigrade drop in temperature. Cooling Slows
Transmission & broadens the Action Potential Duration. Very cold temperatures will
cause a reversible physiological block of nerve conduction. Prolonged freezing

produces permanent structural damage.

ACTION POTENTIAL CONDUCTION: A vs. C, WARM VS. COOL  piastunt St Procuctons 1nc: Cayeght 2013 Fig 3-19.
The distribution of fibers extends from large diameter, heavily myelinated A Alpha axons to small Nerve
unmyelinated C fiber axons in many peripheral nerves. Fiber diameter and conduction velocity are Conduction
proportional. Moreover, larger myelinated axons have lower thresholds for activation by electrical f W
stimulation. Most peripheral nerves have a higher proportion of unmyelinated C fibers than or arm
myelinated A fibers. Similar myelinated and unmyelinated axons are found in the white matter of the and C ool
central nervous system; their physiological properties are.5|mllar to peripheral axons. Mammalian
o Classic nerve conduction is done by A
fli  ADeita direct nerve stimulation and recording. X 0 n S
§ i R AAlpha() ) ow intensity stimulation activates only A o 80 75 Interactive
| fibers. Much higher intensity is required to 2 Media File
5§ activate C fibers. Rapidly conducting A GO
| fibers have a saltatory conduction of ; (gec).
z propogated Action Potentials (APs) where Conduction Velocity T 0] :
the AP 'jumps' from node to node. Meters/sec :
s:nall ﬂ:er ;same:m = lfart:e Unmyelinated C fibers reinitiate the AP at CLICK ICE gmomm.p Itt.
;i:: el ,::';’;;‘;’;‘;:_’,T:w multiple points along the axon which  ~BE TO SEE edu
considerably slows propogation speed. EFFECTS OF
(Human nerve conduction is slower) BELOW TO BEGI rigo-19_
Uninsulated Node e = Int ti
of Ranvier Myelinated (insulated) Interactive
/ Internode Media
= — ] —_—
h | ! i ! ' | - "i : Unmyelinated C Axon
Myelinated A Axon SLICH THE s SED Rt LBtRIED Lkewise an
Yy AXON TO SEE NERVE CONDUCTION abnormally
h i g h

temperature may block nerve conduction. Peripheral or central demyelinating diseases
may be associated with an increased risk for conduction failure for temperature changes
within more physiological ranges suggesting an attenuated safety factor for these
impaired nerve fibers. Often there is a change in density, specific location, total number
or even sub-types of voltage-gated Na+ and K+ channels at the nodes and paranodes of
axons undergoing demyelination or remyelination, e.g., see Craner, et.al.,, 2005;
Waxman, 1990, 2002, 2006; Waxman, et.al., 2000.

PRESSURE NEUROPATHY ALTERS AP TEMPORAL CODE
Pressure on a nerve produces a demyelination of large myelinated axons with little

effect on unmyelinated fibers. This causes a conduction delay through the involved

portion of the nerve. The effect is seen not only as a reduced conduction velocity but as
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a reduction in the ability to faithfully conduct impulses in rapid bursts, e.g., see Ochoa,
1971; Lehmann, 1973.

Fig 3-20. Oscilloscope Waveform
- uu} : Pressure Neuropathy on

Tl i Repetitive Conduction of
Compound Action Potentials

(CAPs). Panels A, B, C = Control
-\ /A “M W\ Tibial Nerve CAPs (top traces);

d il e : V : \I\ : \\\/ Panels D,E,F = Experimental

.......... Tibial Nerve CAPs (top traces).
10 Stlmull @ 300 PuIsesISecond Lower traces in all panels =

M ey | stimulus timing of ten 0.1 msec
monophasic stimulus pulses.
Each photo shows ten
| consecutive overlaid traces for
each of the 10 pulse stimulus

"‘Z trains. G.E. Carvell & W.D.

Letbetter, unpublished data (gec).
10 Stimuli @ 400 PuIsesISecond High frequency bursts of APS are

3 > e
C ||...»...HU“ ' FF‘ U“/i seen in proprioceptive afferents

and some afferents innervating
! m..‘ \ low-threshold tactile mechano-
CUNLLLLLLL WA receptors. An example of reduced
o b -V \ “\\\‘—-"‘ temporal fidelity in coding is

— — illustrated in the figure below. A

Control Experimental |ocaiized pressure neuropathy

was present at the distal thigh

between the location of stimulating site at the proximal sciatic nerve and recording site

at the distal tibial nerve. Compound action potentials (CAPs) evoked by trains of ten

stimuli delivered at 200 Hz (panels A & D), 300 Hz (panels B & E) and 400 Hz (panels C

& F) were recorded (photographs of ten consecutive oscilloscope traces in upper traces

for each of the three train frequencies). Recordings done several weeks post-pressure.
Lower traces in each photograph shows the times of each of the ten stimuli.

The data illustrate the decrement in transmission for the experimental versus the
control tibial nerve. Note the reduced amplitude and temporal dispersion of responses in
the burst for the experimental nerve which is most evident as frequency of stimulation
increases. These changes may be due to temporal delays and/or conduction failure at
the lesion site in pressurized axons. As the frequency of stimulation increases there is a
greater likelihood for encroachment upon the safety factor for normal transmission of
APs. Pressurized axons may be in various states of demyelination and remyelination in
this post-lesion recovery state. Consequences of a pressure neuropathy on temporal
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coding is greater for sensory than for motor function. Motoneurons do not generate AP
frequencies above ~50 Hz. Unless there is conduction failure in motor axons, muscles
should be well innervated. However, muscle proprioceptor afferents plus discrete touch
and vibration sense afferents routinely discharge short bursts of APs at frequencies
equal to or greater than 500-1000 Hz (interspike intervals of 2 msec to 0.1 msec,
respectively). Thus some deep and superficial sensations may be distorted. Small
myelinated and unmyelinated axons are little affected or unaffected in a pressure
neuropathy: crude touch, pain and temperature sensations should be spared.

RECORDING ACTION POTENTIALS FROM SINGLE CELLS IN
THE CNS.

Action Potentials (APs) are recorded in the CNS using microelectrodes. Some glass
microelectrodes have a small diameter, sharp tip that can impale a neuron (intracellular
recording). Intracellular APs have a typical “monophasic” waveform shape.
Microelectrodes with larger diameters (glass or metal) can record APs from neurons that
are close to (but not impaled by) the electrode. These extracellular recordings show
biphasic or triphasic Action Potentials. Neurons do not all fire APs (spikes) in the same
way. Some neurons fire few spikes, while others fire long trains of spikes. Still others fire
spikes in short bursts of activity. APs travel to axonal terminals of a presynaptic cell’s
axon to influence postsynaptic cells by way of synaptic transmission.

EXTRACELLULAR RECORDING: RECORDING ACTION
POTENTIALS ONLY

Extracellular recordings of APs provide a mechanism to study individual neurons in
isolation or, if multiple electrodes are used, one can study how these neurons interact
within a neural network.

A Extracellularly Recorded Action Potentials B_ EXTRACELLULAR RECORDING: E2 VPM THALAMIC BARRELOID
) CELLS: CAUDAL DEFLECTION OF E2 WHISKER WITH 4 Hz SINE

o M= i W Speaker (4.1 KHz Audio Sampling) of Raw Amplified Spike Activity.
; 02| Interneuron / R Only Larger Spikes Were Directly Captured (Computer A-D Sampling
E 01} @ 32 KHz) and Digitally Stored on Disk. Note Occasional Voice
~— 0'0 Contamination by Enthusiastic Experimenters in the Audio Trace.
® o4l
- -0.1 \ ;
= 0.2 \ / Regular Spike
= 03 \ / (RS):
— | - Excitatory
Q- ﬁg Interneuron or
£ 05 Pyramidal Cell
< 0.6

0.7+ \ 0.2 msec 20 msec

0.8 - Note Periodic Bursts of Action Potentials (Spikes) for Each 4 Hz Cycle.

Fig 3-21. Panel A shows extracellular cortical fast spike: AP recorded from an inhibitory
interneuron (red waveform) and a cortical regular spike from an excitatory neuron
(green waveform). Panel B shows a recording of extracellular neuronal APs in the rat

somatosensory thalamus (gec). GO TO: gmomm.pitt.edu Fig3-21_Video
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Some Inhibitory interneurons have membrane properties and ion channels that allow
them to fire many spikes and such neurons discharge APs that have a fast time-course
(brief AP duration). Excitatory neurons typically discharge APs having a slower time-
course. Examples recorded in rat somatosensory cortex are shown as waveforms in the
following figure (Panel A) and a movie of thalamic neuron extracellular Action Potential
discharge in-vivo as a response to a 4 Hz Sinewave tactile stimulus (Panel B and
GMOMM movie link). The stimulation here is accomplished by a controlled whisker
deflection. The different characteristics of excitatory and inhibitory neurons as related to
optimal function within the sensory and motor systems will be discussed in greater detalil
in later chapters. Single cell APs are often isolated by on-line or off-line spike sorting
process where the characteristic features of a particular cell’s AP (spike) can be isolated
from other spikes of other cells recorded close to the tip of the recording electrode.

INTRACELLULAR RECORDING: RECORDING BOTH LOCAL
POTENTIALS & ACTION POTENTIALS

Fig 3-22. The

INTRACELLULAR vs. EXTRACELLULAR RECORDING  riiiugn Snaog racuctons. iz comvranoz | [ntracellular
Action Potentials (APs) are recorded in the CNS using microelectrodes. Some glass micro-

electrodes have a small diameter, sharp tip that can impale a neuron (intracellular recording). versus

Intracellular APs have a typical “monophasic” waveform shape. Microelectrodes with larger Extracellular

diameters (glass or metal) can record APs from neurons that are close to the electrode. These
extracellular recordings show “biphasic or triphasic” Action Potential Waveforms. Neurons do not

Recording

all fire APs (spikes) in the same way. Some neurons fire few spikes, while others fire long trains of
spikes. Still others fire spikes in short bursts of activity. APs travel to axonal terminals of a
presynaptic cell to influence postsynaptic cells. Intracellular electrodes have the advantage of
recording both suprathreshold APs & subthreshold local potentials.

