
Running a bit behind 
schedule but we do 
have some catch-up 

opportunities.

Syllabus SHOULD

have been:

Chapter 2
Chapter 3a
Chapter 3b

Chapter 3a – note that SLIDE REORGANIZATION IN PROGRESS



Don’s Chat: 
I picked the AAN item 
because I think they are 
important for storing words, 
concepts and facts. Also, they 
may be important for 
preserving knowledge despite 
aging damage. Plus this is a 
research focus of mine.



Chapter 3 slides comes in TWO PARTS:
Chap3A, Chap3B.  (Chap3B not yet posted) 

[2020 page]



Chapter 2: Perfidious Processes: Cellular Preludes to Neurodegeneration
Briefly summarizes the major themes of general cellular/organismal aging.  Includes 
mitochondrial damage, mutations, telomeres, SASP, IDPs, the DNA damage response, 
lipofuscin and ROS. 

Chapter 3.  Worms in our Brain: The Aging of Neurons, Glia and Proteins
General mechanisms by which neurons and glia accumulate damage over time.  Introduces 
neurogenesis, demyelination, apoptosis and necrosis.  Includes brain-cell interactions, 
inflammation, glymphatic system and metabolic dysfunction, aka Type 3 Diabetes.  Some 
details of neurodegeneration are briefly introduced, but Alzheimer’s Disease (AlzD) and 
other dementias are covered in much more depth later (especially in Chapters 10, 11, 12, 
15, 18 and 19).    

Chapter 3 is covered in two parts, expanded upon w/ PDFs, excerpts
3A = R0S, Mitochondrial dysfunction, and Lipofuscin
3B = IDPs (intrinsically disordered proteins) including 

Alpha-Syn, plus Lewy Bodies and apoptosis

In our Chapter 3 topics, we dig deeper into cell pathology and, incidentally, 
encounter some neurodegenerative items since reports on cell damage often 
concern diseases of the aged.  The diseases per se (symptoms, imaging, etc.) are 
covered later, but it’s fine to “look ahead” on these topics by reading Chap. 12 
which expands upon molecular/cellular details.

read chapters to preview & consolidate



2010
Invited Review

aging mitochondria è more ROS, more cellular garbage

autophagy = garbage removal via eating of vesicles
proteasomes = removal of damaged cytosolic proteins

Terman et al, in:
Antioxidants & 

Redox Signaling

BIG paper and NICE ABSTRACT: we will cover ONLY PARTS of this!  ç major change!



How Many = # neurons that have substantial debris, dysfunction
How Badly = is the FUNCTION of debris-positive neurons degraded
What Consequences = in terms of failed computations, performance

can we model this?↑↑ KEY QUESTIONS GOING FORWARD

ALSO NOTE:
ROS generation
SOD, hydrogen peroxide
hydroxyl radicals, lipofuscin, DA
aggresomes, autophagy fails
mitoch. fusion, size effects
apoptosis, necrosis
large chunks of PDF ignored!

Mitochondrial Turnover and Aging, 2010:
The Garbage Theory of Aging/Degener.



- early research
- many theories
- epic fail: anti-oxidants?

[remember to ask Javier]
- symbiotic origins led to vast

amounts of ATP (and ROS)
.

- escaped e’s + metals catalyze
this reaction:

macromolecules è garbage

All agree that oxidative 
damage of proteins and 

DNA must underlie much 
of the ravages of age, so 
why is this not proven? 

Mitochondrial Turnover and Aging, 2010

why anti-oxid story vanishes  from my brain



Cells Decline with Age
- focus on post-mitotic cells e.g. cardiac

and skeletal muscle cells, and neurons.
- dividing (progenitor, stem) cells show

↓ prolifer. capacity [can Parabiosis renew them?]
.

- lipofuscin accumulates & is autofluoresc.
- lysosomes are low pH vesicles loaded

with digestive enzymes
- w/ age lysosome function declines è

due to accumulation of cellular debris?
- endocrine cells (hypothalamus & 
pituitary) are few in #, hence vulnerable

AND control many organs so cell losses
may compromise multiple organs

Stem and Progenitor cells
a. proliferate better with age
b. are immune from DDR and ROS
c. can accumulate lipofuscin
d. do not have lysosomes
e. ALL of the above are correct

[b/c dividing cells “grow in volume”?]

