History of Minds

A Short History of Nearly Everything About Minds History of Minds Visual Summary LECTURE OUTLINE I. The Cambrian Catalyst - Vision
drives neural complexity explosion - Thermodynamic limits of biological computation Il. Genomic Foundations of Cognitive Diversity -
FOXP2 mutations and symbolic thought - Endogenous retroviruses shape neurotransmission - Microbiome-brain axis challenges neural
autonomy lll. Convergent Solutions, Divergent Architectures - Distributed cognition in cephalopods - Avian intelligence without
mammalian cortex « Learning mechanisms in acellular organisms IV. Hierarchical Temporal Processing - Multiple timescales of neural

computation - Predictive coding across temporal domains

Here are 5 main points from the text:

The development of vision greatly increased the complexity of nervous systems.
Genetic changes, like FOXP2 mutations, affect our ability to think symbolically.
Viruses and gut bacteria also influence how our brains function.

Different organisms show intelligence and learning, even without a mammalian brain.
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Our brains process information at various speeds and make predictions.
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Neuron Fundamentals

V. Experimental Demonstrations - Cerebellar forward models in action - Genetic polymorphisms in sensory processing Five hundred and
forty million years ago, the evolution of a simple light detector triggered the most violent arms race in Earth's history—and created every
brain that followed, including yours. But before we explore that epic story, we need to understand what makes a neuron fundamentally
different from every other cell: it's polarized, with distinct regions specialized for receiving information (dendrites), integrating it (soma),
and transmitting it across vast distances (axons) through electrical and chemical signals. Today we examine controversial evidence that
challenges everything you believe about neural evolution: that viral DNA controls 8% of your genome and shapes your neurotransmitters,
that bacteria in your gut cast votes on your decisions through vagal nerve signaling, and that organisms without a single neuron
demonstrate learning that rivals simple neural networks. We'll witness convergent evolution producing intelligence through radically
different architectures—octopi thinking with their arms, corvids outperforming apes without a six-layered cortex, even jellyfish exhibiting
associative learning without centralized processing. By session's end, you'll understand why consciousness might be as inevitable as

crystals forming in solution—a thermodynamic imperative rather than an evolutionary accident.

-> Here are 5 main points from the text:
- The evolution of a simple light detector 540 million years ago began an arms race that led to the development of all brains.

- Neurons are unique cells with specialized parts like dendrites, soma, and axons. These parts receive, integrate, and transmit
information using electrical and chemical signals.

- Viral DNA controls 8% of your genome and shapes your neurotransmitters.
- Bacteria in your gut can influence your decisions through signals sent by the vagal nerve.

- Some organisms without any neurons can still learn as well as simple neural networks.
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Vision Drives Complexity

Warning: The evolution of vision didn't just change what animals could see—it fundamentally rewired the physics of information

processing in biological systems. The Cambrian Catalyst: Vision Drives Neural Complexity

- Here are 3 main points from the text:
- The evolution of vision changed what animals could perceive in their environment.
-> Vision fundamentally altered how biological systems process information.

-> Vision significantly increases the complexity of an animal's nervous system.
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Visionary Arms Race

Andrew Parker's "Light Switch Theory" proposes something radical: the evolution of vision 543 million years ago didn't just add a new
sense—it triggered an explosive arms race that created nervous systems as we know them. Before vision, the Ediacaran seas were
populated by what paleontologist Mark McMenamin calls "garden of Ediacara"—peaceful, blind organisms that fed by osmosis and moved
with geological slowness. But once the first photoreceptors evolved, detection range jumped from millimeters (chemical gradients) to
meters (visual detection), increasing the "interaction sphere" by a factor of one million. This catastrophic expansion of sensory space
demanded equally catastrophic neural innovation. The trilobite Phacops possessed compound eyes with 15,000 individual lenses made of
calcite—a material that eliminates spherical aberration through its unique refractive properties, a solution so elegant that Descartes and

Huygens would independently rediscover it 500 million years later.

- Here are 4 main points from the text:

- Andrew Parker's "Light Switch Theory" proposes that the evolution of vision 543 million years ago triggered the development of
complex nervous systems.

- Before vision, Ediacaran organisms were peaceful, blind creatures that fed by osmosis and moved very slowly.
- The evolution of vision drastically expanded organisms' detection range, which led to a massive demand for new neural innovations.

- The trilobite Phacops developed compound eyes with 15,000 calcite lenses. This unique material helped correct vision problems.
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Ancient Visual Circuits

But here's the controversial part that textbooks won't tell you: Nicholas Strausfeld's analysis of arthropod brains suggests that the basic
circuit motifs for visual processing—Ilateral inhibition, motion detection, looming detection—evolved just once and have been conserved
for half a billion years. Lateral inhibition, where active neurons suppress their neighbors, creates edge enhancement and contrast
detection—the same principle used in every digital image filter. Motion detection relies on feedforward excitation with precise temporal
delays, while looming detection uses convergent inputs that integrate expanding visual fields. When researchers at Janelia Farm mapped
the complete connectome of the Drosophila visual system, they found these circuit motifs virtually identical to those in mantis shrimp,
despite 400 million years of divergent evolution. This suggests something profound: there may be only a limited number of ways to solve
visual processing at the circuit level, constrained by the physics of light and the mathematics of information. Evolution didn't create

diverse solutions—it discovered the only solutions that work within thermodynamic limits.

- Here are 3-5 main points:

- Fundamental visual processing circuits in arthropods developed only once. These circuits have remained almost unchanged for 500
million years.

-> Specific brain circuits handle tasks like creating clear edges, detecting movement, and noticing approaching objects. These are found
in various animals.

-> Scientists found fruit flies and mantis shrimp have nearly identical visual circuits. This is true even though they evolved separately for
400 million years.

- This deep similarity suggests that there may be only a few effective ways for brains to process vision.
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Brain Efficiency

Simon Laughlin's measurements at Cambridge revealed a number that should fundamentally alter how you think about consciousness:
each bit of information processed in your brain costs exactly 5 x 10™-21 joules—a value so precisely optimized that deviating by even 10%
would have prevented complex brains from evolving. Your brain operates on just 20 watts—less power than your laptop's LED screen—yet
performs 10716 operations per second. Compare this to IBM's Summit supercomputer: 200 petaflops requiring 13 megawatts, making
biological computation 650,000 times more energy-efficient. This isn't just impressive engineering; it's a fundamental constraint that
shaped every aspect of neural evolution. The human brain's 86 billion neurons consume 20% of your body's energy at rest, pushing
against the thermodynamic limits of what aerobic metabolism can support. Any larger, and we'd need circulatory systems that couldn't fit

in our skulls; any more active, and we'd overheat.

- Here are 4 main points from the text:

- Each bit of information processed in your brain requires a tiny, specific amount of energy. This energy cost is perfectly optimized for
the evolution of complex brains.

-> Your brain operates on only 20 watts of power, less than a laptop screen, but performs ten quadrillion operations per second.
- Human biological computation is 650,000 times more energy-efficient than powerful supercomputers like IBM's Summit.

- The human brain consumes 20% of the body's energy at rest. This high energy use limits how large or active our brains can become
without causing problems like overheating.
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Genomic Cognition

Genomic Foundations of Cognitive Diversity Controversial claim: Your thoughts aren't entirely your own—viral DNA inserted into your
genome millions of years ago still influences your neurotransmitter systems today. The FOXP2 story begins with a Pakistani family known
as KE, where half the members across three generations couldn't speak properly—not due to mechanical problems with their mouths, but
because of a single nucleotide change in a gene that hadn't varied in mammals for 70 million years. When Svante Paabo's team compared
human FOXP2 to our nearest relatives, they found something extraordinary: two amino acid changes that occurred roughly 300,000 years
ago, coinciding with the emergence of Homo sapiens. Mice engineered with human FOXP2 show altered ultrasonic vocalizations and
changes in cortico-basal ganglia circuits—the same circuits disrupted in the KE family. But here's what makes this controversial: FOXP2
doesn't create language; it creates the capacity for vocal learning, the ability to modify sounds based on auditory feedback. This same
capacity evolved independently in songbirds, parrots, and hummingbirds, all showing FOXP2 expression in analogous brain regions

despite separated by 300 million years of evolution.

Here are 4 main points from the text:
Viral DNA inserted millions of years ago still influences human neurotransmitter systems today.

A single change in the FOXP2 gene caused significant speech difficulties in the KE family.

v vy

The human FOXP2 gene developed two specific changes about 300,000 years ago. These changes occurred around the emergence
of Homo sapiens.

v

The FOXP2 gene provides the capacity for vocal learning.
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HERVs Neural Function

Even more unsettling: 8% of your genome consists of endogenous retroviruses (HERVs)—ancient viral infections that inserted themselves
into our ancestors' DNA and now get passed down like regular genes. Johan Jakobsson's work at Lund University revealed that HERV-H,
a retrovirus that infected primates 30 million years ago, is specifically activated in human neural progenitor cells and is essential for
maintaining stem cell pluripotency. When researchers silence HERV-H, neural development fails. Think about that: viral DNA that invaded
our ancestors now controls how your brain develops. HERV-W produces a protein called syncytin that's crucial for placental development,
but when expressed in the brain, it's associated with multiple sclerosis and schizophrenia. The controversial implication: what we call

human consciousness might partially result from ancient viral infections that rewired our neural development.