Interactive
Media File
shows the

Intracellular microelectrodes may be used to introduce positive or negative currents that will alter

the membrane potential. Increasing negative current inside the cell causes a hyperpolarization. effect of

Intracellular " Intracellular Small positive current pulses produce subthreshold depola rjzing
Stimulati Recording depolarizing potentials while stronger positive
timulation current pulses in the cell will raise the neuron's or h yper-

potential above threshold to initiate one or more APs.
Such experiments are often done in-vitro although
intracellular recordings are done in-vivo as well.

Depolarizing Pulses
/] / ’
—r

polarizing
currents on
the membrane
* potential (gec).

SR I A GO TO:
] a .pitt.
= whmie | gmomm.pitt
, : edu
No(;es of Ranvier m;);il:‘:’:::::;
Al neration) [ —
(AP generation) Hyperpolarizing Pulse AP
CLTCKITAPASTIMULUS PULSE TO SEE EFFECT ON INTRACELLULAR MEMBRANE F / g 3 - 2 2
POTENTIAL OR CLICK/TAP AP TO SEE RECORDED INTRACELLULAR POTENTIALS In te rac t/ ve
Media

Intracellular electrodes have the advantage of recording both suprathreshold APs &
subthreshold local potentials: Resting Membrane Potential (RMP) fluctuations, graded
excitatory subthreshold depolarizations such as Excitatory PostSynaptic Potentials
(EPSPs) and graded inhibitory hyperpolarizing potentials such as Inhibitory
PostSynaptic Potentials (IPSPs). Such intracellular recording experiments include both
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in-vitro and in-vivo studies. This figure shows an in-vitro patch-clamp intracellular
recording in the supragranular layers of the somatosensory cortex of an 11 day old rat.
Patch-clamp recordings are done by advancing the micropipette to touch the cell
membrane and then apply a negative pressure pulse to open the membrane. The
electrode now has access to the subthreshold depolarizing or hyperpolarizing voltage/
current fluctuations and suprathreshold action potentials recorded from within the cell.
The patch-clamp recording technique was originally perfected by Bert Sakmann and
colleagues, e.g., see Neher and Sakmann, 1976, 1992; Stuart, et.al., 1993; Stuart and
Sakmann, 1994. This technique is currently being applied to both in-vitro single cell
recordings in brain slices and in-vivo recordings of individual neurons in anesthetized or
head-fixed awake animals.

Fig 3-23. A. Intracellular == e ——
Recording performed with , A ' .. .

glass micropipette: patch . !

recording of pyramidal cell " ’ :
soma in-vitro. Shadow of % g S -
electrode and 1-2 micron tip A
that patches soma (arrow)
are visible. B. Waveforms
show an initial -70 mV
resting membrane potential,
then 12 APs (upper blue i :
trace) atop a sustained ' : P

excitation due to a 600 v Gy /e 1
msec suprathreshold . 20pm ' f Negag S o
depolarizing pulse (lower Bl ! }d il s
blue trace) applied to the
cell followed by a hyper- B
polarization of the cell
(upper red trace) due to an
applied 600 msec hyper-
polarizing pulse (lower red
trace). Photograph and
neuronal patch clamp "U
recordings courtesy of
Amanda Kinnischtze, PhD
in the Department of | =™
Neurobiology, School of
Medicine, University of |2°'"V
Pittsburgh. 100 ms
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INTRACELLULAR
RECORDING: SI
BARREL CORTEX

A. Spontaneous
Slow Rise EPSP
and AP
“Slow Fuse”

1Y .

B.|, Stimulus Evoked
Rapid Rise EPSP,
AP and IPSP
“Quick Fire”

5mV|_

10 msec

Vertical Blue Line
= EPSP Onset

Fig 3-24. Intracellular Recording from Single
Cell in Rat Somatosensory (Barrel) Cortex.
A. Cell Discharges AP in a Spontaneous
Fashion. B. Cell Fires AP Due to Whisker
Evoked Stimulus. Note Differences in slope,
and time-course of EPSP in A vs. B. and an
IPSP following the AP in Panel B only: See
also Carvell and Simons, 1988 (gec).

SLOW-FUSE (INTEGRATE &
FIRE) VERSUS QUICK-FIRE
(COINCIDENCE DETECTION)
NEURONAL ACTIVATION

Synchronous input of EPSPs produces a
rapid rise in depolarization of the soma. A
rapid rise time of the summed EPSP
generates an Action Potential (AP) soon
after the onset of the summed EPSP (see
QUICK-FIRE AP). Asynchronous excitatory
input is seen as a slow rise of the summed
EPSP at the soma with a delayed onset of
AP generation (see SLOW-FUSE AP). The
timing and synchrony of EPSPs has a
significant effect on the postsynaptic cell:
coincident or cumulative EPSP summation.

Neural processing requires cooperation from
a distributed network of neurons (cell
assemblies). Each cell assembly is a colony
of interconnected cells. Networks of neurons

may interact in one of several ways. The “default” mechanism is thought to be an
Integrate & Fire coding where an increased rate of firing within a colony determines its
output to other colonies of cells. An alternative model suggests that a sparse spike code
may provide rapid efficient cell assembly coupling. This is called Coincidence Detection
coding and requires a temporal precision (synchrony) of spike discharge among
colonies of cells. The latter sparse spike coding = a more efficient mechanism for some
well rehearsed processes to form an internal representation of the task.

The actual number of synaptic inputs required to depolarize the postsynaptic cell to
threshold for initiation of an Action Potential may be ~20-100x greater than the axonal
inputs shown in the Quick-Fire versus Slow-Fuse Interactive Flash file. Moreover, the
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actual location of the synapses is likely to be on the basal and apical dendritic spines
not on the apical dendritic shaft of the postsynaptic pyramidal cell as simulated here.

NEURAL PROCESSING: INTEGRATIVE & COINCIDENT FIRING G Mt on ly Mrc GlOMIMER Universty o2
SLOW-FUSE (INTEGRATE & FIRE) vs. QUICK-FIRE (COINCIDENCE DETECTION)
Synchronous input of EPSPs produces a rapid rise in depolarization of the soma. A rapid rise time
of the summed EPSP generates an Action Potential (AP) soon after the onset of the summed EPSP
(see QUICK-FIRE AP). Asynchronous excitatory input is seen as a slow rise of the summed EPSP at
the soma with a delayed onset of AP generation (see SLOW-FUSE AP). The timing and synchrony of
EPSPs has a significant effect on the postsynaptic cell: coincident or cumulative EPSP summation.
Neural processing requires cooperation from a distributed network of neurons (cell assemblies).
Each cell assembly is a colony of interconnected cells. Networks of neurons may interact in one of

several ways. The "default" mechanism is thought to be an Integrate & Fire coding where an
increased rate of firing within a colony determines its output to other colonies of cells. An
alternative model suggests that a sparse spike code may provide rapid efficient cell assembly
coupling. This is called Coincidence Detection coding and requires a temporal precision
(synchrony) of spike discharge among colonies of cells. The latter coding may be a more efficient
mechanism (fewer APs) for well rehearsed processes to form an internal representation of the task.

Number of Actual
\ ' ) Inputs Required
POSTSYNAPTIC /- PYRAMIDAL CELL to Depolarize

| Postsynaptic Cell
—_— )—’ to Threshold for
Presynaptic '| Presynapti Initiation of an

Axons (I3 Axons Action Potential is
"N etk ~10-100x greater
TR % A * than the Axonal
Presynaplic ; /1.~ Intracellular  C) |ICK/TAP A BUTTON '"Puts shown.

Axon Inputs to /7 Microelectrode

Postsynaptic -~ * Recording of Pyramidal SHOW ' SHOW l
Pyramidal Cell Cell EPSPs & APs

Fig 3-25. Quick-Fire versus Slow-Fuse Neuronal Activation Interactive Media File. (gec).
GO TO: gmomm.pitt.edu Fig3-25_Interactive Media

LOCAL FIELD POTENTIALS: SUMMED SUBTHRESHOLD &
SUPRATHRESHOLD ACTIVITY OF NEURONAL POPULATION

Local Field Potentials (LFPs) are extracellular recordings of summed subthreshold
and suprathreshold neural activity from large populations of neurons. LFPs may be
recorded with surface macroelectrodes, e.g. epidural or epipial electrodes or using scalp
electrodes as in EEG recordings. LFPs are recorded also using depth microelectrodes.

Recordings include the slow-wave components of neural activity by opening filters
to include low frequency aspects of neural activity. These responses may represent
intrinsic brain activity as in EEG recordings or LFPs may be evoked by central gray or
white matter stimulation or by peripheral nerve stimulation (Stimulus Evoked Potential:
see figure). LFP responses represent a summation of subthreshold dendritic and
synaptic activity plus action potentials due to suprathreshold activation of neurons. Thus
LFPs provide a snapshot of electrical activity of networks of many neurons having
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extrinsic inputs, local connectivity and long-range longer latency influences. LFPs are
correlated to the fMRI BOLD signal: e.g., see Logothetis, et.al., 2001. The early
component in the evoked LFP shown here represents the primary somatosensory (Sl)
cortical response to extrinsic peripheral nerve activation relayed through the thalamus.
Later components represent corticocortical and corticothalamocortical recurrent
influences on the Sl columnar network.

Fig 3-26.
o Somatosensory
Trigeminal goo yo | Cortex LFP
st 40048 | Evokod | by
: Trigeminal Nerve
Intensity 200 nA Sti ion-
imulation: Note
Early and Late
Components of
the Cerebral
Cortical
Population
Response to
Peripheral Nerve
Stimulation in
anesthetized rat.
(gec).

CLINICAL ELECTROPHYSIOLOGY: NERVE CONDUCTION
(NCV) AND MUSCLE ACTIVITY (EMG) STUDIES

Clinical electrophysiologists can record nerve conduction in sensory and motor
nerves in human subjects by way of transcutaneous stimulus and recording (surface
stimulating and recording electrodes). Such studies are typically preformed to rule-in or
rule-out peripheral nerve pathologies. Sensory Median Nerve Conduction Testing is
simulated in the Normal Clinical Sensory Nerve Conduction Movie.

o
°
&

e
o
(]

o
R

10 msec

Local Field Potential (mV)

Somatosensory Cortex Pial

& & &
8 & @

Truncated Stimulus Artifact

Fig 3-27. Normal Clinical Sensory Nerve
Conduction Movie. Methodology to perform a
clinical antidromic sensory nerve conduction
study of the digital nerves of the index finger
recorded using ring electrodes encircling the
index finger. Stimulation of median nerve at
the elbow and wrist (gec). GO TO: gmomm.

pittedu Fig3-27 Video

Skeletal muscle motor unit electrical activity
can be recorded using fine indwelling
microelectrodes for selected muscles, e.g.
see Basmajian, 1974. Electromyographic
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(EMG) needle exams are performed to rule-out muscle denervation due to nerve injury
or disease or to rule-out primary muscle disease such as a muscular dystrophy. An
entire section devoted to clinical electrophysiology is found in later chapters.

