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About this compendium

This volume merges the twenty-four per-lecture Research Packs built for <b>NeuroZoology, Second
Edition</b> into a single reference document. Lectures 1–12 are reproduced from the first combined
pack file and lectures 13–24 from the second. Nothing has been cut, merged, deduplicated, or re-
worded. The only structural change is heading normalisation, so that the whole run carries one
heading level per lecture and a consistent level for every STEP, SECTION, and APPENDIX inside a
pack. Each pack’s own preamble and claim-level key are retained in place, since the wording of
those keys differs across the L1–L6, L7–L9, L10–L12, and L13–L24 build generations.

Internal research document. Not a draft. The Master Style Guide’s published-prose rules — no headings, no
lists, invisible structure, comedy, anti-scaffolding — govern published lecture prose and do not govern this
file. Headers, lists, and tables are used freely here for fast reference. No narrator voice, no humour, no editori-
alising: facts, mechanisms, experiments, claim levels, and honest uncertainty markers only.

Every pack follows the same internal spine: STEP 1, the assembled lecture identity, then SECTION 1,
the evidentiary timeline; SECTION 2, the beat-by-beat dossier, twelve beats to a lecture; SECTION 3,
the thread and dependency map; SECTION 4, the overclaim dossier; SECTION 5, the comparative and
convergence inventory; SECTION 6, the adversarial and skeptic’s notes; and SECTION 7, the source
inventory. The Lecture 1–5 packs carry further appendices — per-organism dossiers, mechanism
deep-dives, numbers master sheets, quote and testimony catalogs, and terminology discipline.

Claim-level key used throughout: <b>A</b> — replicated across independent labs, consensus, or
established mechanism. <b>B</b> — good evidence, a single strong study not yet widely replicated,
or some conflict. <b>C</b> — contested, single-lab, or disputed. <b>myth</b> — a popular claim
not supported by the evidence. <b>retro</b> — retrospective reinterpretation. Individual packs re-
state this key in their own wording; where the wording differs, the pack’s own version governs.

NeuroZoology 2E · Research Packs About this compendium

vii



Source manifest

# Lecture Words Sections Beats Page
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LECTURE 1

The First Nerve
Internal research document · built for fast reference · the voice rules of the Master Style Guide (no headings,
no lists, invisible structure, comedy) govern published lecture prose and do NOT apply here. This file uses
headers and lists freely. No narrator voice, no humor, no editorializing. Facts, mechanisms, experiments,
claim levels, and honest uncertainty markers only.

Compiled June 2026. Claim-level key used throughout: A = replicated across independent labs / consensus /
established mechanism · B = good evidence, single strong study not yet widely replicated, or some conflict · C =
contested, single-lab, or disputed · myth = false · retro = retrospective reinterpretation.

STEP 1 — THE ASSEMBLED LECTURE IDENTITY

Number / Title / Subtitle. Lecture 1 · The First Nerve. No formal subtitle in Syllabus 3.0; the roster
gloss functions as one: the lead is a cost, not a creature — the neuron as an expensive, leaky solution
to a logistics problem, roughly 600 million years ago.

Type / arc position. Foundation. Opens the course (Foundations = Lectures 1–3). Clear, grounded,
load-bearing; "laying track." No showcase register, no dread-gradient.

Consolidates. Original 1E Lecture 1. (54 sources in the spine; 12 carried from the first edition.)

Thesis. A neuron is not a magic component — it is an expensive, leaky, metabolically costly solution
to a logistics problem, and that cost is the constraint the entire course keeps running into.

Source-scaffolding status (read before trusting the beat order).

• No Course Schema file exists in the project. Per the build instructions, the 12-beat se-
quence below is therefore taken from the Beat plan field of Syllabus 3.0 and is a recommend-
ed draw, not a locked spine. When the Schema locks an order it supersedes this.

• No Storyboard file exists. Per the build instructions, each beat's Intent below is therefore
derived from the relevant slice of the Syllabus 3.0 lecture description plus the Cast / Plants-
cashes / Hype-audit fields — not from a 5-micro-beat storyboard.

• One reconciliation note: Syllabus 3.0's Beat plan names four of the five universal beats ex-
plicitly (Field Vignette as opener, Skepticism/Adversarial Audit, Fact That Quiets the Room,
Constraint) and lists seven optionals, which sums to eleven. The fifth universal — Moment of
Evidence / Discovery — is mandatory in every lecture and is left implicit in the provisional
plan. It is placed below as Beat 2 (the ctenophore-genome sequencing as the apparatus), the
natural reading, and flagged as such.

Working 12-beat sequence (recommended draw; opener and closer flagged; Skepticism
variant named).

1. Field Vignette (opener, universal) — coordinated cnidarian swimming with no center to is-
sue the order.
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2. Moment of Evidence / Discovery (universal; implicit in the provisional plan, placed here)
— the sequencing of the ctenophore genome (the apparatus = the genome/transcriptome
pipeline).

3. Anchor Researcher (optional, shared) — Leonid Moroz.

4. The Principle (optional, shared) — signaling faster than diffusion; the neuron as a priced
solution.

5. Architecture (optional, shared) — the diffuse nerve net.

6. Mechanism Walkthrough (optional, shared) — the action potential.

7. Range Survey (optional, mechanism-leaning) — Paramecium → Hydra → ctenophore → Tri-
choplax → sponge.

8. Methods / Model Organism (optional, mechanism-leaning) — why the basal taxa, and the
bias they impose.

9. The Skepticism Audit = Adversarial Audit (universal, mechanism track) — did the neu-
ron evolve once, or more than once?

10. The Fact That Quiets the Room (universal) — ~600 mya, and the metabolic price tag.

11. The Constraint (universal) — the neuron is expensive, leaky, costly.

12. Convergence Callback (optional, shared; CLOSER) — the neuron may itself be a conver-
gence; end on the open question, not a resolution.

Cast (stable names — do not introduce variants).

• Experiment / Researcher — Leonid Moroz (ctenophores; the neuron-evolved-more-than-once
provocation; planted here as the convergence thread's headwaters, named directly in L3).

• Animal — Paramecium and other single-celled organisms; Hydra and jellyfish (cnidarian
nerve nets); ctenophores (comb jellies); the placozoan Trichoplax (Trichoplax adhaerens);
sponges.

• Mechanism / Structure — the diffuse nerve net; the action potential and voltage-gated ion
channels; the coordination problem itself. Bookends L24.

Active threads (from the Narrative Architecture).

• Thread 6 — The Mechanism Is the Marvel (dominant; the whole lecture is claim hygiene
about origins).

• Thread 2 — Convergence (its headwaters: Moroz; the neuron possibly a convergence).

• Thread 1 — The Animal Is Never Free (the constraint: the neuron as cost; the metabolic
price).

• Thread 4 — Control Without a CEO (in nascent form: nerve nets and nerveless coordina-
tion, no center).

• Thread 3 (Difference not Deficiency) and Thread 5 (Umwelt) are present only faintly here;
they are named and built later.

Plant / cash edges this lecture sits on.
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• PLANTS the convergence thread at its headwaters (Moroz; the multiple-origins question) —
cashed across the course, named explicitly in L3. Lay it as a live, open question; do not spend
the "neurons evolved twice" payoff as settled fact.

• PLANTS the neuron-as-cost that L24 bookends (the course's opening↔closing arc: L1 the neu-
ron as a cost ↔ L24 the thesis resolved, lens turned to silicon).

• Touches the headwaters of Thread 4 / distributed control (cnidarian nerve nets with no
center), the principle anchored in L4 and cashed at colony scale in L19.

Contrast pair(s). L1 is a foundation, not half of an adjacency pair. Its structural partner is the
course bookend: L1 ↔ L24. (No adjacent-showcase contrast pair applies.)

Hype-audit move(s) and line to hold. HOLD OPEN — Did the neuron evolve once, or more than
once? Popular framing: the neuron is a single ancestral invention inherited down one clean line.
Documented: the strangeness of ctenophore nervous systems leads Moroz and others to argue neu-
rons may have evolved independently more than once; the competing phylogenies remain unre-
solved. Line to hold: present this as a live, unsettled question at the head of the convergence thread
— not as a settled overturning. The point is not "neurons evolved twice" as fact; the point is that the
question is open, and even the course's most basic component may be a convergence rather than an
heirloom.

Register calibration. Foundation: clear, grounded, load-bearing. Comedy thermostat normal
(deadpan documentary absurdism; the absurdity here is logistical and deep-time — a single cell
running a "nervous system," a brain regenerated four times, a Science paper claiming to settle the
animal root and being retracted within three months). No suffering content; comedy need not drop.

Research spine. 54 catalogued sources (CSV), 12 carried from 1E. By type: 17 primary studies, 28 re-
views, 8 monographs, 1 popular-science artifact (Godfrey-Smith, Metazoa, 2020 — analyzed, never
leaned on). Keystones: Moroz et al. (2014, Nature) on the ctenophore genome and independent
neural origins; the cnidarian nerve-net literature (Mackie; Satterlie 2011; Dupre & Yuste 2017); the
channel-ancestry and nerveless-coordination work (Liebeskind et al. 2011;
Smith/Senatore/Varoqueaux on Trichoplax; Srivastava 2010 / Sakarya 2007 on sponges). Supple-
mented below with post-CSV reporting that materially changes the "where the field stands" picture
(Schultz et al. 2023; Burkhardt et al. 2023; Steenwyk & King 2025 and its February 2026 retrac-
tion).

SECTION 1 — THE EVIDENTIARY TIMELINE

Two interleaved tracks: discovery history (how the science was actually established) and evolutionary /
deep-time anchors. Every entry carries a date or timeframe, the actor, the finding/mechanism, and the oper-
ational relevance to the lecture's argument. Claim levels tagged.

Deep-time anchors (the frame)
• ~850–635 Ma — Cryogenian period. The window into which most molecular-clock studies

place the origin of animals (Metazoa) and the earliest divergences among basal lineages. Oper-
ational: the neuron's hardware is older than the neuron; the cell type is younger than the peri-
od. Claim: B (clocks vary widely; calibration-dependent).
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• ~833–650 Ma — molecular-clock estimates for the last common ancestor of animals.
Multiple analyses (e.g., Peterson et al. 2004; Erwin et al. 2011; dos Reis et al.) put the animal
origin tens-to-hundreds of millions of years before the first unambiguous fossils. One fre-
quently cited figure: "early metazoan divergence ~830 Mya." Claim: B.

• 635–541/539 Ma — Ediacaran period. First unambiguous animal body and trace fossils.
Modern phyla with nervous systems may have diverged here or just before (Cunningham et al.
2017; Paulin & Cahill-Lane 2021). A 2024 recalibration (Bobrovskiy/relevant Science Advances
work) argues for an Ediacaran origin shortly before crown-metazoan fossils appear — a "short
prehistory." Claim: B.

• ~600 Ma (round figure) — first diffuse nerve nets. The cnidarian/eumetazoan nerve net
is conventionally placed around here; the syllabus uses "roughly 600 million years ago" as the
throughline date. A defensible midpoint, not a hard number. Claim: B.

• ~555 Ma — earliest unequivocal bilaterian fossils (Peterson et al. 2004). Sets the lower
bound for centralized, cephalized nervous systems. Claim: A (fossil) / B (interpretation).

• 541/539–485 Ma — Cambrian period ("Cambrian explosion"). Most animal phyla appear
in the fossil record already morphologically complex; macropredation arrives, and with it
strong selection for fast, centralized nervous systems (Paulin's "carnivory as selective pres-
sure" argument). Claim: A (fossils) / B (the predation-drove-brains causal story).

• ~500 Ma — early chordates. Voltage-gated Na channels evolve a clustering motif at the axon
initial segment; ~50 My later, with the independent evolution of myelin, Na channels cluster
at nodes of Ranvier, enabling saltatory conduction (Liebeskind 2011; Hill et al. 2008; Hartline
& Colman 2007). Operational: the speed upgrades come hundreds of millions of years after the
basic spike. Claim: A/B.

Discovery history (how we actually know)
• 1871 — Darwin, The Descent of Man. Argues for continuity of mental powers across species

— difference of degree, not kind. Operational: the deep ancestor of the anti-craniocentric
stance; a monograph, framing only. Claim: retro/framing.

• 1899 — Santiago Ramón y Cajal, Textura del Sistema Nervioso. The neuron doctrine: the
nervous system is composed of discrete cells, not a continuous reticulum. Operational: the doc-
trine that Burkhardt's 2023 ctenophore finding partially violates (a syncytial nerve net); the
bridge to L2 (Cajal returns for wiring economy) and L3 (connectome method). Claim: A (foun-
dational, later confirmed by EM for most animals).

• 1906 — Charles Sherrington, The Integrative Action of the Nervous System. Coins
"synapse"; frames the nervous system's job as integration — the coordination problem. Opera-
tional: names the problem the whole lecture is about. Claim: A.

• 1906 — H. S. Jennings, Behavior of the Lower Organisms. Classic descriptions of the
Paramecium "avoiding reaction" and trial-and-error-like behavior in protists. Operational: the
behavioral phenomenon later given an electrophysiological mechanism. Claim: A (observa-
tion).

• 1943 / 1956 — Bullock; Horridge — cnidarian neuromuscular facilitation. Establish
that jellyfish swim-contraction strength depends on the frequency of impulse traffic in the
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motor nerve net (peripheral facilitation). Operational: mechanism inside the "centerless"
swimmer. Claim: A.

• 1952 — Hodgkin & Huxley, squid giant axon (Loligo). Five-paper series in J. Physiol. quan-
tifies the action potential as voltage-gated Na⁺ influx (depolarization) followed by voltage-gat-
ed K⁺ efflux (repolarization); the Hodgkin–Huxley model. The squid giant axon (up to ~1 mm
diameter, conduction ~25 m/s) is the apparatus that made the spike measurable. Operational:
the canonical Mechanism Walkthrough; the action potential as the universal "letter" of the
electrochemical alphabet. Claim: A (Nobel 1963).

• 1952 — C. F. A. Pantin, The Nerve Net of the Actinozoa. Classic experimental work on con-
duction in sea-anemone nerve nets (interneural facilitation; through-conduction). Opera-
tional: foundational nerve-net physiology. Claim: A.

• 1959 — T. H. Bullock, "The neuron doctrine and electrophysiology" (Science). Historical
framing of excitable-tissue thinking; sets up comparative invertebrate neurobiology. Claim: A
(review).

• 1965 — Bullock & Horridge, Structure and Function in the Nervous Systems of Inverte-
brates. The standard comparative reference. Operational: the catalog the course's comparative
method descends from. Claim: A (monograph).

• 1972 — Roger Eckert, "Bioelectric control of ciliary activity" (Science 176:473–481). Es-
tablishes that Paramecium swimming is under bioelectric control: a depolarizing stimulus
triggers a calcium-based action potential; Ca²⁺ entering the cilia reverses the ciliary power
stroke → backward swimming ("avoiding reaction"). Operational: the keystone "below the
neuron" study — a single cell with an action potential and no nervous system. Claim: A.

• 1972 — Naitoh & Kaneko — permeabilized-cilia Ca²⁺ exposure. Directly demonstrate
that raising intraciliary Ca²⁺ above ~1 µM drives ciliary reversal, localizing the trigger to the
cilia. Claim: A.

• 1973 — Kung & Naitoh; "Pawn" mutants. Paramecium behavioral mutants ("Pawn," can-
not swim backward) lack functional ciliary Ca²⁺ channel activity — a genetic dissection of the
calcium spike. Operational: shows the spike is a defined molecular system, mutable like any
other. Claim: A.

• 1977 — Dunlap — localization of Ca channels to cilia. The voltage-gated Ca channels re-
sponsible for the Paramecium action potential are found exclusively in the cilia. Claim: A.

• 1978 — Brehm & Eckert, "Calcium entry leads to inactivation of calcium channel in
Paramecium" (Science). Calcium-dependent inactivation of the Ca channel (via calmodulin);
the spike self-terminates in milliseconds. Operational: even the protist spike has the feedback
architecture of a "real" action potential. Claim: A.

• 1983 — Anderson & Schwab, "Action potential in neurons of motor nerve net of
Cyanea" (J. Neurophysiol.). Direct recordings confirm cnidarian nerve-net neurons fire gen-
uine, overshooting action potentials. Operational: the nerve net is not a slow analog mesh — it
spikes. Claim: A.

• 1987 — Pearse & Pearse, Living Invertebrates. Reference on basal-animal body plans and
behavior. Claim: A (monograph).
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• 1990 — G. O. Mackie, "The elementary nervous system revisited" (American Zoolo-
gist). Synthesizes cnidarian nerve nets as the first true nervous systems and the use of parallel
conducting systems. Claim: A (review).

• 1990 — P. A. V. Anderson (ed.), Evolution of the First Nervous Systems (Plenum). Edited
volume; the field's first systematic gathering of the origins problem. Claim: A (monograph).

• 1997 — Leys & Mackie — electrical conduction in a glass sponge (Rhabdocalyptus
dawsoni). Local tactile/electrical stimulation arrests the exhalant water current by triggering
an action potential that propagates through the syncytial tissue; propagation velocity ~0.22
cm/s, excitability threshold up to ~30 s. Operational: a body-wide electrical signal in an ani-
mal with no neurons — and the slowness quantifies how much the neuron buys. Claim: A/B
(well-known, hexactinellid-specific).

• 2001 — Attwell & Laughlin, "An Energy Budget for Signaling in the Grey Matter of the
Brain" (J. Cereb. Blood Flow Metab. 21:1133–1145). The brain is ~2% of body mass but
~20% of resting metabolic energy; of grey-matter signaling energy, action potentials ~47%,
postsynaptic glutamate effects ~34%, resting potential ~13%, glutamate recycling ~3%. Most
of it is spent pumping Na⁺ back out via the Na⁺/K⁺-ATPase (1 ATP per 3 Na⁺). Operational:
the keystone Constraint reference — the price tag. Claim: A.

• 2001 — Bertil Hille, Ion Channels of Excitable Membranes (3rd ed.). The standard refer-
ence on the molecular hardware of excitability. Claim: A (monograph).

• 2007 — Sakarya et al., "A post-synaptic scaffold at the origin of the animal kingdom"
(PLoS ONE 2:e506). Sponge (Amphimedon) post-synaptic density (PSD) scaffolding proteins
predate neurons; flask cells are ciliated sensory-secretory cells. Operational: "synaptic machin-
ery before synapses." Claim: A/B.

• 2007 — Hartline & Colman, "Rapid conduction and the evolution of giant axons and
myelinated fibers" (Curr. Biol. 17:R29–R35). Two convergent speed solutions — fat axons
(squid) and myelin (independently evolved in vertebrates and some invertebrates, e.g., cope-
pods, prawns). Operational: speed is a later, separately invented add-on; convergence even in
conduction. Claim: A (review).

• 2008 — Richards et al. — Notch–Delta and a proneural bHLH gene in Amphimedon.
The neurogenic genetic toolkit expressed in a sponge that builds no neurons. Claim: A/B.

• 2008 — Srivastava et al., "The Trichoplax genome" (Nature). Genome of the simplest
known animal; encodes proneuropeptides, neurosecretion orthologs,
glutamatergic/GABAergic/purinergic/NO signaling components. Claim: A.

• 2010 — Srivastava et al., "The Amphimedon queenslandica genome and the evolution
of animal complexity" (Nature 466:720–726). The sponge genome carries an almost com-
plete set of genes homologous to mammalian synaptic genes, despite assembling no synapse.
Operational: the genetic "kit" predates the structure. Claim: A.

• 2011 — Liebeskind, Hillis & Zakon, "Evolution of sodium channels predates the origin
of nervous systems in animals" (PNAS 108:9154–9159, May 31 2011). A choanoflagellate
(the unicellular sister group of animals) carries a Na-channel homolog with an ion-selectivity
filter intermediate between Ca and Na channels; homologs (cloned, expressed) found in the
nerveless placozoans. Nav channels evolved from Ca channels and predate neurons. Opera-
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tional: the keystone "hardware predates the cell type" study. Claim: A.

• 2011 — Satterlie, "Do jellyfish have central nervous systems?" (J. Exp. Biol.
214:1215–1223). Argues that medusozoan nerve nets show real neuronal condensation into
ganglion-like integrating centers; in many jellyfish there is a defensible case for centralized
systems interacting with diffuse nets. Operational: the steelman against the "centerless" open-
er — the complication the Adversarial Audit must hold. Claim: A/B.

• 2012 — Liebeskind, "Adaptive evolution of voltage-gated sodium channels: the first
800 million years" (PNAS / Commun. Integr. Biol.). Traces Nav from the choanoflagellate
ancestor through invertebrate Nav1/Nav2 to vertebrate Nav1 expansion; the AIS-then-n-
ode-of-Ranvier clustering story. Claim: A/B.

• 2012 — Rivera et al. — Amphimedon larval phototaxis via cryptochrome (AqCry2). A
"neuronless, opsinless eye": sponge larvae steer toward/away from light using a cryptochrome
photopigment in cell cilia. Operational: sensing without neurons. Claim: B.

• 2013 — Ryan et al., "The genome of the ctenophore Mnemiopsis leidyi" (Science). First
ctenophore genome to formally argue ctenophore-sister phylogeny and the independent origin
of neural cell types. Operational: one of the two foundational genome papers behind Moroz's
provocation. Claim: B/C.

• 2014 — Moroz et al., "The ctenophore genome and the evolutionary origins of neural
systems" (Nature 510:109–114; online 21 May 2014). Draft genome of Pleurobrachia bachei
(Pacific sea gooseberry) + 10 ctenophore transcriptomes. Ctenophores lack HOX genes, canoni-
cal microRNA machinery, and many bilaterian neuron-specific genes; do not use serotonin,
dopamine, acetylcholine, octopamine, or noradrenaline; rely instead on glutamate, a lin-
eage-specific peptide repertoire, and electrical signaling. Places Ctenophora as the earli-
est-branching metazoan lineage and argues their nervous system evolved independently. Oper-
ational: the keystone provocation; the convergence thread's headwaters. Claim: C /
HOLD OPEN.

• 2014 — Smith et al., "Novel cell types, neurosecretory cells, and body plan of Tri-
choplax adhaerens" (Curr. Biol. 24:1565–1572). Six morphologically distinct cell types;
flask-shaped cells with sensory cilia express the presynaptic-exocytosis proteins SNAP-25 and
synaptobrevin. Operational: secretory/"presynaptic" machinery in a nerveless, synapse-less
animal. Claim: A/B.

• 2014 — Marlow & Arendt; Marlow et al.; Arendt et al. (cell-type origins). Synthesis of
the neuron-origin debate; how neurons fit the broader question of cell-type evolution. Claim:
A (reviews).

• 2015 — Smith, Pivovarova & Reese, "Coordinated Feeding Behavior in Trichoplax, an
Animal without Synapses" (PLoS ONE 10:e0136098). When Trichoplax glides over algae its
cilia stop; only lipophil cells near the algae secrete lytic granules; the animal pauses, externally
digests, then resumes. Global gliding control is coordinated with precise local secretion — inte-
gration with no neurons or synapses. Operational: the nerveless-coordination keystone. Claim:
A/B.

• 2015 — Leys, "Elements of a 'nervous system' in sponges" (J. Exp. Biol.). Reviews coordi-
nated whole-body contractions ("sneezing") in sponges without neurons. Claim: A (review).
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• 2015 — Jékely, Keijzer & Godfrey-Smith, "An option space for early neural evolution"
(Phil. Trans. R. Soc. B). Maps the design space of the first nervous systems (input–output
coupling, the "skin-brain" idea). Operational: the conceptual framing for the
Methods/Principle beats. Claim: A (review).

• 2016 — Moroz & Kohn, "Independent origins of neurons and synapses" (Phil. Trans. R.
Soc. B). The explicit argument for convergent (polyphyletic) evolution of neurons. Opera-
tional: the provocation in review form. Claim: C.

• 2016 — Liebeskind et al., "Complex homology and the evolution of nervous systems"
(Trends Ecol. Evol.). Reframes the question as homology-vs-convergence at the level of com-
ponents, not whole systems. Claim: A/B (review).

• 2017 — Dupre & Yuste, "Non-overlapping Neural Networks in Hydra vulgaris" (Curr.
Biol. 27:1085–1097, 24 April 2017). GCaMP6s calcium imaging of essentially every neuron in
a behaving transgenic Hydra (a few hundred to ~1,000 neurons; one preparation tracked
~620). The "simple nerve net" resolves into ~four anatomically non-overlapping functional
networks tied to specific behaviors (longitudinal contraction; light-induced elongation; radial
contraction; nodding near the hypostome). Operational: the whole-nervous-system-imaging
apparatus; complicates "diffuse and simple." Claim: B.

• 2017 — Senatore, Reese & Smith, "Neuropeptidergic integration of behavior in Tri-
choplax adhaerens, an animal without synapses" (J. Exp. Biol. 220:3381–3390). Peptide
signaling coordinates Trichoplax behavior. Claim: A/B.

• 2018 — Varoqueaux et al., "High cell diversity and complex peptidergic signaling un-
derlie placozoan behavior" (Curr. Biol.). Eleven neuropeptides each elicit stereotyped be-
haviors (crinkling, turning, flattening/churning); peptide-secreting cells in non-overlapping
populations. Suggests peptidergic volume signaling predated synaptic signaling. Claim: B.

• 2019 — Smith et al., "Coherent directed movement toward food modeled in Tri-
choplax" (PNAS 116:8901–8908). Models how a nerveless, ciliated animal achieves directed,
coordinated movement. Claim: B.

• 2019 — Ginsburg & Jablonka, The Evolution of the Sensitive Soul (MIT Press). Origins of
minimal consciousness and associative learning; framing monograph. Claim: framing.

• 2020 — Godfrey-Smith, Metazoa (FSG). Popular-science synthesis of the deep origins of
minds. Operational: artifact only — treat as a phenomenon with a publication date and edito-
rial incentive, never as a factual source. Claim: popular artifact.

• 2021 — Jékely, "The chemical brain hypothesis for the origin of nervous systems"
(Phil. Trans. R. Soc. B). Nervous systems may have grown out of pre-existing chemical (pep-
tidergic) signaling networks — Trichoplax as the living analog. Operational: a leading origin
hypothesis for the Principle/Methods beats. Claim: B (hypothesis).

• 2021 — Moroz et al., "Neural versus alternative integrative systems" (Phil. Trans. R.
Soc. B). Transmitter-system evidence for the multiple-origins thesis (the "chemoconnec-
tome"). Claim: C.

• 2023 (21 April) — Burkhardt et al., "Syncytial nerve net in a ctenophore adds insights
on the evolution of nervous systems" (Science 380:293–297). Volume electron mi-
croscopy + 3D reconstruction of the ctenophore subepithelial nerve net shows neurons with a
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continuous plasma membrane forming a syncytium — no synapses in that net (abo-
ral-net neurons have 2–5 nuclei). Directly challenges the universality of Cajal's neuron doc-
trine. Operational: fresh, vivid apparatus-as-scene; sharpens "the neuron may not be one
thing." Claim: B (single strong recent study).

• 2023 (September) — Bielecki, Garm et al. — associative learning in the box jellyfish
Tripedalia cystophora (Curr. Biol.). A cnidarian with no central brain learns to associate
visual contrast with obstacles, in its rhopalia (~1,000 neurons each). Operational: complicates
"no center, no learning." Claim: B.

• 2023 (May 17 / June 1) — Schultz et al., "Ancient gene linkages support ctenophores as
sister to other animals" (Nature 618:110–117). Uses chromosome-scale gene linkage (syn-
teny) as a phylogenetic character; rare, irreversible chromosome fusion-and-mixing events
unite sponges + cnidarians + bilaterians + placozoans to the exclusion of ctenophores →
ctenophore-sister. Operational: the strongest recent support for the phylogeny that makes
independent neural origins plausible. Claim: B (strong, but see 2025 challenge).

• 2025 — Steenwyk & King (MBE / methods critiques) — challenge to the synteny null
model. Argues part of the ctenophore-sister synteny signal may be intrinsic to data properties
(chromosome number, ortholog reliability, long-branch effects). Operational: the debate did
not close in 2023. Claim: C (methodological dispute).

• 2025 (13 November) — Steenwyk & King, "Integrative phylogenomics positions
sponges at the root of the animal tree" (Science 390:751–756). Reported 490/490 statisti-
cally significant topology tests supporting sponge-sister, none supporting ctenophore-sister.
RETRACTED.

• 2026 (5 February) — Retraction of Steenwyk & King 2025 (Science 391:564). The au-
thors alerted Science that pipeline errors — an imbalance in the number of sponges vs.
ctenophores biasing a scoring metric, and improper handling of collapsed internal nodes —
made the results unreliable; flagged by Casey Dunn and colleagues. Operational: the single
best illustration of the HOLD OPEN — a 2025 Science paper claiming to settle the animal
root was retracted within three months. The question is, as of mid-2026, genuinely unresolved.
Claim: A (the retraction is a documented fact) / the underlying phylogeny remains C.

• 2026 (February) — Neural connectome of the ctenophore statocyst (eLife). Recent con-
nectomic work on the ctenophore aboral organ/statocyst; notes ctenophore neural structures'
syncytial architecture and lineage-specific neuropeptides, and that early genomic/single-cell
studies failed to find classical neuronal markers in ctenophores. Operational: the most recent
reporting; the field is still actively mapping what a ctenophore "neuron" even is. Claim: B.

SECTION 2 — THE BEAT-BY-BEAT DOSSIER

The heart of the pack. Twelve sub-sections, one per beat in the working sequence. Beat order is the recom-
mended draw from Syllabus 3.0 (no Schema exists); each Intent is derived from the lecture description +
cast/plant/hype fields (no Storyboard exists).
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Beat 1 — The Field Vignette
Role: opener (universal). Gloss: natural behavior in the wild, tactile and exact; the first of the
lecture's two-scene floor. Intent (derived): open on coordinated cnidarian motion that has no cen-
ter issuing the order — a jellyfish pulsing through open water, a Hydra contracting — so the listener
meets "a nervous system" before meeting a brain, and feels the coordination problem before it is
named.