- Here are 3 main points from the text:

- About 8% of the human genome consists of endogenous retroviruses (HERVs). These ancient viral infections inserted themselves
into our ancestors' DNA and pass down through generations.

- The retrovirus HERV-H is active in human neural stem cells. It is essential for maintaining the flexibility of these cells, which is crucial
for brain development.

- HERV-W produces a protein vital for placental development. In the brain, HERV-W is associated with multiple sclerosis and
schizophrenia.
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Microbiome Mind

The most radical challenge to neural autonomy comes from your gut, where 100 trillion bacteria—ten times more cells than in your entire
body—produce 95% of your body's serotonin and 50% of its dopamine. Emeran Mayer's UCLA studies show that changing gut bacteria
changes behavior: germ-free mice raised in sterile conditions show increased anxiety and altered stress responses that normalize when
colonized with normal microbiota. Probiotics containing Lactobacillus rhamnosus reduce anxiety and depression-like behavior in mice by
modulating GABA receptors—but only if the vagus nerve is intact. Cut the vagus, and the effect disappears, proving direct bacterial-to-
brain communication. In humans, Kirsten Tillisch's brain imaging studies show that women consuming probiotic yogurt for four weeks
show altered activity in brain regions controlling emotion and sensation. The unsettling reality: bacteria that evolved billions of years
before nervous systems exist are casting chemical votes on your decisions through neurotransmitter production and vagal nerve

signaling.

Here are 4 main points from the text:
Gut bacteria produce most of the body's serotonin and half of its dopamine, important brain chemicals.
Studies show that changes in gut bacteria can directly affect behavior and stress responses in mice.

Specific probiotics reduce anxiety in mice by communicating with the brain through the vagus nerve.

R 2 2

In humans, consuming probiotics can alter activity in brain areas that control emotions and sensations.
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Convergent Intelligence

Convergent Solutions, Divergent Architectures Evolution solved intelligence at least four times independently—and each solution reveals

fundamental computational principles that transcend biology. Cephalopod Cognition: Distributed Processing in Action

Here are 3 main points from the text:
Evolution independently developed intelligence at least four separate times.

Each solution reveals fundamental computational principles that apply beyond biology.

v vy

Cephalopod intelligence works through distributed processing.
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Octopus Neural Architecture

The common octopus challenges every assumption about how intelligence must be organized. With 500 million neurons—comparable to
a dog—but distributed in a radically alien architecture where two-thirds of neurons reside in its eight arms, each capable of semi-
autonomous decision-making. This represents extreme divergence: while vertebrate brains concentrate processing in a central location,
octopus intelligence emerges from massive parallel processing across multiple semi-independent ganglia. Each arm contains roughly 40
million neurons organized into local circuits that can process sensory input, make decisions, and execute motor commands without
consulting the central brain. Binyamin Hochner's work at Hebrew University revealed that severed octopus arms continue responding to
stimuli for up to an hour, avoiding threats and even grabbing food—demonstrating local processing that doesn't require central control.
Yet these distributed processors achieve remarkable coordination through convergent pathways that integrate information from all arms:
octopuses open childproof containers, use coconut shells as portable shelters, and recognize individual humans after months of
separation. Most remarkably, Robyn Crook's pain studies at San Francisco State showed that octopuses exhibit cognitive responses to
injury—favoring uninjured arms and showing increased vigilance—suggesting not just nociception but potentially conscious pain

experience despite their distributed architecture.

Here are 4 main points from the text:
The common octopus has 500 million neurons, similar to a dog. Two-thirds of these neurons are located in its eight arms.

Octopus intelligence comes from many independent nerve clusters working together. This is known as massive parallel processing.

v vy

Each octopus arm contains about 40 million neurons in local circuits. These circuits allow arms to make decisions and perform
actions independently.

2

Severed octopus arms can still respond to threats and grab food for a short time. This demonstrates their ability to process
information and act locally.




' COMMON OCTOPUS: DISTRIBUTED INTELLIGENCE (Bioluminescent Model) __

CENTRAL BRAIN
(Coordination Hub)

PARALLEL
PROCESSING

ARM PROCESSING HUB
(Autonomous Control)

) -E__

""" - T



Octopus Movement Control

The octopus solves a fundamental problem in neural computation: how to control a body with virtually infinite degrees of freedom. Unlike
vertebrates with rigid skeletons that constrain movement, an octopus arm can bend at any point along its length. Tamar Flash and
Binyamin Hochner discovered that octopuses simplify this control problem through stereotyped motor primitives—pre-programmed
movement patterns that can be combined like words in a sentence. Reaching involves a propagating wave of muscle contraction that
travels from base to tip, maintaining a straight section that extends toward the target. This solution—hierarchical motor control through
composable primitives—is exactly what roboticists independently developed for controlling soft robots, suggesting convergent solutions

to the degrees-of-freedom problem. Avian Intelligence Without Mammalian Cortex

Here are 4 main points from the text:
Octopuses solve the challenge of controlling their highly flexible bodies, which have many possible movements.
They simplify this control problem by using pre-programmed movement patterns called motor primitives.

For example, when an octopus reaches, a wave of muscle contraction travels from the arm's base to its tip.

R 22

Roboticists independently developed a similar control method for soft robots.
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Crow Brain Intelligence

The New Caledonian crow Betty became famous in 2002 for spontaneously bending a straight wire into a hook to retrieve food—the first
observed instance of an animal creating a tool from unfamiliar materials. But what makes Betty's achievement truly revolutionary isn't the
tool use itself; it's that she accomplished this with a brain weighing just 7 grams and lacking the six-layered neocortex that neuroscientists
long considered essential for intelligence. Onur Gunturkin's comparative studies at Ruhr University revealed that the avian pallium—
organized into nuclear clusters rather than layers—achieves computational power rivaling primate cortex through different architectural
principles. This represents convergent evolution solving the same computational problems through radically different wiring diagrams.
Birds pack neurons at twice the density of mammals, with parrot and corvid brains containing as many neurons as small monkeys despite
being walnut-sized. This nuclear organization may actually be superior for certain computations: the direct connections between clusters
create more efficient feedforward and recurrent pathways, enabling faster processing than the columnar organization of mammalian

cortex.

- Here are 4 main points from the text:

- Betty the crow spontaneously bent a straight wire into a hook to retrieve food. She was the first observed animal to create a tool from
unfamiliar materials.

- Betty accomplished this with a small 7-gram brain. Her brain lacks the six-layered neocortex that scientists once considered essential
for intelligence.

-> Bird brains, called the avian pallium, are organized into nuclear clusters instead of layers. This structure gives them computational
power similar to primate brains.

- Birds pack neurons at twice the density of mammals. This allows their small brains to contain as many neurons as small monkeys.
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Conscious Crows

Andreas Nieder's single-cell recordings from crow endbrain revealed something that shattered assumptions about consciousness:
neurons that encode abstract numerical concepts, behavioral rules, and even subjective perceptual experiences—signatures previously
thought unique to primate prefrontal cortex. When crows perform working memory tasks, their neurons show persistent activity patterns
identical to those in monkey prefrontal cortex, despite 320 million years of divergent evolution. Even more remarkably, Nieder's team
discovered neurons that signal whether the crow knows the correct answer before responding—a neural correlate of metacognition, the
ability to think about thinking. This convergent evolution of higher cognition through completely different neural architectures suggests

that intelligence follows universal computational principles independent of specific implementations.

- Here are 4 main points from the text:

- Crow brains contain neurons that process complex ideas like numbers and rules. This finding challenged previous beliefs about
animal consciousness.

- Crows perform working memory tasks with brain activity patterns identical to monkeys. This occurs despite millions of years of
separate evolution.

- Scientists discovered crow neurons that signal if a crow knows the correct answer before it responds. This suggests crows possess
metacognition, the ability to think about their own thinking.

- Crows developed complex intelligence using different brain structures than primates. This suggests universal principles guide how
intelligence develops, regardless of specific brain designs.
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Acellular Cognition

Learning Without Neurons: Acellular Cognition The most controversial finding in modern neuroscience: organisms without a single neuron

demonstrate learning that challenges the very definition of cognition.

Here are 5 main points from the text:

Acellular cognition describes learning by organisms that lack neurons.
Some organisms exist without any neurons.

These neuron-less organisms can still learn.

This learning ability without neurons is a controversial discovery in neuroscience.