20-30% of total). The |
network below is represented by two

Neurons.

DISTRIBUTED NETWORKS: Excitatory (E) - Inhibitory (I) Web 5z stter on 1 Mnd:GHOUWES University of |
Networks typically include both excitatory (E) and inhibitory (I) neurons. The ratio of E to | differs
according to the anatomical location of the cells. For example, in sensory cortex E cells far
outnumber | Cells (I Cells = 10-30% of total). The | element in the network below represents several
coupled Inhibitory Neurons. Networks are spontaneously active in the awake brain and may be
influenced by modulatory drive from local (e.g., intrinsic corticocortical connections) and/or from
distant sources, e.g., monoaminergic or cholinergic input from brainstem nuclei to the cerebral
cortex (SPONTANEOUS). Firing of each cell is not always predictable, but a rhythmic external
source may entrain the network (SINEWAVE). Inhibitory, GABAergic, neurons are critical to tonically
suppress excessive excitation. Many GABA cells have intrinsic membrane properties & connectivity
that together lead to high levels of coincident discharge in E & | cells and phasic entrainment of E
cells in the network due to a sufficient extrinsic or intrinsic periodic or aperiodic excitatory drive.
,.------------------------. Responses to brief external stimuli depends
: % = = e “l upon the mixture of E & | Cells in the network
e \ O o jf- G T '| and upon the characteristics of the stimulus
\ _— ! driving the network: see SLOW RISE & RAPID
/ 8 \ I RISE PULSE. Simulations of network activity
> s o can be produced using dynamic clamp
technology. The dynamic clamp introduces
e membrane fluctuations into the network based
upon models of membrane channel activation.
G Such control over network activity allows the
experimenter to observe the effects of
manipulating the number and/or type of cells
0 connected within the network. CLICK/TAP A
s ' .| ¥ BUTTON BELOW TO ENACT A VIRTUAL
b------------ ----------’b‘ SIMULATION. RETURN COMES BACK HERE.

SPONTANEOUS 7sgcemvej SLOWRISE PULSE |  RAPID RISE PULSE]

/ e
I et

SPONTANEOUS SINEWAVE SLOW RISE PULSE RAPID RISE PULSE

Fig 3-28. Clinical Electromyographic (EMG)
Needle Exam Methodology Movie (gec). GO

TO: gmomm.pitt.edu Fig3-28 Video

INTRODUCTION TO NEURAL

NETWORK INTERACTIONS
Networks typically include both excitatory (E)

and inhibitory (1) neurons. The ratio of E to |
differs according to the anatomical location
of the cells. For example, in sensory cortex,
E cells far outnumber | Cells (I Cells =
element
gap-junction coupled GABAergic Inhibitory

in the

Fig 3-29.
Excitatory
a n d
Inhibitory
Neurons
network-

ed to

generate
neural
patterns: E-I
Network
Interactive
Media File
(gec). GO
TO: gmomm.
pitt.edu

Fig3-29
Interactive
Media

Networks
a r e

spontaneously active in the awake brain and may be influenced by modulatory drive

from local (e.g.,

intrinsic corticocortical connections) and/or from distant sources, e.g.,
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glutamatergic corticothalamocortical and monoaminergic or cholinergic input from
brainstem nuclei to the cerebral cortex (SPONTANEQOUS).

Firing of each cell is not always predictable, but a rhythmic external source may
entrain the network (SINEWAVE). Inhibitory, GABAergic, neurons are critical to tonically
suppress excessive excitation. In addition, some GABA cells have intrinsic membrane
properties and connectivity patterns that together lead to high levels of coincident
discharge in E & | cells and phasic entrainment of E cells in the network due to a
sufficient periodic or aperiodic extrinsic or intrinsic excitatory drive to both E & | cells.

The response to brief external stimuli depends upon the mixture of E & | Cells in the
network and upon the characteristics of the stimulus driving the network: see SLOW
RISE & RAPID RISE PULSE. Simulations of network activity can be produced using
dynamic clamp technology. The dynamic clamp introduces membrane fluctuations into
the network based upon models of membrane channel activation. Such control over
network activity allows the experimenter to observe the effects of manipulating the
number and/or type of cells connected within the network. Cooperation amongst a
collection of interconnected cells (network) appears to be critical for normal nervous
system function. Special properties are attributed to the collective that may be either
weakly represented by individual neurons or invisible in any cell by cell analysis. For
example, a population code of some property may emerge when one studies the group
of cells as a whole. Such neural network webs merge depolarizing influences of
excitatory neurons and hyperpolarizing influences of inhibitory interneurons to
determine network firing patterns. Interactions between and among E & | cells is most
often nonlinear and depends upon statistical probabilistic integrative factors: see
Chapter 4 below.
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Chapter 4
SYNAPSE & SYNAPTIC INTEGRATION

The ability of the brain to operate in a normal fashion depends upon a balanced level
of electrical and chemical signaling among many neurons connected within regulated
networks. Our brains contain sophisticated chemical laboratories that attempt to
maintain a physiological balance among potentially volatile biochemical reactions. Early
studies showed that communication in the peripheral nervous system utilizes synapses
with chemically-gated receptors. However, chemically-gated neurotransmission was not
generally accepted for the central nervous system until the latter half of the 20t century,
e.g., see Katz, 1966. More recent research suggests a quite diverse and complicated
interaction among neurons utilizing both autocrine and paracrine chemical messengers
having both short-term & long-term effects on individual cells and cell assemblies, e.g.,
see Sudhof & Malenka, 2008. Research from the systems to the molecular level of
investigation supports the concept of synaptic plasticity from infancy into adulthood.
Enriching the environment and providing novel, challenging and engaging behavioral
interventions produce changes at the molecular, synaptic and network levels of neural
processing. Both neurons and glia participate in this process, e.g. see Newman, 2003;
Perea, et.al., 2009; Stogsdill & Eroglu, 2017.

SYNAPSE INTRODUCTION

Local Potentials are non-propagated, graded potentials found at a number of
locations. Depolarization of axon terminals induce presynaptic local potentials at
synapses which lead to subsequent interactions between cells (synaptic transmission).
Dendrites and the soma are other locations of post-synaptic local potentials that may be
either depolarizing or hyperpolarizing.

A PRESYNAPTIC
* AXON TERMINAL
Microtubules

=8 Axospinous Synapse

Cytoskeletal .
Filament Web Synaptlc

Synaptic Vesicles Vesicles
Presyngptic
Density Presynaptic
Post ti I’
D Density Dendritic

Spine Head .
POSTSYNAPTIC ' Spine
DENDRITIC _
SPINE Spine
Neck &

DOC
Dendritic-Shaft

Ribosomes & Postsynaptic
Endoplasmic or
Reticulum

Fig 4-1. A. Ultrastructural Elements of a Typical Axospinous Synapse, B. Movie
simulating presynaptic and postsynaptic events for a typical excitatory axospinous

synapse (gec). GO TO: gmomm.pitt.edu Fig4-1_Video
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Local graded potentials are generated also peripherally where sensory transduction
leads to a generator potential in a sensory organ (e.g., skin, muscle, eye, ear).

Neurons communicate rapidly with one another by way of synapses. There are
many types of synapses. One classification separates chemical synapses according to
post-synaptic ionic membrane potential changes (ionotropic) or to alterations in
metabolic properties in the post-synaptic cell (metabotropic) due to activation of 2nd
messenger regulatory proteins. lonotropic synapses are subdivided into Excitatory (E)
(depolarizing ion flow) or Inhibitory (I) (hyperpolarizing ion flow). The local graded
membrane potential produced in the postsynaptic cell is called an Excitatory
Postsynaptic Potential (EPSP) or an Inhibitory Postsynaptic Potential (IPSP)
respectively. Increased Conductance but not decreased conductance synapses are
covered here. Synapses may be classified also according to location: axospinous =
axon to dendritic spine (E), axodendritic = axon to dendritic shaft (E or 1), axosomatic =
axon to soma (I, rarely, E), axon to axon = axo-axonic (E or I).

NEURON COLLECTS DATA FROM SYNAPSES ON

DENDRITES, DENDRITIC SPINES, SOMA & AXON
DENDRITES collect data (excitatory & inhibitory synapses on dendritic shafts,

excitatory on spines) & provide a substrate for use-dependent modification of synaptic
activity (plasticity). SOMA integrates inputs from dendrites, manufactures metabolic,
cytoskeletal & membrane proteins and responds to use (levels of activity) by regulating
RNA synthesis. AXON provides final decision point for neuron (axon hillock) to fire an
Action Potential (AP) or not. AP signal is faithfully transmitted to the axon terminal to
synapse on a target cell (postsynaptic neuron or muscle). When the axonal AP is
initiated a Na+ back propagated dendritic plateau potential (BAP) is generated as well.

Fig 4-2. “Modern” Pyramidal Cell
Activation Movie (Compare this movie

to Fig1-26_Video found in Chapter 1).
Simultaneous depolarizing inputs to a
number of synaptic spines on many
branches of the dendritic tree (orange
glows) produces a spatiotemporal
integration of EPSPs. An Action
Potential (AP) is initiated at the axon
hillock at the base of the pyramid due to
suprathreshold depolarization of the
cell. AP is propagated along myelinated
axon in a saltatory fashion (bright
flashes). A Na+ plateau action potential
that travels back through the dendritic

tree (BAP) is illustrated as well (gec). GO TO: gmomm.pitt.edu Fig4-2 Video
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Axo-axonic synapses may provide a final arbitrator of signal transmission. Such axo-
axonic synapses alter release of neurotransmitter from synaptic axon terminals. The
effect may be excitatory or inhibitory.

SYNAPSE ULTRASTRUCTURE: ANATOMY OF
NEUROTRANSMISSION.