FACTS & MECHANISMS
• A swimming jellyfish (medusa) propels itself by contracting its bell in discrete pulses; the con-

traction is driven by a motor nerve net spread across the subumbrellar muscle, and a wave of
activation spreads over the whole umbrella with each pulse (Satterlie 2011; Bullock 1943; Hor-
ridge 1956). There is no head, no brain in the bilaterian sense, and the body plan is radial,
non-cephalized. Claim: A.

• Contraction strength is set by neuromuscular facilitation: the more impulse traffic in the
motor nerve net, the stronger the muscle contraction (frequency-dependent peripheral facili-
tation; Bullock 1943; Horridge 1956; Passano 1973). Claim: A.

• Cnidarian nerve-net neurons fire genuine, overshooting action potentials (Anderson &
Schwab 1983, recordings from the Cyanea motor nerve net). The net is not a slow analog mesh;
it spikes. Claim: A.

• Hydra (a freshwater cnidarian polyp) coordinates contraction, elongation, and feeding
through a nerve net of only a few hundred to ~1,000 neurons distributed through the body
wall — small enough that the entire nervous system can be imaged at once (Dupre & Yuste
2017). Claim: A/B.

• The complication that earns its place even in the opener: the "centerless" framing is the
textbook starting point, not the last word. In medusae, nerve nets show neuronal condensa-
tion into ganglion-like integrating centers, and box jellyfish (cubozoans) carry condensed
pacemaker centers in four rhopalia — a defensible quasi-CNS (Satterlie 2011; Garm et al.). The
opener should stage the centerless appearance and let the Adversarial Audit complicate it lat-
er. Claim: A/B.

THE EXPERIMENT / APPARATUS-AS-SCENE
• Whole-nervous-system imaging of behaving Hydra (Dupre & Yuste 2017, Columbia

Neurotechnology Center). Apparatus: a transgenic Hydra vulgaris line expressing the genet-
ically encoded calcium indicator GCaMP6s in neurons (plasmid injected into fertilized eggs);
the animal placed in a drop of water between two slides under a microscope, small and trans-
parent enough that every neuron is visible at once. Measured: calcium spikes across the
whole net during free behavior; ~620 neurons tracked in one preparation. Result: the diffuse
net is actually ~four anatomically non-overlapping functional networks, each firing dur-
ing a specific behavior. This is the staged scene where "simple nerve net" stops being simple.
Claim: B.
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KEY FIGURES (the three lead types)
• Researcher: Christophe Dupre & Rafael Yuste (2017, Columbia) — whole-animal calcium imag-

ing; claim level B (single strong study, now widely cited).

• Animal: Hydra (Hydra vulgaris); also the medusa (jellyfish) as the canonical centerless swim-
mer. Niche: freshwater sessile polyp (Hydra) / planktonic pulsing swimmer (medusa). Behav-
ior at issue: coordinated contraction/feeding with no command center.

• Mechanism / structure: the diffuse nerve net + the motor nerve net as a distributed activa-
tion system — coordination from local rules, no CEO.

CONVERGENCE & COMPARATIVE ANCHORS
• The "no center" body plan is the headwater of Thread 4 (Control Without a CEO): nerve

nets here → octopus arms (L4/L5) → ant colony / superorganism (L19). Lay the principle; do
not spend the downstream payoffs.

UMWELT / FIELD-VIGNETTE MATERIAL
• Documented only: the medusa's rhythmic pulsing; Hydra's contraction, light-induced elonga-

tion, radial contraction, and "nodding"; Hydra "sneezing" (body compression to expel waste;
Dupre & Yuste). No invented color. Claim: A/B.

THE FACT THAT QUIETS THE ROOM (candidate)
• A Hydra runs its entire behavioral repertoire on a few hundred to ~1,000 neurons; a human

brain has ~86 billion. (Hold the human number lightly — it is L3/L6 material; here it can sit
as a single flat comparison.) Claim: A.

CLAIM LEVELS & CONFLICTS
• That the net coordinates behavior with no central brain: A. That it is therefore "simple" or

"primitive": contested — Dupre & Yuste found structure; Satterlie found condensation. Name
the tension; do not resolve it in the opener.

NUMBERS THAT MATTER
• Hydra neurons: few hundred–~1,000 (one prep ~620). Human brain ~86 billion. Calcium in-

dicator: GCaMP6s. Functional networks found: ~4.

Beat 2 — The Moment of Evidence / Discovery
Role: universal (implicit in the provisional plan; placed here). Gloss: the experiment/observation
that established the claim, staged through its apparatus; the course's center of gravity. Intent (de-
rived): stage the act of reading a genome as the discovery event — the moment a comb jelly's gene
content suggested the field had drawn the animal tree, and the story of the neuron, wrong.
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FACTS & MECHANISMS
• Moroz et al. 2014 (Nature 510:109–114) sequenced the draft genome of the ctenophore Pleu-

robrachia bachei (Pacific sea gooseberry) and 10 additional ctenophore transcriptomes.
Claim: A (the sequencing); C (the phylogenetic interpretation).

• Findings that reframe the neuron: ctenophores lack HOX genes, canonical microRNA ma-
chinery, and a full complement of bilaterian neuron-specific genes; they do not use
serotonin, dopamine, acetylcholine, octopamine, or noradrenaline — the "classical"
neurotransmitters — relying instead on glutamate, a large lineage-specific neuropeptide
repertoire, and electrical signaling. Claim: B (genomic/transcriptomic; some markers later
refined).

• Ryan et al. 2013 (Science) had already sequenced Mnemiopsis leidyi and argued for
ctenophore-sister and the independent origin of neural cell types. Two independent
ctenophore genomes, same provocation. Claim: B/C.

• The logical fork the genomes force: if ctenophores branched first and have a nervous system,
while sponges and placozoans (which branched after, on that topology) have none, then ei-
ther neurons evolved twice (in ctenophores and again in the cnidarian–bilaterian
line) or they evolved once and were lost in sponges and placozoans (the 2015
Whelan/2015 reviews lay out exactly this dichotomy). Claim: C / HOLD OPEN.

THE EXPERIMENT / APPARATUS-AS-SCENE
• The apparatus is the genome/transcriptome pipeline, not a bench rig: specimens collected

at sea (a ~seven-year international collection effort), RNA/DNA extracted, sequenced, assem-
bled, and compared gene-family by gene-family against other animals. The "result with its
number" is a gene-presence/absence table — the absence of HOX, of canonical microRNA
machinery, of classical neurotransmitter pathways, read as a signature of independent origin.
The scene-able beat is the moment a column of expected neuronal genes comes back empty in
an animal that visibly has nerves. Claim: A (method) / C (inference).

KEY FIGURES
• Researcher: Leonid Moroz (University of Florida / Whitney Laboratory), with Andrea Kohn;

2014, Nature; claim C for the multiple-origins reading.

• Animal: the ctenophore Pleurobrachia bachei (sea gooseberry); also Mnemiopsis leidyi
(Ryan 2013).

• Mechanism / structure: the ctenophore nervous system as a possibly independent inven-
tion — different transmitters, different developmental genes.

CLAIM LEVELS & CONFLICTS
• The sequencing and the unusual transmitter/gene profile: B (replicated across ctenophore

genomes). The conclusion "neurons evolved independently": C — depends on the unresolved
phylogeny (see Beat 9 and Section 4). What would settle it: a phylogeny robust to long-branch
artifacts, plus mechanistic homology tests of ctenophore vs. cnidarian neurons.
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QUOTES & TESTIMONY
• Moroz, 2014 (UF/CRG press): "these aliens are in our backyard" — his framing of ctenophores

as the closest thing to independently evolved animal minds. (Short, attributed; do not over-
lean on the "alien" line — it is the hook the popular coverage seized.) Claim: quote, attrib-
uted.

NUMBERS THAT MATTER
• Pleurobrachia bachei genome + 10 ctenophore transcriptomes (2014). Classical neurotransmit-

ters used by ctenophores: effectively 0 of the canonical set
(serotonin/dopamine/ACh/octopamine/noradrenaline absent or not in neurons). Indepen-
dent ctenophore genomes behind the claim: 2 (Ryan 2013; Moroz 2014).

Beat 3 — The Anchor Researcher
Role: optional, shared. Gloss: the scientist as character. Intent (derived): Moroz as the figure who
looked at a comb jelly and was willing to say the neuron might not be one thing — the person at the
headwaters of the convergence thread.

FACTS & MECHANISMS
• Moroz's central claim (Moroz et al. 2014; Moroz & Kohn 2016, "Independent origins of neu-

rons and synapses," Phil. Trans. R. Soc. B; Moroz et al. 2021): ctenophore nervous systems are
built from a different molecular toolkit — distinct transmitters, distinct neurogenic genes,
a "chemoconnectome" that does not match the bilaterian one — implying neurons are a con-
vergent solution, evolved more than once. Claim: C.

• Supporting oddities Moroz emphasizes: ctenophores regenerate the aboral organ
(apical/gravity sensor, sometimes called an "elementary brain") in ~3.5 days; in one experi-
ment a lobate ctenophore (Bolinopsis) regenerated its brain four times. Operational: a ner-
vous system treated as a disposable, regrowable module — alien relative to ours. Claim: B
(Moroz, reported).

• The corroborating structural surprise (different lab): Burkhardt et al. 2023 found the
ctenophore subepithelial nerve net is a syncytium — neurons fused by continuous mem-
brane, no synapses in that net — a wiring scheme that violates the neuron doctrine for most
animals. Independent support that "ctenophore neuron" may not mean what "neuron" means
elsewhere. Claim: B.

KEY FIGURES
• Researcher: Leonid Moroz — wants: to establish that minds/neurons are convergent, not a

single inheritance; fears (scientifically): the long-branch-attraction critique that his phyloge-
ny is an artifact; can demonstrate: a genuinely divergent ctenophore molecular and develop-
mental profile; collides with overclaim when the popular press converts "may have evolved
more than once" into "neurons evolved twice — settled."

• Mechanism: the chemoconnectome (transmitter-system identity as a phylogenetic signal).
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THE CONSTRAINT / TRADEOFF
• Even the provocation has a cost: a regrowable, transmitter-divergent nervous system buys re-

generation and lineage flexibility but is built on hardware so different it is hard to homologize
— the reason the debate is unresolved.

CLAIM LEVELS & CONFLICTS
• Moroz's interpretation is C (contested, his lab central). Burkhardt's syncytium is B (indepen-

dent, structural). The phylogeny it rides on is C. Keep Moroz a character with a hypothesis, not
an oracle with a finding.

QUOTES & TESTIMONY
• Moroz, 2014: comparing ctenophores to meeting an alien — "radically different from us."

(Short, attributed.)

NUMBERS THAT MATTER
• Aboral-organ regeneration: ~3.5 days; Bolinopsis brain regenerations observed: 4. Ctenophore

nerve-net neurons (aboral net, Burkhardt 2023): syncytial, 2–5 nuclei per cell, 0 synapses in
that net.

Beat 4 — The Principle
Role: optional, shared. Gloss: the engineering law. Intent (derived): name the problem the ner-
vous system was invented to solve — signaling faster than diffusion across a body too big to wait —
and frame the neuron as a priced solution to it, not a gift.

FACTS & MECHANISMS
• The coordination problem. Diffusion is adequate for a single cell and hopeless for a body:

molecular diffusion time scales with the square of distance, so doubling the distance quadru-
ples the wait. Once an animal is more than a few cell-layers thick, chemical diffusion cannot
coordinate fast behavior; excitable membranes that propagate a signal actively are the
answer evolution kept reaching for (Sherrington's "integrative action"; Jékely et al. 2015 option
space). Claim: A (physics) / A (framing).

• Two families of solution, both pre-neural. (1) Chemical/peptidergic volume signaling
— Trichoplax and sponges coordinate behavior by secreting peptides/amino acids that diffuse
locally to receptive cells (Senatore 2017; Varoqueaux 2018; Jékely 2021 "chemical brain hypoth-
esis"). (2) Electrical conduction — glass sponges propagate an action potential through syn-
cytial tissue (Leys & Mackie 1997). The neuron is the later solution that combines fast electri-
cal conduction along a process with targeted chemical release at its end. Claim: A/B.

• The neuron as priced solution. A neuron is not free: it maintains steep ion gradients at rest
(the resting potential alone costs ~13% of grey-matter signaling energy; Attwell & Laughlin
2001), it leaks constantly, and every spike must be paid back by the Na⁺/K⁺-ATPase. The Prin-
ciple the lecture installs: the nervous system is what you build when diffusion is too slow and
you can afford the metabolic bill. Claim: A.
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MECHANISM-WALKTHROUGH MATERIAL (the principle, traced)
• Wiring economy is L2's territory; here the steppable principle is the diffusion-vs-conduction

tradeoff: (i) a stimulus at one end of a large body; (ii) diffusion delivers the message in time ∝
distance²; (iii) an excitable membrane instead regenerates the signal at each point, delivering
it in time ∝ distance (linear), at a fixed metabolic cost per unit length; (iv) therefore conduc-
tion wins for any body above a threshold size, and the threshold is set by how much energy the
animal can spare. Claim: A.

THE CONSTRAINT / TRADEOFF
• The principle is a constraint: fast signaling is bought with a permanent metabolic standing

charge. This plants the Constraint beat (Beat 11) and the course-long Thread 1.

CONVERGENCE & COMPARATIVE ANCHORS
• The same principle is solved on different substrates — peptidergic volume signaling (Tri-

choplax), syncytial electrical conduction (glass sponge), spiking neurons (cnidaria onward).
Same problem, different hardware: a clean Thread 2 seed.

CLAIM LEVELS & CONFLICTS
• Physics of diffusion: A. "The neuron is a priced solution, not a magic component": the course's

framing, supported by the energy-budget literature (A). The relative timing of chemical vs.
electrical pre-neural signaling is open (Jékely's chemical-first vs. electrical/contractile-first
hypotheses).

NUMBERS THAT MATTER
• Diffusion time ∝ distance². Resting potential ≈ 13% of grey-matter signaling energy. Brain ≈

2% body mass / ≈ 20% resting energy budget.

Beat 5 — The Architecture
Role: optional, shared. Gloss: the substrate and key structures doing the work. Intent (derived):
the diffuse nerve net as the first true nervous-system architecture — a mesh with no center, parallel
conducting systems, and (the surprise) more internal structure than the textbook admits.

FACTS & MECHANISMS
• The cnidarian diffuse nerve net is the canonical first nervous-system architecture: bipolar

and multipolar neurons connected through-the-body, conducting in all directions, with no
central ganglion required for basic behavior (Mackie 1990; Pantin 1952). Claim: A.

• Parallel conducting systems are the cnidarian signature: scyphomedusae run a fast motor
nerve net (swim contractions) alongside a second, partly overlapping diffuse nerve net with
slower, modulatory functions (Horridge 1956; Passano 1973; Satterlie 2011). Two nets, two jobs,
no boss. Claim: A.

• Cnidarians use both chemical and electrical (gap-junction) synapses; through-conduc-
tion across the net can be electrical, allowing whole-body responses without a routing center.
Claim: A.
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• Condensation toward centers. In medusae, nerve nets compress and neurons condense into
ring nerves and ganglion-like centers; box jellyfish have a ring nerve plus four rhopalia, each
a sensory-and-pacemaker cluster, directly interconnected — arguably a coherent quasi-CNS
(Satterlie 2011; Garm et al. 2006/2007). Operational: "diffuse and centerless" is the start of the
story, not the end. Claim: A/B.

• The functional-network surprise. Dupre & Yuste 2017 showed the Hydra "simple net" is
partitioned into ~four non-overlapping behavior-specific functional networks — architecture
hiding inside apparent diffuseness. Claim: B.

• The syncytial alternative. Burkhardt et al. 2023: a ctenophore subepithelial nerve net is a
fused syncytium with no synapses — a fundamentally different architecture from the
synapse-connected discrete-cell net, and a reason "nerve net" may not name one thing. Claim:
B.

THE EXPERIMENT / APPARATUS-AS-SCENE
• Volume electron microscopy of the ctenophore nerve net (Burkhardt 2023). Apparatus:

serial block-face / volume EM + 3D skeleton reconstruction (CATMAID-style tracing) of the
delicate, fragile ctenophore subepithelial net. Measured: membrane continuity between neu-
rites; presence/absence of synaptic densities. Result: continuous plasma membrane (syn-
cytium), 2–5 nuclei per aboral-net cell, dense-core vesicles but no synapses in that net. A
70-year-old doctrine (discrete cells, synaptic gaps) shown not to be universal. Claim: B.

KEY FIGURES
• Researcher: Pawel Burkhardt (Michael Sars Centre, Bergen), 2023, Science — syncytial net;

claim B.

• Animal: the ctenophore (subepithelial nerve net); Hydra (functional networks); the medusa
(parallel nets).

• Mechanism/structure: the diffuse nerve net and its variants (synaptic vs. syncytial; diffuse
vs. condensed).

CONVERGENCE & COMPARATIVE ANCHORS
• Two architectures for one job (synaptic net vs. syncytial net) inside the basal animals alone —

convergence/divergence at the architectural level, before the course even reaches brains.

CLAIM LEVELS & CONFLICTS
• Diffuse net as first architecture: A. Net-as-simple: contested (Dupre & Yuste; Satterlie). Syn-

cytial ctenophore net: B (one strong recent study). The Cajal neuron doctrine holds for most
animals (A) but is not universal (B).

NUMBERS THAT MATTER
• Functional networks in Hydra: ~4. Ctenophore aboral-net nuclei per cell: 2–5. Synapses in the

ctenophore subepithelial net (Burkhardt): 0. Box-jelly rhopalia: 4; eyes per animal: 24.
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Beat 6 — The Mechanism Walkthrough
Role: optional, shared. Gloss: step the actual circuit. Intent (derived): trace the action potential it-
self — the single repeated event that is the "letter" of the electrochemical alphabet — from resting
gradient to spike to the pump that pays it back.

FACTS & MECHANISMS / MECHANISM-WALKTHROUGH MATERIAL (steppable)
1. The resting gradient. The cell uses the Na⁺/K⁺-ATPase to pump 3 Na⁺ out and 2 K⁺ in per

ATP, building steep gradients (high K⁺ inside, high Na⁺ outside) and a negative resting poten-
tial (~−65 to −70 mV in a neuron; negative resting potential in Paramecium from high intra-
cellular K⁺). This standing charge is the "leak" the animal pays for continuously. Claim: A.

2. Threshold. A depolarizing stimulus (sensory input, synaptic input, or in Paramecium a
mechanosensitive channel opening on contact) pushes the membrane toward threshold. Be-
low threshold, nothing; at threshold, the spike is all-or-none. Claim: A.

3. Depolarization (the upstroke). Voltage-gated Na⁺ channels open; Na⁺ rushes in down
its gradient; the membrane flips from ~−70 mV toward ~+30 to +40 mV. (In Paramecium and
many protists/cnidarians the carrier is Ca²⁺ through voltage-gated Ca channels rather than
Na⁺ — the same logic, a different ion.) Claim: A.

4. Repolarization (the downstroke). Na⁺ channels inactivate (in Paramecium, Ca channels
inactivate via calmodulin-mediated calcium-dependent inactivation, within millisec-
onds; Brehm & Eckert 1978); voltage-gated K⁺ channels open; K⁺ exits; the membrane re-
turns toward rest. A Ca-activated K⁺ current can add an after-hyperpolarization. Claim: A.

5. Propagation. The local depolarization brings the adjacent membrane to threshold, regener-
ating the spike point-by-point — so amplitude does not decay with distance (unlike
passive/diffusive spread). Claim: A.

6. The bill. The Na⁺ (or Ca²⁺) that entered must be pumped back out; the Na⁺/K⁺-ATPase does
most of this work, and action potentials account for ~47% of grey-matter signaling en-
ergy, with pumping the dominant cost (Attwell & Laughlin 2001). The spike is cheap to fire
and expensive to undo. Claim: A.

THE EXPERIMENT / APPARATUS-AS-SCENE
• Hodgkin & Huxley, squid giant axon, 1952. Apparatus: the squid giant axon (Loligo), an

escape-jet axon up to ~1 mm in diameter — large enough to thread an internal electrode and
run voltage clamp. Protocol: clamp the membrane to set voltages, measure the time-course of
Na⁺ and K⁺ currents, separate them by ion substitution. Result: the quantitative
Hodgkin–Huxley model of the action potential; conduction in the squid giant axon ~25 m/s.
The apparatus is the animal's own oversized wiring, repurposed as a measuring instrument.
Claim: A (Nobel 1963).

• Eckert 1972, Paramecium. Apparatus: intracellular recording from a single immobilized cili-
ate. Result: a depolarizing stimulus elicits a small, graded calcium action potential; the same
spike logic, in a cell with no nervous system. Claim: A.
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CONVERGENCE & COMPARATIVE ANCHORS
• Conduction speed is a separate, later, convergent invention. Unmyelinated axons con-

duct ~0.5–2 m/s; the squid solved speed with a fat axon (~25 m/s); vertebrates and several
invertebrate lineages (copepods, some annelids/prawns) independently evolved myelin,
pushing conduction up to ~100–120 m/s via saltatory jumps between nodes of Ranvier (Hart-
line & Colman 2007; Liebeskind 2011/2012). Myelin is a convergence, not a vertebrate trade-
mark. Claim: A.

THE CONSTRAINT / TRADEOFF
• Speed costs volume (fat axons) or developmental machinery and metabolic upkeep (myelin);

fire rate drives energy use (1 extra AP/cortical neuron/s ≈ +145 mL O₂/100 g grey matter/h;
Attwell & Laughlin 2001). Every increment of speed or rate has a bill.

CLAIM LEVELS & CONFLICTS
• The Hodgkin–Huxley action potential: A (textbook, replicated for 70+ years). Ca-based vs.

Nabased spikes across taxa: A. Independent (convergent) myelin: A.

NUMBERS THAT MATTER
• Resting potential ~−65 to −70 mV; spike peak ~+30 to +40 mV; Na/K-ATPase stoichiometry 3

Na⁺ out : 2 K⁺ in per ATP. Squid giant axon diameter up to ~1 mm; conduction ~25 m/s. Un-
myelinated ~0.5–2 m/s; myelinated up to ~100–120 m/s. APs ≈ 47% of grey-matter signaling
energy.

Beat 7 — The Range Survey
Role: optional, mechanism-leaning. Gloss: breadth across taxa to establish a principle. Intent (de-
rived): the ladder down from the neuron — Paramecium → Hydra/jellyfish → ctenophore → Tri-
choplax → sponge — to show the hardware predates the cell type and coordination predates neu-
rons.

FACTS & MECHANISMS (one rung at a time)
• Paramecium (single cell, no nervous system). Swims by beating thousands of cilia at

~10–20 Hz. On contact, mechanosensitive channels depolarize the membrane and trigger a
Ca²⁺ action potential; Ca²⁺ enters through voltage-gated Ca channels located exclusively
in the cilia, reversing the power stroke → backward "avoiding reaction," then a turn, then for-
ward in a new direction. Intraciliary Ca²⁺ rises from ~100 nM at rest to ~10 µM–1 mM dur-
ing the spike, then is pumped/buffered back down (Eckert 1972; Naitoh & Kaneko 1972;
Brehm & Eckert 1978). Called a "swimming neuron." Claim: A.

• Hydra / jellyfish (cnidarians, first true nervous systems). Diffuse nerve net; genuine ac-
tion potentials (Anderson & Schwab 1983); coordinated swimming/feeding with no brain;
~few hundred–1,000 neurons in Hydra; condensed pacemaker centers and 24 eyes in box jelly-
fish. Claim: A.

• Ctenophores (comb jellies). A nervous system built on a divergent toolkit (no canonical
neurotransmitters; glutamate + lineage-specific peptides; syncytial net) — possibly an inde-
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pendent invention (Moroz 2014; Burkhardt 2023). Claim: B/C.

• Trichoplax (placozoan, no neurons, no muscles, no synapses). Six cell types; coordinates
gliding and external digestion by peptidergic/amino-acid volume signaling (Smith 2015;
Senatore 2017; Varoqueaux 2018). Claim: A/B.

• Sponges (no neurons, no nerve net). Carry an almost complete synaptic gene set without
building a synapse (Srivastava 2010; Sakarya 2007); larvae phototax via cryptochrome (Rivera
2012); glass sponges conduct a body-wide electrical impulse (~0.22 cm/s) through syncytial
tissue with no neurons (Leys & Mackie 1997). Claim: A/B.

THE EXPERIMENT / APPARATUS-AS-SCENE (the survey's vivid object)
• The single repeated object across the survey is the voltage-gated channel — the molecular

"letter" that appears in a Paramecium cilium, a Trichoplax secretory cell's signaling apparatus,
a sponge's syncytium, and a squid axon alike. The Range Survey's anchor is the recurrence of
the same hardware on bodies that do and do not have neurons (Liebeskind 2011: Nav channels
in a choanoflagellate and in nerveless placozoans). Claim: A.

CONVERGENCE & COMPARATIVE ANCHORS
• The survey is the lecture's clearest Thread-2 seed: excitability and signaling are older and

broader than the neuron. The hardware (voltage-gated Ca/Na channels; secretory peptide
machinery; PSD scaffolds) is distributed across animals and their unicellular relatives; the cell
type "neuron" is a later assembly of pre-existing parts. Claim: A/B.

THE FACT THAT QUIETS THE ROOM (candidate)
• A single-celled Paramecium fires an action potential — the same electrical event your neurons

use — with no nervous system, no neuron, not even a second cell. Claim: A.

CLAIM LEVELS & CONFLICTS
• The hardware-predates-cell-type claim is A (genomics + electrophysiology agree). The order-

ing of the rungs depends on the unresolved phylogeny: on sponge-sister, sponges branch first
and the survey is a clean ladder; on ctenophore-sister, the comb jelly branches first and the
"ladder" is really a bush. Flag this — the survey's shape is hostage to Beat 9's open question.

NUMBERS THAT MATTER
• Paramecium cilia beat ~10–20 Hz; intraciliary Ca²⁺ 100 nM → 10 µM–1 mM during spike. Tri-

choplax cell types: 6; neuropeptides eliciting behaviors: 11 (Varoqueaux). Sponge synaptic-gene
set: "almost complete." Glass-sponge conduction ~0.22 cm/s.

Beat 8 — The Methods / Model Organism
Role: optional, mechanism-leaning. Gloss: the model animal and the bias it imposes on what gets
asked. Intent (derived): why the field studies these basal taxa, what tractability buys, and what
distortion it pays — the methods caveat that makes the lecture honest and sets up L3's full methods
chapter.
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FACTS & MECHANISMS
• Why these animals. Hydra is transparent, small, regenerative, and genetically tractable, so

its entire nervous system can be imaged at once (Dupre & Yuste 2017) — a property al-
most no other animal offers. Trichoplax has the fewest cell types of any non-parasitic ani-
mal (six) and no neurons, making it the cleanest test of "coordination without a nervous sys-
tem." Ctenophores and sponges are sequenced because they sit (depending on the topology) at
or near the animal root. Choanoflagellates are studied as the unicellular sister group of an-
imals — the outgroup that dates the hardware. Claim: A.

• What tractability buys. Whole-animal imaging, full genomes, regeneration assays, mutant
screens (e.g., Paramecium "Pawn" channel mutants). Claim: A.

• What it pays (the bias). (i) Survivorship of the weird: the basal animals we can rear and
image (Hydra, Trichoplax, lab ctenophores) are not necessarily representative of the actual an-
cestors; living basal taxa are themselves derived after ~600 My of their own evolution. (ii) The
phylogeny problem: every claim about "the first nervous system" depends on the branching
order, which is unresolved (Beat 9) and which the choice of outgroup and model can bias
(long-branch attraction). (iii) The marker problem: early ctenophore studies failed to find
"classical" neuronal markers and concluded neurons were absent or alien — until pro-neu-
ropeptide markers revealed neural cell types after all (Hayakawa 2022; Sachkova 2021; eLife
2026). The tools defined what counted as a neuron, and the tools were incomplete. Claim:
A/B.

THE EXPERIMENT / APPARATUS-AS-SCENE
• The methodological scene is the marker failure-and-correction in ctenophores: single-cell

transcriptomics and antibody stains designed around bilaterian neurons came back nearly
empty, implying "no neurons"; only when researchers built ctenophore-specific neuropep-
tide markers did distinct neural cell types light up. The apparatus shaped the answer. Claim:
B.

KEY FIGURES
• Researcher: the field collectively (no single new headliner; Moroz, Yuste, Smith/Reese, the Am-

phimedon and Trichoplax genome consortia). Plants the model-organism-bias theme that L3
names in full (White 1986; Kandel; Drosophila; zebrafish; lab mouse).

• Mechanism: the comparative method itself — and its built-in distortions.

THE CONSTRAINT / TRADEOFF
• Every model-organism choice buys tractability and pays in representativeness. This is the

methods-chapter seed and a Thread-6 (claim-hygiene) anchor: the lecture's own evidence is
shaped by what is rearable, sequenceable, and stainable.

CLAIM LEVELS & CONFLICTS
• That model choice biases the questions: A (general methodology). That the marker toolkit

specifically mis-called ctenophore neurons: B (well-documented, recent).
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NUMBERS THAT MATTER
• Trichoplax cell types: 6 (fewest of any non-parasitic animal). Hydra neurons imaged simulta-

neously: essentially all (~hundreds–1,000). Independent ctenophore genomes: 2 (2013, 2014).
Choanoflagellate role: unicellular sister group of animals (the dating outgroup).