R A T 2/

This finding challenges how scientists define cognition.
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Slime Mold Learning

Audrey Dussutour's work at CNRS Toulouse revealed that the slime mold Physarum polycephalum exhibits habituation—the simplest form
of learning—despite having no neurons. When repeatedly exposed to caffeine or quinine (substances it normally avoids), the slime mold
gradually reduces its avoidance response, maintaining this "memory" for up to six days. More remarkably, when habituated slime molds
fuse with naive ones, the knowledge transfers—the naive mold adopts the habituated behavior within three hours of fusion. This isn't
simple adaptation; it meets all nine criteria for true habituation established by Thompson and Spencer, including spontaneous recovery
and stimulus specificity. The mechanism involves changes in cytoplasmic oscillation patterns that encode information about past
experiences—a form of morphological computation where the body itself processes information. This challenges our neurocentric view: if
a single-celled organism can integrate multiple inputs over time and modify its responses based on experience, then the fundamental

principles of information processing transcend traditional neural circuits.

Main Points:
The slime mold *Physarum polycephalum* learns simple behaviors, even though it has no brain cells or neurons.

It learns to ignore substances it usually avoids and remembers this learned behavior for up to six days.

v vy

Learned behaviors can transfer when a trained slime mold fuses with an untrained one. The new slime mold quickly adopts the
learned behavior.

2

The slime mold's body itself processes information and stores memories by changing its internal patterns.
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Jellyfish Learning

Even more shocking: the upside-down jellyfish Cassiopea, which lacks any centralized nervous system, demonstrates associative learning
—linking two previously unrelated stimuli. Jan Bielecki's 2023 experiments showed that these jellyfish learn to associate light patterns
with food delivery, modifying their pulsing behavior in anticipation of feeding. This learning persists for several days and shows extinction
when the association is no longer reinforced. The implications are profound: if cnidarians with only a nerve net can learn associations,
then learning predates brains by at least 600 million years. This suggests that learning isn't a special property of complex nervous

systems but a fundamental feature of excitable cells—any system capable of changing its response based on experience.

- Here are 4 main points from the text:
- The Cassiopea jellyfish can learn to associate different stimuli, even without a centralized nervous system.

- Experiments showed that jellyfish learn to link light patterns with food delivery. They modify their pulsing behavior in anticipation of
eating.

- This learned association lasts for several days. It disappears if the connection between the stimuli is no longer present.

- This discovery suggests that learning existed long before brains developed. It may be a fundamental ability of excitable cells, not just
complex nervous systems.
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Hierarchical Temporal Processing

Hierarchical Temporal Processing in Neural Systems Your brain operates across nine orders of magnitude in time—from microsecond ion

channels to decade-spanning memories—orchestrating a temporal hierarchy no artificial system has yet matched.

Main Points:
The brain processes information across a vast range of time.
This range covers everything from incredibly fast microsecond events to memories lasting decades.

The brain organizes these different time scales into a structured temporal hierarchy.
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This complex temporal hierarchy in the brain is currently unmatched by any artificial system.
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Brain Timing Mechanisms

Dean Buonomano's research at UCLA revealed that the brain implements multiple clocks through fundamentally different mechanisms.
Millisecond timing for speech perception uses coincidence detection in brainstem nuclei. Second-scale timing for music uses ramping
activity in basal ganglia. Minute-scale timing for working memory uses persistent firing in prefrontal cortex. Hour-scale circadian rhythms
use molecular clocks in the suprachiasmatic nucleus. Each system evolved independently to solve different computational problems, yet
they must coordinate—your ability to play piano requires millisecond motor timing synchronized with second-scale rhythm perception and
minute-scale musical memory. Warren Meck's striatal beat frequency model shows how medium spiny neurons in the striatum detect
coincident oscillations from cortex, effectively reading out time from the phase relationships of neural rhythms—biological polyrhythms

encoding temporal information.

- Main Points:

- The brain uses several different timing systems, or "clocks," to manage various time scales. Each system handles different durations,
from milliseconds to hours.

- These distinct brain clocks use unique mechanisms and specific brain regions for different timing needs. For example, speech timing
uses the brainstem, while music timing uses the basal ganglia.

- Warren Meck's model suggests that specific brain cells in the striatum detect time. They do this by recognizing patterns in the brain's
natural electrical rhythms.




. —

NEURAL TIMEKEEPING MECHANISMSt BIOLOGICAL POLYRHYTHMS |

BRAINSTEM: MILLISECOND

(RAPID PULSES)

Essential for reflexive, ultra-fast timing,
coordination, and sensory processing.

BASAL GANGLIA: SECOND SUPRACHIASMATIC NUCLEUS: HOUR
(RAMPING WAVES)

Circadian
\,_~ Molecular
\ Oscillator

Ramping
Neural
Activity

Crucial for interval timing, motor control, Master circadian pacemaker, regulating I
and sequence generation. daily biological cycles. g

PREFRONTAL CORTEX: MINUTE
(PERSISTENT GLOW)
Sustained

=~ Neural Activity

Sustained
Neural Activity
(Persistent Glow)

Involved in working memory, planning,
and temporal rule maintenance.

STRIATUM: TEMPORAL INTEGRATION '
(BIOLOGICAL POLYRHYTHMS) ‘
e — Coincidence Detection:

= \ Neurons “Read"
\ Phase-Locked Inputs

Converging Neural Oscillations

Specialized striatal neurons integrate diverse temporal information
by detecting coincident phases across multi-frequency rhythms,
enabling precise timing behavior.




Temporal Neural Computation

The most controversial aspect of temporal processing: time itself might be the fundamental organizing principle of neural computation.
Gyorgy Buzsaki's "neuronal syntax" hypothesis proposes that the brain's nested oscillations—from slow delta waves to fast gamma
rhythms—create a temporal scaffold for binding information across scales. Theta-gamma coupling in hippocampus creates "theta
sequences" where place cells fire in compressed temporal order, effectively playing out future trajectories at 10x speed during each theta
cycle. This temporal compression allows the brain to simulate possible futures and select actions based on predicted outcomes. The
same mechanism appears in prefrontal cortex for abstract planning, suggesting that sequential thinking itself emerges from the brain's

oscillatory dynamics.

Here are 5 main points:

Time itself might be a fundamental way the brain organizes how it computes information.

Gyorgy Buzsaki's hypothesis suggests that the brain's wave patterns (oscillations) create a time-based structure to link information.
In the hippocampus, specific brain waves create "theta sequences" that quickly play out possible future paths at high speed.

This rapid simulation helps the brain predict outcomes and make decisions for future actions.

AR A 2/

This same type of process also supports abstract planning and sequential thinking in other parts of the brain.
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Cerebellum Motor Prediction

Experimental Demonstrations Live demonstration: Your cerebellum contains more neurons than the rest of your brain combined—let's see
what 69 billion neurons optimized for prediction can do. | want you to clap with this metronome at 120 beats per minute—the tempo of a
brisk walk and most pop songs, not coincidentally, since this is the natural frequency of human locomotion. Keep clapping in perfect
synchrony for thirty seconds. Notice how quickly your motor system locks onto the rhythm—within three or four claps, you're anticipating
the beat rather than reacting to it. This is your cerebellum running a forward model, predicting when the next beat will occur and initiating
your motor command 50-100 milliseconds early to compensate for neural delays. Now here's where it gets interesting: I'm going to
gradually slow the metronome to 100 BPM over the next ten seconds. Feel that resistance? That's your internal model fighting against the
change, what motor control researchers call "tempo entrainment." Your cerebellum has built a strong prior expectation, and it takes

several beats to override it with new sensory evidence.

Main Points:
The cerebellum contains more neurons than the rest of your brain. It uses these billions of neurons for prediction.

Your motor system quickly anticipates rhythms, such as clapping to a metronome. It predicts the next beat instead of reacting.

v vy

Your cerebellum uses a "forward model" to predict when events will happen. This allows it to start motor commands early to account
for neural delays.

2

Your internal model fights against changes in rhythm, like a slowing metronome. This shows your brain's prediction is strongly set.
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Internal Timing Drift

Now I'm going to turn off the metronome, but keep clapping at what you think is the same tempo. Without external feedback, you're
running purely on your internal model, and if | recorded everyone, we'd see a beautiful demonstration of Weber's law: your timing errors
grow proportionally to the interval length, typically drifting by about 3-5% per minute. Some of you are speeding up—usually the more
anxious among you, as stress increases internal clock speed—while others are slowing down. This drift isn't random; it reflects your
chronotype (morning people tend to run fast, evening people slow), your current arousal level, and even your body temperature (fever
speeds up the internal clock by about 10% per degree Celsius). Professional musicians can maintain tempo without a metronome for
minutes with less than 1% drift because years of practice have refined their cerebellar timing circuits, creating what Oliver Sacks called

"kinetic melody"—the ability to feel time in their bodies rather than count it consciously.

- Here are 3 main points:

- Without external cues, our internal sense of time naturally drifts. This shows Weber's Law, where timing errors increase as the time
interval lengthens.

