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Coping with the noisy* nature of life in 
teaching & other philosophic ruminations.

*that is unpredictable
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Intended take home messages:   
→ biological systems (including us) are often inherently  
          unpredictable; they are stochastic - a word we will define  

→ what we “are” and do, and what happens to us is influenced        
     but not determined by genes and environment  
           – luck and our responses to it important  

→ there are good reasons to embrace free will over determinism
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• a philosopher or philosophy professor
• a physicist
• I make no claims about ultimate “Truth”

Disclaimers + caveats  

I am not …

“If you care about being thought credible 
and intelligent, do not use complex 

language where simpler language will do.” 
― Daniel Kahneman

the challenge (to be comprehensible)…. 
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• that the universe is natural not 
super-natural or miraculous

• not everything knowable

Basic (scientific) assumptions are …

• posturing about the unknowable (multi-verses, 
quantum consciousness, the universe as simulation, 
angels on the head of a pin, and such) is anti-
scientific



the story of a journey … 

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

• many found in unicellular systems

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

• many found in unicellular systems

• provides a context to consolidate and apply 

principles introduced in earlier courses

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

• many found in unicellular systems

• provides a context to consolidate and apply 

principles introduced in earlier courses

• many key developmental events are stochastic (noisy but lawful)

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

• many found in unicellular systems

• provides a context to consolidate and apply 

principles introduced in earlier courses

• many key developmental events are stochastic (noisy but lawful)

• such processes, and their biological roles, are rarely introduced to students

bioliteracy blog: Biology education in the light of single cell/molecule studies



the story of a journey … 
– how to best teach developmental biology 

• focus on common developmental mechanisms

• characteristic of socio-cellular processes

• many found in unicellular systems

• provides a context to consolidate and apply 

principles introduced in earlier courses

• many key developmental events are stochastic (noisy but lawful)

• such processes, and their biological roles, are rarely introduced to students

• but their ubiquity is being increasing recognized 

bioliteracy blog: Biology education in the light of single cell/molecule studies
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it all starts with cells

• bounded, continuous
• non-equilibrium systems
• controlled by selection-derived information stored in DNA & cell 

structure

a bacterium, eukaryotic 
cells are much bigger
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Cellular systems are ancient …  
   an unbroken (~3.5 billion year 
       long) lineage

LUCA

origin of “living” systems
?

Cells differ in terms of the genes they contain  
and the structures and processes then make possible 

All cells, in all organisms, share a 
“last universal common ancestor” 

exact details are unknowable
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I was hoping to use AI 
to generate amazing 
engaging graphics for 
this talk …

still has a way to go 
(something weird happening here →
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Cells “obey” the law … 
one reason to take chemistry

enzymes (catalysts) & chaperones 
control reactions and interactions

BUT cellular processes are 
inherently noisy

kinetic energy transfer  
through collisions

bond 

breaking

forming  bonds 
releases   energy

energy  
transfer 

increase system  
temperature

energy for bond breaking comes from 
thermal (Brownian) motion; 

when bonds form, energy transferred 
into thermal motion 
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Why noisy?  because they are small.  

each cell contains (relatively) small 
numbers of many different types of 
interacting molecules and one or 
two copies of each gene

A typical chemical / physical system consists of bizzillions (of a few types) of molecules   
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• noisy does not mean random 
• random = no natural cause, 

unpredictable at all levels
• a random event is a miracle →

• while stochastic means …
• individual events are unpredictable
• while the behavior of a large 

(enough) population is predictable

What do we mean, exactly, by noise? 
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Throwing (fair) dice - a stochastic process

For any one throw, the outcome is unpredictable

but as the number of throws increases the  
overall outcome becomes predictable

Each throw (event) is independent – gambler’s fallacy

equal numbers of ⚀ ⚂ ⚁ ⚃ ⚄ ⚅
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Same with radioisotope decay

maybe the next moment,  
maybe in a billion years

generally (in chemistry and physics) individual events do not “matter “

when any particular unstable atom will 
decay is unpredictable (unknowable)

But consider bazillions of atoms: the time at which 50% 
have decayed can be known very accurately 
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not so in biological systems, stochastic events can matter 
(big time)

can lead to cancer,  
developmental defect, 
novel behaviors,  
or death
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interactions 
based on surface 

+/– charges 
and molecular 

shape

regulator

regulated 
protein

+ +
––

+– on binding,  
changes in shape and 

activity 
↓  

downstream effects

beyond mutation: molecular interactions are stochastic

↓ 
altered gene expression, etc. 

based on unpredictable (and 
rarely illustrated) collision driven 
movements 
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How long two molecules 
interact is stochastic; 

unpredictable
+ +

–

–
+–

the (kinetic) energy that breaks bonds is 
delivered through collisions with other 

molecules (brownian motion) 

complex “half-life” (a population 
measurement) is based on strength 

of binding interaction 
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stochastic gene expression in bacteria: lac operon

• lactose (mammalian milk sugar) is energetically expensive for 
bacteria to use

• requires synthesis of lactose-specific enzymes
• a bacterium may never encounter lactose in their environment
• what to do? 

(a flash from the past for Larry) 
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How does one sense the presence of lactose?