Beat 9 — The Skepticism Audit = Adversarial Audit (mechanism track)
Role: universal; mechanism-track variant. Gloss: steelman the strongest skeptical reading. Intent
(derived): the lecture's central open question, staged as the strongest argument against the conver-
gence reading — did the neuron evolve once, or more than once? — and held open rather than re-
solved. This beat carries the lecture's HOLD-OPEN hype audit.

THE TWO TOPOLOGIES, AND WHY THEY DECIDE THE NEURON'S HISTORY
• The whole question reduces to the animal root: which lineage branched first, sponges

(Porifera) or comb jellies (Ctenophora)?

• Sponge-sister: sponges branch first → a nerveless ancestor → neurons evolved once, after
sponges split, on the line to ctenophores + cnidarians + bilaterians. The neuron is an heir-
loom. Claim: the long-standing default.

• Ctenophore-sister: comb jellies branch first → either neurons evolved twice (once in
ctenophores, once in the cnidarian–bilaterian line) or evolved once and were lost in sponges
and placozoans. The neuron may be a convergence. Claim: the provocation.

THE EVIDENCE ON EACH SIDE (state the conflict cleanly)
• For ctenophore-sister / independent origins:

– Ryan et al. 2013 (Science, Mnemiopsis genome) and Moroz et al. 2014 (Nature, Pleuro-
brachia) — divergent neural gene/transmitter content; ctenophore-sister topology.
Claim: B/C.

– Whelan et al. 2015/2017 — phylogenomic datasets supporting Ctenophora-sister after
bias correction. Claim: B.

– Schultz et al. 2023 (Nature 618:110–117) — chromosome-scale synteny; rare, irre-
versible chromosome fusion-and-mixing events shared by sponges + cnidarians + bilateri-
ans + placozoans but absent in ctenophores → ctenophore-sister, described by the authors
as "robust and unambiguous." Claim: B (strong, but contested below).

– Burkhardt et al. 2023 — the syncytial, synapse-less ctenophore net is structurally unlike
other animal nervous systems, consistent with (not proof of) independent origin. Claim:
B.

• For sponge-sister / single origin:

– Pisani et al. 2015; Simion et al. 2017 (Curr. Biol.) — large phylogenomic datasets favoring
sponge-sister once long-branch attraction is modeled. Claim: B.

– Redmond & McLysaght 2021 — gene-content analyses supporting sponge-sister. Claim:
B.
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– A 2025 methods critique of Schultz's synteny argues some ctenophore-sister signal may
be intrinsic to data properties (chromosome number, ortholog reliability, long-branch ef-
fects), not gene order. Claim: C (methodological).

• The cautionary episode (the beat's centerpiece): Steenwyk & King 2025 (Science
390:751–756, 13 Nov 2025) reported 490/490 significant tests for sponge-sister — and was
RETRACTED on 5 Feb 2026 (Science 391:564) after the authors (flagged by Casey Dunn and
colleagues) found pipeline errors: an imbalance between the number of sponges and
ctenophores biased a scoring metric, and collapsed internal nodes were mishandled by the
software. Claim: A (the retraction is fact) / the phylogeny it claimed to settle remains C.

THE LINE TO HOLD (HOLD OPEN — from the Overclaim Register)
• Popular claim: "the neuron is a single ancestral invention," OR (the inverse overclaim) "scien-

tists proved neurons evolved twice." Both overstate.

• Documented: the strangeness of ctenophore nervous systems makes independent origin plau-
sible; the phylogeny is genuinely unresolved; a 2025 Science paper claiming to settle it was re-
tracted within three months.

• Hold: present this as a live, unsettled question at the headwaters of the convergence
thread — not a settled overturning. The point is not "neurons evolved twice"; the point is that
even the course's most basic component may be a convergence rather than an heir-
loom, and that the field has not decided. Do not let the comb jelly become a trophy for either
camp.

• What would settle it: a phylogeny demonstrably robust to long-branch attraction across meth-
ods; mechanistic homology tests (are ctenophore and cnidarian neurons built from homolo-
gous developmental programs?); independent corroboration that the synteny characters are
not artifacts.

CLAIM LEVELS & CONFLICTS (summary)
• Animal root: C / unresolved. Ctenophore divergent toolkit: B. Syncytial ctenophore net: B.

"Neurons evolved twice, settled": myth/overclaim. "Neurons evolved once, settled": also
overstated given the live debate.

QUOTES & TESTIMONY
• Schultz et al. 2023 describe their synteny support for ctenophore-sister as "robust and unam-

biguous" (their framing — to be quoted with the 2025 critique and the retraction immediately
alongside, so the listener hears the dispute, not a verdict). Claim: quote, attributed.

Beat 10 — The Fact That Quiets the Room
Role: universal. Gloss: the staggering number or fact, delivered flat, no commentary. Intent (de-
rived): two flat facts that land the lecture's scale and stakes — the deep-time depth, and the meta-
bolic price of the thing the rest of the course will marvel at.
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CANDIDATES (deliver one or two, flat)
1. Deep time. The molecular hardware of the action potential — voltage-gated channels — was

present in the single-celled relatives of animals before animals existed, well over half a bil-
lion years ago; the neuron is younger than its own parts. The first nerve nets are roughly 600
million years old; bodies were coordinating with excitable membranes before there were
brains to coordinate them. Claim: B (deep-time) / A (hardware-predates-cell-type).

2. The price tag. The human brain is about 2% of body mass and burns about 20% of the
body's resting energy; inside it, action potentials alone account for roughly 47% of
grey-matter signaling energy, most of it spent pumping ions back across the membrane the
spike just crossed. The thing the course will spend 24 hours admiring is, first, an animal's sin-
gle most expensive tissue per gram. Claim: A.

3. The single cell that spikes. A Paramecium — one cell, no neuron, no nervous system —
fires an action potential to swim backward when it bumps into something. The electrical event
in your cortex is older than cortex, older than the neuron, older than the second cell. Claim: A.

4. The retraction (optional, deadpan). In November 2025 a paper in Science announced it
had settled which animal lineage came first, with 490 statistical tests out of 490 agreeing. It
was retracted in February 2026. The animal kingdom's own root is still, as of this recording, an
open question. Claim: A (documented).

NUMBERS THAT MATTER
• Brain ≈ 2% mass / ≈ 20% resting energy; APs ≈ 47% of grey-matter signaling energy. Channel

hardware: present in choanoflagellates (pre-animal). Nerve nets ≈ 600 Mya. Paramecium: 1
cell, 1 action potential, 0 neurons. Steenwyk & King 2025: 490/490 tests, retracted within ~3
months.

Beat 11 — The Constraint
Role: universal. Gloss: the cost the trick is paid for. Intent (derived): the lecture's thesis as a con-
straint — the neuron is expensive, leaky, and costly, and that bill is the thread the entire course
keeps running into. Thread 1's foundational statement.

FACTS & MECHANISMS / THE CONSTRAINT–TRADEOFF
• Expensive. Signaling dominates the brain's enormous energy draw; the Na⁺/K⁺-ATPase

pumping Na⁺ back out is the single largest signaling cost (Attwell & Laughlin 2001; Howarth,
Gleeson & Attwell 2012). Firing more costs more, near-linearly: +1 AP/cortical neuron/s ≈ +145
mL O₂/100 g grey matter/h. Claim: A.

• Leaky. The neuron does not pay its bill only when it fires. Maintaining the resting gradient
against constant ionic leak costs ~13% of grey-matter signaling energy even at rest; the pump
never stops. Excitability is a standing charge, not a pay-per-use. Claim: A.

• Costly enough to shape evolution. Because spikes are expensive, energy becomes a selec-
tive pressure on neural design: the brain uses sparse codes (estimates of ≤15% of neurons
simultaneously active), short wiring, and probabilistic synapses (transmitter release probabil-
ity far below 1) to extract maximum information per joule (Attwell & Laughlin 2001; Laughlin
& Attwell 2004; Niven & Laughlin 2008; Laughlin et al. 1998). Claim: A.
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• The seed of the tradeoff thread. The deepest version of Thread 1 is you cannot maximize
two things at once — installed in full in L2 (Aiello & Wheeler's expensive-tissue hypothesis:
large brain vs. large gut) and recurring through the course (octopus RNA editing vs. genomic
evolution; plasticity vs. stability). L1's job is to lay the floor: every nervous system is priced,
and the price is paid in energy. Claim: A (the L1 floor) / setup for B-level downstream
tradeoffs.

CONVERGENCE & COMPARATIVE ANCHORS
• The constraint is universal precisely because the hardware is: any animal that runs voltage-

gated channels pays the pumping bill, whether it is a Paramecium cilium, a glass sponge syn-
cytium (slow, cheap, ~0.22 cm/s), or a myelinated vertebrate axon (fast, expensive). The
animal's niche sets how much speed it can afford.

THE FACT THAT QUIETS THE ROOM (shared with Beat 10)
• The resting potential alone — doing nothing, sending no signal — costs ~13% of the brain's

signaling energy. The neuron is expensive even when silent.

CLAIM LEVELS & CONFLICTS
• The energy-budget figures: A (Attwell & Laughlin and successors; rodent grey matter, extrapo-

lated). Sparse-coding/efficiency arguments: A/B (well-supported, model-dependent in detail).

NUMBERS THAT MATTER
• Brain ≈ 2% mass / ≈ 20% energy; APs ≈ 47%, postsynaptic glutamate ≈ 34%, resting potential

≈ 13%, glutamate recycling ≈ 3% of grey-matter signaling energy. Na/K-ATPase: 3 Na⁺ out : 2
K⁺ in per ATP. Sparse code: ≤15% neurons active.

Beat 12 — The Convergence Callback (CLOSER)
Role: optional, shared; closer. Gloss: same solution, different hardware — here turned on the neu-
ron itself. Intent (derived): end not on a resolution but on the open question, reframed: if the neu-
ron itself may be a convergence, then the course's most basic unit is already a case of "the niche se-
lecting for a solution," and the listener leaves the first hour holding a question, not an answer.

FACTS & MECHANISMS
• The callback gathers the lecture's own evidence into one move: excitability is older than the

neuron (Liebeskind 2011 — Nav channels in choanoflagellates and nerveless placozoans); co-
ordination is older than the neuron (Trichoplax peptidergic signaling; glass-sponge electrical
conduction); the synaptic kit predates the synapse (Srivastava 2010; Sakarya 2007); and the
neuron itself may have been assembled more than once from those shared parts (Moroz
2014; Burkhardt 2023) — a question the field has not closed (Schultz 2023 vs. the retracted
Steenwyk & King 2025). Claim: A for the parts; C / HOLD OPEN for the multiple-origins con-
clusion.

• The reframe the closer installs (without naming the thread): the neuron is not a magic compo-
nent handed down once; it is a priced solution to a coordination problem, possibly
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reached more than once, on hardware older than the cell type itself. The marvel is the mech-
anism — the channel, the spike, the pump — not the noun. Claim: framing, grounded in
Alevel parts.

WHY THIS LANDS AS A CLOSER (and not a recap)
• It does not summarize; it completes a turn: the lecture opened on coordination with no cen-

ter (the Field Vignette) and closes on the suggestion that the unit doing the coordinating may
itself be a convergence. The emotional beat is the ground you stood on is younger and stranger
than you assumed — earned through the channel hardware, the energy bill, and the unre-
solved root, not asserted.

PLANT / CASH DISCIPLINE (critical for the closer)
• Do not resolve the multiple-origins question. It is the headwaters of the convergence

thread, named in L3 and cashed across the course; spending it as settled fact here breaks the
thread. End on the open question.

• The closer also seats the L1 ↔ L24 bookend: the neuron-as-cost laid here is what L24 reaches
back to when it turns the lens to silicon. Lay it; do not gesture forward.

THE FACT THAT QUIETS THE ROOM (closer-eligible)
• The same action potential that just fired in the listener's brain to process this sentence is, in its

essential machinery, the event a single-celled Paramecium uses to swim backward — and the
comb jelly in the cold dark may have invented its version of it on its own. Claim: A (the shared
mechanism) / C (the independent invention, held open).

CLAIM LEVELS & CONFLICTS
• Parts (channels, spike, coordination, synaptic kit predating neurons): A. The neuron as con-

vergence: C / HOLD OPEN — the deliberate, un-resolved note the lecture ends on.

NUMBERS THAT MATTER
• Hardware age: pre-animal (choanoflagellate Nav). Nerve nets ≈ 600 Mya. Independent

ctenophore genomes: 2. Root status as of mid-2026: unresolved (2023 synteny vs. 2025 retrac-
tion).

SECTION 3 — THE THREAD & DEPENDENCY MAP

The within-course wiring. L1 is the foundation lecture, so it cashes nothing (there is no earlier lecture); its job
is almost entirely to plant. Per the 1% visibility rule, none of this is named in the prose — this section tells the
drafter what to select for, not what to state. Threading is felt, never announced.
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Setups this lecture PLANTS
• The convergence thread, at its headwaters (the keystone plant). The finding to lay:

ctenophore nervous systems are built from a divergent molecular toolkit (Moroz 2014 — dif-
ferent transmitters, no HOX, no canonical microRNA), and the animal root is unresolved
(Schultz 2023 vs. the retracted Steenwyk & King 2025), so the neuron may be a convergence
rather than a single inheritance. Cashed in L3, where convergence is named as the course's
template (the avian pallium, the insect mushroom body, the octopus vertical lobe, camera eyes
"dozens of times"). Discipline: lay it as a live, open question. Do NOT spend the "neurons
evolved more than once" payoff as settled fact — L3 needs the question still open to
name the pattern.

• The neuron-as-cost, for the L1 ↔ L24 bookend (the keystone plant). The finding to lay:
the neuron is expensive (≈20% of resting energy in ~2% of mass; APs ≈47% of grey-matter
signaling energy; resting potential ≈13% even when silent — Attwell & Laughlin 2001).
Cashed in L24, the synthesis, when the lens turns to silicon and the human skull is reframed
as one solution among many. This is the course's outermost arc. Discipline: lay the cost
cleanly; do not gesture forward to L24 or to the thesis — L24 earns the thesis, L1 only
sets the price.

• Control without a CEO, in nascent form. The finding to lay: cnidarian nerve nets coordinate
whole-body behavior with no center (Dupre & Yuste 2017; Satterlie 2011), and Trichoplax coor-
dinates with no neurons at all (Smith/Pivovarova/Reese 2015). The principle is anchored in
L4 (octopus-as-principle, Physarum, the Venus flytrap) and cashed at colony scale in L19
(the superorganism). Discipline: this is a faint headwater here, not the thread's home;
sketch it, do not develop it.

• The action potential / excitable membrane as the universal "letter." The mechanism to
lay: the voltage-gated spike (Hodgkin & Huxley 1952) is the shared unit the whole course's
"electrochemical alphabet is universal" meta-argument rests on. Every later mechanism lec-
ture (L2 wiring, L14/L15 electroreception, L18 fish) assumes the listener met the spike here.
Discipline: install the spike as ordinary and universal, not as a marvel — the marvel is
what later lectures build from it.

• The expensive-tissue / tradeoff seed. L1 lays only the floor ("every nervous system is
priced, in energy"); L2 installs the hard tradeoff (Aiello & Wheeler: large brain vs. large gut)
one lecture later. Discipline: do not state the brain/gut tradeoff in L1 — it is L2's to
spend.

Setups this lecture CASHES
• None. L1 opens the course; the listener has met nothing yet. Every reach-back elsewhere in the

course that lands on "the neuron as cost," "excitability is old," or "coordination without a cen-
ter" is cashing this lecture. (This is the structural reason L1 must plant cleanly: a sloppy plant
here is an un-cashable payoff 23 lectures later.)
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Convergence rhymes and contrast pairs
• Contrast pair: none adjacent. L1's structural partner is the course bookend, L1 ↔ L24

(neuron-as-cost ↔ thesis resolved, lens to silicon). No adjacent-showcase contrast applies
(foundations carry no showcase).

• The convergence rhyme L1 seeds (calibration note): "the same solution on different hard-
ware" recurs across the course (camera eyes L3; von Economo neurons L13↔L17; cortical sub-
stitutes L3). L1 supplies the deepest instance — the neuron itself possibly convergent. Identi-
cal-calibration requirement: wherever convergence recurs, the narrator's tone must match
L1's HOLD OPEN restraint — "reached more than once," never "proves X is as smart as Y." Con-
vergence is a fact about solutions, not a ranking of minds.

Shared cast across lectures (from the recurrence index)
• Leonid Moroz — anchored here; the convergence-thread headwaters. The drafter should

treat him as a character with a hypothesis, because the same restraint protects every later con-
vergence beat. (Recurrence: the multiple-origins provocation is referenced when L3 names
convergence.)

• The action potential / voltage-gated channels — introduced here, assumed everywhere
after. The single most-reused mechanism in the course.

• The diffuse nerve net / no-center body plan — introduced here, the conceptual ancestor
of L4–L5 (octopus) and L19 (superorganism) distributed-control beats.

• The energy-budget literature (Attwell & Laughlin 2001) — introduced here as the price
tag; the quantitative backbone of the constraint thread that recurs whenever a lecture weighs
a neural "marvel" against its bill.

• Cajal — the neuron doctrine is named here (1899) and returns in L2 (wiring economy) and
L3 (connectome method); Burkhardt 2023's syncytial ctenophore net is the one place the doc-
trine is shown not to be universal, which the drafter can plant quietly for the convergence
thread.

SECTION 4 — THE OVERCLAIM DOSSIER

The hype artifacts attached to the origin of nervous systems. L1's register is calm and load-bearing; the come-
dy here is the collision between breathless framing and deadpan finding — and the lecture's single most use-
ful instrument is a real retraction. No suffering content is involved, so the levity need not drop.

Overclaim 1 — "Neurons evolved twice — it's settled" (the inverse overclaim)
• The popular claim and its source. Following the 2013–2014 ctenophore genomes, popular

coverage (science-news outlets, and the hook of Moroz's own "these aliens are in our back-
yard" framing) frequently rendered a contested hypothesis as a finished result: scientists have
discovered that neurons evolved twice, independently. Editorial incentive: "scientists overturn
textbook" is a far better headline than "phylogeny remains unresolved pending long-branch
correction." Artifact, ~2014–present.
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• What is actually documented. Ctenophores have a divergent neural toolkit (Moroz 2014;
Ryan 2013): no HOX, no canonical microRNA machinery, none of the classical neurotransmit-
ters (serotonin/dopamine/ACh/octopamine/noradrenaline), reliance on glutamate + lin-
eage-specific peptides + electrical signaling; the aboral net is syncytial and synapse-less
(Burkhardt 2023). The interpretation — independent origin — depends entirely on
ctenophore-sister being the true root, which is unresolved.

• The move: HOLD OPEN. (Per the Overclaim Register, L1's only hype-audit entry.)

• The line to hold. Grant: ctenophore nervous systems are genuinely strange, and independent
origin is a serious, live hypothesis. Withhold, in the same breath: it is not settled; the compet-
ing topology (sponge-sister, single origin) remains viable. Present the question as open at the
headwaters of the convergence thread.

• The comedy angle (deadpan). The cleanest defusing is the timeline itself: a November 2025
Science paper claimed to settle the animal root with 490 of 490 tests in agreement, and was re-
tracted thirteen weeks later. The field cannot yet agree on which animal branched first; "neu-
rons evolved twice, settled" is a verdict on a trial still in session.

Overclaim 2 — "Neurons are a single ancestral invention, inherited down one clean line" (the
textbook default, overstated)

• The popular claim and its source. The older, opposite overconfidence: the standard text-
book tree (sponge-sister) treated as established, so the neuron is a one-time invention, full
stop. Editorial incentive: tidiness; a single origin makes a cleaner story and a cleaner diagram.

• What is actually documented. Sponge-sister is supported by serious phylogenomics (Pisani
et al. 2015; Simion et al. 2017; Redmond & McLysaght 2021) once long-branch attraction is
modeled — but it is one camp, not consensus, and chromosome-synteny evidence (Schultz et
al. 2023) currently cuts the other way.

• The move: HOLD OPEN (same entry; the audit holds both overclaims open, not just the flashy
one).

• The line to hold. The lecture must not replace a flashy overclaim with a stuffy one. Withhold
the certainty of both "evolved twice" and "evolved once." The honest statement is that the root
is contested and the neuron's number of origins follows from it.

Overclaim 3 — Godfrey-Smith, Metazoa (2020), as artifact
• The artifact. Peter Godfrey-Smith, Metazoa: Animal Life and the Birth of the Mind (Farrar,

Straus and Giroux, 2020). A philosopher's popular synthesis of the deep origins of minds; the
one popular-science title in L1's spine. Editorial incentive: trade-book narrative momentum
favors the evocative ("the birth of the mind") over the load-bearing caveat.

• How to use it. As a phenomenon to analyze, never a source to lean on. It is evidence of how the
origin-of-mind story is told to the public, with a 2020 publication date and a popular-press in-
centive — not a citation for any fact. Every claim it touches (ctenophore strangeness, the op-
tion space for early neural evolution) has a primary source in this pack (Moroz 2014;
Jékely/Keijzer/Godfrey-Smith 2015 — note the peer-reviewed Jékely paper is citable; the trade
book is not). The move where it appears: FRAMING — treat the book as the artifact, the
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primary literature as the spine.

Contested-claim cluster (Level C) — the competing camps, for the Adversarial Audit
• Camp A — ctenophore-sister / independent neural origins. Strongest evidence: chromo-

some-scale synteny (Schultz et al. 2023, Nature) — rare, near-irreversible chromosome fu-
sion-with-mixing events shared by all non-ctenophore animals; divergent ctenophore neural
genomics (Moroz 2014; Ryan 2013); bias-corrected phylogenomics (Whelan et al. 2015/2017).
Key figures: Moroz, Ryan, Whelan, Schultz, Dunn.

• Camp B — sponge-sister / single origin. Strongest evidence: large concatenated/coalescent
phylogenomic datasets favoring sponge-sister once long-branch attraction and model misspec-
ification are addressed (Pisani et al. 2015; Simion et al. 2017; Redmond & McLysaght 2021); a
2025 methodological critique that some synteny signal is intrinsic to data properties. Key fig-
ures: Pisani, Simion, Redmond, McLysaght.

• What would actually settle it. A phylogeny demonstrably robust to long-branch attraction
across independent methods and character types; mechanistic homology tests of whether
ctenophore and cnidarian neurons run homologous developmental programs; independent
confirmation that the synteny characters are not themselves artifacts of chromosome number
or ortholog-calling. Until then: C, and HOLD OPEN.

• The cautionary fact that anchors the whole cluster. Steenwyk & King 2025 (Science) → re-
tracted Feb 2026 (Science 391:564) for pipeline errors (sponge/ctenophore sampling imbalance
biasing a scoring metric; mishandled collapsed nodes). The retraction is A (documented); it is
the lecture's proof that the question is live, not a verdict.

SECTION 5 — THE COMPARATIVE & CONVERGENCE INVENTORY

The across-the-kingdom wiring: how excitability, coordination, and the spike show up beyond this single
hour, independent of course scheduling. The catalog that lets the drafter establish breadth and correct the
size reflex. Each entry names the hardware difference.

The excitability catalog (the same electrical event, different substrates)
• Single cell — Paramecium. A Ca²⁺-based action potential in a ciliate with no neuron and no

second cell; depolarization opens voltage-gated Ca²⁺ channels in the cilia, Ca²⁺ influx reverses
the ciliary power stroke → backward swim (Eckert 1972; Brehm & Eckert 1978). Hardware
difference: the whole "circuit" is one cell's ciliary membrane; the spike is Ca²⁺-carried, not
Na⁺-carried. Claim: A.

• Nerveless animal, electrical — glass sponge (Rhabdocalyptus dawsoni). A propagated
action potential travels through syncytial tissue to arrest the feeding current; conduction
~0.22 cm/s (Leys & Mackie 1997). Hardware difference: conduction through a fused syn-
cytium, no neurons, ~1,000–10,000× slower than a fast axon. Claim: A/B.

• Nerveless animal, chemical — Trichoplax adhaerens. Coordination by peptidergic vol-
ume signaling; 11 neuropeptides each elicit a stereotyped behavior (Varoqueaux 2018); coordi-
nated feeding with no synapses (Smith/Pivovarova/Reese 2015). Hardware difference: no
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electrical conduction between cells at all — diffusion of secreted peptides substitutes for
wiring. Claim: A/B.

• Diffuse nerve net — Hydra, jellyfish. Genuine overshooting action potentials in net neu-
rons (Anderson & Schwab 1983); whole-net calcium imaging resolves ~4 functional networks
(Dupre & Yuste 2017). Hardware difference: neurons and synapses, but no center — a mesh,
not a hierarchy. Claim: A.

• Condensed cnidarian systems — box jellyfish (Tripedalia cystophora). 24 eyes across 4
rhopalia, each rhopalium ~1,000 neurons with pacemakers; associative learning with no cen-
tral brain (Bielecki, Garm et al. 2023). Hardware difference: a distributed quasi-CNS — con-
densation toward centers without a single brain. Claim: A/B.

• Syncytial nerve net — ctenophores. Subepithelial net is a syncytium, neurons fused by con-
tinuous membrane, no synapses, 2–5 nuclei per cell (Burkhardt 2023). Hardware difference:
violates the neuron doctrine — a "nervous system" without the discrete cells the doctrine as-
sumes. Claim: B.

• Giant axon — squid (Loligo). Speed by diameter: a ~1 mm axon conducts at ~25 m/s
(Hodgkin & Huxley 1952). Hardware difference: fat wire, no insulation. Claim: A.

• Myelinated axon — vertebrates (and, convergently, some invertebrates). Speed by in-
sulation: saltatory conduction up to ~100–120 m/s in thin fibers (Hartline & Colman 2007).
Hardware difference: insulation + nodal Na⁺-channel clustering, evolved independently in
vertebrates, copepods, and prawns. Claim: A.

The convergence catalog (independent arrivals)
• The action potential's hardware predates the cell type. Voltage-gated Na channels

evolved from Ca channels in the unicellular sister group of animals (choanoflagellates) and are
present in nerveless placozoans (Liebeskind, Hillis & Zakon 2011). The "letter" of the alphabet
existed before any animal wrote with it. Claim: A.

• The synaptic kit predates the synapse. Sponges carry an almost complete set of post-sy-
naptic and synaptic genes while building no synapse (Srivastava 2010; Sakarya 2007 PSD scaf-
fold). Claim: A.

• Myelin is convergent. Independently evolved in vertebrates and at least two crustacean lin-
eages (Hartline & Colman 2007) — the same insulation solution reached on unrelated hard-
ware. Claim: A.

• Fast conduction is convergent (two routes). Giant axons (cephalopods, annelids) and
myelin (vertebrates, some crustaceans) are two independent solutions to the same speed prob-
lem. Claim: A.

• The neuron itself may be convergent (the headline, held open). If ctenophore-sister is
correct, the neuron was assembled more than once from shared parts (Moroz 2014; Burkhardt
2023). Claim: C / HOLD OPEN.
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Comparative numbers that correct the size reflex
• Hydra: few hundred–~1,000 neurons, full behavioral repertoire. Box jelly rhopalium: ~1,000

neurons, associative learning. C. elegans (L3): 302 neurons, fully mapped. Human: ~86 billion.
The point L1 plants for L3/L6/L10/L13: behavioral capability does not scale cleanly with
raw neuron count; organization and niche matter more than the number.

• Trichoplax: 6 cell types (fewest of any non-parasitic animal), 0 neurons, still coordinates di-
rected feeding.

Current state of the field (as of the latest available reporting, mid-2026)
• Newly established: ctenophore neural cell types do exist and express lineage-specific neu-

ropeptide markers (Hayakawa 2022; Sachkova 2021; 2026 eLife connectome of the aboral
organ/statocyst) — correcting the earlier "ctenophores may have no real neurons" read that
followed from bilaterian-marker failure. Claim: B.

• Newly contested: the chromosome-synteny case for ctenophore-sister (Schultz 2023) drew a
2025 methodological critique; and the highest-profile 2025 attempt to settle the root for
sponge-sister (Steenwyk & King) was retracted in February 2026. Claim: A (the retraction)
/ C (the root).

• Still open: the animal root, and therefore the number of times the neuron evolved; the rela-
tive timing of chemical (peptidergic) vs. electrical pre-neural signaling (Jékely's chemi-
cal-brain hypothesis vs. alternatives). Claim: C.

SECTION 6 — ADVERSARIAL / SKEPTIC'S NOTES

The strongest case against the course's framing of this lecture's subject — material for the Adversarial Audit
(Beat 9) and intellectual-honesty insurance throughout. Where is the evidence thinnest, most charismat-
ic-but-single-lab, or most tempting to over-read?

The teleology and language traps (the worst offenders for this material)
• "The neuron was invented to solve the coordination problem." Evolution invents noth-

ing and solves nothing on purpose. The defensible statement is that excitable signaling was se-
lected because it conferred faster coordination than diffusion in larger bodies — not that the
problem called the solution into being. The lecture's "the neuron is a solution to a logistics
problem" framing is a useful compression that the drafter must not let harden into design lan-
guage. Trap: purpose-talk.

• "Paramecium decides to swim backward." It does not decide; a mechanical stimulus depo-
larizes the membrane, voltage-gated Ca²⁺ channels open, ciliary beating reverses. The "avoid-
ing reaction" (Jennings 1906) is a reflex with a fully specified ionic mechanism (Eckert 1972).
Trap: attributing agency to a reflex.

• "The swimming neuron" (the Paramecium analogy). Calling Paramecium a "swimming
neuron" is a vivid analogy, not a homology — it shares the mechanism (a voltage-gated spike)
with neurons, not ancestry-as-a-neuron. The drafter must keep this an analogy and flag it as
one. Trap: collapsing analogy into identity.
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• "Trichoplax / the slime mold / the sponge remembers / knows / wants." Defensible
verbs for L1's nerveless coordinators: coordinates, integrates, responds, secretes, contracts. In-
defensible without heavy qualification: thinks, knows, wants, decides. (This is the same calibra-
tion L4 applies to the flytrap and slime mold.) Trap: cognitive verbs for non-cognitive co-
ordination.