Currently the only way to see the ultrastructural details of a synapse is by electron
microscopy of fixed tissue (see Panel A Ultrastructural Elements of a Typical
Axospinous Synapse Figure 4-1). Stylized details of both presynaptic and postsynaptic
components are shown in the figure as they might be seen in an electron micrograph.
Note the presence of ribosomes and endoplasmic reticulum at the base of the synaptic
spine; such organelles are thought to be involved in local production of certain proteins.

Recent methodology provides a dynamic view of synaptic changes related to use-
dependent mechanisms of plasticity. Two-photon microscopy of living neurons
combined with laser activation of caged glutamate reveals individual synapses made
visible by fluorescent dye labeled proteins, e.g., Green Fluorescent Protein (GFP) Actin.
Actin is one of the components of the cytoskeletal flament web that provides mobility
and stability to the synaptic elements. Glutamate is a common neurotransmitter
released from synaptic vesicles at an excitatory axospinous synapse. Play Caged
Glutamate movie: see references at end of movie.

» . ; _ Fig 4-3. Caged Glutamate:
Blue Particles = Caged Glutamate | pcpoiarization of Dendritic Spines

Note Spine Motion & Change in Animation Movie. Note the dendritic

: spine motion for all but the largest of
Sh‘p. Due to L&\" Activation | re spine heads; (gec). (LARGE
~ £ MOVIE-BE PATIENT.) GO TO: gmomm.

pitt.edu Fig4-3_ Video

DENDRITIC SPINE
MOTILITY: MOBILIZING

i SPINES AND GROWING
oL | MUSHROOMS

Neurons fixed and stained on a slide
look lifeless under the microscope.
However, in living tissue, neurites, dendrites in particular, are anything but static lifeless
processes. Recent technology allows scientists to image living neurons in-vitro and in-
vivo. Using markers for glutamate, dynamic actin, or other key elements found at
dendritic spines plus two-photon confocal microscopy, high resolution images can be
obtained from these living synaptic sites over periods of seconds to weeks or longer.
Actin and other cytoskeletal proteins are found in dendrites and dynamic actin appears
to be highly concentrated in dendritic spines where excitatory synapses are found.
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Dynamic actin is thought to be responsible for rapid motility where dendritic spines: A.)
“wiggle,” B.) appear (synaptogenesis) or disappear (synapse elimination); C.) grow in
size and alter their glutamate receptor types in the postsynaptic density of the spine.
Dynamic but not static actin responds to changes in levels of glutamate, levels of Ca++
and levels of certain neurotrophins. D.) The least mobile spines are big spines (“stubby”
or “mushroom” spines) that may remain stable for months to years (long-term
memory?). Synapse formation & stability of big spine synapses is enhanced by
transsynaptic protein bridges. It has been estimated that about 50-60% of a neuron's
dendritic spines are big, stable spines, e.g. see Abraham, 2008; Bourne & Harris, 2007;
Dunaevsky & Mason, 2003; Fischer, et.al., 1998; Halpain, 2000; Kasai, et.al., 2003;
Koleske, 2013; Song & Huganir, 2002; Star, et.al., 2002; Tada & Sheng, 2006;
Trachtenberg, et.al., 2002; Yuste & Bonhoeffer, 2001. Smaller mobile spines may be
lost to a greater extent than larger spines in certain portions of the prefrontal cortex with
aging. Such loss may be associated with reduced ability to recruit/alter cognitive
network processing working memory, see: Morrison & Baxter, 2012; Peters, et.al., 2008.

SYNAPSE DYNAMICS & SYNAPTIC PLASTICITY rioirgn smalioq Procuctons,Inc: Copyrignt 2013

DENDRITIC SPINE MOTILITY: MOBILIZING SPINES AND GROWING MUSHROOMS

Neurons fixed and stained on a slide look lifeless under the microscope. However, in living tissue,
neurites, dendrites in particular, are anything but static lifeless processes. Recent technology
allows scientists to image living neurons in-vitro and in-vivo. Using markers for glutamate, dynamic
actin, or other key elements found at dendritic spines plus two-photon confocal microscopy, high
resolution images can be obtained from these living synaptic sites over periods of seconds to
weeks or longer. Actin and other cytoskeletal proteins are found in dendrites and dynamic actin
appears to be highly concentrated in dendritic spines where excitatory synapses are found.
Dynamic actin is thought to be responsible for rapid motility where dendritic spines: A. "wiggle"; B.
appear (synaptogenesis) or disappear (synapse elimination); C. grow in size and alter their
glutamate receptor types in the postsynaptic density of the spine. Dynamic but not static actin
responds to changes in levels of glutamate, levels of Ca*+and levels of certain neurotrophins. The
least mobile spines are big spines ("stubby" or "mushroom" spines) that may remain stable for
months to years (long-term memory?). Synapse formation & stability of big spine synapses is
enhanced by trans-synaptic protein bridges. It has been estimated that about 50-60% of a neuron's
dendritic spines are big, stable spines.

L 2 3. + 2
SECONDS MINUTES HOURS DAYS WEEKS MONTHS YEARS
CLICK/TAP A NUMBER TO SEE VARIETY OF SPINE MOTILITY & GROWTH.

Fig 4-4. Dendrites in Motion Interactive Media File simulating dendritic motility, dendritic
spine growth and dendritic spine stability (gec). GO TO: gmomm.pitt.edu

Fig4-4 Interactive Media
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NEUROMUSCULAR SYNAPSE: SPECIAL CHOLINERGIC
EXCITATORY SYNAPSE IN SKELETAL MUSCLE

The Neuromuscular Junction (NMJ) is a special excitatory synapse. Unlike most
excitatory synapses in the CNS, the connection between an Alpha Motor Neuron in the
spinal cord and the target muscle fibers in the periphery provides a “guaranteed”
transmission of a signal to move. A Nerve Action Potential (NAP) produces a Muscle
Action Potential (MAP) by action of a chemical messenger passed between the nerve
and muscle. The chemical messenger at the NMJ is Acetylcholine (ACh). ACh is stored
in synaptic vesicles in the presynaptic axon terminal. A NAP causes the vesicles to bind
to the axon terminal and release ACh into the synaptic cleft. ACh receptors localized to
the NMJ on the muscle membrane bind the neurotransmitter. This chemically-gated
process opens ion channels in the nicotinic ACh receptor protein complex to allow Na+
and K+ ions to pass through the ion pore. The Na+ influx results in a large depolarization
that triggers the MAP. Under normal physiological conditions, the MAP always results in
a contraction of the innervated, unfatigued muscle fibers (motor unit contraction).
Acetylcholinesterase is an enzyme within the synaptic cleft that quickly inactivates the
ACh after it binds to the nicotinic receptors.

Fi 4-5.
NEUROMUSCULAR JUNCTION - MUSCLE ACTIVATION SEQUENCE | egu ro -
Motor Axon Action Potential depolarizes axon muscular
terminal. Voltage-gated Calcium channels open Junction- ACh
which causes release of Acetylcholine (ACh). unction:

" ACh binds to Nicotinic Receptors to produce Newuro-
alptha \ endplate potential. Sarcolemma is depolarized.| fransmission
neﬂrz.n \\ alpha Excitation-Contraction Coupling = Contraction.| for skel(ital

t ¢ - muscle
Soma in ,:‘ A?(o(: MA D VIEWIOF ENDPLATE contraction
Ventral L : ofox Axon Terminal- Voltage-Gated )
Horn : Caleium Channels (Green Marker) (gec). GO_TO-
eiine \ ! gmomm.pitt.
muscular filanxgnts edu Fig4-5
Junction S Video
(EndPlate Iean';(r::a;
Zon?.),-) - Nicotinic Acetylcholine | Voltage-Gated
e 3 Receptors (Red Marker) | Calcium (Ca+
Lm. g Note: Actual EndPlate Zone is larger | +) Channels
= v & more complex than illustrated here. can be
labeled by

binding w Conotoxin to these proteins genetically modified to express green fluorescent
protein. Nicotinic Acetylcholine (ACh) endplate receptors are labeled with alpha
Bungarotoxin (a powerful paralytic snake toxin) that binds specifically to the Nicotinic
ACh proteins. Alpha Bungarotoxin blocks the nicotinic ACh receptors. These receptor
proteins can be genetically modified to express red fluorescent protein. The following
animation simulates the sequence of events at an endplate zone in striated (skeletal)
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muscle. Note the mirroring of the Ca++ Channels in the alpha motor axon terminal
(location of synaptic vesicles filled with ACh) and the location of the nicotinic ACh
receptor proteins at the endplate zone on the muscle fiber sarcolemma in the magnified
view of the neuromuscular end-plate zone.

GRAY'S TYPE | ASYMMETRIC, TYPE Il SYMMETRIC & AXO-
AXONIC SYNAPSE

Ultrastructural detail of neurons and their processes at the sub-micron level are
revealed when viewed at the electron microscope level (~15,000-20,000x
maghnification). Cells must be stained with a heavy metal to make the proteins electron
dense. Synaptic ultrastructure at this level of magnification suggests a structural-
functional relationship between the presynaptic and postsynaptic components.

Gray's Type | Asymmetrical Excitatory Axospinous Synapse

Microtubules
Mitochondria

Microfilaments
a—— ~ Clathrin Coated
g Vesicles
Presynaptic Axon :
Terminal (Bouton) B | Round Synaptic
g 8 Vesicles (Glutamate)

Presynaptic Density

- ‘ (Active Zone)

Synaptic Cleft ~ 30 nm

Postsynaptic s R _
Postsynaptic

Dendritic
Spine Density

Microfilaments

200 nm (.2 pm)
Postsynaptic Dendrite

Fig 4-6. Gray’s Type | Synapse with an asymmetrical profile (excitatory synapse) (gec).
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A Type | Synapse (above) typically has an asymmetric profile (postsynaptic density
thicker than presynaptic density), has round vesicles presumably filled with glutamate
and a synaptic cleft of ~30 nanometer (nm). This synapse is an axospinous synapse
although the major elements would be found also at excitatory axodendritic synapses.

A Type Il Synapse (below) typically has a symmetric profile (postsynaptic and
presynaptic densities have similar thickness), has pleomorphic vesicles presumably
filled with GABA and a synaptic cleft of ~20 nm. Shown in the figure is an inhibitory
axosomatic symmetric synapse i.e., the presynaptic axon terminal synapses on the
soma of the postsynaptic cell. Axodendritic or axo-axonic inhibitory synapses have
similar ultrastructural morphologies.