- Several personal factors influence how our internal timing drifts. These include stress, our natural sleep patterns (chronotype), and
body temperature.

- Professional musicians can keep very accurate time without external help. Years of practice refine their brain's timing circuits,
allowing them to "feel" time in their bodies.
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Cerebellar Predictive Control

What we've just demonstrated reveals cerebellar forward models in action. Your cerebellum—&9 billion neurons in 10% of brain volume—
continuously predicts sensory consequences of motor commands. Masao Ito's decades of research revealed that Purkinje cells in
cerebellar cortex learn through climbing fiber error signals, implementing supervised learning that predates backpropagation by 500
million years. Patients with cerebellar damage can still move but lose predictive control, relying on slow feedback that makes movements
jerky and uncoordinated. This biological prediction engine operates on 2 watts—the power of a single LED—while Boston Dynamics' Atlas

robot needs 15 kilowatts for inferior performance.

Here are 3-5 main points from the text:
The cerebellum continuously predicts the sensory results of your body's movements.
Specialized cells in the cerebellum learn by recognizing errors in movement.

Damage to the cerebellum causes movements to become jerky and uncoordinated due to a loss of predictive control.

v v v

The cerebellum is an extremely energy-efficient system, operating on only 2 watts of power.




HUMAN CEREBELLUM:

NEURAL EFFICIENCY
(c. 2 Watts)

Predictive, smooth motion paths,
low energy.

BOSTON DYNAMICS ATLAS:

MECHANICAL POWER
(c. 15 Kilowatts)

w3 - ;]'
< <

High power, jerky motion,
brute force.




Color Vision Variation

Genetic Lottery: What Colors Do You See? Look at this slide showing subtle color gradients. Some of you see distinct bands, others see
smooth gradients—and this isn't about attention or training. It's genetics. The genes for red and green opsins sit on the X chromosome,
separated by just 24 kilobases, making unequal crossing over common. This creates extraordinary variation: 8% of males have red-green
color blindness, but 12% of women are tetrachromats—possessing four color receptors instead of three, potentially seeing 100 million
colors where most see 10 million. Gabriele Jordan's research at Newcastle found functional tetrachromats who can discriminate colors
that appear identical to trichromats. The woman known as cDa29 consistently distinguishes colors that no one else in the lab can

differentiate.

Here are 4 main points from the text:
Genetics determines how individuals perceive subtle color differences.

Specific genes on the X chromosome control red and green color sensing, causing variations in vision.

v v Y

Genetic variations cause red-green color blindness in 8% of males. They also create tetrachromacy in 12% of women, who potentially
see 100 million colors.

v

Research confirms the existence of functional tetrachromats who can distinguish colors most people cannot differentiate.
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Genetic Perception Differences

Even among "normal" trichromats, genetic polymorphisms create dramatic perceptual differences. The L-opsin gene has two common
variants differing at position 180—serine or alanine—shifting peak sensitivity by 5-7 nanometers. This means the "red" you see might be
measurably different from your neighbor's "red." The 5-HTTLPR polymorphism in the serotonin transporter gene affects not just mood
but visual perception: short allele carriers show enhanced visual cortex responses to emotional faces, literally seeing emotion more
intensely. These genetic variations reveal a profound truth: there is no single human perception of reality. Each nervous system constructs

its own version of the world, constrained by the molecular machinery inherited through genetic lottery.

Here are 3-5 main points from the text:
Genetic differences cause people to perceive the world differently.
Variations in the L-opsin gene affect how individuals see the color red.

A specific gene (5-HTTLPR) changes how intensely people perceive emotions visually.

v v vy

Each person's brain constructs its own unique version of reality based on their genes.
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Bioelectric Thought

Next Time: Electric Flesh and Fire Chapter 2 reveals the biophysics that makes thought possible: how evolution created biological
transistors 3 billion years before Intel, why your brain burns 20% of your calories just maintaining readiness to think, and how 70 millivolts
across a seven-nanometer membrane generates consciousness. We'll explore Hodgkin and Huxley's Nobel Prize-winning work on squid
giant axons, discover why myelination represents one of evolution's greatest innovations, and see how channelopathies—single mutations
in ion channels—can eliminate consciousness while leaving other functions intact. You'll learn why the brain uses both chemical and
electrical synapses, how gap junctions create synchronized networks, and why glial cells (long dismissed as "brain glue") actually
regulate neural computation. Most provocatively: we'll examine evidence that quantum coherence in warm biological systems might
contribute to consciousness—not mystical quantum consciousness, but genuine quantum effects in ion channel gating and microtubule
dynamics. Come prepared to wrestle with membrane potentials, Nernst equations, and the thermodynamics of information processing in

biological systems.

- Here are 3-5 main points from the text:
- Biophysics explains how the brain thinks and creates consciousness, consuming significant energy.

- Studies on nerve cells show that myelination is a major evolutionary innovation, and problems with ion channels can eliminate
consciousness.

- The brain uses both chemical and electrical synapses. Glial cells regulate how the brain computes information.

-> Evidence suggests that quantum coherence might contribute to consciousness.
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Intelligence Paradox

Thought Questions for Discussion Two questions that will haunt you all week—and might determine humanity's future: The Convergence
Paradox: We've seen that evolution independently invented neural processing at least twice (possibly three times), image-forming eyes at
least forty times, and echolocation at least four times. If intelligence is so beneficial and has so many possible implementations, why did
human-level intelligence evolve only once in 3.8 billion years of life on Earth? What does this tell us about the prerequisites for symbolic
thought and cultural accumulation, and what implications does this have for finding intelligent life elsewhere in the universe or creating it

artificially?

Here are 3-5 main points from the text:
Evolution has independently created complex features like eyes and echolocation multiple times.
Human-level intelligence, despite its benefits, evolved only once in Earth's 3.8 billion-year history.

This unique occurrence presents a "Convergence Paradox" regarding the development of advanced intelligence.

v v v

The paradox raises important questions about the prerequisites for symbolic thought and finding intelligent life in the universe.
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Al Scaling Strategies

The Scaling Question: Large language models show smooth scaling laws where performance improves predictably with size, yet
biological brains show the opposite pattern—elephants and whales have larger brains than humans but not greater intelligence, and within
humans, brain size correlates only weakly with cognitive ability. If you were designing an artificial mind, would you follow the biological
strategy of specialized circuits and efficient coding, or the LLM strategy of massive scale and statistical learning? Defend your choice by

addressing this puzzle: why does intelligence scale so differently in silicon versus carbon?

Here are 5 main points from the text:

Large language models (LLMs) show predictable performance improvements as their size increases.
Biological brains demonstrate a different scaling pattern where size does not consistently predict intelligence.
For instance, elephants and whales have larger brains than humans but do not possess greater intelligence.

Within humans, brain size also shows only a weak connection to cognitive ability.

v L v v vl

A key puzzle explores why intelligence scales so differently in artificial systems (silicon) versus biological brains (carbon).
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History of Minds

HISTORY OF MINDS: A DYNAMIC EVOLUTIONARY TAPESTRY

PANEL 1: GENESIS OF
NEURAL COMPLEXITY
(CAMBRIAN OCEAN)

SPARK OF EARLY LIFE

PANEL 2: MOLECULAR &
MICROBIAL INFLUENCES

RETROVIRAL

SHAPING COGNITIVE
STRUCTURES

PANEL 3: DIVERSE
INTELLIGENCES

¢ DISCERNING
} OCTOPUS

KEEN-EYED

BIRD

{\:’L ACELLULAR
\ ORGANISM

PANEL 4: TEMPORAL &
PREDICTIVE PROCESSING

MULTI-SCALAR
TEMPORAL PROCESSING

A

PREDICTIVE NEURAL
ACTIVITY

NEURAL COMPLEXITY
(CAMBRIAN OCEAN)

N Here are 5 main points from the text:

N The development of vision greatly increased the comnr
nervous systems.

N Genetic changes, like FOXP2 mutations, affect our al
think symbolically.

> Viruses and gut bacteria also influence how our brair
function.

N Different organisms show intelligence and learning, ¢
without a mammalian brain.

N Our brains process information at various speeds an:
predictions.

Full Text

A Short History of Nearly Everything About Minds History of Mind
Summary LECTURE OUTLINE I. The Cambrian Catalyst - Vision dr
neural complexity explosion « Thermodynamic limits of biological
computation Il. Genomic Foundations of Cognitive Diversity « FO>
mutations and symbolic thought - Endogenous retroviruses shape¢
neurotransmission « Microbiome-brain axis challenges neural aut:
Convergent Solutions, Divergent Architectures - Distributed cogn
cephalopods -« Avian intelligence without mammalian cortex - Lea
mechanisms in acellular organisms IV. Hierarchical Temporal Proc
Multiple timescales of neural computation - Predictive coding acr
temporal domains
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N Here are 5 main points from the text:

N The evolution of a simple light detector 540 million y
began an arms race that led to the development of a

N Neurons are unique cells with specialized parts like ¢
soma, and axons. These parts receive, integrate, anc
information using electrical and chemical signals.