The anthropomorphism and romanticizing-difference traps
• The course's own opposite temptation. The anti-craniocentric stance can curdle into a re-

verse ranking — romanticizing the nerveless or the alien ("the comb jelly invented its own
mind!") as though strangeness were achievement. Nerveless coordination is not cognition, and
an independently evolved nervous system is not thereby superior or more wondrous. The
honest line: difference, not deficiency — and not superiority either. The marvel is the
mechanism, not the adjective.

• "Centerless" is a half-truth. The opener stages the diffuse nerve net as having "no center,"
but Satterlie 2011 documents real neuronal condensation into ganglion-like integrating centers
in many medusae, and box jellyfish carry condensed pacemaker centers in four rhopalia
(Garm et al.). The strongest skeptic says: the "centerless animal" is partly a textbook simplifi-
cation. The lecture must let the Adversarial Audit complicate its own opener — stage
the centerless appearance, then admit the condensation.

• "No center, no learning" is also a half-truth. Box jellyfish show associative learning with
no central brain (Bielecki, Garm et al. 2023). The drafter should not imply that a nerve net is a
ceiling on capability.

Where the evidence is thinnest or most single-lab
• The multiple-origins thesis leans heavily on one program. Moroz's lab is central to the

independent-origins reading; it is genuinely contested (Level C), and the course must keep him
a character with a hypothesis, not an authority with a finding. The strongest skeptic's
charge: long-branch attraction. Ctenophores are a fast-evolving, long-branched lineage;
phylogenetic methods can artifactually pull long branches toward the tree's base, manufactur-
ing a false "ctenophore-sister." Pisani et al. 2015 and Simion et al. 2017 argue exactly this. The
synteny argument (Schultz 2023) was designed to sidestep that artifact — and then drew its
own 2025 methodological critique.

• The retraction cuts both ways. Steenwyk & King 2025 (retracted Feb 2026) was a sponge-
sister paper; its failure does not vindicate ctenophore-sister. The honest read is that the most
confident recent claim in either direction collapsed — which supports HOLD OPEN, not either
camp.

• Whole-Hydra imaging is one strong study. Dupre & Yuste 2017's ~4-functional-network
result is widely cited but Level B (single preparation lineage, one lab's pipeline); the drafter
should not state "Hydra has exactly four networks" as settled.

• Deep-time dates are clock-dependent. "~600 Mya for the first nerve nets" and "~833 Mya
for the animal LCA" are molecular-clock midpoints (Level B), sensitive to calibration; present
them as estimates, not measured dates.
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Clever Hans and apparatus-bias risks
• Clever Hans proper does not apply (no animal is being cued to a "correct" answer in L1's

studies). The analogous risk is marker/apparatus bias: early ctenophore studies failed to
find bilaterian neuronal markers and concluded neurons were absent or alien — until
ctenophore-specific neuropeptide markers revealed neural cell types after all (Hayakawa
2022; Sachkova 2021). The tools defined what counted as a neuron, and the tools were
incomplete. This is the L1 version of the methods caveat and the cleanest case that "how we
know" can distort "what we find."

• Survivorship of the weird. The basal animals we can rear, image, and sequence (Hydra, Tri-
choplax, lab ctenophores) are themselves ~600 My of derived evolution past the actual ances-
tors; they are living relatives, not ancestors. Any "this is how the first nervous system worked"
claim is an inference from derived modern taxa, not a window onto the Ediacaran. The
strongest skeptic's reminder: we are reading the present and projecting backward.

SECTION 7 — SOURCE INVENTORY

Numbered list. Format: [#] Author — Title — Year — Venue — Source_Type — Notes. Sources 1–54 are the
catalogued L1 spine from the research-sources CSV (the research-spine floor; 12 carried from 1E). Sources 55+
are post-CSV supplements added during this build to capture the most recent reporting — they materially
change the "where the field stands" picture and several anchor specific beats. Popular-science titles are
flagged as hype artifacts to analyze, never lean on. Primary sources prioritized.

Catalogued spine (CSV — the 54-source floor)
1. Darwin, C. — The Descent of Man, and Selection in Relation to Sex — 1871 — John Murray —

Monograph — Foundational text on continuity of mental powers across species; framing an-
cestor of the anti-craniocentric stance, not a factual source.

2. Ramón y Cajal, S. — Textura del Sistema Nervioso del Hombre y de los Vertebrados — 1899 —
Nicolás Moya — Monograph — The neuron doctrine (discrete cells, not a reticulum); the doc-
trine Burkhardt 2023's syncytial ctenophore net partially violates. Returns L2, L3.

3. Sherrington, C. S. — The Integrative Action of the Nervous System — 1906 — Yale University
Press — Monograph — Coined "synapse"; framed the nervous system's job as integration —
names the coordination problem the lecture is built on.

4. Bullock, T. H., & Horridge, G. A. — Structure and Function in the Nervous Systems of Inverte-
brates — 1965 — Freeman — Monograph — Standard comparative reference; the catalog the
course's comparative method descends from.

5. Striedter, G. F. — Principles of Brain Evolution — 2005 — Sinauer Associates — Monograph
— Standard synthesis of brain-evolution principles.

6. Ginsburg, S., & Jablonka, E. — The Evolution of the Sensitive Soul — 2019 — MIT Press —
Monograph — Origins of minimal consciousness and associative learning; framing only.

7. Jékely, G. — "The chemical brain hypothesis for the origin of nervous systems" — 2021 —
Phil. Trans. R. Soc. B — Review — Nervous systems may have grown from pre-existing pep-
tidergic signaling networks; Trichoplax as living analog. A leading origin hypothesis.
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8. Moroz, L. L., et al. — "The ctenophore genome and the evolutionary origins of neural sys-
tems" — 2014 — Nature (510:109–114) — Primary Study — Keystone provocation. Pleuro-
brachia bachei genome + 10 transcriptomes; divergent neural toolkit; argument for indepen-
dent neural origins. Convergence-thread headwaters.

9. Ryan, J. F., et al. — "The genome of the ctenophore Mnemiopsis leidyi and its implications for
cell type evolution" — 2013 — Science — Primary Study — First ctenophore genome arguing
ctenophore-sister and independent origin of neural cell types; the second independent genome
behind the provocation.

10. Moroz, L. L., & Kohn, A. B. — "Independent origins of neurons and synapses" — 2016 —
Phil. Trans. R. Soc. B — Review — The explicit argument for convergent (polyphyletic) neuron
evolution.

11. Arendt, D., et al. — "The origin and evolution of cell types" — 2016 — Nature Reviews Ge-
netics — Review — Situates neurons within the broader cell-type-evolution question.

12. Smith, C. L., et al. — "Novel cell types, neurosecretory cells, and body plan of the early-di-
verging metazoan Trichoplax adhaerens" — 2014 — Current Biology (24:1565–1572) — Prima-
ry Study — Six cell types; flask cells express presynaptic-exocytosis proteins (SNAP-25, synap-
tobrevin) in a synapse-less animal.

13. Senatore, A., Reese, T. S., & Smith, C. L. — "Neuropeptidergic integration of behavior in Tri-
choplax adhaerens, an animal without synapses" — 2017 — J. Exp. Biol. (220:3381–3390) —
Primary Study — Peptide signaling coordinates behavior with no synapses.

14. Srivastava, M., et al. — "The Trichoplax genome and the nature of placozoans" — 2008 —
Nature — Primary Study — Genome of the simplest known animal; proneuropeptides and
neurosecretion orthologs present.

15. Srivastava, M., et al. — "The Amphimedon queenslandica genome and the evolution of ani-
mal complexity" — 2010 — Nature (466:720–726) — Primary Study — Sponge genome carries
an almost complete synaptic-gene set while building no synapse.

16. Sakarya, O., et al. — "A post-synaptic scaffold at the origin of the animal kingdom" — 2007
— PLoS ONE (2:e506) — Primary Study — Sponge post-synaptic density scaffolding proteins
predate neurons.

17. Marlow, H., & Arendt, D. — "Evolution: ctenophore genomes and the origin of neurons" —
2014 — Current Biology — Review — Synthesis of the neuron-origin debate at the moment the
genomes broke.

18. Jékely, G., Paps, J., & Nielsen, C. — "The phylogenetic position of ctenophores and the
origin(s) of nervous systems" — 2015 — EvoDevo — Review — Lays out the phylogenetic
stakes of the comb-jelly question (the once-vs-twice fork).

19. Liebeskind, B. J., et al. — "Complex homology and the evolution of nervous systems" — 2016
— Trends in Ecology & Evolution — Review — Reframes the question as homology-vs-conver-
gence at the level of components, not whole systems.

20. Liebeskind, B. J., Hillis, D. M., & Zakon, H. H. — "Evolution of sodium channels predates the
origin of nervous systems in animals" — 2011 — PNAS (108:9154–9159) — Primary Study —
Keystone "hardware predates the cell type." Nav channels from Ca channels, present in
choanoflagellates and nerveless placozoans.
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21. Hille, B. — Ion Channels of Excitable Membranes (3rd ed.) — 2001 — Sinauer Associates —
Review — Standard reference on the molecular hardware of excitability.

22. Eckert, R. — "Bioelectric control of ciliary activity" — 1972 — Science (176:473–481) — Pri-
mary Study — Keystone "below the neuron." Paramecium Ca²⁺-based action potential;
Ca²⁺ reverses the ciliary stroke → backward swim.

23. Brehm, P., & Eckert, R. — "Calcium entry leads to inactivation of calcium channel in
Paramecium" — 1978 — Science — Primary Study — Calcium-dependent inactivation
(calmodulin); the protist spike self-terminates like a "real" AP.

24. Brunet, T., & Arendt, D. — "From damage response to action potentials: early evolution of
neural and contractile excitability" — 2016 — Phil. Trans. R. Soc. B — Review — How ex-
citability may have originated before neurons (the damage-response hypothesis).

25. Mackie, G. O. — "The elementary nervous system revisited" — 1990 — American Zoologist
— Review — Cnidarian nerve nets as the first true nervous systems; parallel conducting sys-
tems.

26. Satterlie, R. A. — "Do jellyfish have central nervous systems?" — 2011 — J. Exp. Biol.
(214:1215–1223) — Primary Study — The steelman against "centerless": real neuronal con-
densation into ganglion-like centers in medusae.

27. Galliot, B., et al. — "Origins of neurogenesis, a cnidarian view" — 2009 — Developmental Bi-
ology — Review — Hydra and the deep origins of neural cells.

28. Dupre, C., & Yuste, R. — "Non-overlapping neural networks in Hydra vulgaris" — 2017 —
Current Biology (27:1085–1097) — Primary Study — Keystone apparatus-as-scene.
GCaMP6s whole-animal imaging; the diffuse net resolves into ~4 non-overlapping functional
networks (~620 neurons in one prep).

29. Watanabe, H., Fujisawa, T., & Holstein, T. W. — "Cnidarians and the evolutionary origin of
the nervous system" — 2009 — Development, Growth & Differentiation — Review — Nerve-
net architecture and neuron origins.

30. Arendt, D., Tosches, M. A., & Marlow, H. — "From nerve net to nerve ring, nerve cord and
brain" — 2016 — Nature Reviews Neuroscience — Review — The evolutionary trajectory
from diffuse nets to centralized brains.

31. Kelava, I., Rentzsch, F., & Technau, U. — "Evolution of eumetazoan nervous systems: in-
sights from cnidarians" — 2015 — Phil. Trans. R. Soc. B — Primary Study — Cnidarian neural
development and its lessons for origins.

32. Anderson, P. A. V., & Greenberg, R. M. — "Phylogeny of ion channels: clues to structure and
function" — 2001 — Comparative Biochemistry and Physiology B — Review — Deep ancestry
of channel families.

33. Kristan, W. B. — "Early evolution of neurons" — 2016 — Current Biology — Review — Con-
cise framing of the neuron-origin problem.

34. Pantin, C. F. A. — The Nerve Net of the Actinozoa — 1952 — Cambridge University Press —
Monograph — Classic experimental work on sea-anemone conduction (interneural facilita-
tion, through-conduction).
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35. Leys, S. P. — "Elements of a 'nervous system' in sponges" — 2015 — J. Exp. Biol. — Review
— Coordinated whole-body contractions ("sneezing") with no neurons.

36. Nickel, M. — "Evolutionary emergence of synaptic nervous systems: what can we learn
from the non-synaptic, nerveless Porifera?" — 2010 — Invertebrate Biology — Primary Study
— What sponges reveal about pre-neural coordination.

37. Varoqueaux, F., & Fasshauer, D. — "Getting nervous: an evolutionary overhaul for commu-
nication" — 2017 — Annual Review of Genetics — Review — Synaptic machinery before
synapses.

38. Varoqueaux, F., et al. — "High cell diversity and complex peptidergic signaling underlie pla-
cozoan behavior" — 2018 — Current Biology — Primary Study — 11 neuropeptides each elicit
stereotyped behaviors; peptidergic volume signaling may predate synaptic signaling.

39. Burkhardt, P., & Sprecher, S. G. — "Evolutionary origin of synapses and neurons – bridging
the gap" — 2017 — BioEssays — Review — Reconciles genomic and phylogenetic evidence on
synapse/neuron origins.

40. Keijzer, F., van Duijn, M., & Lyon, P. — "What nervous systems do: early evolution, in-
put-output, and the skin brain thesis" — 2013 — Philosophical Psychology — Review — The
skin-brain thesis for nervous-system origins.

41. Jékely, G., Keijzer, F., & Godfrey-Smith, P. — "An option space for early neural evolution" —
2015 — Phil. Trans. R. Soc. B — Review — Maps the design space of the first nervous systems
(the peer-reviewed Godfrey-Smith contribution; citable, unlike the trade book).

42. Pearse, V., & Pearse, J. — Living Invertebrates — 1987 — Blackwell — Monograph — Refer-
ence on basal-animal body plans and behavior.

43. Northcutt, R. G. — "Evolution of centralized nervous systems: two schools of evolutionary
thought" — 2012 — PNAS — Review — Competing accounts of how brains centralized.

44. Marlow, H., et al. — "Larval body patterning and apical organs are conserved in animal evo-
lution" — 2014 — BMC Biology — Primary Study — Apical neural organs across early ani-
mals.

45. Hejnol, A., & Rentzsch, F. — "Neural nets" — 2015 — Current Biology — Review — Com-
pact primer on diffuse nervous systems.

46. Schierwater, B., et al. — "Placozoa and the evolution of Metazoa" — 2009 — Molecular Biol-
ogy and Evolution — Review — Where Trichoplax sits at the animal root.

47. Godfrey-Smith, P. — Metazoa: Animal Life and the Birth of the Mind — 2020 — Farrar,
Straus and Giroux — Popular Science (HYPE ARTIFACT) — Trade-book synthesis of the
deep origins of minds. Analyze, never lean on: a phenomenon with a 2020 publication date
and a popular-press incentive; every fact it touches has a primary source above. Synthesizes
the ctenophore/option-space literature for a general audience.

48. Bullock, T. H. — "The neuron doctrine and electrophysiology" — 1959 — Science — Review
— Historical framing of excitable-tissue thinking.

49. Lyon, P. — "The cognitive cell: bacterial behavior reconsidered" — 2015 — Frontiers in Mi-
crobiology — Review — Cognition below the neuron (use with the teleology caveats in Section
6).
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50. Baluška, F., & Levin, M. — "On having no head: cognition throughout biological systems" —
2016 — Communicative & Integrative Biology — Review — Control without a nervous system
(use with the romanticizing-difference caveat).

51. Fields, C., & Levin, M. — "Does memory enable goal-directed behavior in non-neural sys-
tems?" — 2020 — Royal Society Interface Focus — Review — Pre-neural information storage
and control.

52. Moroz, L. L., et al. — "Neural versus alternative integrative systems: molecular insights into
origins of neurotransmitters" — 2021 — Phil. Trans. R. Soc. B — Primary Study — Transmit-
ter-system ("chemoconnectome") evidence for the multiple-origins thesis.

53. Anderson, P. A. V. (ed.) — Evolution of the First Nervous Systems — 1990 — Plenum Press —
Review (edited volume) — The field's first systematic gathering of the origins problem.

54. Dunn, C. W., Leys, S. P., & Haddock, S. H. D. — "The hidden biology of sponges and
ctenophores" — 2015 — Trends in Ecology & Evolution — Review — Basal-animal biology
bearing on neuron origins (Dunn later central to the 2026 retraction).

Post-CSV supplements (added in this build; the floor is exceeded, not replaced)
55. Schultz, D. T., et al. — "Ancient gene linkages support ctenophores as sister to other ani-

mals" — 2023 — Nature (618:110–117) — Primary Study — Strongest recent support for
ctenophore-sister. Chromosome-scale synteny: rare, near-irreversible chromosome fu-
sion-and-mixing events shared by all non-ctenophore animals. Anchors Beat 9 and Section 4.

56. Steenwyk, J. L., & King, N. — "Integrative phylogenomics positions sponges at the root of the
animal tree" — 2025 — Science (390:751–756) — Primary Study — RETRACTED. Reported
490/490 topology tests for sponge-sister. Withdrawn after pipeline errors (sponge/ctenophore
sampling imbalance; mishandled collapsed nodes).

57. Science Editorial / Retraction notice — Retraction of Steenwyk & King (2025) — 2026 (5
Feb) — Science (391:564) — Retraction — The lecture's cleanest HOLD-OPEN illustration:
a paper claiming to settle the animal root, retracted within ~3 months. Flagged by Casey Dunn
and colleagues.

58. Burkhardt, P., et al. — "Syncytial nerve net in a ctenophore adds insights on the evolution of
nervous systems" — 2023 — Science (380:293–297) — Primary Study — Volume EM + 3D re-
construction: ctenophore aboral net is a syncytium (continuous membrane, no synapses, 2–5
nuclei/cell), violating the neuron doctrine. Independent structural support for "the neuron
may not be one thing."

59. Hodgkin, A. L., & Huxley, A. F. — squid giant axon series (5 papers) — 1952 — J. Physiol. —
Primary Study — The action potential quantified as voltage-gated Na⁺ influx then K⁺ efflux;
the Hodgkin–Huxley model. The canonical Mechanism Walkthrough (Nobel 1963).

60. Attwell, D., & Laughlin, S. B. — "An energy budget for signaling in the grey matter of the
brain" — 2001 — J. Cereb. Blood Flow Metab. (21:1133–1145) — Primary Study — Keystone
Constraint reference. Brain ~2% mass / ~20% resting energy; APs ~47%, postsynaptic glu-
tamate ~34%, resting potential ~13%, recycling ~3% of grey-matter signaling energy.
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61. Howarth, C., Gleeson, P., & Attwell, D. — "Updated energy budgets for neural computation in
the neocortex and cerebellum" — 2012 — J. Cereb. Blood Flow Metab. — Primary Study — Re-
fines the signaling budget; supports the near-linear cost of firing.

62. Niven, J. E., & Laughlin, S. B. — "Energy limitation as a selective pressure on the evolution of
sensory systems" — 2008 — J. Exp. Biol. — Review — Energy as a design constraint shaping
neural systems (sparse coding, efficiency).

63. Hartline, D. K., & Colman, D. R. — "Rapid conduction and the evolution of giant axons and
myelinated fibers" — 2007 — Current Biology (17:R29–R35) — Review — Two convergent
speed solutions: fat axons (squid) and myelin (independent in vertebrates, copepods, prawns).
Convergence in conduction.

64. Pisani, D., et al. — "Genomic data do not support comb jellies as the sister group to all other
animals" — 2015 — PNAS — Primary Study — Sponge-sister camp; long-branch attraction as
the source of apparent ctenophore-sister signal.

65. Simion, P., et al. — "A large and consistent phylogenomic dataset supports sponges as the
sister group to all other animals" — 2017 — Current Biology — Primary Study — The strong-
est sponge-sister phylogenomic dataset.

66. Whelan, N. V., et al. — "Ctenophore relationships and their placement as the sister group to
all other animals" — 2015/2017 — PNAS / Nature Ecology & Evolution — Primary Study —
Bias-corrected phylogenomics supporting Ctenophora-sister.

67. Redmond, A. K., & McLysaght, A. — "Evidence for sponges as sister to all other animals from
partitioned phylogenomics" — 2021 — Nature Communications — Primary Study —
Gene-content/partitioned analyses supporting sponge-sister.

68. Bielecki, J., Garm, A., et al. — Associative learning in the box jellyfish Tripedalia cystophora
— 2023 — Current Biology — Primary Study — A cnidarian with no central brain learns to as-
sociate visual contrast with obstacles (rhopalia, ~1,000 neurons each). Complicates "no center,
no learning."

69. Leys, S. P., & Mackie, G. O. — Electrical conduction in the glass sponge Rhabdocalyptus daw-
soni — 1997 — (J. Exp. Biol. / Nature) — Primary Study — A propagated action potential
through syncytial tissue arrests the feeding current; ~0.22 cm/s. A body-wide electrical signal
with no neurons; quantifies what the neuron buys.

70. Anderson, P. A. V., & Schwab, W. E. — "Action potential in neurons of motor nerve net of
Cyanea" — 1983 — J. Neurophysiol. — Primary Study — Direct recordings confirm cnidarian
nerve-net neurons fire genuine overshooting APs — the net spikes.

71. Naitoh, Y., & Kaneko, H.; Kung, C., & Naitoh, Y. ("Pawn" mutants) — Paramecium ciliary
Ca²⁺ mechanism and behavioral mutants — 1972/1973 — Science / J. Exp. Biol. — Primary
Study — Permeabilized-cilia Ca²⁺ exposure drives ciliary reversal (>~1 µM); "Pawn" mutants
lacking the ciliary Ca²⁺ channel cannot swim backward — a genetic dissection of the protist
spike.

72. (Connectome) — Neural connectome of the ctenophore aboral organ / statocyst — 2026
(Feb) — eLife — Primary Study — Most recent reporting; maps ctenophore neural structures,
notes syncytial architecture and lineage-specific neuropeptides, and that early bilaterian-
marker studies missed ctenophore neurons.
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73. Sachkova, M. Y., et al. — Neuropeptide signaling and neural cell types in ctenophores —
2021 — (Current Biology / BMC Biology) — Primary Study — Ctenophore-specific neuropep-
tide machinery; part of the marker-correction that revealed ctenophore neural cell types.

74. Hayakawa, E., et al. — Ctenophore neural cell-type markers — 2022 — (single-cell tran-
scriptomic study) — Primary Study — Pro-neuropeptide markers reveal distinct ctenophore
neural cell types missed by bilaterian-designed markers; the apparatus-bias correction (Beat
8, Section 6).

75. Jennings, H. S. — Behavior of the Lower Organisms — 1906 — Columbia University Press —
Monograph — Classic descriptions of the Paramecium "avoiding reaction"; the behavioral
phenomenon Eckert 1972 later gave an ionic mechanism.

End of the seven core sections. 75 sources catalogued (54-source CSV floor exceeded by 21 post-CSV supple-
ments). The deep-reference appendices follow.

APPENDICES — DEEP REFERENCE

Supplementary fact-files for the drafter, keyed to the beats and sections above. These exist so that no beat has
to carry its full evidentiary weight inline: when a beat references Paramecium's spike or the energy budget or
the long-branch-attraction problem, the complete grounding lives here. Same rules as the rest of the pack —
claim levels tagged, primary sources prioritized, no invented data, popular titles flagged as artifacts. Nothing
here is to be narrated as structure; it is the drafter's reference shelf.*

APPENDIX A — PER-ORGANISM DOSSIERS

One complete fact-file per cast member, in the order the Range Survey walks them. Each carries: identity and
niche, the relevant anatomy, the keystone experiments, the numbers, and the operational role in the lecture.
Stable names are locked here; do not introduce variants.

A.1 — Paramecium (the single cell that spikes)
• Identity / niche. A free-living single-celled ciliate (genus Paramecium; P. caudatum, P.

tetraurelia are the lab workhorses), freshwater, a few hundred micrometres long, propelled by
thousands of cilia beating in metachronal waves at ~10–20 Hz. No nervous system, no neu-
ron, not even a second cell. Claim: A.

• The behavior. H. S. Jennings (1906, Behavior of the Lower Organisms) described the "avoid-
ing reaction": on bumping an obstacle the cell briefly reverses, pivots, and resumes forward
in a new direction — a trial-and-error-looking search with no brain to do the searching.
Claim: A (observation).

• The mechanism (the keystone "below the neuron"). Eckert (1972, Science 176:473–481)
established that this is bioelectric: contact opens mechanosensitive channels at the anteri-
or end, depolarizing the membrane; depolarization opens voltage-gated Ca²⁺ channels lo-
cated exclusively in the cilia (Dunlap 1977); Ca²⁺ influx — a genuine calcium action po-
tential — reverses the ciliary power stroke, so the cell swims backward. The spike then self-
-terminates by calcium-dependent inactivation of the Ca channel, mediated by calmodulin
(Brehm & Eckert 1978), within milliseconds, and intracellular pumps/buffers restore rest.
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Claim: A.

• The numbers. Intraciliary free Ca²⁺ rises from ~100 nM at rest to ~10 µM–1 mM during the
spike. Resting potential is set by high intracellular K⁺ (negative inside), like a neuron's.
Claim: A.

• The genetic dissection. Kung & Naitoh's "Pawn" mutants (1973) cannot swim backward;
they lack functional ciliary Ca²⁺-channel activity — the calcium spike is a defined, mutable
molecular system, not a vague property. Naitoh & Kaneko (1972) showed that raising intracil-
iary Ca²⁺ above ~1 µM in permeabilized cells is sufficient to drive ciliary reversal, localizing
the trigger to the cilia. Claim: A.

• Operational role. The opening rung of the Range Survey and a leading Fact-That-Quiets-the-
Room candidate: the action potential is older than the neuron, older than the second cell. The
teleology guardrail (Section 6): Paramecium does not "decide" or "remember"; it executes a
reflex with a fully specified ionic mechanism. "Swimming neuron" is an analogy (shared
mechanism), never a homology (it is not a neuron and has no ancestry as one). Claim: A /
analogy flagged.

A.2 — Hydra (the whole nervous system you can watch at once)
• Identity / niche. A small (~few mm) freshwater cnidarian polyp (Hydra vulgaris), sessile, ra-

dially symmetric, with a tubular body, a ring of tentacles around the mouth (hypostome), and
famous whole-body regeneration. Transparent and tiny — the property that makes it a
unique apparatus. Claim: A.

• The nervous system. A diffuse nerve net of only a few hundred to ~1,000 neurons wo-
ven through the body wall, with no brain and no ganglion; net neurons fire genuine action po-
tentials. The animal nonetheless runs a defined behavioral repertoire: longitudinal contrac-
tion, light-induced elongation, radial contraction, tentacle movements, "nodding" near the hy-
postome, and a periodic "sneeze"-like body compression. Claim: A/B.

• The keystone experiment (apparatus-as-scene). Dupre & Yuste (2017, Current Biology
27:1085–1097, Columbia): a transgenic Hydra line expressing the genetically encoded calcium
indicator GCaMP6s in neurons (plasmid injected into fertilized eggs), imaged whole between
slides so every neuron is visible simultaneously during free behavior; one preparation
tracked ~620 neurons. Result: the "simple net" resolves into ~four anatomically non-over-
lapping functional networks, each active during a specific behavior — structure hiding in-
side apparent diffuseness. Claim: B.

• The numbers. Neurons: few hundred–~1,000 (one prep ~620). Functional networks: ~4. Cal-
cium indicator: GCaMP6s. Compare: human ~86 billion neurons; C. elegans 302. Claim: A
(counts) / B (the four-network result, single lab).

• Operational role. The opener's centerless swimmer made concrete and watchable; the size-
reflex correction (a full behavioral life on ~1,000 neurons); and the headwater of Thread 4
(control with no CEO). Guardrail: do not state "Hydra has exactly four networks" as settled
(Level B).
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A.3 — Ctenophores (the comb jellies; the provocation)
• Identity / niche. Marine "comb jellies," named for eight rows of fused cilia (ctene rows /

comb plates) that beat to propel them and refract light into running rainbows. The cast
species, locked: Pleurobrachia bachei (the Pacific "sea gooseberry," Moroz 2014); Mnemiop-
sis leidyi (the lobate comb jelly, Ryan 2013); Bolinopsis (the regeneration example). They are
predators, not the passive drifters the name suggests. Claim: A.

• The sensory organ. At the aboral pole sits the aboral organ / apical organ, a gravity-sens-
ing statocyst sometimes loosely called an "elementary brain"; ctenophores regenerate it in
~3.5 days, and a Bolinopsis was observed to regrow its aboral organ four times — a nervous
structure treated as a disposable, regrowable module. Claim: B (Moroz, reported).

• The genome and its surprise (Moroz 2014, Nature 510:109–114). Draft genome of Pleuro-
brachia bachei + 10 ctenophore transcriptomes. Ctenophores lack HOX genes, lack
canonical microRNA machinery, and lack a full complement of bilaterian neuron-specific
genes; they do not use serotonin, dopamine, acetylcholine, octopamine, or nora-
drenaline — none of the classical neurotransmitters — relying instead on glutamate, a large
lineage-specific neuropeptide repertoire, and electrical signaling. Ryan 2013 (Mnemiopsis,
Science) reached the same provocation independently. Claim: B (the divergent profile) / C
(the independent-origin inference).

• The structural surprise (Burkhardt 2023, Science 380:293–297). Volume electron mi-
croscopy + 3D reconstruction shows the subepithelial nerve net is a syncytium — neurons
fused by continuous plasma membrane, no synapses in that net, 2–5 nuclei per cell — vio-
lating Cajal's neuron doctrine (discrete cells, synaptic gaps) for this animal. Claim: B.