Gray’s Type || Symmetrical Inhibitory Axosomatic Synapse

Presynaptic Axon

Terminal (Bouton) Microfilaments

w\ Mitochondria

o \Lf Mlc rotubules
‘s

L f R ———— Clathm\ Coated Vesicle

M
% - Pleomorphic Synaptic

Vesicles (GABA)

Presynaptic Density
(Active Zone)

Postsynaptic Density

L Synaptic Cleft ~ 20 nm
— Microfilaments
Postsynaptic
Neuron Soma 200 nm (.2 um)

Fig 4-7. Gray’s Type Il Symmetrical Inhibitory Axosomatic Synapse (gec).
Axo-axonic synapses provide a potential final arbitrator of signal transmission.
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Such axo-axonic synapses alter release of neurotransmitter from the postsynaptic
axon terminals due to the release of neurotransmitter from the presynaptic axon
terminal. The effect could be either excitatory or inhibitory depending upon the
neurotransmitter released by the presynaptic axon terminal and/or the ion channel
involved in the postsynaptic receptor complex. The unique axo-axonic synapse shown
in the Axoaxonic Synapse Gray’s Type | synapse on Gray’s Type Il Axon Terminal-
Excitation of an Inhibitory Synapse by Direct Contact figure is an example where the
glutamatergic axo-axonic synapse depolarizes an GABAergic axon terminal that, in turn,
inhibits a postsynaptic soma by way of its axosomatic inhibitory synapse. Thus,
inhibition may occur due to a depolarizing influence of a glutamatergic axo-axonic
synapse directly on a GABAergic axon bouton even though the GABAergic neuron did
not fire an action potential, e.g., see Szabadics, et.al., 2006. Presynaptic inhibition will
be considered in later chapters.

Axoaxonic Synapse: Type | Asymmetric Excitatory Axon
Terminal to Type || Symmetric Inhibitory Axon Terminal

Type Il Inhibitory Presynaptic
Axon Terminal (Bouton) s S
/ Microfilaments
v; Mitochondria
- & Microtubules
?.;I ;p /) — Clathrin Coated Vesicle

Pleomorphic Synaptic

L' ;
oy ? _ Vesicles (GABA)
. ‘ Presynaptic Density
(Active Zone)
Postsynaptic Density
——— IR Round Synaptic
- Vesicles (Glutamate)
Type | Excitatory Presynaptic
Postsynaptic Axon Terminal (Bouton)

Neuron Soma
200 nm (.2 pm)

Fig 4-8. Axoaxonic Synapse Gray’s Type | synapse on Gray’s Type Il Axon Terminal-
Excitation of an Inhibitory Synapse by Direct Contact (gec).

174 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



FAST INCREASED CONDUCTANCE IONOTROPIC SYNAPTIC

EVENTS.

The following flash animation shows a simulated sequence of events at a typical
fast, ionotropic axospinous excitatory (glutamate) synapse. The EPSP in this example is
due to activation of alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
glutamate receptors only. There is no attempt to show actual quantal release events.

EXCITATORY SYNAPSE SEQUENCE OF EVENTS e st et o

This -20 Glutaminergic Presynaptic
animation AMPA Only Axon Terminal
h th Receptor
shows the ‘ Activation Mg blocks NMDA
sequence of -60f +20 ion channel

eventsata &g .70 Hmn
typical fast, \
ionotropic
axospinous
excitatory
(glutamate) Glial Neurotransmitter
synapse. Sink
The EPSP in
this example
is due to
activation of
only AMPA
glutamate
receptors.

CLICK/TAP STEP BUTTON TO BEGIN 0 step

(gate closed)

MgH-
bound to
voltage
sensitive
gate

NMDA
Receptor

Active AMPA
Receptors =P

Click/Tap step to see key events in stepwise fashion; events explained as they unfold.

Fig 4-9.
Synapse

Sequence
Interactive
Media File
(gec). GO
T O :
gmomm.
pitt.edu

active
Media

T h e
Synapse
Sequence
Interactive
Flash

Animation allows you to step through the sequence of events from action potential
invading presynaptic terminal to re-sequestration of neurotransmitter as the Excitatory
PostSynaptic Potential (EPSP) decays. Follow the typical presynaptic and postsynaptic

action on a STEP by STEP basis.

- STEP 1: Action Potential Invades and Depolarizes Presynaptic Axon Terminal.

- STEP 2: Voltage-Gated Cat*+ Channel Opens & Ca*+ Enters Presynaptic Axon

terminal.

- STEP 3: Cat++ Activates Release of Neurotransmitter (Glutamate): Vesicles Move to
Active Zone Docking Proteins, Fuse With Membrane, Open and Release Glutamate
Into Synaptic Cleft. Vesicles then rapidly detach (“Kiss and Run”) from membrane.

- STEP 4: Glutamate Binds to Glutamate Receptors (AMPA) in Postsynaptic
Membrane; this results in a conformational change so that an lon Channel Opens;

Presynaptic Axon Terminal Repolarizes.
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- STEP 5: Postsynaptic Membrane is Depolarized due to Influx of Na+ Through the
Open lon Channel in the AMPA Receptor Complex. Empty Synaptic Vesicles in the
Presynaptic Axon Terminal are coated with a protein (Clathrin) to be recycled. Vesicle
Cycling shown here is rapid, termed “Kiss and Run”. Other synapses may use slower
detachment vesicle cycling, which | guess should be termed “Stay and Flirt”.

-« STEP 6: Membrane Depolarization Produces an Excitatory Postsynaptic Potential
(EPSP) that is a graded, local potential lasting ~10-100 msec. The EPSP may decay
over distance & time or it may sum with other EPSPs to generate a propagated
dendritic potential.

- STEP 7: EPSP Decays and Postsynaptic Membrane Repolarizes; Active Glutamate

Reuptake Occurs in Presynaptic Axon Terminal (ATP Required), and Glutamate is Re-
Sequestered from the glial (astrocyte) glutamate “sink”.

EPSPs: AMPA & NMDA GLUTAMATE RECEPTORS
AMPA RECEPTOR ONLY ACTIVATION

AMPA receptors produce a small to large EPSP with a time course lasting tens of
msec to 100 msec in duration. AMPA receptors are the common “generic” glutamate
receptors found in virtually all mature (non-silent) excitatory postsynaptic membranes.

GLUTAMATERGIC AXOSPINOUS SYNAPSE

Presynaptic Fast, Increased-Conductance, Presynaptic

Potentiat .20 lonotropic, AMPA only Axon
Activation- Small EPSP Terminal
‘Kiss & Run’ .
20 Synaptic Vesicle Microtubules Voltage-
Cycling is Simulated Mitochondria Gated
+40 Ca**

Synaptic Vesicle
Active Zone Do Proteins

Fump -

Channel

v=Cl
U= Glutamate
Postsynaptic -

-20 - Receptorsf e

_/\ Inactive

Potential

+20 Small EPSP

-60 2
Ec:;‘() Hy;;;:rpolanz;on AP “Casual Use” - RecNe':tDOAr
Ex-80\ Membrane +40 Post§¥napt!c g** Blocks
Dendritic Spine lon Channel

Fig 4-10. AMPA Receptor Only Activation Movie: Small EPSP (gec). The AMPA
Receptor Only Activation Movie simulates a typical axospinous synapse where only

AMPA glutamate receptors are activated. GO TO: gmomm.pitt.edu Fig4-10 Video
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The AMPA Receptor Only Activation Movie simulates a typical axospinous synapse
where only AMPA glutamate receptors are activated. A N-methyl-d-aspartate (NMDA)
glutamate receptor s illustrated in addition to the AMPA receptors. A greater
depolarization of the postsynaptic membrane is required to eject the Mg+t ions that
normally block the NMDA receptor's ion pore. Thus, the NMDA receptor will not be a
player unless glutamate binds to the NMDA receptor complex AND the postsynaptic
membrane is sufficiently depolarized to eject the Mg++ (see below).

AMPA + NMDA RECEPTOR DEPOLARIZING INFLUENCES:

CALCIUM INFLUX

lonotropic Phosphorylated “Super” AMPA and the NMDA Glutamate Receptors may
be activated together. The postsynaptic membrane must be sufficiently depolarized to
eject the Mg++ ions that normally block the NMDA receptor's ion pore to allow ions to
pass through. Thus, the NMDA receptor is active ONLY if glutamate binds to the NMDA
receptor complex AND the postsynaptic membrane is sufficiently depolarized. The
NMDA receptor depolarizing potential prolongs the EPSP duration and the open NMDA
ion pore allows for influx of both Na+ and Ca++ ions. Phosphorylated AMPA receptors
are typically found in synapses that have a significant history of use. The EPSP will be
larger (super AMPA) and often will have a longer duration due to slower time course of
NMDA receptor activation.

GLUTAMATERGIC AXOSPINOUS SYNAPSE .
Presynaptic Potentiated Synapse: Recent Presynaptic
Potential -20 Hlstory of Repeated Activation Axon

h AMPA + NMDA= Big EPSP Terminal
‘Kiss & Run’ Synapt
+20 :svsesm:ncyc);ir:)a: - Microtubules d Vg‘;?g;'

ca++
+40 Synaptic Vesicle hannels

AR is Simulated Mitochondria 5
Active Zone Dockir yteing =

© = Glutamate

Postsynaptic ™
Potential -20
-40

N ) 18]
Calmoduiin

-60
Ca**/Calmodulin

ot Activation of Metabolic & 4 NMDA
Ex -80 \ pr‘em?a, ot *40 Postsynaptic tructural Protei Receptor
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The AMPA+NMDA Receptor Activation Movie: Big EPSP animates the sequence of
events. Sodium (Na+) and Calcium (Ca++) ion influx through the NMDA receptor ion pore
provides a longer duration EPSP. Importantly, Ca++ is a regulatory signal for second
messenger activation of protein production in the postsynaptic dendritic spine.