Mitochondrial Turnover and Aging, 2010

challenging but faulty exam question

*



REVISED, Note GreenBox

mix of comments re: cells OR tissues

*

LLPMCs are

Enterocytes = cells lining GI system 

Mitochondrial Turnover
and Aging, 2010

GI epithelial cells, like neurons, are terminally differentiated.  

But they can be replaced as needed b/c THEY do not store 
information!  The fate of LLPMCs (e.g. neurons) is at the very 
heart of the  problem of Cognitive Decline, although dividing 
and stem cells may have quite a lot to say about this.



Catabolic Disorder ~Catabolic History
- w/ age repair can’t keep up w/ damage
- è big mitoch. and clogged lysosomes
- aggresome = indigestible cytosolic clumps

[failure of proteosomes leads to aggregates]
- “catastrophe theory” originally for DNA 

replication, biosynth, not relevant here
- “somatic mutations” not a factor either

but errors do accum. in non germ-line cells
- to paraphrase Butch Cassidy:

“it’s not the damage that will kill
you, it’s the ______  __  ______”

.

PubMed Hits:

- aggresome = 492 (12,000 on scholar)

- inflammasome = 6,489
- “systemic inflammation” = 12,435
.

catabolic vs. metabolic vs. biosynthetic
cytosolic vs. cytoplasmic

Aging As:

Mitochondrial Turnover and Aging, 2010

broader term – “metabolic disorder” = 126k on GScholar

S.I. now

71,900



TOP TWO RADICALS: superoxide, hydroxyl

II. ROS, Mitochondrial Damage, and Aging

A. Biomolecular damage under normal conditions

Denham Harman, 1956
Free Radical Theory of Aging
- oxidation damages macromolecules
- vast amounts of data, but not “proven”

but seems very likely to be a factor in aging
.

- other factors include “evolution”, 
somatic mutations, biosynthetic errors,
accumulation of wastes

- role of mitochondria, ATP production

e’s leak from electron transport train
electron + 02 molecule = superoxide

SOD (superoxide dismutase) è H202
H202 (hydrogen peroxide) also bad

- H202 is a signaling molecule and
is removed by catalase but

can generate hydroxyl radicals OH•



Fenton Reaction seems MOST destructive and  
are caused by Fe2 + H2O2 (hydrogen peroxide).

H202, OH• and Lysosomes
- SOD increases H2O2 production 1000x

*good* b/c it removes  O2•
- H2O2 is degraded quickly BUT can

undergo Fenton Reaction è OH•
which uses Fe, found in DA neurons

- occurs in lysosomes b/c H202 survives there
- finer details of reactions not testable
.

Free Radicals attack MANY biomolecules
- proteins, lipids and nucleic acids
- lysosomes lack H202 breakdown ability

can damage contents, lead to rupture
damage spreads thru cytosol, into nucleus

.

Other Kinds of Oxidative Damage
glucose / glycation end-products can 
cause DNA mutations, protein cross-
linking (and stiffen extracellular matrix)

Mitochondrial Turnover and Aging, 2010



Key Players:  ROS, SOD, H202, diffusion,
Catalase/GPX, OH.radical, NOS, aldehydes

ROS
ROS

GPX = glutathione peroxidase
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Mitochondrial Turnover and Aging, 2010
Great Story!  See

Legend on next slide

diffusion

uncertainties YES, but:

oxidation is “best game in town
- general aging of nerve cells
- might contribute to lipofuscin



ROS Summary
- Fig. 1’s Legend summarizes key pathways
- mostly items we have covered
.

ARTICLE summary:

- massive article, slides cover the points
that are MOST essential

- some portions overlap w/ other course materials
- details of PDF, figures and text excerpts that

were never mentioned can be ignored

• ROS are the lifeblood of cell death!
• this Figure Legend is legendary

note: OH  radicals



Two Proteins Meet their Maker

cytosolic proteins tagged with ubiquitin
organelle proteins undergo autophagy

Mitochondrial Turnover and Aging.  p. 507

the “involved” enzymes 
are  not-testable; necrosis 

& proteasomes are!

many variations on this theme, stay tuned



Claim: Cnidarians (simple invertebrates) 
do not have long-lived (post-mitotic) 
cells and so “escape aging” i.e.  they do 
not suffer the fate of organisms that 
retain knowledge (and thus neurons) 
over decades.  