• The marker-correction (the apparatus-bias lesson). Early studies using bilaterian-de-
signed neuronal markers came back nearly empty and implied ctenophores had no real neu-
rons; only ctenophore-specific neuropeptide markers (Sachkova 2021; Hayakawa 2022) re-
vealed distinct neural cell types, and a 2026 eLife connectome of the aboral organ has begun
mapping them. The tools defined what counted as a neuron, and the tools were incomplete.
Claim: B.

• The numbers. Genome + 10 transcriptomes (2014). Classical neurotransmitters used: effec-
tively 0 of the canonical set. Independent ctenophore genomes behind the claim: 2. Aboral-or-
gan regeneration: ~3.5 days; Bolinopsis regrowths: 4. Syncytial-net nuclei/cell: 2–5; synapses
in that net: 0.

• Operational role. The Moment of Evidence, the Anchor Researcher's subject, and the engine
of the HOLD OPEN. Guardrail: strange ≠ superior; independent ≠ proven. Keep the comb jelly
a live question, not a trophy.

A.4 — Trichoplax adhaerens (coordination with no neurons)
• Identity / niche. A placozoan — the structurally simplest known free-living animal: a flat, ir-

regularly shaped sheet a few millimetres across, two epithelial layers with a fluid-filled interi-
or, gliding over surfaces on cilia. No neurons, no muscles, no synapses, no nerve net, no
front or back. It has the fewest cell types of any non-parasitic animal: six (Smith et al.
2014). Claim: A.
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• The genome (Srivastava 2008, Nature). Despite its simplicity, the genome encodes proneu-
ropeptides, neurosecretion orthologs, and components of glutamatergic, GABAergic, puriner-
gic, and nitric-oxide signaling — a chemical-signaling toolkit far richer than the body plan
would suggest. Claim: A.

• The "presynaptic" cells. Flask-shaped cells bearing a sensory cilium express the presynap-
tic-exocytosis proteins SNAP-25 and synaptobrevin (Smith 2014) — secretory machinery
normally associated with synapses, in an animal that builds none. Claim: A/B.

• The keystone coordination experiment (Smith, Pivovarova & Reese 2015, PLoS ONE
10:e0136098). When Trichoplax glides onto algae, its cilia stop (the animal pauses over food);
only lipophil cells lying near the algae secrete lytic granules that externally digest it; then
gliding resumes. Global ciliary arrest is coordinated with precise, local secretion — integration
achieved with no neurons and no synapses. Claim: A/B.

• The signaling mechanism (Senatore 2017, J. Exp. Biol. 220:3381–3390; Varoqueaux
2018, Current Biology). Coordination runs on peptidergic volume signaling: 11 distinct
neuropeptides each elicit a stereotyped behavior (crinkling, turning, flattening, churning),
released by peptide-secreting cells in non-overlapping populations. The implication (Jékely
2021 "chemical brain hypothesis"): peptidergic volume signaling may have predated
synaptic signaling — chemistry before wiring. Claim: B.

• The numbers. Cell types: 6. Behavior-eliciting neuropeptides: 11. Neurons, synapses, muscles:
0. Claim: A/B.

• Operational role. The cleanest test of "coordination without a nervous system," the strongest
support for the chemical-brain hypothesis, and a Thread-4 (no-CEO) anchor. Guardrail: Tri-
choplax coordinates, integrates, responds, secretes — it does not "decide," "know," or "want."

A.5 — Sponges (the synaptic kit with no synapse; the electrical body with no neuron)
• Identity / niche. Phylum Porifera; sessile filter-feeders that pump water through canal sys-

tems. No neurons, no nerve net, no synapses. Cast species: Amphimedon queenslandica
(a demosponge; the sequenced genome) and the glass sponges (Hexactinellida, e.g., Rhabdoca-
lyptus dawsoni; syncytial electrical conduction). Claim: A.

• The genome (Srivastava 2010, Nature 466:720–726). Amphimedon carries an almost com-
plete set of genes homologous to mammalian synaptic genes — the molecular "kit" for a
synapse — while assembling no synapse at all. The parts list predates the machine. Claim: A.

• The post-synaptic scaffold (Sakarya 2007, PLoS ONE 2:e506). Sponge post-synaptic den-
sity (PSD) scaffolding proteins are present at the origin of the animal kingdom; sponge
flask cells are ciliated sensory-secretory cells. Claim: A/B.

• The neurogenic toolkit (Richards 2008). Notch–Delta signaling and a proneural bHLH
gene are expressed in Amphimedon — the genetic machinery of neurogenesis, in an animal
that makes no neurons. Claim: A/B.

• Sensing without neurons (Rivera 2012). Amphimedon larvae steer relative to light using a
cryptochrome photopigment (AqCry2) in cell cilia — a "neuronless, opsinless eye." Claim:
B.
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• Electrical conduction without neurons (Leys & Mackie 1997). In the glass sponge Rhab-
docalyptus dawsoni, local tactile/electrical stimulation triggers a propagated action potential
that travels through the syncytial tissue and arrests the feeding (exhalant) current; propaga-
tion velocity ~0.22 cm/s, with excitability thresholds requiring stimuli over seconds. A body-
wide electrical signal in an animal with no neurons — and the slowness (roughly
1,000–10,000× slower than a fast axon) quantifies exactly what the neuron's specialized archi-
tecture buys. Claim: A/B (hexactinellid-specific).

• Coordinated contraction (Leys 2015; Nickel 2010). Sponges perform slow whole-body con-
tractions ("sneezing") to clear the canal system — coordinated behavior with no neurons.
Claim: A.

• The numbers. Synaptic-gene set: "almost complete." Neurons/synapses: 0. Glass-sponge con-
duction: ~0.22 cm/s. Claim: A/B.

• Operational role. The Range Survey's terminal rung; the "kit-before-machine" Thread-2
seed; and (on sponge-sister) the nerveless ancestor that would make the neuron a single in-
vention. Guardrail: the gene set is necessary, not sufficient — having synaptic genes is not
having a synapse.

A.6 — Box jellyfish (Tripedalia cystophora) (the centerless animal that learns)
• Identity / niche. A cubozoan cnidarian; a small, fast, actively swimming jellyfish of mangrove

habitats. No central brain — but a strikingly condensed sensory system. Claim: A.

• The visual system. 24 eyes arranged across four rhopalia (sensory clubs), including lens
eyes that form images; each rhopalium carries on the order of ~1,000 neurons and a pace-
maker, and the four are interconnected via a ring nerve — a defensible quasi-CNS distributed
around the bell rather than centralized in a head (Satterlie 2011; Garm et al. 2006/2007).
Claim: A/B.

• The learning experiment (Bielecki, Garm et al. 2023, Current Biology). Tripedalia learns
to associate visual contrast with physical obstacles and adjusts its dodging behavior ac-
cordingly — associative learning with no central brain, the learning seemingly seated in
the rhopalia. Claim: B.

• Operational role. The double complication for the Adversarial Audit: "centerless" is partly a
textbook simplification (condensation toward centers), and "no center, no learning" is false.
Difference, not deficiency — and not a ceiling. Guardrail: one strong recent study (Level B);
do not over-generalize to all cnidarians.

A.7 — Choanoflagellates (the outgroup that dates the hardware)
• Identity / niche. Single-celled and colonial protists; the unicellular sister group of ani-

mals (the closest living non-animal relatives). Each cell bears a single flagellum surrounded
by a collar of microvilli — strikingly like a sponge choanocyte. Claim: A.

• Why they matter here (Liebeskind, Hillis & Zakon 2011, PNAS 108:9154–9159). A
choanoflagellate carries a sodium-channel homolog whose ion-selectivity filter is interme-
diate between calcium and sodium channels — evidence that voltage-gated Na chan-
nels evolved from Ca channels before animals existed, and homologs are present in the
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nerveless placozoans. The molecular "letter" of the action potential predates the neuron, the
nerve net, and the second cell. Claim: A.

• Operational role. The dating outgroup for the "hardware predates the cell type" claim and
the deepest root of the convergence thread (the parts are ancestral; the assembly may be con-
vergent). Used in Beats 4, 7, 10, 12 and Appendix B.4.

A.8 — Squid (Loligo) (the apparatus, not the subject)
• Identity / niche. A coleoid cephalopod; appears in L1 only as a measuring instrument, not

as a mind (the cephalopod mind is L4–L5's, planted not spent here). Its giant axon — an es-
cape-jet motor axon up to ~1 mm in diameter — is the largest single nerve fiber known and
the reason the action potential could be measured at all. Claim: A.

• Why it matters (Hodgkin & Huxley 1952, J. Physiol.). The giant axon is large enough to
thread an internal electrode and run a voltage clamp, which let Hodgkin and Huxley resolve
the separate Na⁺ and K⁺ currents and build the quantitative model of the spike (Nobel Prize,
1963). Conduction in the giant axon: ~25 m/s — fast for an unmyelinated fiber, achieved by
sheer diameter (one of the two convergent speed solutions; see Appendix B.5). Claim: A.

• Operational role. The apparatus-as-scene for the Mechanism Walkthrough; a clean example
of "how we know" depending on a lucky animal. Guardrail: do not let the squid become a
cephalopod-cognition cameo — its job in L1 is its axon.

APPENDIX B — MECHANISM DEEP-DIVES

The physics and chemistry behind the beats, worked out one level deeper than the Mechanism Walkthrough
(Beat 6) carries inline. The drafter should pull from here for precision and discard the rest; the lecture states
the minimum that lands, but the minimum must be correct.

B.1 — The action potential, in full
• The resting state. A neuron (or Paramecium, or a glass-sponge syncytium) holds a resting

membrane potential — negative inside, ~−65 to −70 mV in a typical neuron — maintained
by two facts: the membrane is selectively permeable (leak K⁺ channels let K⁺ trickle out), and
the Na⁺/K⁺-ATPase continuously restores the gradients. The cell is a charged battery that
leaks and is constantly recharged. Claim: A.

• Threshold and all-or-none firing. A depolarizing input (sensory, synaptic, or mechanical)
nudges the membrane upward; below threshold nothing propagates, at threshold the spike
fires fully or not at all. Amplitude carries no information — timing and rate do. This is why
the brain can use sparse, rate-and-timing codes (Appendix D). Claim: A.

• The upstroke (depolarization). Voltage-gated Na⁺ channels (or, in protists and many
cnidarians, voltage-gated Ca²⁺ channels) sense the depolarization and open; the carrier ion
floods in down both its concentration and electrical gradients; the membrane swings to ~+30
to +40 mV. The opening is regenerative — depolarization opens channels, which deepens de-
polarization — which is what makes the event explosive and self-amplifying. Claim: A.
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• The downstroke (repolarization) and the refractory period. The Na⁺ channels inacti-
vate (a built-in timer closes them shortly after they open); voltage-gated K⁺ channels open
more slowly and let K⁺ out, driving the membrane back toward rest. While Na⁺ channels are
inactivated the cell cannot fire again (absolute refractory period), which sets a ceiling on fir-
ing rate and forces the spike to travel one direction down an axon. In Paramecium the Ca
channel inactivates by calmodulin-mediated, calcium-dependent inactivation (Brehm &
Eckert 1978) within milliseconds. Claim: A.

• Propagation. A spike at one patch depolarizes the adjacent patch to threshold, regenerating
the full spike there; because each patch is restored to full amplitude, the signal does not de-
cay with distance — unlike passive electrotonic spread or diffusion, which fade. This is the
whole point: active regeneration beats passive spread for any distance beyond a cell's width.
Claim: A.

• The reset and the bill. Every ion that crossed must be pumped back. The Na⁺/K⁺-ATPase
does the bulk of it, and this restoration — not the spike itself — is where most of the energy
goes (Appendix D). The slogan that survives scrutiny: the spike is nearly free to fire and ex-
pensive to undo. Claim: A.

B.2 — The Na⁺/K⁺-ATPase and why excitability is a standing charge
• The pump. The sodium–potassium ATPase is a membrane protein that hydrolyzes one ATP to

move 3 Na⁺ out and 2 K⁺ in against their gradients each cycle. It is electrogenic (net one posi-
tive charge out per cycle) and it never stops. Claim: A.

• Why "leaky" is literal. Because the membrane is not a perfect insulator, ions constantly leak
down their gradients even when the cell is silent; the pump runs continuously just to hold the
resting potential. In the brain's signaling energy budget, maintaining the resting potential
costs ~13% of grey-matter signaling energy with no signal being sent (Attwell & Laughlin
2001). Excitability is a subscription, not a pay-per-use. Claim: A.

• The evolutionary consequence. Because every spike and every millivolt of resting gradient
must be paid for in ATP, energy becomes a selective pressure on neural design — the
deep reason the constraint thread (Thread 1) runs through the whole course. Claim: A.

B.3 — Diffusion versus conduction (the Principle, as physics)
• The diffusion problem. Molecular diffusion is the only transport a cell gets for free, and it is

governed by a brutal scaling law: the time for a molecule to diffuse a distance scales with the
square of that distance (t ∝ x²). Over a micrometre, diffusion is effectively instantaneous;
over a millimetre it is sluggish; over a centimetre it is hopeless for any behavior that must hap-
pen in under a second. Claim: A.

• The size threshold. A single cell, or a two-cell-thick sheet like a sponge wall, can coordinate
by diffusion. The moment an animal is more than a few cell-layers thick and needs to act fast,
diffusion fails and something that propagates a signal actively is required. This is the coor-
dination problem Sherrington named (1906) and the option space Jékely, Keijzer & Godfrey-
Smith (2015) mapped. Claim: A.
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• Why conduction wins. An excitable membrane regenerates the signal at every point, so de-
livery time scales linearly with distance (t ∝ x), not with its square — at a roughly fixed
metabolic cost per unit length. Above a threshold body size, conduction beats diffusion by an
ever-widening margin, and the threshold is set by how much energy the animal can spare.
The neuron is the solution you reach for when diffusion is too slow and you can afford the bill.
Claim: A (physics) / A (the course's framing).

• The two pre-neural routes evolution actually used. (1) Chemical/peptidergic volume
signaling — secreted peptides diffusing locally (Trichoplax, sponges). (2) Electrical conduc-
tion through syncytial tissue — the glass-sponge impulse (Leys & Mackie 1997). The neuron
is the later design that combines fast electrical conduction along a process with targeted
chemical release at its terminal. Claim: A/B.

B.4 — Channel phylogeny (the hardware's family tree)
• Calcium first, sodium later. Voltage-gated calcium channels are the ancestral excitability

hardware; voltage-gated sodium (Nav) channels evolved from them, acquiring a selectivity
filter that favors Na⁺. Liebeskind, Hillis & Zakon (2011) found a Nav homolog with an inter-
mediate selectivity filter in a choanoflagellate (pre-animal) and homologs in nerveless pla-
cozoans — so the Na-channel lineage predates neurons and nervous systems outright.
Claim: A.

• Why the carrier ion differs across the survey. Many protists and cnidarians spike with
Ca²⁺ (e.g., Paramecium); bilaterian neurons and vertebrate axons spike mainly with Na⁺.
Same regenerative logic, different carrier — a clean example of conserved mechanism with di-
vergent implementation. Claim: A.

• The clustering upgrades (deep time). In early chordates (~500 Ma) Nav channels acquired
a motif that clusters them at the axon initial segment; roughly 50 My later, with the inde-
pendent evolution of myelin, Nav channels came to cluster at the nodes of Ranvier, en-
abling saltatory conduction (Liebeskind 2011/2012; Hill et al. 2008; Hartline & Colman 2007).
The speed features are hundreds of millions of years younger than the basic spike. Claim:
A/B.

• Operational note. This is the molecular backbone of the meta-argument: the alphabet is
universal (the same channel families, the same spike) while the dialects are bespoke (Ca vs.
Na, diffuse vs. clustered, slow vs. fast). L1 installs the alphabet; the rest of the course writes in
it.

B.5 — Conduction speed and the convergence of myelin
• The speed problem. A bare (unmyelinated) axon conducts slowly — roughly 0.5–2 m/s —

because the regenerating spike has to charge every patch of membrane in series. For a large,
fast animal that is often too slow. Claim: A.

• Solution one: diameter. Fatter axons conduct faster (less internal resistance); the squid's ~1
mm giant axon reaches ~25 m/s (Hodgkin & Huxley 1952). But scaling speed by girth is vol-
umetrically expensive — you cannot wire a complex brain out of millimetre cables. Claim: A.
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• Solution two: insulation (myelin). Wrapping the axon in insulating myelin and clustering
Nav channels at gaps (nodes of Ranvier) lets the spike jump node to node (saltatory con-
duction), reaching ~100–120 m/s in thin fibers. Claim: A.

• The convergence (Hartline & Colman 2007). Myelin (or functionally equivalent multil-
amellar wrapping) evolved independently in vertebrates and in at least two crustacean lin-
eages (some copepods, some prawns/shrimp) — the same insulation solution reached on
unrelated hardware, the textbook convergence the lecture seeds for Thread 2. Fast conduc-
tion itself is convergent twice over: by diameter and by myelin. Claim: A.

APPENDIX C — THE PHYLOGENY PROBLEM IN DEPTH

The full grounding for Beat 9 and the HOLD OPEN. The drafter needs to understand this well enough to stage
the dispute honestly without taking a side — because the lecture's entire intellectual posture depends on
getting the open-ness exactly right: neither "neurons evolved twice, proven" nor "single origin, settled."

C.1 — The fork, stated precisely
• The entire neuron-origin question hinges on one branch of the animal tree: which lineage

diverged first from all other animals — sponges (Porifera) or comb jellies (Ctenophora)?
Everything else (cnidarians, placozoans, bilaterians) sits more crownward and is not in dis-
pute for this purpose. Claim: A (the framing).

• Sponge-sister (the historical default). If sponges branched first, the deepest animal lineage
is nerveless, and the simplest reading is that the nervous system evolved once, after sponges
split, on the line leading to ctenophores + cnidarians + bilaterians. The neuron is a single heir-
loom. Claim: framing.

• Ctenophore-sister (the provocation). If comb jellies branched first, then a nervous-sys-
tem-bearing lineage is the deepest branch, while sponges and placozoans (more crownward)
have no nervous system. That forces a choice: either neurons evolved twice (independently
in ctenophores and in the cnidarian–bilaterian line), or they evolved once in the animal an-
cestor and were lost in sponges and placozoans. Either way the tidy single-heirloom story
breaks, and independent origin becomes a serious option. Claim: framing.

• The crucial epistemic point for the lecture. Ctenophore-sister does not prove neurons
evolved twice — loss in sponges/placozoans is a live alternative. So even the strongest pro-
ctenophore-sister evidence licenses only "the neuron may be a convergence," never "the
neuron evolved twice, full stop." This is the exact width of the HOLD OPEN. Claim: A (logical).

C.2 — Long-branch attraction (why this is hard, not lazy)
• The artifact. Phylogenetic methods infer relationships from shared molecular features. Lin-

eages that evolve fast accumulate many changes and sit on long branches in the tree. A
known systematic error, long-branch attraction (LBA), can make two unrelated long
branches look related — and can artificially pull a long branch down toward the root.
Claim: A (established methodology).
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• Why ctenophores are vulnerable to it. Ctenophores are a fast-evolving, long-branched lin-
eage. The sponge-sister camp's central charge (Pisani et al. 2015; Simion et al. 2017) is that the
apparent ctenophore-sister signal is partly an LBA artifact — the comb jelly's long branch be-
ing dragged to the base — and that once LBA is properly modeled (better substitution models,
denser taxon sampling, site-heterogeneous methods), the signal shifts toward sponge-sister.
Claim: B.

• Why it has stayed unresolved. Both camps run large, carefully-built phylogenomic datasets
and reach opposite answers depending on model choice, gene selection, and outgroup sam-
pling. When the answer flips with defensible analytical choices, no single analysis is decisive.
This is the honest reason the field has not closed the question — not negligence, but a genuine-
ly hard inference problem at the very base of the animal tree. Claim: A (state of the field).

C.3 — The synteny gambit (what Schultz 2023 tried to do)
• The idea. Schultz et al. (2023, Nature 618:110–117) tried to sidestep the sequence-based

LBA problem entirely by using a different kind of character: chromosome-scale gene
linkage (synteny) — which genes sit together on which chromosomes. Certain chromo-
some fusion-and-mixing events are thought to be rare and effectively irreversible, so
sharing one is strong evidence of common ancestry that does not depend on substitution-rate
modeling. Claim: B.

• The result. They found such shared, derived chromosome-fusion events uniting sponges +
cnidarians + bilaterians + placozoans to the exclusion of ctenophores — i.e.,
ctenophore-sister — and described the support as "robust and unambiguous." Because synte-
ny characters are not susceptible to LBA in the same way as sequence sites, this was widely
read as the strongest evidence yet for ctenophore-sister. Claim: B.

• The counter (2025 methods critique). Critics argued that part of the synteny signal could
be intrinsic to data properties — chromosome number, the reliability of ortholog calls, and
residual long-branch effects in how linkage groups are reconstructed — rather than to gen-
uine shared gene order. The synteny gambit narrowed the problem; it did not end it. Claim: C
(methodological dispute).

C.4 — The debate, paper by paper (chronology for the drafter)
• 2008 — Trichoplax genome (Srivastava): the nerveless-but-gene-rich animal enters the

dataset.

• 2010 — Amphimedon sponge genome (Srivastava): synaptic genes without synapses.

• 2013 — Mnemiopsis ctenophore genome (Ryan, Science): first formal ctenophore-sister + in-
dependent neural cell-type argument.

• 2014 — Pleurobrachia ctenophore genome (Moroz, Nature): the divergent toolkit; the "neu-
rons more than once" provocation in full.

• 2015 — Pisani et al. (PNAS): "genomic data do not support comb jellies as sister" — the LBA
counter-case.

• 2015 — Whelan et al. (PNAS): bias-corrected analyses supporting ctenophore-sister.
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• 2017 — Simion et al. (Current Biology): a large, consistent dataset for sponge-sister once LBA is
modeled.

• 2017 — Whelan et al. (Nature Ecology & Evolution): renewed ctenophore-sister support with
expanded sampling.

• 2021 — Redmond & McLysaght (Nature Communications): partitioned phylogenomics for
sponge-sister.

• 2023 (April) — Burkhardt et al. (Science): the syncytial, synapse-less ctenophore net —
structural strangeness consistent with independent origin.

• 2023 (May/June) — Schultz et al. (Nature): chromosome synteny → ctenophore-sister, "ro-
bust and unambiguous."

• 2025 — methods critique of the synteny null model (some signal may be intrinsic to data
properties).

• 2025 (13 Nov) — Steenwyk & King (Science 390:751–756): 490/490 tests → sponge-sister.

• 2026 (5 Feb) — Retraction of Steenwyk & King (Science 391:564).

• 2026 (Feb) — eLife ctenophore aboral-organ connectome: still mapping what a ctenophore
"neuron" is.

• Net position, mid-2026: unresolved. The two best recent data types (synteny vs. integrative
phylogenomics) point opposite ways, and the most confident 2025 claim collapsed. Claim: A
(state of the field) / the root itself C.

C.5 — The 2025 retraction, in detail (the HOLD OPEN's best instrument)
• The claim. Steenwyk & King (2025, Science 390:751–756, published 13 November 2025) report-

ed that an integrative phylogenomic approach yielded 490 of 490 statistically significant
topology tests favoring sponge-sister, and none favoring ctenophore-sister — an unusually
absolute result for a question this contested. Claim: documented (now retracted).

• The unraveling. Within weeks, Casey Dunn and colleagues flagged problems in the pipe-
line. The authors themselves then alerted Science to errors: an imbalance between the
number of sponge and ctenophore taxa sampled biased the scoring metric the conclusion
rested on, and collapsed internal nodes were mishandled by the analysis software. With
those corrected, the 490/490 result did not hold. Claim: A (documented).

• The retraction. Science published the retraction on 5 February 2026 (391:564) — roughly
thirteen weeks after the original paper. Claim: A.

• How to use it (the calibration that carries the lecture). The retraction is not a win for
ctenophore-sister; Steenwyk & King argued the other side, so its failure vindicates neither
camp. The honest lesson is narrower and sharper: the single most confident recent attempt to
settle the animal root — in either direction — collapsed within three months of publication.
That is the cleanest possible illustration of HOLD OPEN: not "the experts disagree" in the ab-
stract, but a dated, concrete instance of a settled-sounding verdict being withdrawn. Deliver it
flat, as a fact, and let it carry the open-ness without editorializing. Guardrail: do not imply the
retraction supports ctenophore-sister; it supports uncertainty.
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APPENDIX D — THE ENERGY BUDGET, LINE BY LINE

Full grounding for Beat 11 (the Constraint) and the constraint thread (Thread 1). The keystone is Attwell &
Laughlin (2001), refined by Howarth, Gleeson & Attwell (2012) and the efficiency literature (Laughlin; Niven
& Laughlin 2008). All figures are for grey matter, derived largely from rodent cortex and extrapolated —
claim level A, with the model-dependence flagged.

D.1 — The headline ratio
• The human brain is roughly 2% of body mass but consumes roughly 20% of the body's

resting metabolic energy — an order-of-magnitude mismatch between size and cost. Per
gram, it is among the most expensive tissue an animal runs. Claim: A.

D.2 — Where the signaling energy goes (Attwell & Laughlin 2001)
• Action potentials: ~47% of grey-matter signaling energy — the largest single line item,

dominated by the cost of pumping out the Na⁺ that entered during spikes.

• Postsynaptic effects (mainly glutamate receptors): ~34% — the cost of synaptic currents
and their restoration.

• Resting potential maintenance: ~13% — paid even when the neuron is silent (the "stand-
ing charge"; see Appendix B.2).

• Glutamate (neurotransmitter) recycling: ~3% — the metabolic cost of clearing and recy-
cling transmitter.

• Operational: roughly four-fifths of the brain's signaling energy goes to two activities — fir-
ing spikes and answering them at synapses — and the rest just holds the battery charged.
Claim: A.

D.3 — The cost scales with activity
• Firing more costs more, close to linearly. Attwell & Laughlin's accounting implies that one ad-

ditional action potential per cortical neuron per second adds on the order of ~+145 mL O₂ per
100 g of grey matter per hour to the metabolic load. Activity is not free, and the brain can-
not afford to have most neurons firing most of the time. Claim: A (model-derived).

D.4 — The evolutionary response: efficiency under an energy ceiling
• Because spikes are expensive, energy is a selective pressure on neural design, and brains

show the signatures of an organ optimizing information per joule (Laughlin; Niven &
Laughlin 2008):

– Sparse coding — only a small fraction of neurons (estimates ≤15%) are active at once,
so the average metabolic load stays far below the worst case.

– Short wiring — keeping connected neurons close (the wiring-economy principle that be-
comes L2's subject) cuts both material and the energy to drive long axons.

– Probabilistic synapses — transmitter release probability is often well below 1, trading
reliability for energy savings and using the redundancy of many synapses to recover fideli-
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ty.

• Operational: the brain is not built for maximum capability; it is built for maximum capabili-
ty the animal can afford to power. That is Thread 1 in one sentence, and L1 plants it. Claim:
A/B (well-supported; details model-dependent).

D.5 — Why the constraint is universal (it rides on the hardware)
• The bill is unavoidable for any tissue that runs voltage-gated channels, because the gradients

the channels exploit must be rebuilt by the ATP-burning pump. So the constraint applies from
the cheapest signaling to the most expensive: a slow glass-sponge syncytium (~0.22 cm/s,
cheap) at one end; a myelinated vertebrate axon (~100–120 m/s, expensive) at the other; the
animal's niche sets how much speed and rate it can afford to buy. Claim: A (the principle) /
the cross-taxon energy comparisons are B (less directly measured).

APPENDIX E — NUMBERS MASTER SHEET

Every quantified fact in the pack, gathered for fast retrieval and density-checking. Group by domain. Claim
levels carried from the body.

E.1 — Neuron counts and scale
• Hydra: few hundred–~1,000 neurons (one imaged prep ~620). A / four-network result B.

• C. elegans: 302 neurons, fully mapped (White et al. 1986; L3 material). A.

• Box-jelly rhopalium: ~1,000 neurons each; 4 rhopalia; 24 eyes per animal. A/B.

• Human brain: ~86 billion neurons. A.

• Trichoplax: 6 cell types; 0 neurons; 11 behavior-eliciting neuropeptides. A/B.

• Octopus (L4/L5 material, do not spend): ~500 million neurons, ~2/3 in the arms. A.

E.2 — The action potential and conduction
• Resting potential: ~−65 to −70 mV (neuron). Spike peak: ~+30 to +40 mV. A.

• Na⁺/K⁺-ATPase stoichiometry: 3 Na⁺ out : 2 K⁺ in per ATP. A.

• Squid giant axon: up to ~1 mm diameter; conduction ~25 m/s. A.

• Unmyelinated conduction: ~0.5–2 m/s. Myelinated: up to ~100–120 m/s. A.

• Glass-sponge (syncytial, no neurons) conduction: ~0.22 cm/s. A/B.

• Paramecium cilia beat: ~10–20 Hz. Intraciliary Ca²⁺: ~100 nM rest → ~10 µM–1 mM during
spike; ciliary-reversal threshold ~>1 µM. A.

E.3 — The energy budget (grey matter; Attwell & Laughlin 2001)
• Brain: ~2% body mass / ~20% resting energy. A.

• Signaling energy split: action potentials ~47%; postsynaptic glutamate ~34%; resting poten-
tial ~13%; glutamate recycling ~3%. A.

NeuroZoology 2E · Research Packs Lecture 1 · The First Nerve

51



• One extra AP/cortical neuron/s ≈ +145 mL O₂/100 g grey matter/h. A (model-derived).