GABA RECEPTOR ACTIVATION: A CALMING INFLUENCE ON
EXCITABLE CELLS

Mature GABA receptors hyperpolarize the cell membrane or shunt depolarizing
currents (clamp membrane potential). GABA receptors are responsible for Inhibitory
Postsynaptic Potentials (IPSPs). IPSPs suppress neuronal firing. The Axosomatic
GABAA Receptor Activation Movie shows the sequence of events at a typical mature
GABAergic (GABAA) Synapse. GABA is released from synaptic vesicles into the
synaptic cleft and binds to GABA receptors producing a conformational change in its ion
channel so that CI- rushes into the postsynaptic cell. The IPSP produces a
hyperpolarization and tends to 'clamp' the membrane close to the CI- equilibrium
potential (-70 mV). Another type of GABA receptor the GABAB receptor is often found at
axo-axonic inhibitory synapses. The hyperpolarizing current is due to an efflux of K+
ions through the ion pore of the GABAB receptor. The simulation shows activation of
postsynaptic GABAA receptors.

GABA INHIBITORY AXOSOMATIC SYNAPSE
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Fig 4-12. Axosomatic GABAA Receptor Activation: IPSP (gec). GO TO: gmomm.pitt.
edu Fig4-12 Video
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AMPA-NMDA LEARN!

Small mobile spine heads have both AMPA & NMDA receptors that may be activated
by Glutamate released by the presynaptic axon terminal (not shown in the animation). If
sufficiently depolarized in a repeated fashion, Ca++ enters through open ion channels of
NMDA receptors and/or through voltage-gated Ca++ channels in the postsynaptic
membrane. A rise in Intracellular Ca++ activates a number of second messenger
systems that, in turn, alter membrane-bound and intracellular proteins. The spine head
contains dynamic ultrastructural proteins that may change the size and shape of the
spine head. In addition, increasing numbers of AMPA receptors may be inserted in the
membrane and more membrane-bound AMPA receptors are phosphorylated increasing
their efficacy (increased ion transfer). These events lead to a larger spine head, LTP, a
larger EPSP and may be correlated with learning at the synaptic level (plasticity). Mobile
synaptic spines have been likened to write-enabled data accumulators (RAM memory).

Big Stabilized Spine Heads have large numbers of AMPA receptors but few active
NMDA receptors. Internal cytoskeletal 'scaffolding' proteins are stabilized and the large
spine seems to be relatively immune to fluctuating levels of Ca++ and retains its shape
and size over long periods of time. Large stabilized spine heads have been termed
“‘mushroom” spines based on their typical shape. Trans-synaptic adhesion molecules
bridging pre- and post-synaptic membranes may stabilize the synapse. It has been
suggested that mushroom spines are structural sites for data storage (accumulated
memory) that may be write-protected, read-only memory (ROM).; e.g., see Kasai, et.al.,
2003; Bourne & Harris, 2007. Estimates suggest that about half of axospinous synapses
for a given neuron are mushroom head synapses although this is not a rigid ratio.

Fig 4-13. AMPA NMDA Learn Movie.

Sma_" Spine Head: Transition from small mobile to large
GR Mobile, Read/Write, stable dendritic spines. Bridge
LE Learning, NMDA & represents transynaptic proteins,
A C Ca++=LTP e.g. neurexins, neuroligins & N-
C $ E cadherin that provide structural
T naritic Spine Stabilization of big mature synapses
AP ¥ ¥ P (gec). GO TO: gmomm.pitt.edu
| MT XOSpinous Fiad-13 Vid

Vaol A Synapse G- laeo
E TR M Our ability to retain information as
ES e NMDA long-term memory may be
- dependent on the stability of big-
EPSP Duration headed spines (mushroom or stubby

spine heads). NMDA Receptors,
LTP, Ca*+ influx, second messenger cascades, metabotropic glutamate receptors and
neurotrophins have all been suggested to be elements that fertilize (grow and/or enrich)
mushroom spines. In addition, it may be the presence of a critical mass of trans-
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synaptic cell adhesion molecules such as neurexins/neuroligins turns out to be the
‘pband of gold” that forms the molecular basis of long-term relationships between
presynaptic and postsynaptic elements within networks that remember!

SMALL MOBILE SPINE: RANDOM ACCESS MEMORY (RAM)
“CASUAL USE” SPINE

Three movies below that simulate events as if viewed with increasing microscopic
magnification of the synaptic ultrastructure: something that in reality is not technically
possible at this time. Excitatory axospinous synapses on small, mobile dendritic spines
are typically non-potentiated synapses that have small EPSPs. The simulated sequence
of events begins with an Action Potential (AP) depolarizing the axon terminal that opens
the voltage-gated Ca++ channels. Influx of Cat+ activates release of glutamate (Gilu)
from some of the vesicles into the synaptic cleft. Ca++ controls movement of 2 of 4
vesicles to the presynaptic density where the vesicles dock (active zone), fuse with the
presynaptic membrane and open into the synaptic cleft. Glu binds to 2 AMPA receptors
in the postsynaptic density (PSD) of the dendritic spine causing a deformation of the
protein complex and influx of Na+ into the spine. NMDA receptors are not sufficiently
depolarized to remove the Mg++ block of the NMDA ion channel. The resulting small
local depolarization (EPSP) excites the spine head. When used infrequently (casual
use) the small EPSP must combine with many other EPSPs to depolarize the
postsynaptic cell's soma & axon hillock to send a signal (AP) on to other locations. The
small, mobile spine may represent volatile RAM data, e.g., see Yuste & Bonhoeffer,
2001; Kasai, et.al., 2003; Bourne & Harris, 2007.

Fig 4-14. Axospinous
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Repeated use of a Glutamatergic (Glu) axospinous synapse will alter the structure
and function of the synapse. This animation shows increased depolarization of the
postsynaptic membrane when presynaptic Action Potentials maintain a high level of
depolarization. The large influx of Ca++ moves all 4 vesicles to the presynaptic density
where the vesicles dock (active zone), fuse with the presynaptic membrane and
releases Glu into the synaptic cleft. Glu binds to AMPA receptors in the postsynaptic
density (PSD) of the dendritic spine causing a deformation of the protein complex and
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influx of Na+ into the spine. NMDA receptors are sufficiently depolarized to remove the
Mg++ block of the NMDA ion channel so that both Na+ & Ca++ ions enter the
postsynaptic spine. NMDA activation potentiates the postsynaptic spine (Big EPSP).
Calcium influx activates: 1.) phosphorylation of AMPA receptors to increase their
efficacy, 2.) Calmodulin (CAM) to alter ultrastructural proteins to grow the spine head
(Actin + other ultrastructural Proteins) and 3.) insertion of additional AMPA receptors into
the PSD. Transforming Small Mobile Dendritic Spines to Large Stable “Mushroom” or
“Stubby” Spines is thought to be a structural basis for long-term memory at the synaptic
level. Thus, when learning, cell-cell interactions grow to form a big spine head that once
stabilized may represent “read only,” and “write protected” (ROM) data: remember!, e.g.,

see Yuste and Bonhoeffer, 2001; Kasai, et.al., 2003; Bourne and Harris, 2007.
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Following induction of Long-Term Potentiation (LTP) a Glutamatergic (Glu)
axospinous synapse is large and stable. This animation shows increased depolarization
of the postsynaptic membrane when presynaptic Action Potentials maintain a high level
of depolarization.
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Fig 4-15. Axospinous
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Synapse Grow” Movie:
AMPA + NMDA & Big EPSP
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edu Fig4-15_Video
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Fig 4-16. Axospinous
Synapse-“Big Spine Head”
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Fig4-16_Video

The large influx of Cat+
moves all 4 vesicles to the
presynaptic density where
the vesicles dock (active
zone), fuse with the

presynaptic membrane and releases Glu into the synaptic cleft. Glu binds to multiple
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phosphorylated AMPA receptors in the postsynaptic density (PSD) of the dendritic spine
causing a deformation of the protein complex and a large influx of Na+ into the spine.
NMDA receptors are removed from the PSD and no longer provide a source of
modulation of the spine. Morphological changes of spine & axon terminal are stabilized
by transynaptic adhesion “bridge” proteins linking pre- and post-synaptic elements, see:
Yuste & Bonhoeffer, 2001; Kasai, et.al., 2003; Bourne & Harris, 2007.

SPATIO-TEMPORAL SYNAPTIC INTEGRATION

Each neuron is contacted by many other axon terminations from multiple cells.
Thousands to hundreds of thousands of synaptic contacts together provide a
mechanism for “analog” processing of excitatory and inhibitory influences. If the soma
and axon hillock of this postsynaptic cell is depolarized above threshold then the neuron
will emit a “digital” signature to other cells if inhibitory inputs do not nullify these
excitatory influences. EPSPs are small depolarizing potentials that individually are
inadequate to depolarize the CNS neuron’s membrane to threshold for generation of an
AP; many EPSPs must sum to create an AP. Summation may occur within both a spatial
domain and a temporal domain. In reality summation is usually some combination: a
spatiotemporal summation of EPSPs arriving at the cell at about the same time. Often
the most effective excitatory drive is one where there is a synchronous convergent input
from one or more presynaptic sources. Therefore, network properties that tend to
synchronize the activity of groups of neurons will enhance the integrative nature of the
neurons participating in the neural processing (integrate & fire) and provide additional
temporal information (correlated discharge). Axospinous synapses are most often
excitatory. Many axospinous postsynaptic membranes include both NMDA and non-
NMDA (AMPA or Kainate) lonotropic Glutamate Receptor Types plus Metabotropic
Glutamate Receptors, each of which has a different postsynaptic membrane effect.

Six simulations show different types of spatiotemporal synaptic integration from
multiple presynaptic sources to a single postsynaptic pyramidal cell. Most inputs are
excitatory but inhibitory inputs provide important modulation of depolarizing inputs. See
membrane potential changes within different compartments of the neuron. Five
membrane potential meters illustrate membrane potential changes measured by patch
microelectrodes at five different locations along the neuron’s membrane: 1) distal apical
dendrite, 2) mid-apical dendrite, 3) proximal basal dendrite, 4) soma, 5) axon. All
simulations are shown in slow motion. The first three movies show different spatio-
temporal integration of excitatory inputs only. The last three illustrate the effects of
inhibitory inputs to three different locations as GABAergic modulation of the depolarizing
inputs. Replay movies several times to attend to all of the events at different locations
along the dendrites, at the soma, at the axon hillock and along the axon of the simulated
pyramidal cell. Note the back propagated dendritic plateau action potential (BAP) when
the axon hillock is depolarized above threshold to initiate an axonal AP. The BAP may or
may not invade the distal dendritic tuft arbor.