• when a bacteria needs energy, 
it can “ask” whether lactose is 
present 

• How? turn on the genes 
needed sense and utilize 
lactose

• using (stochastic) bursts of 
gene expression

• no lactose, genes turn off

no need to express lac sensing 
system all the time (expensive) 



BUT if lactose present …

1957



• genes required to sense and 
utilize lactose turn on and 
remain on (total population 
behavior)

BUT if lactose present …

1957



• genes required to sense and 
utilize lactose turn on and 
remain on (total population 
behavior)

BUT if lactose present …

1957



• genes required to sense and 
utilize lactose turn on and 
remain on (total population 
behavior)

• gene turn on is a cell by cell, 
in an all or none, stochastic 
process

BUT if lactose present …

1957



• genes required to sense and 
utilize lactose turn on and 
remain on (total population 
behavior)

• gene turn on is a cell by cell, 
in an all or none, stochastic 
process

BUT if lactose present …

1957



| 
lac Repressor (aways present) 

~10 copies / cell  
(bopping on an off) 

How does the cell do it? 

* original image from Khan academy, worth watching: Sal Khan’s 2023 talk on AI powered  learning



| 
lac Repressor (aways present) 

~10 copies / cell  
(bopping on an off) 

How does the cell do it? 

* original image from Khan academy, worth watching: Sal Khan’s 2023 talk on AI powered  learning

when other (more easily digestible) energy sources present
genes are off



| 
lac Repressor (aways present) 

~10 copies / cell  
(bopping on an off) 

CAP protein

inactive 
DNA binding domains “hidden”

How does the cell do it? 

* original image from Khan academy, worth watching: Sal Khan’s 2023 talk on AI powered  learning

when other (more easily digestible) energy sources present
genes are off



| 
lac Repressor (aways present) 

~10 copies / cell  
(bopping on an off) 

CAP protein

inactive 
DNA binding domains “hidden”

How does the cell do it? 

* original image from Khan academy, worth watching: Sal Khan’s 2023 talk on AI powered  learning

→ no effect 
(activator not active)

when other (more easily digestible) energy sources present
genes are off
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* original image from Khan academy, worth watching: Sal Khan’s 2023 talk on AI powered  learning

| 
lac Repressor 

(bopping on an off) 

cAMP (starvation signal) 
synthesized, binds + 

activates CAP

polymerase moves, gene “expressed”

In a starving cell

DNA binding  
domains emerge

lactose enters, metabolized to 
allolactone → binds to and 

inactivates Lac repressor
⊣
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Why stochastic behaviors are critical for social system
• unicellular organisms can cooperate …
• produce structures & behaviors that they could not on their own

• cooperation involves sacrifice – “altruistic” behaviors

← survive

← die

sacrifice best achieved through stochastic 
choices (suppress social cheaters) 

too many cheaters, social process fails
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Cooperative behavior + stochastic choices
Image Source: In early mouse (human) embryo, which 

cells become the organism and which 
the placenta is stochastic

which cells become 
germ line and which 

soma is often stochastic

stochastic effects influence 
development of  behavior of immune 

and nervous systems
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outcome (is A or B expressed?) 
influenced multiple parameters

Stochastic event can have down stream effects

regulates expression  
of gene regulators

when A and B encode gene regulators  
which turns on first  

can produce to different outcomes
↓  

typically, each regulates  
many “downstream” genes

–signal molecule

↓ 
leading to (often irreversibly) changes  

 in cell fate and behavior

↓ 
prepares system for next signal
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Noisy neural networks*

responses “checked” against 
internal and external sensory 

input

stochastic effects generate noisy 
responses - like the lac operon

* seriously over-simplified.

leading to feedback based 
revisions

neural networks generate models 
of inner and outer environments
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Modeling the (internal and external) environment 

At various levels (cellular and organismic), 
likely “models” are constructed and checked 

to monitor what is going on

“We are prone to overestimate how much we understand 
about the world and to underestimate the role of chance 

in events.” ― Daniel Kahneman
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• widespread monoallelic 
expression of genes

• more autosomal genes subject 
to monoallelic expression than 
the number of genes on the X

unexpected stochastic processes - monoallelic gene expression
stochastic  

monoallelic expression

both

• produces clones that can 
compete with or interact 
with one another
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Stochastic monoallelic expression and phenotypic diversity
Mutations in FOXP2 can cause developmental verbal 
dyspraxia with profound speech and language deficits.

Monoallelic expression 
of FoxP2 can produce 
multiple, competing 
clones

reading words 

hearing words 

thinking words 

speaking words 

e.g Wernicke’s Aphasia: Fluent, 
grammatically correct speech 

with little meaning


brain regions 
with normal, 
reduced or 
mutant only 
FoxP2 protein  

→
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Visualizing the stochastic behaviors of cells 

• Cells of the “same 
type” (color) can differ in 
patterns of gene (protein) 
expression

• “normal” neighbors of  
“eccentric” cells can induce 
the eccentric cells to migrate 
or die (apoptosis)  

• inhibiting their removal can 
lead to developmental 
abnormalities

single cell RNA sequencing (identifies gene expressed) 
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Genetically identical pea aphids, reared in the same 
environment show individual variation in their startle response

→ unpredictable variation can 
be useful, keeps others guessing

stochastic effects can not be avoided 
and can be useful

“30 years of inbreeding experiments … in 
shared environments eliminated only 20–30% 

of observed variance in a number of 
phenotypes. The remaining 70–80% was 

referred to as the ‘intangible variance’.
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My first act of free will is to believe in free will  
- William James, 1842-1910 pragmatist

conclusions

∼10-20% genes

∼60-80% noise

∼10-20%
environment

(+ luck)

what we “are” and do  
is influenced, but not 

determined by genes and 
environment  

• recognize the ubiquity of such 
processes, their implications 
and how they are used and 
controlled

• introduce students to 
stochasticity early



thanks! 