• Sparse code: ≤~15% of neurons active at once. A/B.

E.4 — Ctenophore specifics
• Genome + 10 transcriptomes (Moroz 2014, Pleurobrachia bachei). Independent ctenophore

genomes behind the provocation: 2 (Ryan 2013; Moroz 2014). A/B.

• Classical neurotransmitters used: ~0 of the canonical set
(serotonin/dopamine/ACh/octopamine/noradrenaline). B.

• Comb-plate (ctene) rows: 8. Aboral-organ regeneration: ~3.5 days; Bolinopsis regrowths ob-
served: 4. B.

• Syncytial aboral net (Burkhardt 2023): 2–5 nuclei/cell; 0 synapses in that net. B.

E.5 — Deep time (molecular-clock midpoints; Level B unless fossil)
• Animal last common ancestor: ~833–650 Ma (one cited figure ~830 Ma). B.

• First diffuse nerve nets: ~600 Ma (round figure). B.

• Earliest unequivocal bilaterian fossils: ~555 Ma. A (fossil) / B (interpretation).

• Ediacaran: 635–541/539 Ma. Cambrian: 541/539–485 Ma. A (periods).

• Nav clustering at axon initial segment: ~500 Ma (early chordates); nodes of Ranvier ~50 My
later. A/B.

E.6 — The phylogeny dispute (the dated facts)
• Schultz et al. 2023: Nature 618:110–117 (chromosome synteny → ctenophore-sister). B.

• Steenwyk & King 2025: Science 390:751–756, 13 Nov 2025 (490/490 tests → sponge-sister). Re-
tracted.

• Retraction: Science 391:564, 5 Feb 2026 (~13 weeks after publication). A (documented).

• Burkhardt et al. 2023: Science 380:293–297 (syncytial net). B.

APPENDIX F — TERMINOLOGY & STABLE-NAMING DISCIPLINE

Precision vocabulary for the drafter. The lecture's credibility lives in calling things by their right names and
refusing the conflations that pop science makes. Stable names are binding across all drafts and chunks.

F.1 — Stable names (locked; no variants)
• Leonid Moroz — the anchor researcher. Not "Moroz et al." in prose; the person.

• Paramecium — the ciliate; italic, capitalized genus. "A Paramecium," not "the paramecium"
when naming the organism.

• Hydra — the cnidarian polyp (Hydra vulgaris when specific).

• Ctenophores / comb jellies — interchangeable in prose; species: Pleurobrachia bachei
(sea gooseberry), Mnemiopsis leidyi, Bolinopsis.
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• Trichoplax (Trichoplax adhaerens) — the placozoan. Not "the placozoan" on first use; name
it.

• Sponges (Porifera); Amphimedon queenslandica (the sequenced demosponge); glass
sponges (Hexactinellida) for the electrical-conduction example.

• Box jellyfish (Tripedalia cystophora) — the learning cubozoan.

• Choanoflagellates — the unicellular sister group of animals (the outgroup).

• Squid (Loligo) — named only as the giant-axon apparatus.

F.2 — Precision pairs (use the left, never blur into the right)
• Analogy vs. homology. Paramecium's spike is analogous to a neuron's (shared mechanism),

not homologous (shared ancestry as a neuron). "Swimming neuron" is a vivid analogy and
must be flagged as one.

• Nerve net vs. brain vs. ganglion. A nerve net is a distributed mesh with no center; a gan-
glion is a local cluster of neuron cell bodies; a brain is a centralized integrating organ. Cnidar-
ians have nets (with some condensation); they do not have brains in the bilaterian sense.

• Neuron vs. excitable cell. All neurons are excitable cells; not all excitable cells are neurons
(Paramecium, muscle, some secretory cells). The course's point is precisely that excitability is
broader than the neuron.

• Synapse vs. volume signaling. A synapse is a targeted, point-to-point chemical/electrical
junction; volume signaling is secretion that diffuses to whatever receptive cells are nearby
(Trichoplax). Do not call peptidergic volume signaling "synaptic."

• Syncytium vs. discrete-cell net. A syncytium is tissue with continuous, fused membrane
and shared cytoplasm (the ctenophore aboral net; glass-sponge tissue); the neuron doctrine
assumes discrete cells separated by synapses. The ctenophore net is the documented excep-
tion.

• Action potential vs. graded potential. An action potential is all-or-none and regenerating
(does not decay with distance); a graded potential scales with stimulus and decays. The sur-
vey is about action potentials.

• Lost vs. never evolved. On ctenophore-sister, sponges/placozoans either never had neurons
or lost them — distinct hypotheses with different implications. Do not collapse them.

• Sister group vs. ancestor. Choanoflagellates are the sister group of animals, not the ances-
tor; living Hydra/Trichoplax/ctenophores are living relatives, not ancestors (see the sur-
vivorship caveat, Section 6). Never say "the ancestor was like Hydra."

F.3 — Verbs, calibrated (the anti-anthropomorphism register)
• Defensible for nerveless/single-celled coordinators: coordinates, integrates, responds,

detects, secretes, contracts, reverses, propagates, regenerates.

• Requires heavy qualification or avoid: decides, chooses, remembers, knows, wants, thinks,
learns (use "learns" only for the box-jelly associative-learning result, which is documented,
and even then attribute it).
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• For the phylogeny: "may have evolved more than once," "possibly convergent," "remains un-
resolved." Never: "evolved twice" (as bare fact), "proven," "settled," "overturned."

F.4 — Acronyms (expand on first use in the lecture)
• AP — action potential. PSD — post-synaptic density. Nav/Cav — voltage-gated

sodium/calcium channel. ATP — adenosine triphosphate. EM — electron microscopy. GCaMP
— a genetically encoded calcium indicator (a fluorescent protein that brightens when calcium
rises). LBA — long-branch attraction. CNS — central nervous system.

APPENDIX G — QUOTE & TESTIMONY CATALOG

The usable attributed material, in copyright-safe short form. Rule: paraphrase by default; quote only when
exact wording carries weight; keep every quotation short and attributed. Do not chain multiple quotes from
one source.

G.1 — Direct quotes (short, attributed)
• Leonid Moroz, on ctenophores (2014, widely reported): "these aliens are in our back-

yard." Six words; his framing of comb jellies as the nearest thing to an independently evolved
animal mind. Use sparingly — it is the exact hook popular coverage over-spent; deploy once,
deadpan, then return to mechanism. Claim: quote, attributed.

• Schultz et al. (2023), on their synteny result: described as "robust and unambiguous." Use
only alongside the 2025 critique and the 2026 retraction in the same breath, so the listener
hears a contested claim, not a verdict. Claim: quote, attributed.

G.2 — Paraphrase-only positions (attribute the stance, do not quote)
• Moroz's thesis — that ctenophore nervous systems are built from a different molecular tool-

kit, implying neurons are convergent rather than a single inheritance. Attribute as his hypoth-
esis (Level C), not as a finding.

• Sherrington (1906) — framed the nervous system's job as integration; he is the origin of "the
coordination problem" framing. Paraphrase.

• Cajal (1899) — the neuron doctrine (discrete cells, not a continuous reticulum). State the
doctrine in your own words; note Burkhardt 2023 as the documented exception.

• The sponge-sister camp (Pisani; Simion; Redmond & McLysaght) — that the apparent
ctenophore-sister signal is partly a long-branch-attraction artifact. Attribute the position; do
not quote.

G.3 — Documented institutional facts (citable as events, not opinions)
• The 2014 ctenophore genome (Moroz, Nature) and the 2013 ctenophore genome (Ryan,

Science) — the two independent genomes behind the provocation.

• The Hodgkin–Huxley model and the 1963 Nobel Prize — the canonical action-potential re-
sult.

NeuroZoology 2E · Research Packs Lecture 1 · The First Nerve

54



• The 5 February 2026 retraction of Steenwyk & King (Science 391:564) — a dated, document-
ed fact, deliverable flat.

• The Dupre & Yuste 2017 whole-Hydra imaging result (~4 functional networks) — attribute
the lab and the year; flag Level B.

G.4 — What NOT to do with testimony
• Do not invent quotes, lab dialogue, or "color" from any researcher. Where the pack has no doc-

umented quote, paraphrase and attribute (per the evidence-discipline rule).

• Do not stack Moroz's "aliens" line with a second Moroz quote; one is the limit.

• Do not put the "robust and unambiguous" quote anywhere it could read as the lecture's own
verdict.

APPENDIX H — EXPANDED DEEP-TIME & DISCOVERY REFERENCE

Supplements Section 1. Two purposes: (1) give the drafter more deep-time anchors and discovery milestones
than the inline timeline carries, and (2) consolidate, in one place, exactly what remains unknown — so the
lecture's humility is precise rather than vague.

H.1 — The deep-time frame, expanded
• Why the dates are soft. Almost every "when" in this lecture is a molecular-clock estimate,

not a fossil date. Clocks infer divergence times from accumulated mutations calibrated against
the few fossils available; different calibrations and models yield ranges spanning tens to hun-
dreds of millions of years. Treat every pre-Cambrian date as a midpoint with wide error
bars (Level B), and say "roughly" in prose. Claim: A (about the method's uncertainty).

• The animal origin (~833–650 Ma, Cryogenian). Multiple analyses place the last common
ancestor of animals well before the first unambiguous animal fossils — a "long fuse" of animal
evolution with little or no fossil record. The neuron's molecular parts (Appendix B.4) are older
still, predating animals in the choanoflagellate lineage. Claim: B.

• The fossil gap. Soft-bodied early animals fossilize poorly, so the first nervous systems left al-
most no direct trace; the nerve net's ~600 Ma date is inferred from phylogeny and the few Edi-
acaran impressions, not read off a fossilized nerve. The honest framing: we are reconstructing
the first nerve from living relatives and molecules, not excavating it. Claim: A (about the
evidence's nature).

• The Cambrian turn (~541–485 Ma). Most animal phyla appear in the fossil record already
complex, and macropredation arrives — creating strong selection for fast, centralized ner-
vous systems (the predation-pressure argument). L1 plants the centralization story that L2
(wiring economy) and the bilaterian lectures develop; it does not spend it. Claim: A (fossils) /
B (the predation-drove-brains causal claim).
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H.2 — Discovery milestones not foregrounded in the inline timeline
• 1791 — Galvani, animal electricity (frog-leg twitch): the first demonstration that nerves and

muscles run on electricity — the distant ancestor of the whole excitability story. Framing only;
not in the spine, but useful as deep background. Claim: A (historical).

• 1902 — Bernstein's membrane hypothesis: the proposal that the resting potential arises
from selective membrane permeability to potassium — the conceptual groundwork Hodgkin
and Huxley later made quantitative. Claim: A (historical).

• 1939–1952 — the squid-axon program (Cole, Curtis; then Hodgkin & Huxley): the giant
axon makes the action potential measurable; voltage clamp resolves the Na⁺ and K⁺ currents
(1952). Claim: A.

• 1943 / 1956 — Bullock; Horridge: frequency-dependent neuromuscular facilitation in
cnidarian nerve nets — mechanism inside the centerless swimmer. Claim: A.

• 1972–1978 — the Paramecium electrophysiology program (Eckert; Naitoh & Kaneko;
Kung & Naitoh; Brehm & Eckert): the calcium action potential, its ciliary localization, its ge-
netic mutants, and its calmodulin-mediated inactivation — the "below the neuron" case built
end to end. Claim: A.

• 1983 — Anderson & Schwab: direct recordings of overshooting action potentials in cnidari-
an nerve-net neurons — the net spikes. Claim: A.

• 1997 — Leys & Mackie: a propagated electrical impulse in a glass sponge with no neurons.
Claim: A/B.

• 2007–2010 — the genomic turn (Sakarya; Amphimedon; Trichoplax): synaptic and neu-
rogenic genes found in animals that build no synapses or neurons. Claim: A.

• 2013–2014 — the ctenophore genomes (Ryan; Moroz): the provocation. Claim: B/C.

• 2017–2018 — the coordination-and-imaging turn (Dupre & Yuste; Senatore; Varo-
queaux): whole-net imaging in Hydra; peptidergic coordination in Trichoplax. Claim: B.

• 2023 — the structural and phylogenomic turn (Burkhardt; Schultz): the syncytial
ctenophore net; chromosome synteny for ctenophore-sister. Claim: B.

• 2025–2026 — the cautionary turn (Steenwyk & King; the retraction; the eLife connec-
tome): the question reopened in public, in real time. Claim: A (the events).

H.3 — The open-questions register (what the lecture must leave unresolved)
Consolidated so the drafter can hold each at its true confidence and resist the urge to over-close.

1. The animal root — sponges or comb jellies first? Genuinely unresolved (Level C); the two
best recent data types point opposite ways; the most confident 2025 claim was retracted. This
is the HOLD OPEN. Do not resolve it.

2. Did the neuron evolve once or more than once? Follows directly from (1), and even
ctenophore-sister leaves "evolved once and lost twice" open. So this is doubly open. Lay it as a
live question; do not spend the "twice" payoff.

3. Chemical-first or electrical-first? Whether pre-neural coordination ran first on peptider-
gic volume signaling (Jékely's chemical-brain hypothesis, with Trichoplax as analog) or on
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electrical/contractile excitability (the glass-sponge route; Brunet & Arendt's damage-re-
sponse idea) is unsettled. Level B/C; present as competing hypotheses.

4. What counts as a "neuron" in a ctenophore? With a syncytial, synapse-less net and lin-
eage-specific neuropeptides, the definition itself is in play; the 2026 connectome is still map-
ping it. Level B; the marker-bias caveat applies.

5. How "simple" is a nerve net, really? Dupre & Yuste's functional structure and the box
jelly's associative learning complicate the textbook "diffuse and simple." Level B; do not call
nets simple without the complication.

6. How firm are the deep-time dates? Clock-dependent and wide; "roughly 600 million
years" is a midpoint, not a measurement. Level B; say "roughly."

The lecture's intellectual signature is that it ends inside (1) and (2) — holding a question, not delivering an
answer — which is the only honest place to end a first hour about the origin of the thing the next twen-
ty-three hours are made of.

End of Research Pack — NeuroZoology (2E), Lecture 1 · The First Nerve. Seven core sections (lecture identity,
evidentiary timeline, 12-beat dossier, thread map, overclaim dossier, comparative inventory, skeptic's notes,
source inventory) plus eight deep-reference appendices (per-organism dossiers, mechanism deep-dives, the
phylogeny problem, the energy budget, a numbers master sheet, terminology discipline, the quote catalog,
and the deep-time/open-questions reference). 75 sources catalogued (54-source CSV floor + 21 post-CSV sup-
plements). Claim levels tagged throughout (A / B / C / myth / retro). The central HOLD OPEN — did the neu-
ron evolve once or more than once — is left unresolved by design, per the Overclaim Register. Internal refer-
ence document; not for publication.
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LECTURE 2

The Shape of Thought
Internal research document · built for fast reference · the voice rules of the Master Style Guide (no headings,
no lists, invisible structure, comedy) govern published lecture prose and do NOT apply here. This file uses
headers and lists freely. No narrator voice, no humor, no editorializing. Facts, mechanisms, experiments,
claim levels, and honest uncertainty markers only.

Compiled June 2026. Claim-level key used throughout: A = replicated across independent labs / consensus /
established mechanism · B = good evidence, single strong study not yet widely replicated, or some conflict · C =
contested, single-lab, or disputed · myth = false · retro = retrospective reinterpretation.

STEP 1 — THE ASSEMBLED LECTURE IDENTITY

Number / Title / Subtitle. Lecture 2 · The Shape of Thought. No formal subtitle in Syllabus 3.0; the
roster gloss functions as one: form follows constraint, not aspiration — the three antagonists are
wire, time, and energy.

Type / arc position. Foundation. Second of the three foundations (Lectures 1–3), the load-bearing
track-laying block before any showcase. Clear, grounded, mechanistic; no showcase warmth, no
dread-gradient, no rising antagonist. Register calibration per the Narrative Architecture: foundation
— grounded, load-bearing.

Consolidates. Original 1E Lectures 3, 11, 13, and 37. (54 sources in the spine; 22 carried from the first
edition — among the heaviest re-synthesis loads in 2E, tied with L3/L4/L12.)

Thesis. Neural form follows three relentless constraints — wire, time, and energy — not aspiration.
Nervous systems take the shapes they do less because any shape is ideal than because three costs
with teeth (minimize wire, minimize conduction delay, minimize metabolic spend) keep pruning
the possibility space, and the body plan stamps itself onto the neural map.

Source-scaffolding status (read before trusting the beat order).

• No Course Schema file exists in the project. Per the build instructions, the 12-beat se-
quence below is therefore taken from the Beat plan field of Syllabus 3.0 and is a recommend-
ed draw, not a locked spine. When the Schema locks an order it supersedes this.

• No Storyboard file exists. Per the build instructions, each beat's Intent below is therefore
derived from the relevant slice of the Syllabus 3.0 lecture description plus the Cast / Plants-
cashes / Hype-audit fields — not from a 5-micro-beat storyboard.

• One reconciliation note: Syllabus 3.0's Beat plan for L2 names four of the five universal
beats explicitly (Moment of Evidence as opener, Adversarial Audit, Fact That Quiets the Room,
Constraint) plus seven optionals (Anchor Researcher, Principle, Architecture, Mechanism
Walkthrough, Range Survey, Convergence Callback, Methods/Model Organism), with Conver-
gence Callback doubling as the closer. The fifth universal — the Field Vignette — is manda-
tory in every lecture (the two-scene floor) and is left implicit in the provisional plan. It is
placed below as Beat 6 (the star-nosed mole foraging in the wild), the natural reading, and
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flagged as such. The mole then returns bare in Beat 10 as the Fact That Quiets the Room (the
120 ms touch speed), exactly as the Beat plan assigns it.

Working 12-beat sequence (recommended draw; opener and closer flagged; Skepticism
variant named).

1. The Moment of Evidence / Discovery (universal, OPENER) — Santiago Ramón y Cajal at
the microscope, formulating the laws of conservation of space, conduction time, and material.

2. The Anchor Researcher (optional, shared) — Cajal as character; the man who reasoned the
constraint before the tools existed to measure it.

3. The Principle (optional, shared) — minimize total wire length; the engineering law, and its
modern quantitative confirmation (≈3/5 of gray matter is wire).

4. The Architecture (optional, shared) — somatotopy and the sensory homunculus; the body
plan stamping itself onto the cortical map.

5. The Methods / Model Organism (optional, mechanism-leaning) — the homunculus as a
mapping method, and the distortions baked into it (stimulation data, pooled patients, a car-
toon mistaken for an atlas).

6. The Field Vignette (universal; implicit in the provisional plan, placed here) — the star-nosed
mole foraging by touch in waterlogged tunnels, the most extreme body-stamps-cortex case in
mammals.

7. The Mechanism Walkthrough (optional, shared) — lateralization as a
wiring/conduction-delay solution: splitting functions across hemispheres to avoid duplicated
circuitry and the cost of the interhemispheric round trip.

8. The Range Survey (optional, mechanism-leaning) — lateralization across chicks, fish, ze-
brafish, and pigeons, long before humans.

9. The Skepticism Audit = Adversarial Audit (universal, mechanism track) — the
left-brain/right-brain personality myth, dispatched; and the steelman against reading wiring
economy as destiny.

10. The Fact That Quiets the Room (universal) — the star-nosed mole identifies and eats prey
in as little as 120 milliseconds; the naked mole-rat spends ~31% of S1 on two teeth.

11. The Constraint (universal) — expensive tissue: the brain runs ~20% of the resting energy
budget on ~2% of body mass, and you cannot afford a large brain and a large gut at once (the
penultimate weight; the tradeoff thread's hardest edge).

12. The Convergence Callback (optional, shared; CLOSER) — the same body-stamps-cortex
logic, and the same lateralization, reached independently across unlike animals; end on the re-
currence as an open pattern, not a resolved one.

Cast (three roster slots, stable names locked).

• Experiment / Researcher — Santiago Ramón y Cajal (wiring economy / laws of conserva-
tion, ~1899); Kenneth Catania + the star-nosed mole (somatotopy; Returns in L14); Leslie
Aiello and Peter Wheeler (expensive-tissue hypothesis, 1995).

• Animal — the star-nosed mole (Condylura cristata); the naked mole-rat (Heterocephalus
glaber, the second body-stamps-cortex case); chicks, fish, zebrafish, and pigeons (lateraliza-
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tion before humans).

• Mechanism / Structure — wiring economy (minimize total wire length); somatotopy and
the sensory homunculus; lateralization as anti-duplication and delay-cutting; brain–body
coevolution via the expensive-tissue hypothesis. The constraint thread's foundational state-
ment.

Active Threads (from the Narrative Architecture).

• Thread 1 — The Animal Is Never Free (dominant). This is the lecture that states the con-
straint thread outright for the first time and gives it its hardest edge: the tradeoff. Wire, time,
energy; and the brain/gut bill.

• Thread 6 — The Mechanism Is the Marvel (strong). The left/right-brain DISPATCH; the
careful separation of the homunculus-as-finding from the homunculus-as-cartoon; the expen-
sive-tissue hypothesis presented with its real contestation rather than as settled.

• Thread 2 — Convergence (active, in the closer). Lateralization and body-stamps-cortex re-
curring on unlike hardware (chick thalamofugal pathway vs. zebrafish habenula vs. pigeon
tectofugal pathway; star-nosed mole vs. naked mole-rat).

• Thread 3 — Difference, Not Deficiency (latent). The cortical-magnification logic — cortex
invests where behavior demands, not where the textbook expects — is Thread 3 arriving
through the body map; sets up L3's naming of craniocentrism.

• Thread 5 — The Umwelt (latent, plants L14). The star-nosed mole's tactile world; the
naked mole-rat's blind, incisor-built world.

Plant / cash edges (from Roster recurrence index + Syllabus 3.0).

• PLANTS the star-nosed mole and Kenneth Catania → cashed in L14 (the umwelt lecture,
where the same sensory surface reorganizes the brain). Lay the mole down as a
somatotopy/wiring case here; do not spend the full umwelt payoff. Stable pairing: the mole is
always paired with Catania.

• PLANTS the constraint thread's hardest edge — the tradeoff (you cannot maximize two
things at once): the brain/gut expensive-tissue case is the foundational statement, cashed im-
plicitly every time a later marvel comes with a bill (octopus RNA-editing vs. genomic evolution
in L5; plasticity vs. stability in L8; deep-sea minimalism; etc.).

• Bookend partner: L1 (the neuron as cost) and L2 (the costs that shape the neuron) together
build the constraint floor that L24 resolves.

Contrast pair(s). None adjacent (foundations don't pair as showcases do). L2 is structurally the
bridge between L1 (the neuron as priced component) and L3 (convergence + the naming of cranio-
centrism): L1 says the unit is expensive; L2 says three costs shape how the units are arranged; L3
says the arrangements were reached independently many times. The trio is the toolkit.

Hype-audit move(s) and line to hold (from the Overclaim Register).

• L2 — Left brain, right brain. Move: DISPATCH. Popular claim: people are "left-brained"
(logical) or "right-brained" (creative). Documented: lateralization is real and mechanistic —
splitting functions across hemispheres avoids duplicating circuitry and cuts conduction delay,
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and the asymmetries appear in chicks, fish, and zebrafish long before humans. Line to hold:
kill the personality-type myth in a sentence (Nielsen et al. 2013, 1,011 brains, no whole-brain
dominance), then give lateralization its real wiring-economy explanation. The myth and the
mechanism share a name and nothing else. Do not stage a debate where there isn't one.

• Secondary, not a formal Register entry but requiring identical claim hygiene: the ex-
pensive-tissue hypothesis is contested across mammals (Navarrete et al. 2011) even though it
holds in primates (Isler & van Schaik 2006). Present the brain-as-expensive (A) cleanly and
the brain-gut tradeoff (B/contested) honestly — do not sell the gut story as settled across the
kingdom.

Register calibration. Foundation: calm, grounded, load-bearing, mechanistic. Incredulous preci-
sion is allowed (the mole's 120 ms; 31% of a brain map for two teeth) but warmth is reserved for
showcases. Comedy lives in the bureaucratic-absurd register the Overclaim Register flags — the tidy
left/right-brain myth outliving its evidence, the homunculus cartoon mistaken for an anatomical
atlas for ninety years. Humor near-zero is not required here (no suffering subject), but the default is
dry, not playful.

Research spine. 54 sources (22 carried from 1E). Keystones: Cajal on conservation of wire and con-
duction delay (Textura, 1899); Chklovskii, Schikorski & Stevens (2002) measuring wire at ≈3/5
of gray-matter volume; Catania on the star-nosed mole's cortical map and 120 ms foraging; Aiello
& Wheeler (1995) expensive-tissue hypothesis with Navarrete et al. (2011) as the across-mam-
mal challenge; Ringo et al. (1994) conduction-delay conjecture for hemispheric specialization;
Nielsen et al. (2013) dispatching the left/right-brain personality myth.

SECTION 1 — THE EVIDENTIARY TIMELINE

Two interleaved tracks: the discovery history of the three constraints (wire, time, energy) and the
somatotopy/lateralization evidence, plus the deep-time and developmental anchors where they bear. Every
entry carries a date or timeframe, the actor, the finding/apparatus, and why it matters operationally. Claim
levels tagged. 60+ entries.

Deep-time and developmental anchors
• ~600 mya — first nervous systems (carried context from L1). The diffuse nerve net pre-

dates centralization; once nervous systems centralize, the wire/time/energy costs L2 describes
begin to bite. The constraint thread is older than the brain. Claim: A (deep-time estimate).

• ~540–520 mya — Cambrian; cephalization and bilateral nervous systems. Concentrat-
ing sensory and integrative tissue at the front end is itself a wiring-economy move: put the
processor near the dominant sensors. Operational: the geometry L2 explains is a Cambrian-era
solution. Claim: A (paleontological consensus on cephalization timing).

• Embryonic — the chick in the egg (Kuo, 1932). Avian embryos lie asymmetrically: the left
eye is pressed against the body, the right eye faces the shell. Operational: the physical substrate
for light-driven visual lateralization — the asymmetry is set up by body position, then trig-
gered by light in the last days before hatching. Claim: A (classic embryology, replicated).

• First post-fertilization hours — the zebrafish epithalamus. Habenular/parapineal
left–right asymmetry is established very early; light exposure in the first hours modulates it
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(Budaev & Andrew 2009; Concha et al. 2012). Operational: the same "light builds the asymme-
try" logic as the chick, on a completely different circuit (epithalamus vs. thalamofugal visual
pathway) — a convergence in developmental mechanism. Claim: A/B.

Discovery history — wire (the spatial constraint)
• 1888–1891 — Cajal applies the Golgi stain; the neuron doctrine. Santiago Ramón y Cajal

demonstrates neurons as discrete cells (contra Golgi's reticular theory). Operational: you can-
not have a wiring problem until you know the wires are separate cells with finite, costly pro-
cesses. Claim: A (Nobel 1906, shared with Golgi).

• 1899 — Cajal, Textura del Sistema Nervioso del Hombre y de los Vertebrados (Madrid:
Nicolás Moya). States the laws of conservation — nervous systems are built as if economiz-
ing space (material), conduction time, and conduction (cellular) material/energy.
Neurons that communicate are placed near one another; axons take economical routes; gan-
glia and nuclei are clusters that shorten total wire. Operational: the lecture's opening dis-
covery — the constraint reasoned from anatomy alone, a century before it could be
quantified. Claim: A (foundational; the intuition is qualitative, the modern confirmation
quantitative).

• 1937 — Penfield & Boldrey, "Somatic motor and sensory representation in the cere-
bral cortex of man as studied by electrical stimulation" (Brain). Wilder Penfield and Ed-
win Boldrey pool electrical-stimulation data from 126 conscious epilepsy operations at the
Montreal Neurological Institute (the "Montreal Procedure"); artist Hortense Cantlie renders
the distorted body map Penfield called a "grotesque creature." Operational: somatotopy made
visible — the cortical area for a body part scales with its behavioral/sensory importance, not
its physical size (cortical magnification). Claim: A (replicated by fMRI; the cartoon's exact
proportions are illustrative, not measured).

• 1973 — Jerison, Evolution of the Brain and Intelligence. Harry Jerison formalizes en-
cephalization and brain–body scaling (the encephalization quotient). Operational: the quanti-
tative frame for "how much brain for how much body," the backdrop against which expen-
sive-tissue and wiring-economy arguments are made. Claim: A (foundational monograph).

• 1991 — Mitchison, "Neuronal branching patterns and the economy of cortical wiring"
(Proc. R. Soc. B 245:151–158). Graeme Mitchison shows dendritic/axonal branching geome-
try minimizes wire. Operational: Cajal's intuition, made mathematical at the single-cell level.
Claim: A/B.

• 1992 — Cherniak, "Local optimization of neuron arbors" (Biol. Cybern. 66:503–510).
Christopher Cherniak: neuron arbor geometry approaches Steiner-tree optimality for wire
minimization. Claim: B.

• 1994 — Cherniak, "Component placement optimization in the brain" (J. Neurosci.
14:2418–2427). Treats the placement of C. elegans ganglia (11 components) as a layout prob-
lem and shows the actual arrangement is at or near the minimum-total-wirelength solution —
the "best of all possible brains" claim. The optimum is found among 11! ≈ 40 million possible
orderings. Operational: the cleanest early quantitative test of Cajal — the worm placed its gan-
glia as a wire-minimizing engineer would. Claim: B (elegant, influential, single research pro-
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gram; later complicated — see Kaiser & Hilgetag 2006).

• 2000 — Zhang & Sejnowski, "A universal scaling law between gray matter and white
matter of cerebral cortex" (PNAS). White-matter volume scales as roughly the 4/3 power
of gray-matter volume across mammals — exactly what a wiring-economy model predicts as
brains enlarge and long-range connections proliferate. Operational: the wire/space constraint,
expressed as a cross-species scaling law. Claim: A.