182 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7



Distal Apical 20
Dendriticyy
Shaft

SPATIOTEMPORAL ¢
SYNAPTIC i
INTEGRATION

«20
=@l = Excitatory Presynaé Input g A~ My . Y ro
@& = Inhibitory Presynaptic Input .

/A‘f = Synaptic Activation Mid-Apical 20
# = Axonal Action Potential (AP) Dendritic-40 '

SUBTHRESHOLD, e N\ "
ASYNCHRONOUS > S N

SPATIOTEMPORAL SR ..
SYNAPTIC INTEGRATIO S Wotion Proximal

Basal
~ Dendrite

Action Potential
Threshold

Fig 4-17. Spatiotemporal integration of asynchronous subthreshold EPSP inputs: No AP
(gec). GO TO: gmomm.pitt.edu Fig4-17 Video

Distal Apical 20

SPATIOTEMPORAL ¢ AR =

SYNAPTIC Shaft
INTEGRATION &
@l = Excitatory Prosyna& Input_g '::‘-‘-po« o

——@ = Inhibitory Presynaptic Input

/A"t = Synaptic Activation Mid-Apical
# = Axonal Action Potential (AP) D‘;‘:a'f‘:‘c“‘_,—f—
SUPRATHRESHOLD, /\_‘ off -
ASYNCHRONOUS o\
i ~30 +40

SPATIOTEMPORAL T
SYNARTIC INTEGRATION

Proximal
Basal 49

Dendrite /5%

o

agated
teml

¢

Dendritic

P F=Tack Pro

Action Potential
» Threshold

Fig 4-18. “Slow-fuse/ Integrate & Fire” asynchronous supra-threshold EPSP inputs = AP
(gec). GO TO: gmomm.pitt.edu Fig4-18 Video

183 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7


http://gmomm.pitt.edu/SynIntegrateAsynchSubaed.mp4
http://gmomm.pitt.edu/SynIntegrateAsynchAPaed.mp4

Distal Apical

SPATIOTEMPORAL ¢

SYNAPTIC = Dendritice o
INTEGRATION : -
@l = Excitatory Presynaé Input g A o\ - a e

——@& = |Inhibitory Presynaptic Input

/A% = Synaptic Activation Mid-Apical 20
# = Axonal Action Potential (AP) & OOSB:;":W-“,»
SUPRATHRESHOLD, £= of
SYNCHRONOUS S5 R T
SPATIOTEMPORAL | ©|Events Simulated
SYNAPRTIC INTEGRATION | 52| ™ Slow Motion @ @ el
*2 Basal .49
@

Dendrite /s

Action Potential
» Threshold

Fig 4-19. “Quick-Fire/ Coincidence Detection” synchronous EPSP inputs= AP (gec). GO
TO: gmomm.pitt.edu Fig4-19 Video

Distal Apical
Dendriti

SPATIOTEMPORAL ¢
SYNAPTIC
INTEGRATION

@l = Excitatory Prosyna4 Input g
——& = Inhibitory Presynaptic Input
/A}. = Synaptic Activation

Mid-Apical

# = Axonal Action Potential (AP) °°s“hd;,‘:‘°'“

ASYNCHRONOUS | o ) O

EXCITATION + = . = )
SHUNTING INHIBITION 7 NN e
‘ Events Simulated

SUBTHRESHOLD ated,
SYNAPTIC INTEGRATION SR N Basal w

/ l };{;ﬁ}\l“ B

~ Soma g

Action Potential
Threshold

Membrane
Potential (mV)

Fig 4-20. GABA Inhibition of Distal Dendrite Depolarization- Shunting Inhibition (gec). GO
TO: gmomm.pitt.edu Fig4-20 Video

184 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7


http://gmomm.pitt.edu/SynIntegrateSynchAPaed.mp4
http://gmomm.pitt.edu/SynIntegrateShuntInhibaed.mp4

Distal Apical 20
Dendriticyy -
Shaft /oo

SPATIOTEMPORAL ¢
SYNAPTIC R,
INTEGRATION

-20
w—) = Excitatory Prosyna4 Input.g S <o
—& = Inhibitory Presynaptic Input :
/,‘% = Synaptic Activation

# = Axonal Action Potential (AP)

Mid-Apical
Dendritic-40

SYNCHRONOUS
EXCITATION + SOMA
INHIBITION (e.g. Basket Cel levents Simulated
“SOUNDS OF SILENCE” R e

Basal
Dondrlto‘. .

Action Potential
: Threshold

Fig 4-21. Powerful GABA Inhibition of Soma: Sounds of Silence (gec). GO TO: gmomm.
pittedu Fig4-21_Video

Distal Apical 20

SPATIOTEMPORAL ¢ ok sl

SYNAPTIC = Shaft
INTEGRATION v -
gl = Excitatory Prosyna4 Input. g R > o R

—@& = Inhibitory Presynaptic Input
4,":. = Synaptic Activation

# = Axonal Action Potential (AP)

Mid-Apical
Dendritic-40_~==

SYNCHRONOUS /N ,
EXCITATION + AXON R
HILLOCK INHIBITION Tlevents Simulated

(e.g.Chandelier Cell) in-Slow Motion T
“CEASE & DESIST” oo

Dendrite

Action Potential
s Threshold

Fig 4-22. GABA Inhibition of Axon Hillock: Chandelier Cell Cease & Desist Order (gec).
GO TO: gmomm.pitt.edu Fig4-22 Video

185 of 820 Gray Matter On My Mind- Brains Wired For Survival and Success®, George E.
Carvell, PhD, PT University of Pittsburgh, Copyright 1999-2020 elISBN-978-0-578-29958-7


http://gmomm.pitt.edu/SynIntegrateSomaInhibaed.mp4
http://gmomm.pitt.edu/SynIntegrateAxonHillockInhibaed.mp4

GABAergic inhibition of the neuron’s soma produced profound inhibition of the cell
such that initiation of an action potential is effectively prohibited.

A “Cease and Desist” Order may be issued by a Chandelier Cell’'s GABAergic axo-
axonic synapse on the axon hillock of a Pyramidal Cell: a powerful control mechanism.

GABA INHIBITION KEEPS OUR EXCITABLE BRAINS
CIVILIZED

Optical Imaging of voltage-sensitive dyes using an in-vitro thalamocortical slice
preparation allows one to visualize the global synaptic activity (EPSPs) of many
neurons across a prolonged time course. Such global activity cannot be measured with
a single microelectrode. Thalamocortical afferents are stimulated to activate the cortical
cells. A low concentration (2 yM) of a GABA antagonist bicuculline (BIC) increases the
amplitude of the optical signals, while a higher dose (5 yM) of BIC induces a highly
abnormal paroxysmal activity that spreads vertically and horizontally by way of
excitatory pathways (seizure-like activity); nACSF = normal ionic Atrtificial Cerebrospinal
Fluid that bathes and nourishes the brain slice. BIC is added to the bath. When you play
the movie note two waves of spreading excitation after adding 5 yM of BIC to the bath.
Such abnormal excitability following a single extrinsic stimulus suggests activation of a
reverberating circuit within the cortex unleashed by blocking GABA, see Laaris et.al.,
2000. Inhibitory synapses have a key role in controlling levels of neuronal excitability.

Fig 4-23. GABA
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Neuronal activity
be measured at
the cellular,
metabolic level.
Glucose is the
major source of energy for neurons. Radioactively labeled glucose: 2-Deoxyglucose
(2DG) can be measured at the level of single cells in the brain. If a rat explores its
environment, its brain will “light-up” in those areas that are most metabolically active.
One such area is the whisker representation in the somatosensory “barrel” cortex of
rodents. Rodents use their whiskers to explore & engage their environment. When 2DG
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label is quantified, data show that the most active neurons are GABAergic (inhibitory
neurons) in the barrel cortex see: Laaris, et.al., 2000. Although inhibitory neurons
represent only a small fraction of the total number of cortical neurons, the few (but
typically very active) inhibitory cells provide a necessary control to reduce the total
excitatory activity in the brain: a critical factor to prevent circuit overload leading to a
“brownout,” “blackout” or worse in the brain, e.g., see McCasland & Hibbard, 1997;
DeFelipe, 1999; Laaris et.al., 2000; Halder, et.al., 2006.

GABA MAY ENTICE VERY YOUNG NEURONS TO DEVELOP
EXCITATORY CONNECTIONS

The prenatal and early postnatal brain is a beehive of activity. Early in prenatal life
precocious neural tube and neural crest cells are replicating and some are forming
appropriate connections with targets in the periphery or within the developing CNS.
Most of these cells will define themselves as either neurons or glial cells while a minority
may put off such a decision and remain as neural stem cells in a few regions of the
developing brain even into adulthood. Some cells will not match with an appropriate
target and undergo naturally occurring cell death (apoptosis). Patterns of cell migration
and pathway development continue within the prenatal and early postnatal period.
During postnatal development, cells may decide early what they will be when they grow
up while others put off this decision until greater experience with the outside world is
obtained.

DEVELOPING CEREBRAL CORTEX: GABA MATCH-MAKER
FOR MOBILIZING SPINES & GROWING MUSHROOMS
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GLUTAMATE CELLS FIND THEIR VOICES

Development of
synaptic connectivity is intense in the young brain. Many genetic, molecular and activity-
dependent cues appear to be important in creating, eliminating or stabilizing synaptic
connections. This appears to be a “mutual admiration society” where some level of
consensus is reached between the presynaptic and postsynaptic neuron. This “mating”
may be dependent upon chemical cues alone or in many cases the match requires
some more work as patterns of neural activity (Hebbian). Some of these relationships
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do not last and the synapse is eliminated while others go on to a more permanent bond
as a secure synaptic “marriage.” One of the most common types of synapses in the
cerebral cortex is the glutamatergic axospinous synapse (axon bouton to dendritic
spine). Most dendritic spines start out as filopodia. If “Mr. Right’ axon bouton meets the
filopodia, trans-synaptic adhesions form, pre-synaptic and post-synaptic densities form
and NMDA (but not AMPA) receptors are active. However, such nascent synapses are
called “silent synapses” since the NMDA receptor requires not only glutamate binding
but depolarization of the post-synaptic membrane to open the ion channel. One
mechanism proposed to depolarize the post-synaptic membrane in the immature brain
is GABAA receptor activation. Immature neurons are said to have a CI- gradient that
unlike mature neurons supports depolarization not hyperpolarization of the membrane.
Increased Ca++ conductance by way of NMDA receptors may then activate AMPA
receptor insertion so the synapse is no longer silent, see Ben-Ari, 2002; Ganguly, et.al.,
2001; Luhmann, et.al., 2014.