N Viral DNA controls 8% of your genome and shapes y
neurotransmitters.

N Bacteria in your gut can influence your decisions thre
signals sent by the vagal nerve.

> Some organisms without any neurons can still learn ¢
simple neural networks.

Full Text

V. Experimental Demonstrations - Cerebellar forward models in ac
Genetic polymorphisms in sensory processing Five hundred and f
million years ago, the evolution of a simple light detector triggere
violent arms race in Earth's history—and created every brain that
including yours. But before we explore that epic story, we need tc
understand what makes a neuron fundamentally different from ev
cell: it's polarized, with distinct regions specialized for receiving i
(dendrites), integrating it (soma), and transmitting it across vast «
(axons) through electrical and chemical signals. Today we examin
controversial evidence that challenges everything you believe abc
evolution: that viral DNA controls 8% of your genome and shapes
neurotransmitters, that bacteria in your gut cast votes on your de
through vagal nerve signaling, and that organisms without a singl
demonstrate learning that rivals simple neural networks. We'll wit
convergent evolution producing intelligence through radically diff
architectures—octopi thinking with their arms, corvids outperforn
without a six-layered cortex, even jellyfish exhibiting associative |
without centralized processing. By session's end, you'll understat
consciousness might be as inevitable as crystals forming in soluti
thermodynamic imperative rather than an evolutionary accident.
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Visionary Arms Race
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N Here are 4 main points from the text:

N Andrew Parker's "Light Switch Theory" proposes the
evolution of vision 543 million years ago triggered th
development of complex nervous systems.

N Before vision, Ediacaran organisms were peaceful, bl
creatures that fed by osmosis and moved very slowly

N The evolution of vision drastically expanded organisr
detection range, which led to a massive demand for
neural innovations.

N The trilobite Phacops developed compound eyes wit
calcite lenses. This unique material helped correct vi
problems.

Full Text

Andrew Parker's "Light Switch Theory" proposes something radic
evolution of vision 543 million years ago didn't just add a new ser
triggered an explosive arms race that created nervous systems a¢
them. Before vision, the Ediacaran seas were populated by what

paleontologist Mark McMenamin calls "garden of Ediacara"—peac
organisms that fed by osmosis and moved with geological slowne
once the first photoreceptors evolved, detection range jumped fr
millimeters (chemical gradients) to meters (visual detection), incr
"interaction sphere" by a factor of one million. This catastrophic ¢
of sensory space demanded equally catastrophic neural innovatic
trilobite Phacops possessed compound eyes with 15,000 individu
made of calcite—a material that eliminates spherical aberration tr
unique refractive properties, a solution so elegant that Descartes
Huygens would independently rediscover it 500 million years late



Ancient Visual Circuits
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EVOLUTIONARY CONSERVATION: Similar circuit motifs appear in
both species, despite hundreds of millions of years of divergence.

> Here are 3-5 main points:

N Fundamental visual processing circuits in arthropods
developed only once. These circuits have remained ¢
unchanged for 500 million years.

> Specific brain circuits handle tasks like creating clea
detecting movement, and noticing approaching obje:
These are found in various animals.

N Scientists found fruit flies and mantis shrimp have ne
identical visual circuits. This is true even though they
separately for 400 million years.

N This deep similarity suggests that there may be only
effective ways for brains to process vision.

Full Text

But here's the controversial part that textbooks won't tell you: Nic
Strausfeld's analysis of arthropod brains suggests that the basic
motifs for visual processing—Ilateral inhibition, motion detection, |
detection—evolved just once and have been conserved for half a
years. Lateral inhibition, where active neurons suppress their neic
creates edge enhancement and contrast detection—the same pril
used in every digital image filter. Motion detection relies on feedf:
excitation with precise temporal delays, while looming detection t
convergent inputs that integrate expanding visual fields. When re
at Janelia Farm mapped the complete connectome of the Drosopl
system, they found these circuit motifs virtually identical to those
shrimp, despite 400 million years of divergent evolution. This sug
something profound: there may be only a limited number of ways
visual processing at the circuit level, constrained by the physics ¢
the mathematics of information. Evolution didn't create diverse s¢
discovered the only solutions that work within thermodynamic lim
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> Here are 4 main points from the text:

N Each bit of information processed in your brain requi
specific amount of energy. This energy cost is perfec
optimized for the evolution of complex brains.

N Your brain operates on only 20 watts of power, less t
laptop screen, but performs ten quadrillion operatior
second.

- Human biological computation is 650,000 times mor
efficient than powerful supercomputers like IBM's St

N The human brain consumes 20% of the body's ener¢
This high energy use limits how large or active our bi
become without causing problems like overheating.

Full Text

Simon Laughlin's measurements at Cambridge revealed a numbel
should fundamentally alter how you think about consciousness: e
information processed in your brain costs exactly 5 x 10"-21 joul¢
so precisely optimized that deviating by even 10% would have pre
complex brains from evolving. Your brain operates on just 20 watf
power than your laptop's LED screen—yet performs 10716 operat
second. Compare this to IBM's Summit supercomputer: 200 peta
requiring 13 megawatts, making biological computation 650,000 1
energy-efficient. This isn't just impressive engineering; it's a func
constraint that shaped every aspect of neural evolution. The hum
86 billion neurons consume 20% of your body's energy at rest, pi
against the thermodynamic limits of what aerobic metabolism car
Any larger, and we'd need circulatory systems that couldn't fit in
any more active, and we'd overheat.



Genomic Cognition
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> Here are 4 main points from the text:

> Viral DNA inserted millions of years ago still influenct
neurotransmitter systems today.

> A single change in the FOXP2 gene caused significar
difficulties in the KE family.

S The human FOXP2 gene developed two specific chai
about 300,000 years ago. These changes occurred ¢
the emergence of Homo sapiens.

> The FOXP2 gene provides the capacity for vocal lear

Full Text

Genomic Foundations of Cognitive Diversity Controversial claim:®
thoughts aren't entirely your own—viral DNA inserted into your ge
millions of years ago still influences your neurotransmitter systen
The FOXP2 story begins with a Pakistani family known as KE, whe
members across three generations couldn't speak properly—not ¢
mechanical problems with their mouths, but because of a single r
change in a gene that hadn't varied in mammals for 70 million yez
Svante Paabo's team compared human FOXP2 to our nearest rela
found something extraordinary: two amino acid changes that occi
roughly 300,000 years ago, coinciding with the emergence of Hol
sapiens. Mice engineered with human FOXP2 show altered ultras¢
vocalizations and changes in cortico-basal ganglia circuits—the s
circuits disrupted in the KE family. But here's what makes this cor
FOXP2 doesn't create language; it creates the capacity for vocal

the ability to modify sounds based on auditory feedback. This sar
capacity evolved independently in songbirds, parrots, and hummi
all showing FOXP2 expression in analogous brain regions despite
by 300 million years of evolution.
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N Here are 3 main points from the text:

N About 8% of the human genome consists of endogel
retroviruses (HERVs). These ancient viral infections i
themselves into our ancestors' DNA and pass down 1
generations.

> The retrovirus HERV-H is active in human neural ster
is essential for maintaining the flexibility of these cel
is crucial for brain development.

N HERV-W produces a protein vital for placental develc
the brain, HERV-W is associated with multiple sclero
schizophrenia.

Full Text

Even more unsettling: 8% of your genome consists of endogenou
retroviruses (HERVs)—ancient viral infections that inserted thems
our ancestors' DNA and now get passed down like regular genes.
Jakobsson's work at Lund University revealed that HERV-H, a rett
infected primates 30 million years ago, is specifically activated in
neural progenitor cells and is essential for maintaining stem cell
pluripotency. When researchers silence HERV-H, neural developn
Think about that: viral DNA that invaded our ancestors now contr
your brain develops. HERV-W produces a protein called syncytin -
crucial for placental development, but when expressed in the brai
associated with multiple sclerosis and schizophrenia. The contro\
implication: what we call human consciousness might partially res
ancient viral infections that rewired our neural development.



Microbiome Mind

PANEL A: The “Glowing” Gut & Microbiome

PANEL B: Neural Influence & Behavior
?

NEURAL o
ACTIVITY BEHAVIOR?
Vieir & MOOD
NERVE
r
e b
| MICROBIOME
| “VOTING” >
] ’ 2
e e | C.
N
& MOOD /\
, VAGUS \'
CHEMICAL NERVE
SIGNALS INPUT

N Here are 4 main points from the text:

N Gut bacteria produce most of the body's serotonin a
its dopamine, important brain chemicals.

S Studies show that changes in gut bacteria can direct
behavior and stress responses in mice.

> Specific probiotics reduce anxiety in mice by commu
with the brain through the vagus nerve.