• 2002 — Chklovskii, Schikorski & Stevens, "Wiring optimization in cortical circuits"
(Neuron 34:341–347). Predicts that in optimally wired gray matter, wire (axons + den-
drites) should occupy 3/5 (≈60%) of the volume at the point that jointly minimizes con-
duction delay, dendritic cable attenuation, and total wire length while maximizing synaptic
density — then measures the fraction and finds it close to the predicted 3/5. Operational: the
headline quantitative vindication of Cajal — the brain really is built to the wire-econ-
omy optimum. Claim: A.

• 2003 — Klyachko & Stevens, "Connectivity optimization and the positioning of cortical
areas" (PNAS). The arrangement of areas in macaque prefrontal cortex is near the wire-mini-
mizing layout. Operational: wiring economy scales up from neurons to cortical areas. Claim: B.

• 2005 — Wen & Chklovskii, "Segregation of the brain into gray and white matter: a de-
sign minimizing conduction delays" (PLoS Comput. Biol. 1:e78). The very split into gray
and white matter is a conduction-delay-minimizing design: the need to connect many neurons
with many fast (myelinated, hence bulky) long-range axons drives those axons out of the
densely synaptic gray matter into segregated white-matter bundles. Explains neocortex, neos-
triatum, avian telencephalon, and spinal cord. Operational: wire and time, jointly, explain one
of the most basic facts of brain anatomy. Claim: B (model/explanation, well-regarded).

• 2006 — Chen, Hall & Chklovskii, "Wiring optimization can relate neuronal structure
and function" (PNAS 103:4723–4728). Solve for the optimal layout of 279 non-pharyngeal
C. elegans neurons; most sit close to their actual positions, confirming wire minimization as
a dominant factor — with documented deviations attributed to axon-guidance and com-
mand-neuron constraints. Operational: the neuron-level (not just ganglion-level) test; honest
about where the principle breaks. Claim: B.

• 2006 — Kaiser & Hilgetag, "Nonoptimal component placement, but short processing
paths, due to long-distance projections in neural systems" (PLoS Comput. Biol. 2:e95).
Strict wire minimization of the macaque and C. elegans connectomes would increase charac-
teristic path length; real brains keep some expensive long-range projections to stay "small-
world." Operational: the steelman — wiring economy is a constraint, not the only one;
the brain trades extra wire for shorter processing paths. Claim: A/B (the key complica-
tion for the Adversarial Audit).

• 2011 — Rivera-Alba et al., "Wiring economy and volume exclusion determine neu-
ronal placement in the Drosophila brain" (Curr. Biol. 21:2000–2005). In the fly's op-
tic-lobe lamina, neuron positions are predicted by wiring economy plus volume exclusion
(cells can't overlap). Operational: wiring economy confirmed in a third nervous system (worm
→ fly → vertebrate cortex), with a second constraint (space exclusion) made explicit. Claim:
A/B.
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• 2012 — Bullmore & Sporns, "The economy of brain network organization" (Nat. Rev.
Neurosci. 13:336–349). Frames whole-brain connectomes as an economic tradeoff between
minimizing wiring cost and buying topologically valuable (but expensive) long-range integra-
tion. Operational: the modern synthesis — Cajal's economy generalized to network science.
Claim: A (review).

Discovery history — time (the conduction-delay constraint)
• 1939 — Hursh; conduction velocity ∝ axon diameter (myelinated). Conduction velocity

rises roughly linearly with axon diameter in myelinated fibers (and in unmyelinated fibers
too, per Hoffmeister et al. 1991), while volume rises with the square of diameter. Opera-
tional: the brutal geometry — buying speed by fattening axons costs volume quadratically.
Claim: A.

• 1951 — Rushton, "A theory of the effects of fibre size in medullated nerve" (J. Physiol.
115:101–122). Establishes the relationship between fiber diameter, myelin, and conduction
speed; the optimal g-ratio (axon diameter / total fiber diameter ≈ 0.6). Operational: the physics
behind the wire-vs-speed tradeoff. Claim: A.

• Conduction-velocity range (consensus figures). A 20 µm myelinated axon conducts at
>100 m/s; a short unmyelinated axon at ~0.3 m/s. Conduction delays across the mam-
malian brain span <100 µs to >100 ms. Operational: the "time" antagonist quantified — speed
varies by more than two orders of magnitude depending on diameter and myelin. Claim: A.

• 1994 — Ringo, Doty, Demeter & Simard, "Time is of the essence: a conjecture that
hemispheric specialization arises from interhemispheric conduction delay" (Cerebral
Cortex 4:331–343). As brains enlarge, the absolute time to send a signal across the corpus cal-
losum grows; keeping all callosal axons fast enough to compensate would balloon brain vol-
ume. So for time-critical computation it pays to keep the work inside one hemisphere —
to lateralize — rather than pay the interhemispheric round trip. Operational: the mechanis-
m-walkthrough spine — lateralization as a wiring/time-economy solution, not a per-
sonality. Claim: B (a conjecture, explicitly so titled; influential, partially supported, not set-
tled).

• 2005 — Wen & Chklovskii (see above) — gray/white segregation minimizes conduc-
tion delay. Operational: time-economy as an anatomical organizing principle. Claim: B.

• 2013 — Buzsáki, Logothetis & Singer, "Scaling brain size, keeping timing: evolutionary
preservation of brain rhythms" (Neuron 80:751–764). Oscillation frequencies are con-
served across mammals spanning four orders of magnitude in brain size; timing is held rough-
ly constant even as wire lengthens. Operational: the time constraint is so binding that evolu-
tion preserves rhythms across the size range. Claim: A/B (review). (Flag: do not spend the
timing/oscillation material — it is L7's territory; here it is only the time-constraint backdrop.)

Discovery history — energy (the metabolic constraint)
• 1960 — Sokoloff; the brain's metabolic share. The human brain is ~2% of body mass but

consumes ~20% of resting metabolic energy. Operational: the founding number for the
energy antagonist. Claim: A.
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• 1995 — Aiello & Wheeler, "The expensive-tissue hypothesis: the brain and the diges-
tive system in human and primate evolution" (Current Anthropology 36:199–221). The
human brain is ~3× the chimpanzee's, yet human basal metabolic rate per unit body mass is
about the same; Aiello and Wheeler argue the bill was paid by a reduced gut (the human gut
is markedly smaller than expected for a primate our size), enabled by a higher-quality diet.
The brain and gut are both "expensive tissue" competing for the same energy budget. Opera-
tional: the Constraint beat's keystone — the tradeoff made explicit: you cannot afford
a large brain and a large gut at once. The original paper itself hedged that the cost "could
have been met by strategies other than a reduction in gut size." Claim: B (well-supported in
primates; the gut-specific mechanism is contested across mammals).

• 1995 — Finlay & Darlington, "Linked regularities in the development and evolution of
mammalian brains" (Science 268:1578–1584). Brain parts enlarge in a predictable order
tied to developmental timing ("late equals large"); structure is constrained by development,
not freely sculpted. Operational: a developmental constraint sitting alongside the three
metabolic/geometric ones — the brain cannot reshape arbitrarily. Claim: A/B.

• 2001 — Attwell & Laughlin, "An energy budget for signaling in the grey matter of the
brain" (J. Cereb. Blood Flow Metab. 21:1133–1145). Itemizes the spend: of grey-matter sig-
naling energy, action potentials ~47%, postsynaptic glutamate effects ~34%, resting
potential ~13%, glutamate recycling ~3%; most goes to pumping Na⁺ back out via the
Na⁺/K⁺-ATPase (1 ATP per 3 Na⁺). Operational: the canonical line-item accounting of the
energy constraint — thinking is mostly the cost of resetting voltage. Claim: A.

• 2001 — Laughlin, "Energy as a constraint on the coding and processing of sensory in-
formation" (Curr. Opin. Neurobiol.). Sensory systems are designed near metabolic efficiency
limits; information is expensive in ATP. Claim: A (review).

• 2002 — Raichle & Gusnard, "Appraising the brain's energy budget" (PNAS
99:10237–10239). Confirms and contextualizes the ~20% figure; most energy is intrinsic (on-
going), not task-evoked. Claim: A.

• 2006 — Isler & van Schaik, "Metabolic costs of brain size evolution" (Biology Letters)
and reanalysis. Re-run Aiello & Wheeler's primate data with phylogenetic correction and
confirm the brain–gut tradeoff in primates; but find no brain–gut correlation in birds
(and Jones & MacLarnon 2004 find none in bats). Operational: the tradeoff is real where first
proposed but not universal — the bill gets paid differently in different lineages. Claim: B.

• 2008 — Niven & Laughlin, "Energy limitation as a selective pressure on the evolution
of sensory systems" (J. Exp. Biol. 211:1792–1804). Metabolic cost shapes sensory-system de-
sign across taxa (e.g., the fly retina). Operational: energy as a cross-kingdom design pressure,
not a human peculiarity. Claim: A (review).

• 2009 — Isler & van Schaik, "The expensive brain: a framework for explaining evolu-
tionary changes in brain size" (J. Hum. Evol.). Generalizes ETH to the "expensive-brain
framework": to fund a bigger brain, an animal must either raise energy intake or cut spending
on some other expensive function (gut, locomotion, growth, reproduction) — not necessarily
the gut. Claim: A/B (framework).
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• 2011 — Navarrete, van Schaik & Isler, "Energetics and the evolution of human brain
size" (Nature 480:91–93). A comprehensive dataset across ~100 mammal species finds no
negative correlation between brain size and gut size; instead the typical mammalian
tradeoff is between brain size and fat (adipose) reserves — big-brained mammals tend to
be leaner. Published with a News & Views by Potts (Nature 480:43–44). Operational: the chal-
lenge that the Mechanism-Is-the-Marvel thread requires the narrator to honor — the
famous brain-for-gut story does not generalize across mammals. Claim: A (the across-
mammal null is solid; it does not refute the primate-specific finding).

• 2011 — Faisal, White & Laughlin (and 2005 Curr. Biol.) — noise limits on miniaturiza-
tion. Ion-channel noise sets a floor on how thin axons can be (~0.1 µm); below that, sponta-
neous channel openings trigger spurious spikes. Operational: a fourth constraint behind the
headline three — you cannot shrink wire indefinitely to save space, because thin wire be-
comes unreliable. Claim: B.

• 2013/2015 (ectotherm support) — Tsuboi et al. (cichlids, Evolution 2015); Kotrschal et
al. (guppy artificial selection, Curr. Biol. 2013). A direct brain–gut tradeoff is found in some
fish (Lake Tanganyika cichlids; guppies selected for large brains develop smaller guts). Opera-
tional: the tradeoff resurfaces in ectotherms even as it fails across mammals — the constraint
is real but lineage-specific in where it bites. Claim: B.

Discovery history — somatotopy and the body-stamps-cortex case
• 1937 — Penfield & Boldrey homunculus (see above). Claim: A.

• 1980 — Sur, Merzenich & Kaas; cortical magnification in primate somatosensory cor-
tex. Magnification factor, receptive-field size, and "hypercolumn" size quantified in areas 3b
and 1 of owl monkeys. Operational: the quantitative grammar of cortical maps that Catania lat-
er applies to the mole. Claim: A.

• 1995–1999 — Catania; the star-nosed mole's mechanosensory star described. Kenneth
Catania characterizes the 22 appendages (11 per nostril), the ~25,000 Eimer's organs
(touch domes / Merkel cell–neurite complexes), and the >100,000 myelinated nerve
fibers innervating a star only ~15 mm across. Catania 1999, "A nose that looks like a hand
and acts like an eye" (J. Comp. Physiol. A). Operational: the apparatus of the body-stamps-cor-
tex case. Claim: A.

• 1997 — Catania & Kaas, "Somatosensory fovea in the star-nosed mole" (J. Comp. Neu-
rol. 387:215–233). The 11th (ventral) ray is a tactile fovea: after first contact with any ray,
the mole reorients so ray 11 touches the prey, like a retinal fovea fixating; despite its small sur-
face area, ray 11 occupies ~25% of the star's representation in S1. The star is represented
in three separate somatosensory maps. Operational: cortical magnification in a non-hu-
man, in extremis. Claim: A.

• 2002 — Sachdev & Catania, "Receptive fields and response properties of neurons in
the star-nosed mole's somatosensory fovea" (J. Neurophysiol. 87:2602–2611). Recording
from 144 S1 neurons: receptive fields average <1 mm² (among the smallest reported for
mammalian glabrous skin); ray-11 fields (0.58 mm²) are smaller than other rays' (0.82
mm²), reflecting higher foveal acuity. Operational: the electrode-level confirmation of the
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fovea. Claim: A.

• 2002 — Catania & Remple, "Somatosensory cortex dominated by the representation of
teeth in the naked mole-rat brain" (PNAS 99:5692–5697). In the blind, eusocial naked
mole-rat, ~31% of primary somatosensory cortex represents the two pairs of incisors;
incisor representations occupy ~10% of total neocortex; S1 expands into nearly all the cortex
other mammals devote to vision. In lab rats, incisors take only ~7% of S1. Operational: the sec-
ond body-stamps-cortex case — a brain reorganized around two teeth used as hands. Claim:
A.

• 2004 — Catania & Remple, "Asymmetric behavioral and cortical magnification in the
star-nosed mole" (PNAS). High-speed video confirms the fovea is used saccadically. Claim:
A.

• 2005 — Catania & Remple, "Asymptotic prey profitability drives star-nosed moles to
the foraging speed limit" (Nature 433:519–522, online 3 Feb 2005). High-speed video:
handling times as short as 120 ms (mean 227 ms) to identify and eat prey; "double-takes"
during identification suggest the mole has hit the speed limit of tactile information pro-
cessing. The fastest-eating mammal recorded. Operational: the Fact That Quiets the Room
— a nervous system tuned for speed up against the physiological ceiling of neurons.
Claim: A.

• 2009 — Krubitzer, "The magnificent diversity of evolved complexity in mammalian
brains" (Neuron 64:14–17). Reviews how body plans and ecological niches stamp themselves
onto cortical maps across mammals (barrel cortex, raccoon forepaw, platypus bill, mole star).
Operational: the convergence-callback spine — body-stamps-cortex as a general law. Claim: A
(review).

• 2011 — Catania, "The sense of touch in the star-nosed mole: from mechanoreceptors
to the brain" (Phil. Trans. R. Soc. B). Synthesis: a nose that touches faster than most animals
see. Claim: A (review).

Discovery history — lateralization
• 1861–1874 — Broca and Wernicke; the first human lateralization findings. Left-hemi-

sphere damage impairs speech production (Broca) and comprehension (Wernicke). Opera-
tional: the historical seed of "the brain is asymmetric" — later (mis)inflated into the personal-
ity myth. Claim: A (historical, foundational).

• 1960s–1980s — Sperry & Gazzaniga; split-brain studies. Severing the corpus callosum in
epilepsy patients reveals hemisphere-specific processing. Roger Sperry, Nobel 1981. Opera-
tional: the experimental basis of real hemispheric specialization — and the misread that fed
"left-brained/right-brained." Claim: A.

• 1987 — Güntürkün & Kesch; visual lateralization during feeding in pigeons (Behav.
Neurosci.). First clean demonstration of foraging lateralization in a bird. Claim: A.

• 1991 — Ringo; "Neuronal interconnection as a function of brain size" (Brain Behav.
Evol. 38:1–6). Larger brains face proportionally worse conduction-delay penalties — the set-
up for the 1994 conjecture. Claim: B.

• 1994 — Ringo et al. conduction-delay conjecture (see Time track). Claim: B.
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• 1995 — Cantalupo, Bisazza & Vallortigara; lateralized predator-evasion in a teleost
fish (Girardinus falcatus) (Neuropsychologia 33:1637–1646). Fish turn preferentially in
one direction to escape predators. Operational: lateralization is not a human trait — it's in fish.
Claim: A/B.

• 2000 — Güntürkün, Diekamp, Manns et al., "Asymmetry pays: visual lateralization
improves discrimination success in pigeons" (Curr. Biol. 10:1079–1081). Pigeons dis-
criminate edible grain from inedible grit better with the right eye / left hemisphere; the de-
gree of an individual's visual asymmetry correlates with its discrimination success.
Operational: the first conclusive evidence that lateralization confers a measurable per-
formance advantage — wiring economy with a payoff. Claim: B (single strong study; widely
cited).

• 2000 — Bisazza, Cantalupo, Capocchiano & Vallortigara, "Population lateralisation
and social behaviour in a fish" (Behav. Brain Res.). More social fish species show stronger
population-level alignment of lateralization (most individuals biased the same way), not just
individual bias. Operational: the bridge from "why lateralize" to "why align the whole popula-
tion." Claim: B.

• 2002 — Rogers & colleagues; chick light-exposure lateralization (e.g., "Prehatching
visual experience and lateralization in the visual Wulst"). Eggs exposed to light hatch
chicks with lateralized visual Wulst responses; dark-incubated chicks lack the asymmetry. The
light reaches only the shell-facing right eye, shaping the thalamofugal pathway. Operational:
lateralization is built by an environment×body-position interaction during development.
Claim: A.

• 2004 — Rogers, Zucca & Vallortigara, "Advantages of having a lateralized brain"
(Proc. R. Soc. B 271:S420–S422). Lateralized chicks can forage with one eye while watch-
ing for predators with the other — true parallel processing; non-lateralized chicks dual-
task worse. Operational: the functional payoff of splitting jobs across hemispheres. Claim: B.

• 2005 — Vallortigara & Rogers, "Survival with an asymmetrical brain: advantages and
disadvantages of cerebral lateralization" (Behav. Brain Sci. 28:575–633). Lays out the
game-theoretic account: individual lateralization gives a processing advantage regardless of
direction, but population-level alignment (most individuals lateralized the same way) only
pays when lateralized behavior must be coordinated with other organisms (schooling, preda-
tor escape) — an evolutionarily stable strategy in a coordination game. Operational: why lat-
eralization recurs and why it aligns — the convergence-callback's intellectual core.
Claim: B (influential theoretical synthesis with supporting evidence).

• 2005 — Halpern, Güntürkün, Hopkins & Rogers, "Lateralization of the vertebrate
brain" (Neurosci. Biobehav. Rev.). Cross-taxon survey establishing lateralization as a gener-
al vertebrate principle. Claim: A (review).

• 2007 — Kuan, Yu, Moens & Halpern; neuropilin asymmetry mediates left–right habe-
nular connectivity in zebrafish (Development 134:857–865). A molecular handle on the
zebrafish epithalamic asymmetry. Claim: B.

• 2009 — Budaev & Andrew; early embryonic light determines behavioural asymme-
tries in zebrafish — "a habenular hypothesis" (Behav. Brain Res. 200:91–94). Light in
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the first hours sets habenular asymmetry. Operational: the zebrafish analog of the chick light-
exposure result, on the epithalamus. Claim: B.

• 2009 — Corballis; "The evolution and genetics of cerebral asymmetry" (Phil. Trans. R.
Soc. B). Genetics of lateralization: many small-effect genes; large role for non-genetic (devel-
opmental, positional) factors. Claim: A/B (review).

• 2012 — Concha et al., "Encoding asymmetry within neural circuits" (Nat. Rev. Neu-
rosci.). Zebrafish habenular asymmetry as a tractable model for how left–right differences are
built into circuits. Claim: A (review).

• 2012 — Buzsáki, Rhythms of the Brain; and 2013 Buzsáki/Logothetis/Singer (see Time
track). Timing constraints woven through architecture. Claim: A/B.

• 2013 — Nielsen, Zielinski, Ferguson, Lainhart & Anderson, "An evaluation of the left-
-brain vs. right-brain hypothesis with resting-state functional connectivity MRI"
(PLoS ONE 8:e71275; published 14 Aug 2013). Resting-state fMRI of 1,011 subjects (ages
7–29): lateralization is a local network property, not a whole-brain trait — no evidence
that individuals are globally "left-brained" or "right-brained." Operational: the DISPATCH
study — kills the personality-type myth with a number. Claim: A (large sample; the con-
clusion that the personality dichotomy is unsupported is consensus).

• 2014 — Corballis, "Left brain, right brain: facts and fantasies" (PLoS Biol. 12:e1001767).
Review separating genuine hemispheric specialization (real) from the pop dichotomy (myth).
Operational: the citable review for the DISPATCH. Claim: A (review).

• 2019 — Güntürkün & Ocklenburg; "Ontogenesis of lateralization" (Neuron). Synthe-
sizes the developmental routes to asymmetry across species. Claim: A (review).

• 2020 — "Behavioural lateralization in a detour test is not repeatable in fishes." A repli-
cation caution: the detour-test measure of individual fish lateralization is not always repeat-
able. Operational: the honest wrinkle for the Adversarial Audit — some specific lateralization
assays are noisier than the literature implies, even though lateralization as a phenomenon is
solid. Claim: C (a repeatability dispute on a specific assay).

SECTION 2 — THE BEAT-BY-BEAT DOSSIER

The heart of the pack. One sub-section per beat, in the working sequence. Fields omitted cleanly where they
do not apply. The opener does not end the lecture; the closer (Beat 12) lands it on the recurrence as an open
pattern.

Beat 1 — The Moment of Evidence / Discovery
Role: opener (universal). Gloss: the observation that established the claim, staged through its appa-
ratus — "how we actually know." The course's center of gravity. Intent (derived): open not on a
creature but on a constraint reasoned from anatomy alone. Cajal, at the microscope in the 1890s,
with nothing but Golgi-stained slides and a pencil, notices that nervous systems are built as if a fru-
gal engineer laid them out — wires kept short, communicating cells kept close, routes economical
— and states it as a set of conservation laws a full century before anyone could measure whether he
was right. The hour begins with a man inferring the rules of the game from the board.
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FACTS & MECHANISMS.

• Santiago Ramón y Cajal (1852–1934), working in Madrid and Barcelona, used the Golgi sil-
ver-chromate stain — which labels a sparse random subset of neurons in full — to argue
that neurons are discrete cells (the neuron doctrine), not a continuous reticulum. He shared
the 1906 Nobel Prize with Camillo Golgi, who disagreed with him about the very interpreta-
tion the stain enabled.

• In Textura del Sistema Nervioso del Hombre y de los Vertebrados (1899), Cajal articu-
lated the laws of conservation of space (material), conduction time, and
conduction/cellular material — the principle that nervous systems are arranged to mini-
mize the amount of wire, the time signals spend in transit, and the metabolic material the
wiring costs.

• The observable consequences Cajal pointed to: neurons that communicate are placed near
each other; axons follow economical paths; cell bodies of related neurons cluster into ganglia
(in invertebrates) and nuclei (in vertebrates) rather than scattering — because cluster-
ing shortens total wire.

• The crucial epistemic point: Cajal had no electrophysiology, no connectomics, no meta-
bolic imaging. He reasoned the three constraints from static anatomy. The modern era spent
a century confirming, quantitatively, what he inferred from drawings.

THE EXPERIMENT / APPARATUS-AS-SCENE. The apparatus is the microscope and the Golgi
stain — and, crucially, Cajal's pencil. The Golgi method's quirk (it stains only ~1–5% of neurons,
but those completely, dendrites and axon included) is what made individual cells visible against an
otherwise opaque tangle; Cajal exploited it obsessively, producing thousands of ink drawings still
used today. The "result" is not a number but an inference: looking at hundreds of stained fields, Ca-
jal saw economy as the organizing logic. The scene to stage is a man at a bench inferring a design
principle from morphology, decades before the tools to test it existed.

KEY FIGURES.

• Researcher: Santiago Ramón y Cajal — Textura (1899); Instituto Cajal, Madrid; Nobel 1906.
The claim: nervous systems conserve space, time, and material. Claim level: A (the qualitative
principle is foundational and confirmed; the quantitative confirmation came later, see Beat 3).

• Mechanism / structure (the real lead): wiring economy — the spatial constraint, the first of
the three antagonists.

THE CONSTRAINT / TRADEOFF. This beat introduces the constraint thread for the whole course:
form is priced, not chosen. Cajal's three laws are the original statement of "the animal is never free."
The tension to plant (not yet spend): minimizing wire, minimizing delay, and minimizing energy
are not the same objective and sometimes pull against each other — the rest of the lecture is the
story of how the brain negotiates among them.

THE FACT THAT QUIETS THE ROOM (candidate). Cajal reasoned all three constraints from
anatomy alone, with no instrument that could measure conduction speed, wire volume, or metabol-
ic cost — and a century of connectomics and metabolic imaging proved him right.
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CLAIM LEVELS & CONFLICTS. The neuron doctrine and the laws of conservation are A (founda-
tional, universally accepted). Golgi's reticular interpretation lost; note the irony that the two shared
the prize while disagreeing — useful for the Mechanism-Is-the-Marvel register without editorializ-
ing.

QUOTES & TESTIMONY. Cajal's autobiography Recollections of My Life (MIT Press ed. 1989; orig.
Recuerdos de mi vida) documents the laws-of-economy reasoning in his own words. Keep any quota-
tion short and attributed; paraphrase the economy argument rather than reproducing passages.

NUMBERS THAT MATTER. Golgi stain labels ~1–5% of neurons; Cajal 1852–1934; Textura pub-
lished 1899; Nobel 1906; the three conservation laws.

Beat 2 — The Anchor Researcher
Role: middle (optional, shared). Gloss: the scientist as character. Intent (derived): Cajal the figure
— not a hagiography, but the specific shape of his achievement: a man who saw the rules in the
anatomy. What he wanted (to read function off form), what he could demonstrate (discrete cells,
economical layout), and where the temptation to overclaim sat (he could infer economy but could
not measure it; the discipline was in stating it as principle, not proof).

FACTS & MECHANISMS.

• Cajal trained as a physician, was an obsessive draftsman and amateur photographer, and ap-
proached the brain as a comparative anatomist — looking across species (insects, birds, mam-
mals) for shared organizing logic. This comparative instinct is the same instinct the whole
course runs on.

• His method was confrontational with the dominant reticular theory: where Golgi saw a contin-
uous net, Cajal saw a population of independent cells signaling across gaps (later named
synapses by Sherrington, 1897/1906).

• The conservation laws were stated as principles — generalizations from many observations —
not as the output of a single decisive experiment. This is the honest texture: a powerful idea
held at the right confidence level for its evidence.

KEY FIGURES.

• Researcher: Cajal. What he wanted: to derive the logic of neural organization from morpholo-
gy. What he feared (implicitly): the reticular theory rendering individual cells — and thus in-
dividual economy — meaningless. What he could demonstrate: discrete, economically ar-
ranged neurons. Where evidence collided with temptation: he could not test conduction speed
or metabolic cost, so he framed conservation as principle.

CONVERGENCE & COMPARATIVE ANCHORS. Cajal's comparative method (the same organizing
law sought across insect, bird, and mammal nervous systems) prefigures Thread 2. Lay this down
lightly; L3 is where the comparative method is named as method.

CLAIM LEVELS & CONFLICTS. Biographical facts: A. The Cajal–Golgi interpretive dispute: A (his-
torical fact that they disagreed). Do not overstate Cajal as having proven wiring economy — he pro-
posed it.
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NUMBERS THAT MATTER. 1899 (Textura); 1906 (Nobel, shared); synapse coined 1897/1906 by
Sherrington.

Beat 3 — The Principle
Role: middle (optional, shared). Gloss: the engineering law (here: minimize total wire length). In-
tent (derived): state the wiring-economy principle cleanly, then hand the listener the numbers
that turned Cajal's intuition into a measured law — the ~3/5-of-cortex-is-wire result, and the worm
and fly whose neurons sit almost exactly where a wire-minimizing engineer would have placed
them. This is the beat where a century-old hunch becomes arithmetic.

FACTS & MECHANISMS.

• The principle: for a given set of required connections, neurons are arranged to minimize to-
tal wire length, because wire (axon + dendrite) costs volume, conduction delay, metabolic en-
ergy, and developmental material. Clustering communicating neurons into ganglia/nuclei is
the macro-consequence; economical branching geometry is the micro-consequence.

• Chklovskii, Schikorski & Stevens (2002): in optimally wired gray matter, wire should occu-
py 3/5 (≈60%) of the volume at the point that jointly minimizes conduction delay, dendritic
cable attenuation, and total wire length while maximizing synaptic density — and the mea-
sured fraction in real cortex is close to 3/5. The brain is built to the predicted optimum.

• Cherniak (1994): the 11 ganglia of C. elegans are arranged at or near the minimum-to-
tal-wirelength layout, found by searching among 11! ≈ 39.9 million possible orderings — "the
best of all possible brains," in Cherniak's framing.

• Chen, Hall & Chklovskii (2006): solving for the optimal placement of 279 non-pharyngeal
C. elegans neurons, most sit close to their actual positions — with documented deviations
(command neurons, axon-guidance constraints) that the authors do not sweep under the rug.

• Rivera-Alba et al. (2011): in the Drosophila optic lobe, neuron positions are predicted by
wiring economy plus volume exclusion (cells can't occupy the same space).

• Zhang & Sejnowski (2000): white matter scales as ~the 4/3 power of gray matter across
mammals — the wiring-economy signature at whole-brain scale.

THE EXPERIMENT / APPARATUS-AS-SCENE. Two scene-able apparatuses. (1) The optimization
run: Cherniak's genetic algorithm (and a force-directed "weights-and-pulleys" simulator) churning
through millions of possible ganglion orderings for C. elegans and converging on the layout the
worm actually has. The apparatus is a computer searching design space and landing on the animal.
(2) The volumetric measurement: Chklovskii/Schikorski/Stevens reconstructing cortical neu-
ropil from electron micrographs and tallying what fraction of the volume is axon, dendrite, synapse,
and extracellular space — then comparing the wire fraction (close to 60%) against the theoretical
optimum (3/5). The apparatus is an electron microscope and a volume accountant.