Initially, GABA neurons may be the “match-makers” for budding excitatory synapses.
Once the postsynaptic GABAergic cell matures the ClI- gradient changes and an inward
CI- conductance produces hyperpolarization. GABA neurons now become the “mature”
constraining influence on highly excitable cells (recess is over, time to study).

HEBB, BIOCHEMISTRY, SYNAPSE MORPHOLOGY, ACTIVITY-
DEPENDENT SYNAPTIC PLASTICITY

The ability of the brain to operate in a normal fashion depends upon a balanced level
of electrical and chemical signaling among many neurons connected within regulated
networks. Our brains contain sophisticated chemical laboratories that attempt to
maintain a balance of potentially volatile biochemical reactions. Early twentieth century
studies showed that communication between neurons requires synapses with
chemically-gated receptors. Recent research suggests a more diverse and complicated
interaction among neurons utilizing both autocrine and paracrine chemical messengers
having both short-term & long-term effects on individual cells and cell assemblies.
Inspired by Lorente De No’s (1938), drawings of synaptic “knobs”, (axonal terminal
swellings), D. O. Hebb (1949) hypothesized that repeated use of a synapse will grow
the relationship between activity-coupled cells. The concept of a Hebbian synapse has
become a springboard for revolutionary research on the synaptic & molecular bases of
learning and memory. In-vitro methods to study neurons in culture or in brain slices and
in-vivo recordings of whole cell (soma) and dendritic potentials show rapid changes that
may potentiate or depress synapses. Neurotrophins provide “permissive” or “instructive”
roles in maintaining or growing activity-dependent neuronal relationships. Activity may
be specific to synapses and/or to the overall activity of the organism (e.g., exercise may
influence certain neurotrophin levels). Growing evidence suggests "neurons that play
(fire) together stay (wire) together."; e.g., see Bliss and Lomo, 1973; Bi and Poo, 2001;
Greenough, 1988; Hebb, 1949; Shatz, 1990, 1992; Narayanan & Johnston, 2007.
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INDUCTION OF LONG TERM POTENTIATION (LTP) AND
SYNAPTIC PLASTICITY

Following a brief period of intense activation (kindling), some glutamatergic
excitatory synapses display a long-lasting (hours to days) potentiation of subsequent
individual EPSPs. This is called long-term potentiation (LTP), e.g., see Bliss & Lomo,
1973; Yuste & Bonhoeffer,2001; Zucker & Regehr, 2002; Dan & Poo, 2004; Malenka &
Bear, 2004.

Fig 4-25. Molecular structure of the glutamate
agonist N-Methyl-D-Aspartate (NMDA). C= Carbon,
H= Hydrogen, N= Nitrogen, O= Oxygen (gec).

LTP is one mechanism to enhance synaptic
transmission and may be responsible for structural
alterations that strengthen the synapse. These
changes occur in the postsynaptic membrane and
over time may alter the presynaptic axon terminal
as well. There is still debate regarding the
mechanism(s) responsible for LTP. One important
mechanism involves the special postsynaptic
NMDA glutamate receptor.

NMDA receptor protein complexes contain a Mg+*
ion that normally blocks the ion channel pore. With high, sustained depolarization AND
Glutamate or NMDA agonist binding, the voltage-sensitive Mg++ gate is opened. This
allows the passage of Na+, K+, and Ca++ ions. Influx of Ca++ results in a cascade of
events that alter metabolic and structural proteins in the postsynaptic membrane/cell.
Inactive AMPA receptors may be activated (phosphorylated?), and/or inserted into the
synaptic membrane. This provides a mechanism for greater depolarization (bigger
EPSP) that, in turn, activates the NMDA receptor with resultant Ca++ influx. Recent
research suggests that within certain regions of dendrites an NMDA plateau “spike” may
be generated given a sufficient concentration of activated NMDA receptors. This NMDA
plateau depolarization “propagates” with little or no time- and distance-decay of
depolarization typical of AMPA EPSPs: e.g., see Williams, 2004; Williams, et.al., 2007;
Rao & Finkbeiner, 2007; Major, et.al., 2013.

EARLY, LATE MORPHOLOGICAL CHANGES FOLLOWING
LTP INDUCTION: AXOSPINOUS ULTRASTRUCTURAL
ALTERATIONS

Activity/experience dependent plasticity may utilize this mechanism to produce
short- and long-term synaptic modifications. The link between high discharge rates of
presynaptic elements and enhanced EPSPs is an example of a Hebbian Synapse.
Current hypotheses favor this postsynaptic mechanism for LTP, but a presynaptic
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mechanism (increased presynaptic Ca++ influx & greater Glutamate release) also has
been suggested.

Fig 4-26. Axospinous Synapse Ultrastructural
Morphing Movie (gec). GO TO: gmomm.pitt.edu

Fig4-26_Video

Based upon electron microscopic (EM)
examination of dentate gyrus pyramidal neurons in
the hippocampus of rats there is evidence that an
alteration in the physical morphology of the
presynaptic and postsynaptic components of
axospinous synapses begins within an hour
following induction of LTP. The induction of LTP is
due to a kindling regime (tetanic stimulation) of the
perforant path to the dentate gyrus. The early
morphing of the kindled synapse due to LTP
induction is followed by further alterations that may
include splitting of a single axospinous synapse
(one larger axon terminal apposed to two dendritic
spines) or a split to two axon terminals apposed to two dendritic spines, e.g. see
Weeks, et.al., 1999, 2000, 2001; Yuste & Bonhoeffer, 2001; Bourne & Harris, 2008.

Fig 4-27. LTP Axospinous Morph
O CLEN T sV ET LN el g1y W  Movie (gec). GO TO: gmomm.pitt.edu
Dynamic _ Fig4-27 Video
Cytoskeletal (5%
Proteins - This change occurs within a day
Reshape ’ : ‘ fSoIIowmg the kindling LTP induction.
everal days later the morphology
Synapse , Ca++ seems to stabilize as a larger stubby
XS EIGE o mushroom spine apposed to a
Protein large axon terminal. These examples
of LTP induced synaptic plasticity
suggest that enhancement of synaptic
signaling occurs in stages and may
reflect the underlying biochemical and
ultrastructural protein alterations due to both local synaptic mechanisms and long-range
signals associated with nuclear activation of DNA-RNA transcription of new proteins that
are transported back to the potentiated synapse, e.g., see Tada & Sheng, 2006; Wake,
et.al., 2011. This dynamic morphing at the axospinous synapse due to LTP is illustrated
in two movies: LTP Axospinous Morph Movie and the Associative LTP in Motor Cortex
Movie. Associative LTP requires coincident inputs from two sources to induce

OZ—=—TOVIO0=2
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potentiation of the postsynaptic neuron. This has been shown in the hippocampus and

the cerebral neocortex.

MI = Primary Motor Cortex, S| = Primary
Somatosensory Cortex, VL = Ventral Lateral
Thalamic Nucleus

T IVE HEBBIAN
LEARNING 1N PRIMARY

MOTOR TEX (MI)

Cooperative VL + Sl Input =
M!| Learn

See: A. Iriki, C. Pavlides, A. Keller and H. Asanuma, Long
-Term Potentiation of Thalamic Input to the Motor Cortex
Induced by Co-activation.of Thalamocortical & Cortico-
cortical Afferents. J. Neurophysiol. 65: 1435-1441, 1991.

ASSOCI

Fig 4-28. Associative LTP in
Motor Cortex Movie.
Synchronous S| Cortical + VL
Thalamic Input induces LTP (gec).
GO TO: gmomm.pitt.edu

Fig4-28 Video

Here LTP in Motor Cortex
pyramidal cells is induced only if
both cortical Sl input is coincident
with thalamic input from the VL
nucleus. Such LTP occurs in
layer 3 but not layer 5 pyramidal
neurons, see Iriki, et.al., 1991.

METABOTROPIC
RECEPTORS AND
SECOND MESSENGER
CASCADES

Along with lonotropic Receptors,

many synapses have Metabotropic Receptors. The effects of the neurotransmitter (NT)
activates a membrane-bound G-coupled protein. Metabotropic receptor protein
complexes do not have an ion channel. Binding of the NT to Metabotropic Receptors
results in activation of a second messenger cascade of events that has long lasting

effects on the synapse.

1. Repeated Activation of
Metabotropic Receptors
Triggers a 2nd Messenger
Cascade to Activate Protein
Kinase (PKA).

2. PKA Activates Nucleus

3. Activated DNA Transcribe
RNA = New Protein Synthesis
4. Protein Travels to Synapse.
5. + Local Dendritic Synthesis
of Protein by ER & Ribosomes

Fig 4-29.
Synapse
Morphing
due to
repeated
activation.
NMDA
a n d
Metabo-
tropic
Receptors
activate

2 n d

messenger cascades that induce protein production and Synapse grows (gec). GO TO:

gmomm.pitt.edu Fig4-29 Video
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There are a number of neurotransmitters besides Glutamate that may participate
including DOPA, ACh, Serotonin (5HT), NOR or Neuroactive Peptides at appropriate
synapses. The cascade is typically triggered by the activation of membrane bound
cAMP or other regulatory protein that, in turn, activates membrane or cytosol Protein
Kinases (PKA). This in turn may activate Endoplasmic Reticulum (ER) & Ribosomes
that reside locally in the dendrites resulting in local protein production. If the synapse is
repeatedly activated, the PKA may translocate to the Nucleus to Induce DNA to
Replicate RNA that will generate new protein in the soma. The protein is transported
back to the dendrites & dendritic spines. Some metabotropic receptors indirectly open
separate ion channels in the membrane, e.g., efflux of K+ or influx of Ca++. Typically
metabotropic receptor activation has an amplifying effect on many regulatory/metabolic
proteins within the postsynaptic cell. Production of new metabolic, regulatory, &
structural proteins will then grow the synapse. This is thought to be one important
mechanism for learning, memory and maintenance of the health of the postsynaptic cell.

METABOTROPIC RECEPTORS: SECOND MESSENGER
CASCADES & PROTEIN PRODUCTION

Most neuroscientists have one of three reactions to b