N In humans, consuming probiotics can alter activity in
areas that control emotions and sensations.

Full Text

The most radical challenge to neural autonomy comes from your «
100 trillion bacteria—ten times more cells than in your entire body
95% of your body's serotonin and 50% of its dopamine. Emeran !
UCLA studies show that changing gut bacteria changes behavior:
mice raised in sterile conditions show increased anxiety and alter.
responses that normalize when colonized with normal microbiota
Probiotics containing Lactobacillus rhamnosus reduce anxiety an
depression-like behavior in mice by modulating GABA receptors—
the vagus nerve is intact. Cut the vagus, and the effect disappear
direct bacterial-to-brain communication. In humans, Kirsten Tillis:
imaging studies show that women consuming probiotic yogurt for
weeks show altered activity in brain regions controlling emotion a
sensation. The unsettling reality: bacteria that evolved billions of
before nervous systems exist are casting chemical votes on your
through neurotransmitter production and vagal nerve signaling.



Convergent Intelligence

Decentralized Brains & Ganglia

3. PRIMATE: COMPLEX CORTEX

INTELLIGENCE

(EVOLUTIONARY
NEXUS)

- High Neuron Density, Modular Centers

4. ALIEN Al: CRYSTALLINE COMPUTATION

2. AVIAN: SPECIALIZED NUCLEI EE

X

> Here are 3 main points from the text:

N Evolution independently developed intelligence at le:
separate times.

S Each solution reveals fundamental computational pri
that apply beyond biology.

> Cephalopod intelligence works through distributed
processing.

Full Text

Convergent Solutions, Divergent Architectures Evolution solved ir
at least four times independently—and each solution reveals fund
computational principles that transcend biology. Cephalopod Coc¢
Distributed Processing in Action



Octopus Neural Architecture

- COMMON OCTOPUS: DISTRIBUTED INTELLIGENCE (Bioluminescent Model)

| |

§ § / CENTRAL BRAIN

(Coordination Hub)

: PARALLEL
\“\ . PROCESSING
\\

ARM PROCESSING HUB
(Autonomous Control)

> Here are 4 main points from the text:

> The common octopus has 500 million neurons, simil:
dog. Two-thirds of these neurons are located in its e

> Octopus intelligence comes from many independent
clusters working together. This is known as massive
processing.

> Each octopus arm contains about 40 million neurons
circuits. These circuits allow arms to make decisions
perform actions independently.

S Severed octopus arms can still respond to threats ar
food for a short time. This demonstrates their ability
process information and act locally.

Full Text

The common octopus challenges every assumption about how int
must be organized. With 500 million neurons—comparable to a d¢
distributed in a radically alien architecture where two-thirds of ne
reside in its eight arms, each capable of semi-autonomous decisi
making. This represents extreme divergence: while vertebrate bre
concentrate processing in a central location, octopus intelligence
from massive parallel processing across multiple semi-independe
Each arm contains roughly 40 million neurons organized into loca
that can process sensory input, make decisions, and execute mot
commands without consulting the central brain. Binyamin Hochne
Hebrew University revealed that severed octopus arms continue 1
to stimuli for up to an hour, avoiding threats and even grabbing fo
demonstrating local processing that doesn't require central contr
these distributed processors achieve remarkable coordination thr
convergent pathways that integrate information from all arms: oci
open childproof containers, use coconut shells as portable shelte
recognize individual humans after months of separation. Most rer
Robyn Crook's pain studies at San Francisco State showed that o
exhibit cognitive responses to injury—favoring uninjured arms anc
increased vigilance—suggesting not just nociception but potentia
conscious pain experience despite their distributed architecture.



Octopus Movement Control

1‘ PAN EL 1 : S-I-E REOTYPED REACH |NGI' PR'M‘TIVE ‘ N Here are 4 main points from the text:

N Octopuses solve the challenge of controlling their hit
I flexible bodies, which have many possible movement
|

! N They simplify this control problem by using pre-prog
[ movement patterns called motor primitives.

> For example, when an octopus reaches, a wave of mi
contraction travels from the arm's base to its tip.

|
|

N Roboticists independently developed a similar contrc
for soft robots.

Full Text

The octopus solves a fundamental problem in neural computatior

control a body with virtually infinite degrees of freedom. Unlike ve
with rigid skeletons that constrain movement, an octopus arm cat
any point along its length. Tamar Flash and Binyamin Hochner dis

that octopuses simplify this control problem through stereotyped
primitives—pre-programmed movement patterns that can be com

Simple diagram illustrating the hierarchical control of octopus arm movement.

words in a sentence. Reaching involves a propagating wave of mu
contraction that travels from base to tip, maintaining a straight se
extends toward the target. This solution—hierarchical motor conti
composable primitives—is exactly what roboticists independently
developed for controlling soft robots, suggesting convergent solt
the degrees-of-freedom problem. Avian Intelligence Without Man
Cortex



Crow Brain Intelligence

CONVERGENT EVOLUTION OF COMPLEX COGNITION
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Complex Computational Power
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N Here are 4 main points from the text:

> Betty the crow spontaneously bent a straight wire ini
to retrieve food. She was the first observed animal tc
tool from unfamiliar materials.

-5 Betty accomplished this with a small 7-gram brain. F
lacks the six-layered neocortex that scientists once
considered essential for intelligence.

N Bird brains, called the avian pallium, are organized in
nuclear clusters instead of layers. This structure give
computational power similar to primate brains.

N Birds pack neurons at twice the density of mammals
allows their small brains to contain as many neurons
monkeys.

Full Text

The New Caledonian crow Betty became famous in 2002 for spor
bending a straight wire into a hook to retrieve food—the first obse
instance of an animal creating a tool from unfamiliar materials. Bu
makes Betty's achievement truly revolutionary isn't the tool use it
that she accomplished this with a brain weighing just 7 grams anc
the six-layered neocortex that neuroscientists long considered es
intelligence. Onur Gintirkiin's comparative studies at Ruhr Unive
revealed that the avian pallium—organized into nuclear clusters r¢
layers—achieves computational power rivaling primate cortex thrc
different architectural principles. This represents convergent evol
solving the same computational problems through radically differ
diagrams. Birds pack neurons at twice the density of mammals, w
and corvid brains containing as many neurons as small monkeys «
being walnut-sized. This nuclear organization may actually be sug
certain computations: the direct connections between clusters cr
efficient feedforward and recurrent pathways, enabling faster pro
than the columnar organization of mammalian cortex.



Conscious Crows

FIGURE 2.4: NEURAL BASIS OF COMPLEX COGNITION IN CORVIDS

PANEL A: WORKING MEMORY TASK (BEHAVIOR) PANEL B: ENDBRAIN ACTIVATION (NEUROANATOMY)

ENDBRAIN — EUREKA!
(Telencephalon) ; ;

METACOGNITION

Neural circuits in nidopallium caudolaterale (NCL)
active during abstract thought.

Crow identifies number of items (e.g.,3) after delay.

PANEL C: CONVERGENT EVOLUTION OF INTELLIGENCE

PREFRONTAL SIMILAR NCL
(CORTEX) g € EUNCTIONAL ™ (Analogue)
Analogue ORGANIZATIONS
7
PRIMATE BRAIN CROW BRAIN

Advanced cognitive abilities (numerical concepts, problem solving) arose independently in birds and mammals.

N Here are 4 main points from the text:

N Crow brains contain neurons that process complex ic
numbers and rules. This finding challenged previous
about animal consciousness.

N Crows perform working memory tasks with brain acti
patterns identical to monkeys. This occurs despite nr
years of separate evolution.

-5 Scientists discovered crow neurons that signal if a cr
knows the correct answer before it responds. This st
crows possess metacognition, the ability to think abc
own thinking.

N Crows developed complex intelligence using differen
structures than primates. This suggests universal pri
guide how intelligence develops, regardless of speci
designs.

Full Text

Andreas Nieder's single-cell recordings from crow endbrain revee
something that shattered assumptions about consciousness: neu
encode abstract numerical concepts, behavioral rules, and even ¢
perceptual experiences—signatures previously thought unique to
prefrontal cortex. When crows perform working memory tasks, th
neurons show persistent activity patterns identical to those in mo
prefrontal cortex, despite 320 million years of divergent evolution
more remarkably, Nieder's team discovered neurons that signal w
crow knows the correct answer before responding—a neural corre
metacognition, the ability to think about thinking. This convergen
of higher cognition through completely different neural architectt
suggests that intelligence follows universal computational princip
independent of specific implementations.



Acellular Cognition

1

Concept: Slime Mold Navigation (Physarum polycephalum)

Plasmodium
Optimal Path
Exploratory Tendrils

Information Flow

‘ Efficiently forms shortest routes.

Cytoplasmic Streaming
& Signal Propagation

| Distributed intelligence via oscillation coupling, not central nervous system. | (%

> Here are 5 main points from the text:

> Acellular cognition describes learning by organisms 1
neurons.