But is it not better to have Known and 

Lost then to never have Known at all?

And one more thing about Cnidarians:
they’ve “escaped aging” but live 4 years-
last I checked, 90 >> 4!

Theory: Frailty with Age is a function 
of accumulated cellular debris, 
affecting brain, heart and muscle.  
Perhaps. “cognitive slowing” tbd soon!

Mitochondrial Turnover and Aging, 2010

ç “Biological Garbage”

fitness was a limited lifespan… oh really?

XX XX
SKIP Cnidarian STORY



Fixed Cells

large green sick mito (at right)

and (left)  slender, red healthy 

mito. Visit: KK lab @ neu/biology

“The loading of lysosomes 
with lipofuscin is probably 
one of the most important 
contributors to the decline 
of autophagy in aged cells 
(see also Section VI). 
As predicted by the 
mitochondrial–lysosomal 
axis theory of aging (30)”.
p. 524.   [Brunk & Terman, 2002]

Each cell has many copies 
of the mitochondrial 
genome, which are being  
duplicated many times --
as new mitoch. are “born”  
old ones are broken down.

C, D: Live Cells

young vs. old

A, B: Lipofuscin / LF 

seen in older cells

Cellular Pathos: ensues from
the linkages from aging-
mitochondria damage to 
ROS, H2O2 production, toxic 
debris / lipofuscin and OH 
radicals. And apoptosis.

FIG 2.  p.509

cardiac
myocytes

myocytes = cardiac muscle cells è must last a lifetimeKK is Konstantin Khrapko



EM of Aged Cells in Culture:
A. normal mitochondria
B. enlarged mitochondria with

LF = lipofuscin granule
C, D.  Senescent Mitochondria

(after drug treatment)

Oh Cristae,

My Cristae
as two membranes become one
the oxide storm has seized the day
now brown-lipo blots the sun

by Walt Whitman

1 week in culture                     4 weeks in culture

effects of

drug

treatment:

17 days

“aged” in

culture



Section III covers many nuances of Mitochondrial Biogenesis, Fusion and Fission

We are going to omit most details in this section.   Fig. 4 shows that the membrane 
potential changes after fission as monitored with TMRE.

FIG. 4

Mitochondrial Turnover, Calcium and Voltage are involved with Aging

…items (a)-(d) are all important; but 
our coverage of them will be limited

The mitochon. in the green channel at 0-sec 
divides (fission) into two, but only the upper 
daughter mitochon. has a healthy Voltage 
(red); in the merged image it appears yellow.

Apoptosis hits the WHOLE cell!

0 sec        60                           160



Select Details: healthy fission limits Ca++ 
waves and Ca++ uptake; this process also 
protects against apoptosis.  Excess Ca++ is 
widely thought to be neurotoxic, although 
its relation to neuronal damage in the 
course of aging remains a bit fuzzy.  Only 
apoptosis protein to learn is: CASPASE

Mitochondrial Turnover and Aging, 2010

Without attending to all the molec. details, 
the major theme is that disruption of fission 
/ fusion balance mucks up glucose oxidation 
and mitoch. membrane potential, calcium, 
which might ultimately lead to apoptosis!

In Figure 4B, after fission, one mitoch. assumes 
a healthy voltage, whereas Vm collapses in the 
other daughter mitochondrion. 

In Progress Summary:
mitochondria turnover:

voltage-maintenance is key
calcium can be neurotoxic
apoptosis involves caspases

organelle preservation
lipofuscin is sign of damage?
or is it damaging?
lysosomes can be corrupted
possibly by toxic mitoch. fragments

autophagy
led to Nobel Prize, new genes
lyso. might be corrupted by OH▪

next slide:
don’t sweat confusing Figure

bonus material in notes



normal path è

toxic
pathway

↓

Lipofuscin Defined: plus OH (aka HO) radicals promote the formation of lipofuscin
Killer Cells: some cells are able to exocytose lysosomal contents OR actual  lysosomes!

DQ: would dissolving all lipofuscin inside nerve/glial cells prevent cognitive aging?