S Some organisms exist without any neurons.
> These neuron-less organisms can still learn.

N This learning ability without neurons is a controversi:
discovery in neuroscience.

> This finding challenges how scientists define cogniti

Full Text

Learning Without Neurons: Acellular Cognition The most controve
finding in modern neuroscience: organisms without a single neurc
demonstrate learning that challenges the very definition of cognit



Slime Mold Learning

PANEL 1: HABITUATION

PANEL 2: NAIVE RESPONSE

PANEL 3: FUSION &

Habituated

Physarum 2
po ycephalum

N
ffei
Habituted Lt
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Naive
Physarum
po 3cephalum

INFORMATION TRANSFER

Transfer of "Memory" via

C\Ii'oplasmic. S#reaminﬂ

Tllustration of Physarum
Po{ycephal'um memory transfer
experimen‘l' on whiteboard.

> Main Points:

N The slime mold *Physarum polycephalum* learns sinr
behaviors, even though it has no brain cells or neuro

S It learns to ignore substances it usually avoids and re
this learned behavior for up to six days.

N Learned behaviors can transfer when a trained slime
fuses with an untrained one. The new slime mold qui
adopts the learned behavior.

S The slime mold's body itself processes information a
memories by changing its internal patterns.

Full Text

Audrey Dussutour's work at CNRS Toulouse revealed that the slin
Physarum polycephalum exhibits habituation—the simplest form ¢
—despite having no neurons. When repeatedly exposed to caffeir
quinine (substances it normally avoids), the slime mold gradually
its avoidance response, maintaining this "memory" for up to six d
remarkably, when habituated slime molds fuse with naive ones, tt
knowledge transfers—the naive mold adopts the habituated beha'
three hours of fusion. This isn't simple adaptation; it meets all nin
for true habituation established by Thompson and Spencer, incluc
spontaneous recovery and stimulus specificity. The mechanism ir
changes in cytoplasmic oscillation patterns that encode informati
past experiences—a form of morphological computation where th
itself processes information. This challenges our neurocentric vie
single-celled organism can integrate multiple inputs over time ant
its responses based on experience, then the fundamental principl
information processing transcend traditional neural circuits.



Jellyfish Learning

PANEL 1: INITIAL STATE

PANEL 2: CONDITIONING

PANEL 3: ASSOCIATIVE
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N Here are 4 main points from the text:

N The Cassiopea jellyfish can learn to associate differe
even without a centralized nervous system.

N Experiments showed that jellyfish learn to link light p
with food delivery. They modify their pulsing behavic
anticipation of eating.

N This learned association lasts for several days. It dis:
the connection between the stimuli is no longer pres

> This discovery suggests that learning existed long be¢
brains developed. It may be a fundamental ability of -
cells, not just complex nervous systems.

Full Text

Even more shocking: the upside-down jellyfish Cassiopea, which
centralized nervous system, demonstrates associative learning—lI
previously unrelated stimuli. Jan Bielecki's 2023 experiments sho
these jellyfish learn to associate light patterns with food delivery,
their pulsing behavior in anticipation of feeding. This learning per
several days and shows extinction when the association is no lon¢
reinforced. The implications are profound: if cnidarians with only :
can learn associations, then learning predates brains by at least €
years. This suggests that learning isn't a special property of com|
nervous systems but a fundamental feature of excitable cells—an:
capable of changing its response based on experience.



Hierarchical Temporal Processing

> Main Points:

r; TEMPORAL HIERARCHY IN THE BRAIN
(9 Orders of Magnitude)

> The brain processes information across a vast range

PANEL 1: FAST SIGNALING

X

> This range covers everything from incredibly fast

microsecond events to memories lasting decades.

PANEL 3: LIFELONG
MEMORIES

> The brain organizes these different time scales into ¢
structured temporal hierarchy.

S This complex temporal hierarchy in the brain is curre
unmatched by any artificial system.

e

PANEL 2: LEARNING & PLASTICITY

Full Text

Hierarchical Temporal Processing in Neural Systems Your brain oy
across nine orders of magnitude in time—from microsecond ion ¢
decade-spanning memories—orchestrating a temporal hierarchy |
system has yet matched.




Brain Timing Mechanisms

=

NEURAL TIMEKEEPING MECHANISMS! BIOLOGICAL POLYRHYTHMS

BRAINSTEM: MILLISECOND
(RAPID PULSES)

Pulses

Essential for reflexive, ultra-fast timing,
coordination, and sensory processing.

BASAL GANGLIA: SECOND
(RAMPING WAVES)

Rampin
Neupralg
Activity

Crucial for interval timing, motor control,
and sequence generation.

SUPRACHIASMATIC NUCLEUS: HOUR
(MOLECULAR GEARS)

Circadian
Molecular
Oscillator

o
<
GG
Master circadian pacemaker, regulating
daily biological cycles.

PREFRONTAL CORTEX: MINUTE
(PERSISTENT GLOW)

Sustained

Sustained
Neural Activity
(Persistent Glow)

Involved in working memory, planning,
and temporal rule maintenance.

STRIATUM: TEMPORAL INTEGRATION

(BIOLOGICAL POLYRHYTHMS)

by detecting coincident

B

enabling precise timing

Coincidence Detection:
Neurons “Read"
Phase-Locked Inputs

Converging Neural Oscillations
Specialized striatal neurons integrate diverse temporal information

hases across multi-frequency rhythms,
ehavior.

N Main Points:

N The brain uses several different timing systems, or "
to manage various time scales. Each system handles
durations, from milliseconds to hours.

N These distinct brain clocks use unique mechanisms
specific brain regions for different timing needs. For
speech timing uses the brainstem, while music timin
the basal ganglia.

- Warren Meck's model suggests that specific brain ce
striatum detect time. They do this by recognizing pa’
the brain's natural electrical rhythms.

Full Text

Dean Buonomano's research at UCLA revealed that the brain imp
multiple clocks through fundamentally different mechanisms. Mill
timing for speech perception uses coincidence detection in brain:
nuclei. Second-scale timing for music uses ramping activity in ba
ganglia. Minute-scale timing for working memory uses persistent
prefrontal cortex. Hour-scale circadian rhythms use molecular clc
suprachiasmatic nucleus. Each system evolved independently to :
different computational problems, yet they must coordinate—youl
play piano requires millisecond motor timing synchronized with s¢
scale rhythm perception and minute-scale musical memory. Warr
striatal beat frequency model shows how medium spiny neurons i
striatum detect coincident oscillations from cortex, effectively re:
time from the phase relationships of neural rhythms—biological p
encoding temporal information.



Temporal Neural Computation

.

- PANEL 1: NEURAL OSCILLATIONS
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ACTION SELECTION

> Here are 5 main points:

N Time itself might be a fundamental way the brain org
how it computes information.

> Gyorgy Buzsaki's hypothesis suggests that the brain
patterns (oscillations) create a time-based structure
information.

N In the hippocampus, specific brain waves create "the
sequences" that quickly play out possible future patl
speed.

> This rapid simulation helps the brain predict outcom«
make decisions for future actions.

S This same type of process also supports abstract pl¢
and sequential thinking in other parts of the brain.

Full Text

The most controversial aspect of temporal processing: time itself
the fundamental organizing principle of neural computation. Gyor
Buzsdki's "neuronal syntax" hypothesis proposes that the brain's
oscillations—from slow delta waves to fast gamma rhythms—crea
temporal scaffold for binding information across scales. Theta-ge
coupling in hippocampus creates "theta sequences" where place
in compressed temporal order, effectively playing out future traje
10x speed during each theta cycle. This temporal compression all
brain to simulate possible futures and select actions based on pre¢
outcomes. The same mechanism appears in prefrontal cortex for
planning, suggesting that sequential thinking itself emerges from
brain's oscillatory dynamics.



Cerebellum Motor Prediction

[4] INITIAL STATE: 120 BPM TRANSITION: DECREASING FINAL STATE: 100 BPM’ - Main Points:

TEMPO

N The cerebellum contains more neurons than the rest
brain. It uses these billions of neurons for prediction.

MAINTAIN

= NEW PACE S Your motor system quickly anticipates rhythms, suct
: _‘ u )) oo (o) clapping to a metronome. It predicts the next beat in
L 4 A ® reacting.
1 S
g our cerebellum uses a "forward model" to predict w
(o | O,.. ”'“ = 5 Y bell "f d model" di
0 fﬁ N R events will happen. This allows it to start motor comr
; (( (N { ‘ // BPM early to account for neural delays.
hd sy D |
‘\ l ' 4 f@ ‘ - Your internal model fights against changes in rhythm
SLOW|NaG slowing metronome. This shows your brain's predicti

strongly set.

DOWN

PHYSIOLOGY OF RHYTHMIC
ADTUSTMENT & CONCENTRATION

Full Text

Experimental Demonstrations Live demonstration: Your cerebellu
more neurons than the rest of your brain combined—let's see wh:
billion neurons optimized for prediction can do. | want you to clap

metronome at 120 beats per minute—the tempo of a brisk walk ar

pop songs, not coincidentally, since this is the natural frequency «
locomotion. Keep clapping in perfect synchrony for thirty second:
how quickly your motor system locks onto the rhythm—within thre
claps, you're anticipating the beat rather than reacting to it. This
cerebellum running a forward model, predicting when the next be
occur and initiating your motor command 50-100 milliseconds ea
compensate for neural delays. Now here's where it gets interestir
going to gradually slow the metronome to 100 BPM over the next
seconds. Feel that resistance? That's your internal model fighting
the change, what motor control researchers call "tempo entrainm
cerebellum has built a strong prior expectation, and it takes sever
override it with new sensory evidence.



Internal Timing Drift

EXTERNAL FEEDBACK
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Variable, Subjective Beat.

N Here are 3 main points:

N Without external cues, our internal sense of time nat
drifts. This shows Weber's Law, where timing errors i
as the time interval lengthens.

N Several personal factors influence how our internal ti
drifts. These include stress, our natural sleep patterr
(chronotype), and body temperature.

> Professional musicians can keep very accurate time
external help. Years of practice refine their brain's tir
circuits, allowing them to "feel" time in their bodies.

Full Text

Now I'm going to turn off the metronome, but keep clapping at wi
think is the same tempo. Without external feedback, you're runnir
on your internal model, and if | recorded everyone, we'd see a be:
demonstration of Weber's law: your timing errors grow proportior
interval length, typically drifting by about 3-5% per minute. Some
speeding up—usually the more anxious among you, as stress incr
internal clock speed—while others are slowing down. This drift isr
it reflects your chronotype (morning people tend to run fast, ever
slow), your current arousal level, and even your body temperature
speeds up the internal clock by about 10% per degree Celsius).
Professional musicians can maintain tempo without a metronome
minutes with less than 1% drift because years of practice have re
cerebellar timing circuits, creating what Oliver Sacks called "kinet
melody"—the ability to feel time in their bodies rather than count
consciously.



Cerebellar Predictive Control

HUMAN CEREBELLUM:

NEURAL EFFICIENCY
(c. 2 Watts)

BOSTON DYNAMICS ATLAS:

MECHANICAL POWER
(c. 15 Kilowatts)

Predictive, smooth motion paths,

low energy.
[ e—]

High power, jerky motion,
brute force.

N Here are 3-5 main points from the text:

N The cerebellum continuously predicts the sensory re
your body's movements.

S Specialized cells in the cerebellum learn by recogniz
in movement.

-5 Damage to the cerebellum causes movements to bec
jerky and uncoordinated due to a loss of predictive ¢

N The cerebellum is an extremely energy-efficient syst
operating on only 2 watts of power.

Full Text

What we've just demonstrated reveals cerebellar forward models
Your cerebellum—69 billion neurons in 10% of brain volume—cont
predicts sensory consequences of motor commands. Masao Ito's
of research revealed that Purkinje cells in cerebellar cortex learn -
climbing fiber error signals, implementing supervised learning the
backpropagation by 500 million years. Patients with cerebellar da
still move but lose predictive control, relying on slow feedback th:
movements jerky and uncoordinated. This biological prediction er
operates on 2 watts—the power of a single LED—while Boston Dy
Atlas robot needs 15 kilowatts for inferior performance.



Color Vision Variation
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> Here are 4 main points from the text:

> Genetics determines how individuals perceive subtle
differences.

> Specific genes on the X chromosome control red anc
color sensing, causing variations in vision.

> Genetic variations cause red-green color blindness i
males. They also create tetrachromacy in 12% of wol
potentially see 100 million colors.

S Research confirms the existence of functional tetrac
who can distinguish colors most people cannot diffel

Full Text

Genetic Lottery: What Colors Do You See? Look at this slide show
color gradients. Some of you see distinct bands, others see smoc
gradients—and this isn't about attention or training. It's genetics.
for red and green opsins sit on the X chromosome, separated by |
kilobases, making unequal crossing over common. This creates
extraordinary variation: 8% of males have red-green color blindne
12% of women are tetrachromats—possessing four color receptor
of three, potentially seeing 100 million colors where most see 10 1
Gabriele Jordan's research at Newcastle found functional tetrach
who can discriminate colors that appear identical to trichromats.
woman known as cDa29 consistently distinguishes colors that no
in the lab can differentiate.



Genetic Perception Differences

PERCEPTION & GENETICS

INDIVIDUAL A

Muted Color,
Subtle Emotion

INDIVIDUAL B
?:
:

Vivid Color,

Intense Emotion

INDIVIDUAL C

High Contrast,

Dramatic Emotion

Genetic variations influence sensory processing and emotional perception.

> Here are 3-5 main points from the text:

> Genetic differences cause people to perceive the wo
differently.

S Variations in the L-opsin gene affect how individuals
color red.

> A specific gene (5-HTTLPR) changes how intensely |
perceive emotions visually.

S Each person's brain constructs its own unique versic
reality based on their genes.

Full Text

Even among "normal" trichromats, genetic polymorphisms create
perceptual differences. The L-opsin gene has two common varian
differing at position 180—serine or alanine—shifting peak sensitiv
nanometers. This means the "red" you see might be measurably ¢
from your neighbor's "red." The 5-HTTLPR polymorphism in the <
transporter gene affects not just mood but visual perception: sho
carriers show enhanced visual cortex responses to emotional face
seeing emotion more intensely. These genetic variations reveal a
truth: there is no single human perception of reality. Each nervous
constructs its own version of the world, constrained by the molec
machinery inherited through genetic lottery.



Bioelectric Thought
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> Here are 3-5 main points from the text:

N Biophysics explains how the brain thinks and creates
consciousness, consuming significant energy.

> Studies on nerve cells show that myelination is a maj
evolutionary innovation, and problems with ion chanr
eliminate consciousness.

> The brain uses both chemical and electrical synapse
cells regulate how the brain computes information.

> Evidence suggests that quantum coherence might c«
to consciousness.

Full Text

Next Time: Electric Flesh and Fire Chapter 2 reveals the biophysic
makes thought possible: how evolution created biological transist
billion years before Intel, why your brain burns 20% of your calori
maintaining readiness to think, and how 70 millivolts across a sev
nanometer membrane generates consciousness. We'll explore Hc
Huxley's Nobel Prize-winning work on squid giant axons, discovel
myelination represents one of evolution's greatest innovations, ar
channelopathies—single mutations in ion channels—can eliminate
consciousness while leaving other functions intact. You'll learn wl
brain uses both chemical and electrical synapses, how gap juncti
synchronized networks, and why glial cells (long dismissed as "br
actually regulate neural computation. Most provocatively: we'll ex
evidence that quantum coherence in warm biological systems mi¢
contribute to consciousness—not mystical quantum consciousne:
genuine quantum effects in ion channel gating and microtubule d
Come prepared to wrestle with membrane potentials, Nernst equ:
the thermodynamics of information processing in biological syste



Intelligence Paradox
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> Here are 3-5 main points from the text:

N Evolution has independently created complex feature
eyes and echolocation multiple times.

S Human-level intelligence, despite its benefits, evolve
once in Earth's 3.8 billion-year history.

> This unique occurrence presents a "Convergence Pa
regarding the development of advanced intelligence.

N The paradox raises important questions about the
prerequisites for symbolic thought and finding intellit
in the universe.

Full Text

Thought Questions for Discussion Two questions that will haunt y
week—and might determine humanity's future: The Convergence
We've seen that evolution independently invented neural process
least twice (possibly three times), image-forming eyes at least foi
and echolocation at least four times. If intelligence is so beneficie
so many possible implementations, why did human-level intelligel
only once in 3.8 billion years of life on Earth? What does this tell ¢
the prerequisites for symbolic thought and cultural accumulation,
implications does this have for finding intelligent life elsewhere in
universe or creating it artificially?
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N Here are 5 main points from the text:

N Large language models (LLMs) show predictable per
improvements as their size increases.

S Biological brains demonstrate a different scaling patt
where size does not consistently predict intelligence

N For instance, elephants and whales have larger brain
humans but do not possess greater intelligence.

N Within humans, brain size also shows only a weak co
to cognitive ability.

N A key puzzle explores why intelligence scales so diffi
artificial systems (silicon) versus biological brains (c:

Full Text

The Scaling Question: Large language models show smooth scalil
where performance improves predictably with size, yet biological
show the opposite pattern—elephants and whales have larger bra
humans but not greater intelligence, and within humans, brain siz
correlates only weakly with cognitive ability. If you were designing
artificial mind, would you follow the biological strategy of speciali
circuits and efficient coding, or the LLM strategy of massive scale¢
statistical learning? Defend your choice by addressing this puzzle
does intelligence scale so differently in silicon versus carbon?