The flux of H2O2 into lysosomes generates hydroxyl free radicals aka HO• 

ç POST-MITOTIC means
NO DILUTION!  Why Bad?

hydroxyl radical
has one unpaired e-

don’t sweat details
of redox or free-
radical reactions

self

“others”, see notes



Lipofuscin: Autofluorescent Polymer
- lipofuscin is main damage occurring lysosomes
- ROS + iron è peroxidation of lysosome contents

i.e. it starts a chain-reaction of lipid radicals
- material becomes resistant to breakdown

this includes material coming from mitochondria
such as lipids, iron containing proteins

- lipoic acid seen in lysosomes (in AlzD) suggests
failure to breakdown mitoch. (where lipoic
acid is used; a sulfur cofactor in E-metab.)

Summary: Mitochondria are not only a major 
source of ROS but also contribute contents to 
lysosomes, via autophagy, which help trigger 
hydroxyl radical formation and the formation 
of lipofuscin.

p. 520

-degradation of intracellular debris

Mitochondrial Turnover and Aging, 2010

What is Autophagy?
- “internal endocytosis” (more below)
- via “autophagosome” which fuses w/
- nascent or mature lysosome (methinks)
- is it the main cause of lipofuscin?

see Exam Q. below



Time Line 2016

discovered this news the 
afternoon after my lecture 
on mito-lysosome autophagy

Organelleathon: phagosomes and autophagosomes appear to be two different beasts.  Use 
of Google Scholar advance search features revealed essentially separate literatures for the 
two terms, the first pertaining to phagocytosis and the second to autophagy.  Delving ended.

see notes below

on discovery



see notes below

on medical sequelae



Lipofuscin: Autofluorescent Polymer
- lipofuscin polymer slowly matures inside

lysosomes, perhaps aided by DOPA
- beyond its role as debris it may also help

generate hydroxyl radicals via DOPA residues
relevant to death of DA neurons in Parkinson’s?

- autophagy may help proteasomes to 
breakdown oxidized proteins (in health)

- experiments show that increasing amt. of
DOPA (oxidized tyrosine) è lipofuscin .

.

Summary: This process may play a central 
role in the formation of very long-lived 
aggregates in post-mitotic cells like neurons. 
Possibly this is a slow, positive feedback loop 
where more ROS è more lipofuscin and 
more lipofuscin è more ROS. article p. 520

ç a “plastic-like” polymer!

Mitochondrial Turnover and Aging, 2010

- see note below on ubiquitin -

Authors refer to “cross-talk” btw. 
proteasomes & lysosomes AND btw 

mitoch. & lysosomes: bonus notes below



age-related mito. degeneration due to:
1. ↓ mitochondriogenesis

2. impaired fusion and fission
3. ↓ chaperone & folding functions
4. ↓ removal of severely damaged mitoch

[proper fusion & fission maintains vitality]

misc: liver cells regenerate & age less --
starve for a day to clean out lyso. dumps?

Theory on How Lipofuscin Forms
degradation of aged mitochondria

Lysosome consumes old mitochondria
Enzymes break down old mitochondria

but old proteins and iron build up
- H202 in lysosomes becomes HO•
- oxidized proteins turn into polymers
- tyrosine/DOPA produces more ROS
AND oxidized lipids oxidize lipids
+ more reactions è lipofuscin

Mitochondrial Turnover and Aging, 2010

Autophagy PRODUCES Lipofuscin

Fig. 11
legend is

great
summary!

CODE RED:

is this a
distinct
organelle?

but plz

ignore

slide

details!



a failure of autophagy

more notes on next slide

vesicles have V-snares vesicles have V-snares

lysosomes, autophagosomes,  have correct T-snares

Mitochondrial Turnover and Aging, 2010

target membranes
have T-snares



The loading of lysosomes with lipofuscin is probably one 
of the most important contributors to the decline of 
autophagy in aged cells (see also Section VI). As predicted 
by the mitochondrial–lysosomal axis theory of aging (30),

CAN IGNORE:  The numerous small mitochondria are explained on a “bottleneck” slide 
further below.  Their lowered membrane potential (after prevention of fusion and fission) 
might have to with inability to share good mito. proteins and genes, ala Prof. K’s work on 
mitochondrial genomes.  more in notes!    KK: is Konstantin Khrapko in Biology Dept.

Mitochondrial 
Turnover and 
Aging, 2010

ALLEGEDLY:  