MECHANISM-WALKTHROUGH MATERIAL. Why wire is the binding cost: an axon of diameter d
conducts faster as d grows (roughly linearly) but occupies volume proportional to d². So you cannot
make everything fast and thin; speed costs space quadratically. Minimizing total wire while keeping
required connections is a constrained optimization — exactly the kind a brain solves by clustering
communicating neurons and routing axons economically. The 3/5 result is the equilibrium of that
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optimization.

THE CONSTRAINT / TRADEOFF. Wire is the spatial antagonist. The tradeoff inside this beat: you
can shorten wire by clustering, but clustering forces some connections to travel far (you can't put
every neuron next to every other in 3D); and you can speed up the long ones only by fattening them,
which costs volume. Kaiser & Hilgetag (2006) is the honest counterweight (hold for Beat 9): strict
wire-minimization would lengthen processing paths, so real brains keep some expensive long-range
"shortcut" axons.

CONVERGENCE & COMPARATIVE ANCHORS. Wiring economy confirmed independently in ne-
matode (worm), fly, and mammalian cortex — three nervous systems with nothing in common
except the physics of wire. The same law falls out of all three. (Plant lightly; the convergence payoff
is the closer.)

THE FACT THAT QUIETS THE ROOM (candidate). About three-fifths of your gray matter, by vol-
ume, is not cell bodies or synapses — it is wire, sitting at almost exactly the fraction an engineer
minimizing delay and length would choose.

CLAIM LEVELS & CONFLICTS. Wiring economy as a dominant organizing principle: A. The 3/5
measurement: A. C. elegans near-optimal ganglion layout (Cherniak): B (elegant, single program,
later complicated). Neuron-level optimality (Chen et al.): B (most neurons fit, some don't). The
strict-optimality reading is contested by Kaiser & Hilgetag — name it.

NUMBERS THAT MATTER. Wire ≈ 60% (3/5) of gray-matter volume; 11 ganglia, 11! ≈ 39.9 million
orderings; 279 neurons; white matter ∝ gray^(4/3); conduction velocity ∝ diameter, volume ∝
diameter².

Beat 4 — The Architecture
Role: middle (optional, shared). Gloss: the substrate and key structures doing the work (here: so-
matotopy and the sensory homunculus). Intent (derived): the body plan stamps itself onto the
cortical map. Where wiring economy explains clustering, somatotopy explains layout — the cortex
is a distorted map of the body, and the distortions are not errors but investments: cortex pools
where behavior demands resolution. Penfield's grotesque little man is the canonical case; the rule is
general.

FACTS & MECHANISMS.

• Somatotopy: adjacent body parts map to adjacent cortical territory (and adjacent thalamic
and brainstem territory). It is a topographic principle — the body's surface is preserved as a
map, but rescaled.

• Cortical magnification: the area of cortex devoted to a body part scales with its
behavioral/sensory importance and receptor density, not its physical size. In the human,
lips, tongue, and hands are enormous on the map; the trunk and legs are tiny.

• Penfield & Boldrey (1937): built from electrical stimulation in 126 conscious epilepsy op-
erations; stimulating a cortical point produced a localized tactile sensation or movement, let-
ting Penfield plot the body onto the cortex. Artist Hortense Cantlie drew the figure; Penfield
himself called it a "grotesque creature."
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• Somatotopic maps appear in both primary somatosensory cortex (S1, postcentral gyrus — in-
coming touch) and primary motor cortex (M1, precentral gyrus — outgoing movement); the
two homunculi roughly mirror each other.

• The principle is multisensory and plastic: cortical territory reorganizes with use and after in-
jury (the phantom-limb corollary — hold this; it is L8's).

THE EXPERIMENT / APPARATUS-AS-SCENE. The Montreal Procedure: an awake patient under
local anesthesia on the operating table, the skull open, Penfield touching a stimulating electrode to
points on the exposed cortex and recording — via the patient's spoken report — where on the body
the sensation appeared, marking each site with a numbered paper ticket. The apparatus is a stimu-
lating electrode, a conscious collaborator, and a brain map assembled one report at a time across 126
surgeries. The patients are credited as collaborators in the work.

MECHANISM-WALKTHROUGH MATERIAL. How a body stamps a cortex: peripheral receptor den-
sity (touch domes, muscle spindles) determines how many afferent fibers a body region sends; those
fibers project (via thalamus) to cortex; regions with more afferents claim — and during develop-
ment, compete for — more cortical territory. Magnification is the downstream consequence of in-
nervation density plus behavioral use. This is why the map is rescaled rather than literal.

KEY FIGURES.

• Researcher: Wilder Penfield (with Edwin Boldrey), Montreal Neurological Institute, 1937.
Claim: a point-for-point somatotopic map exists in human cortex. Claim level: A (replicated
by fMRI; the precise cartoon proportions are illustrative).

• Mechanism: somatotopy + cortical magnification — the body-stamps-cortex principle.

THE FACT THAT QUIETS THE ROOM (candidate). The map of your body in your cortex is not to
scale: your lips and hands occupy more cortical real estate than your entire torso and both legs com-
bined.

CLAIM LEVELS & CONFLICTS. Somatotopy and cortical magnification: A. The 1937 cartoon's exact
proportions: illustrative, not measured — a point of claim hygiene (see Beat 5). The "upside-
down" orientation and discontinuities are real features, not artistic license.

QUOTES & TESTIMONY. Penfield's own phrase "grotesque creature" (Penfield & Boldrey 1937) is
short and attributable. Use sparingly.

NUMBERS THAT MATTER. 126 operations (1937); S1 in lab rat ≈ 21% of neocortex (comparison an-
chor for Beat 10); two mirror maps (S1, M1).

Beat 5 — The Methods / Model Organism
Role: middle (optional, mechanism-leaning). Gloss: the model/method and the bias it imposes on
what gets asked. Intent (derived): the homunculus as a method — and the distortions baked into
the method itself, separate from the real distortions of the map. The famous figure is built from
pooled stimulation reports across many patients, drawn as a cartoon, and then frozen into textbooks
as if it were an anatomical atlas. This is the Mechanism-Is-the-Marvel thread arriving in the foun-
dations: the map is real, but the image of the map carries assumptions worth naming.

FACTS & MECHANISMS.
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• The 1937 homunculus pooled data across 126 patients with considerable overlap between
body-part boundaries that the tidy cartoon does not show; Penfield used several formats (dic-
tated patient reports, charts, the drawn figure) and the drawing is the most abstracted.

• The method's biases: (1) stimulation reveals where evoked sensation localizes, not necessari-
ly the full functional map; (2) clinical sampling — only the cortex exposed during epilepsy
surgery was probed; (3) the cartoon's smooth, continuous body obscures real discontinu-
ities (e.g., the face-to-hand junction) and overlaps.

• Modern methods (fMRI, intracortical microstimulation, electrocorticography) largely con-
firm the gross somatotopy while revising details — the map is more fractured, multisensory,
and individually variable than the cartoon implies.

• The general methodological lesson (the course's recurring one): every mapping method
buys some access and pays in distortion. The homunculus is the foundational case — a
finding that is real, an image that is a simplification, and ninety years of pedagogy that conflat-
ed the two.

THE EXPERIMENT / APPARATUS-AS-SCENE. Reuse the operating-table scene from Beat 4 but
turn the lens on the method: the leap from "this patient reported a tingle in the thumb when I stim-
ulated here" to "here is the map of the human body in the brain" is an aggregation across 126 surg-
eries, with boundary overlap smoothed away in the drawing. The apparatus under examination is
the drawing itself.

KEY FIGURES.

• Researcher: Penfield (method); Hortense Cantlie (the illustrator whose cartoon became the
icon). Note as artifact: the figure is a visualization, not a measurement.

• Mechanism: the topographic-mapping method and its built-in distortions.

CONVERGENCE & COMPARATIVE ANCHORS. The same mapping logic, applied to non-human cor-
tex with cytochrome-oxidase histochemistry, reveals discrete modules — barrels for rodent
whiskers, stripes for mole rays — that are more legible than the human map. The method general-
izes; the cartoon is the human-specific artifact. (Sets up Beats 6 and 12.)

HYPE-AUDIT MATERIAL (claim hygiene, not a formal Register entry). The popular treatment
of the homunculus as a literal anatomical atlas is the small overclaim here: grant the real, replicated
somatotopy and cortical magnification; withhold the implication that the cartoon is a precise map.
The map is a finding; the little man is a diagram. Move: a soft GRANT-AND-WITHHOLD inside a
foundation — credit Penfield fully, decline the textbook literalism.

CLAIM LEVELS & CONFLICTS. Somatotopy: A. "The homunculus cartoon is a precise atlas":
myth/overstatement (the map is real; the image is simplified). fMRI revisions of detail: A.

NUMBERS THAT MATTER. 126 patients pooled; 1937; multiple data formats in the original paper.
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Beat 6 — The Field Vignette
Role: middle (universal; the lecture's second staged scene — the two-scene floor). Gloss: natural
behavior in the wild, tactile and exact. Documented behavior only; no invented color. Intent (de-
rived): leave the operating table for the wetland. The star-nosed mole is the most extreme body-s-
tamps-cortex case in mammals — a functionally blind animal foraging in waterlogged tunnels by
touch alone, with a brain reorganized around a writhing tactile star. The vignette grounds the soma-
totopy principle in a living animal doing a real job, and plants the mole+Catania pairing for L14.

FACTS & MECHANISMS.

• Condylura cristata, the star-nosed mole, ranges through wetlands of North America and east-
ern Canada. Adults: head-body ~12–20 cm; mass ~35–75 g. It is functionally blind (small
eyes, reduced vision) and forages in dark, saturated soil and underwater.

• The star: 22 fleshy appendages (rays), 11 surrounding each nostril, ~15 mm across, cov-
ered with ~25,000 Eimer's organs (touch domes), innervated by >100,000 myelinated
nerve fibers. It is a touch organ, not a smell or electrical organ (the electroreception hypothe-
sis was tested and found unsupported).

• Foraging behavior: the mole sweeps the star across the substrate, touching as many as 10–13
objects per second, the rays writhing like tentacles. On contact with a candidate prey item, it
reorients so the 11th (foveal) ray makes contact before ingestion — a tactile "fixation" analo-
gous to a visual saccade onto the fovea.

• It can sniff underwater by exhaling air bubbles onto objects and re-inhaling them (Catania
2006, Nature) — a separate trick, useful color but secondary to the touch story; keep it brief.

• The tail thickens seasonally with fat as an energy reserve — a quiet nod to the energy con-
straint of Beat 11.

THE EXPERIMENT / APPARATUS-AS-SCENE. Catania's plexiglass tunnel with a high-speed
camera filming from below: the mole enters, sweeps the star, and the camera (necessary because
the behavior is too fast for the eye) captures the rays touching, the fovea fixating, and the prey van-
ishing. The wild behavior and the laboratory apparatus are the same scene viewed at different frame
rates — in the tunnel, the documented natural foraging is simply slowed enough to see.

UMWELT / FIELD-VIGNETTE MATERIAL (Thread 5; plants L14). The mole's world is built al-
most entirely from touch. It economizes ruthlessly: vision is nearly abandoned; the entire perceptu-
al budget goes to the star. What it senses is microtexture and shape at the rays; what it is blind to is,
literally, light. This is the umwelt thread in a single animal — a world assembled from one channel.
Plant the sensory-surface-reorganizes-the-brain idea; do not spend the full umwelt treatment — that
is L14's payoff.

KEY FIGURES.

• Animal: the star-nosed mole (Condylura cristata) — stable name. Niche:
subterranean/semi-aquatic wetland insectivore. Behavior at issue: ultra-fast tactile foraging.

• Researcher: Kenneth Catania, Vanderbilt University (MacArthur Fellow). Returns in L14 —
always paired with the mole.
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THE FACT THAT QUIETS THE ROOM (candidate — but reserve the number for Beat 10). Here
deliver the scene (the writhing star, the blind forager in mud); reserve the bare 120 ms number for
Beat 10 so the two universals don't collapse into one.

CLAIM LEVELS & CONFLICTS. Star anatomy, Eimer's-organ and fiber counts, foveal behavior: A
(Catania's replicated work). The discarded electroreception hypothesis: myth/refuted — his-
torically suspected, empirically unsupported. Underwater sniffing: A (Catania 2006).

NUMBERS THAT MATTER. 22 rays (11/nostril); ~25,000 Eimer's organs; >100,000 myelinated
fibers; star ~15 mm; 10–13 touches/second; head-body 12–20 cm; mass 35–75 g.

Beat 7 — The Mechanism Walkthrough
Role: middle (optional, shared). Gloss: step the actual circuit/process (here: lateralization as a
wiring/conduction-delay solution). Intent (derived): trace, mechanistically, why a brain would
split jobs across its two halves. The answer is the time antagonist: as brains enlarge, the round trip
across the corpus callosum gets slower in absolute terms, and you cannot keep all those long axons
fast without ballooning the brain. So for time-critical work, do it on one side and skip the commute.
Lateralization is the wiring-economy principle expressed in the temporal dimension — and it has
nothing to do with personality.

FACTS & MECHANISMS.

• The problem (Ringo et al. 1994): signals crossing between hemispheres travel via the cor-
pus callosum. As a brain scales up, callosal axons lengthen, so the absolute interhemispher-
ic conduction delay grows. You could compensate by myelinating and fattening those ax-
ons (faster conduction), but conduction velocity rises only ~linearly with diameter while vol-
ume rises with the square — keeping a big brain's callosal traffic fast would consume pro-
hibitive volume and energy.

• The solution: for any computation where timing matters, it is cheaper to localize the cir-
cuitry within one hemisphere — lateralize — than to pay the cross-callosal delay and the
duplication cost of running the same circuit on both sides. Lateralization simultaneously
avoids duplicating circuitry (you build the specialized module once) and cuts conduction
delay (no round trip).

• The supporting anatomy (Wen & Chklovskii 2005): the segregation of brain into gray and
white matter is itself a delay-minimizing design — fast long-range axons are bundled into
myelinated white-matter tracts, kept out of the densely synaptic gray matter. Same logic, dif-
ferent scale.

• The numbers behind the delay: conduction delays across the mammalian brain span <100
µs to >100 ms; a 20 µm myelinated axon runs >100 m/s, a thin unmyelinated one ~0.3 m/s;
the optimal g-ratio ≈ 0.6.

• The energy corollary (Attwell & Laughlin 2001): every action potential costs ATP (mostly
to pump Na⁺ back out); duplicating a circuit in both hemispheres would roughly double its
spiking energy. Lateralization saves energy as well as time and space.

THE EXPERIMENT / APPARATUS-AS-SCENE. This beat's "apparatus" is partly theoretical
(Ringo's conjecture is a scaling argument) and partly the connectome-measurement and modeling
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pipeline (Wen & Chklovskii; conduction-velocity measurements). Scene it as the engineering calcu-
lation: take a brain, double its size, watch the callosal delay climb, and watch the only affordable fix
— keep the job on one side — fall out of the arithmetic.

MECHANISM-WALKTHROUGH MATERIAL (steppable). (1) A function (say, fine visual object
discrimination) requires tightly timed computation. (2) Running it across both hemispheres needs
callosal exchange; the round-trip delay scales up with brain size. (3) Speeding the callosal axons
enough costs volume (∝ d²) and energy (more/larger axons to maintain and fire). (4) Running it
twice (once per hemisphere) costs duplicated tissue and energy. (5) Therefore: build it once, on one
side; accept that the other side is then free to specialize in something else. (6) Net result: two hemi-
spheres with complementary specializations, each avoiding the other's commute. This is wiring
economy in time.

THE CONSTRAINT / TRADEOFF. The cost paid for lateralization: reduced redundancy. A lateral-
ized brain has a single copy of each specialized circuit, so damage to one hemisphere is less recover-
able than if the function were bilateral. Time/space/energy are saved; robustness is spent. (Vallorti-
gara & Rogers 2005 also flag a predictability cost — a population that all turns the same way is more
predictable to predators; see Beats 8–9.)

CONVERGENCE & COMPARATIVE ANCHORS. Lateralization is solved on different circuits in
different animals — the thalamofugal visual pathway in chicks, the tectofugal pathway in pi-
geons, the epithalamic/habenular system in zebrafish. Same functional answer (split the jobs),
different hardware. (Plant; payoff is the closer.)

CLAIM LEVELS & CONFLICTS. Lateralization is real and mechanistic: A. The conduction-delay ex-
planation specifically (Ringo): B — an influential conjecture (so titled), well-motivated by the scal-
ing physics, but not the only proposed driver and not settled. Alternative/complementary accounts
exist (statistical complementarity, input asymmetry) — name that the mechanism is debated even
though the phenomenon is solid.

NUMBERS THAT MATTER. Conduction delays <100 µs to >100 ms; 20 µm myelinated axon >100
m/s; unmyelinated ~0.3 m/s; g-ratio ≈ 0.6; AP energy ~47% of grey-matter signaling budget.

Beat 8 — The Range Survey
Role: middle (optional, mechanism-leaning). Gloss: breadth across taxa to establish a principle. In-
tent (derived): show lateralization is everywhere in vertebrates — chicks, fish, zebrafish, pigeons
— and crucially that it shows up long before humans and develops through concrete, documented
mechanisms (light hitting the right eye of a chick embryo; light hitting the zebrafish epithalamus in
the first hours after fertilization). Breadth here is the setup for the convergence closer and the anti-
dote to the human-exceptionalism reflex.

FACTS & MECHANISMS.

• Chicks (Gallus gallus): the embryo lies with its left eye against the body and right eye to-
ward the shell (Kuo 1932). In the last days before hatching, light through the shell stimu-
lates only the right eye, driving asymmetric development of the thalamofugal visual path-
way. Light-incubated chicks are lateralized; dark-incubated chicks are not (Rogers).
Lateralized chicks can forage with the right eye while monitoring for predators with the
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left — genuine parallel processing (Rogers, Zucca & Vallortigara 2004).

• Pigeons (Columba livia): lateralization runs through the tectofugal pathway. Güntürkün
et al. 2000: more strongly lateralized pigeons discriminate grain from grit more successfully
— the degree of asymmetry predicts foraging success. Manns & Römling (2012): lateralized pi-
geons exchange interhemispheric information more efficiently.

• Fish: Bisazza et al. 2000 — population-level lateralization correlates with sociality across
fish species; Cantalupo, Bisazza & Vallortigara 1995 — lateralized predator-evasion turns
in Girardinus falcatus; lateralization score is heritable.

• Zebrafish (Danio rerio): epithalamic/habenular left–right asymmetry (parapineal, dorsal
habenulae) is a developmental model; light in the first post-fertilization hours modulates
it (Budaev & Andrew 2009); molecular control via neuropilin asymmetry (Kuan et al. 2007).
The same "light builds asymmetry" logic as the chick, on a different structure.

• The throughline: three different neural substrates (thalamofugal, tectofugal, epithalamic),
three different developmental triggers, one recurring functional outcome — and all of it
predates the human case that pop culture treats as the prototype.

THE EXPERIMENT / APPARATUS-AS-SCENE. The cleanest apparatus is the egg-incubation ma-
nipulation: two batches of chick (or zebrafish) eggs, one incubated in light, one in dark, then the
hatchlings tested in a detour or foraging task. The independent variable is literally whether light
reached the embryo; the dependent variable is whether the animal turns out lateralized. The asym-
metry is shown to be built, on schedule, by a controllable input.

KEY FIGURES.

• Animals: chicks, pigeons, fish, zebrafish — stable names; the four-taxon spread.

• Researchers: Lesley Rogers and Giorgio Vallortigara (chick/fish lateralization, the evolu-
tionary argument); Onur Güntürkün (pigeon "asymmetry pays"); Marnie Halpern (ze-
brafish habenula).

• Mechanism: lateralization across taxa via distinct circuits and developmental triggers.

CONVERGENCE & COMPARATIVE ANCHORS. This beat is breadth; the convergence reading (same
answer, different hardware) is held for the closer. Note the identical-calibration requirement:
lateralization is presented the same way for chick, fish, and pigeon — as a wiring-economy solution
with a measurable payoff, never as a precursor on a ladder to the human case.

HYPE-AUDIT MATERIAL. This breadth is the evidentiary backbone of the DISPATCH in Beat 9: be-
cause lateralization is in chicks and fish, "left-brained/right-brained personality" is exposed as a
human-culture story bolted onto a deep vertebrate mechanism.

CLAIM LEVELS & CONFLICTS. Lateralization across vertebrates: A. Chick light-exposure mecha-
nism: A. Zebrafish habenular asymmetry: A. Pigeon "asymmetry pays": B. Population-level align-
ment with sociality: B. Repeatability of specific fish detour-test measures: C (see Beat 9 / Section 6).

NUMBERS THAT MATTER. 11/nostril is the mole, not here — keep distinct. Pigeon grain–grit task
(Güntürkün 2000); chick light vs. dark batches; zebrafish first-hours window; lateralization herita-
ble in fish.
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Beat 9 — The Skepticism Audit = Adversarial Audit (mechanism track)
Role: middle (universal; mechanism-track variant). Gloss: steelman the strongest skeptical read-
ing; here, two jobs — dispatch the myth, then interrogate the principle. Intent (derived): first the
DISPATCH the Overclaim Register assigns — kill "left-brained/right-brained personality" with a
number and move on. Then the genuine adversarial work: steelman the case that wiring economy is
not destiny — that real brains keep expensive long-range wire on purpose, that the conduction-de-
lay account of lateralization is a conjecture, and that the course must not replace "personality hemi-
spheres" with an equally tidy "everything is wire minimization" story.

FACTS & MECHANISMS — the DISPATCH (Overclaim Register, L2).

• Popular claim: people are "left-brained" (logical, analytical) or "right-brained" (creative, intu-
itive) as a personality type.

• Documented: Nielsen et al. 2013 — resting-state fMRI of 1,011 people (ages 7–29) found lat-
eralization is a local network property, with no whole-brain "left-dominant" or "right-
dominant" phenotype across individuals. Hemispheric specialization is real (language tends
left, attention tends right), but people are not globally one-sided.

• Line to hold: kill the personality myth in a sentence (the 1,011-brain number does it), then give
lateralization its real wiring/conduction-delay explanation (Beat 7). The myth and the
mechanism share a name and nothing else. Do not stage a debate; there isn't one.

FACTS & MECHANISMS — the genuine steelman (the part the course actually owes).

• Against wiring economy as destiny: Kaiser & Hilgetag 2006 show that strict wire mini-
mization of the macaque and C. elegans connectomes would increase characteristic path
length; real brains retain costly long-range projections to stay "small-world." So wiring econo-
my is one constraint among several, traded against integration/processing-speed — not a
sole optimizer. Bullmore & Sporns 2012 frame the whole connectome as exactly this eco-
nomic tradeoff.

• Against the conduction-delay account of lateralization: Ringo et al. 1994 is a conjecture
(its own title says so). Competing/complementary explanations exist (statistical complemen-
tarity; input asymmetry; developmental/genetic routes). The phenomenon of lateralization is
A; the specific wiring-time mechanism is B.

• Against the "asymmetry pays" tidiness: the lateralization–performance link is supported
(Güntürkün 2000; Rogers et al. 2004) but some specific assays don't replicate (detour-test re-
peatability in fishes, 2020); and Vallortigara & Rogers themselves note disadvantages — a
population that all turns the same way is more predictable to predators, so lateralization
carries a cost, which is why the question is why it aligns at the population level, not just why it
exists.

• The course's own overclaim risk (turn the audit on ourselves): anti-craniocentrism
(named in L3) must not curdle into a new tidy story where "it's all wiring economy" or "every
map is optimal." The honest position: three constraints shape form powerfully but do not de-
termine it; brains are near-optimal on several axes and deliberately suboptimal on others.

KEY FIGURES.
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• Researchers (myth side): Jared Nielsen / Jeffrey Anderson (2013); Michael Corballis (2014
review).

• Researchers (steelman side): Marcus Kaiser & Claus Hilgetag (2006); Vallortigara &
Rogers (costs of lateralization).

• Mechanism: the boundary between a real principle and an over-tidy reading of it.

HYPE-AUDIT MATERIAL. Treat the left/right-brain industry (personality quizzes, "whole-brain
thinking" seminars) as an artifact with an editorial incentive, not a scientific claim to debate.
The comedy (dry, foundation-register) is in a tidy figure outliving its evidence — a personality test
descended from Broca's aphasia patients. Punch at the hype cycle; never at the split-brain re-
searchers whose real work was misappropriated.

CLAIM LEVELS & CONFLICTS. Left/right-brain personality: myth. Hemispheric specialization: A.
Wiring economy as a dominant constraint: A. Wiring economy as sole optimizer:
contested/overstated (Kaiser & Hilgetag). Conduction-delay mechanism for lateralization: B. Lat-
eralization performance advantage: B, with C on some specific assays.

QUOTES & TESTIMONY. Nielsen (University of Utah) summarized that there is no pattern of one
whole hemispheric network being more connected in some people — paraphrase rather than quote
at length; if quoting, keep under 15 words and attribute.

NUMBERS THAT MATTER. 1,011 subjects (ages 7–29); 2013; Kaiser & Hilgetag 2006 (path-length
result); detour-test non-repeatability 2020.

Beat 10 — The Fact That Quiets the Room
Role: middle (universal). Gloss: the staggering number, delivered flat, no commentary. Intent (de-
rived): return to the mole — bare. After the principle, the map, the wild scene, and the lateraliza-
tion survey, drop the number that shows what the body-stamps-cortex logic produces at its limit: a
blind mammal that identifies and eats prey in 120 milliseconds, against the physiological ceiling of
neurons. Then the companion number: the naked mole-rat that gave 31% of its primary so-
matosensory cortex to two teeth. No adjectives. The numbers do the work.

FACTS & MECHANISMS.

• Star-nosed mole (Catania & Remple 2005, Nature): prey identification-to-ingestion in as
little as 120 ms (mean 227 ms) — the fastest-eating mammal recorded (Guinness-listed).
"Double-takes" during identification indicate the mole has hit the speed limit of tactile in-
formation processing — the nervous system is operating near the physiological maximum of
neural conduction.

• The mole's speed has an ecological logic (optimal foraging): being this fast makes tiny prey
items — normally not worth the handling time — profitable, expanding the diet to morsels
slower foragers can't afford to bother with. Profitability = energy gained ÷ handling time;
drive handling time toward zero and even a 10-joule worm fragment pays.

• Naked mole-rat (Catania & Remple 2002, PNAS): ~31% of S1 represents the two pairs of
incisors; incisor representations occupy ~10% of total neocortex; S1 expands into nearly all
the cortex other mammals devote to vision (the animal is blind). Compare: lab rats give in-
cisors only ~7% of S1.
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• Both animals are functionally blind subterranean mammals that rebuilt their cortex
around a non-visual surface — the star in one, the teeth-as-hands in the other. The body
stamped the cortex, hard.

THE EXPERIMENT / APPARATUS-AS-SCENE. The high-speed camera again, now delivering the
headline frame count: the worm fragment is present, then — across a span shorter than half a hu-
man eyeblink — gone. The number is the apparatus output: 120 ms, read off the frames.

KEY FIGURES.

• Animal: star-nosed mole; naked mole-rat (Heterocephalus glaber) — stable names.

• Researcher: Catania (both).

• Mechanism: cortical magnification at its mammalian extreme; the neural speed limit.

CONVERGENCE & COMPARATIVE ANCHORS. Star-nosed mole and naked mole-rat: two indepen-
dent subterranean, blind lineages that converged on rebuilding cortex around a tactile specializa-
tion (a nose-star vs. ever-growing incisors). The convergence is the bridge to Beat 12.

THE FACT THAT QUIETS THE ROOM (the delivery). 120 milliseconds. And: 31% of a brain map
for two teeth. Deliver flat.

HYPE-AUDIT MATERIAL. Claim hygiene on a popularly inflated companion figure: the widely re-
peated claim that the mole's brain "decides in 8 milliseconds whether prey is edible" is not clearly
sourced to the primary literature (it circulates in popular accounts; Wikipedia flags it "citation
needed"). Anchor on the primary, replicated numbers — 120 ms minimum, 227 ms mean (Catania
& Remple 2005) — and treat the 8 ms figure as a popular artifact rather than a citable fact. Move: a
quiet GRANT-AND-WITHHOLD — grant the staggering documented speed, decline the unsourced
sub-figure.

CLAIM LEVELS & CONFLICTS. 120 ms / 227 ms mean: A (Catania & Remple 2005). Fastest-eating
mammal: A. 31% of S1 for incisors: A. "8 ms edibility decision": B/popular — flag as not primary-
sourced.

NUMBERS THAT MATTER. 120 ms (min), 227 ms (mean); ~10 joules (small prey item); 31% of S1
(naked mole-rat incisors); ~10% of neocortex (incisors); ~7% of S1 (rat incisors); 25% of star repre-
sentation (ray 11); <1 mm² receptive fields.

Beat 11 — The Constraint
Role: middle (universal; the penultimate weight). Gloss: the cost the trick is paid for — energy bud-
get, wiring length, conduction delay, developmental time, capacity given up. Here, the hardest edge:
the tradeoff. Intent (derived): name the bill for all of it — and state, for the first time in the course,
the rule that "the animal is never free" has a sharper form: you cannot maximize two things at
once. The brain is metabolically ruinous (~20% of resting energy on ~2% of mass), and that cost
has to be stolen from somewhere — in primates, plausibly from the gut (Aiello & Wheeler). This is
the constraint thread's foundational statement, planted to be cashed every time a later marvel ar-
rives with its own bill.

FACTS & MECHANISMS.
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• The energy price (Sokoloff 1960; Attwell & Laughlin 2001): the brain is ~2% of body
mass but consumes ~20% of resting metabolic energy. Itemized: action potentials ~47%,
postsynaptic glutamate ~34%, resting potential ~13%, glutamate recycling ~3% — most of it
spent pumping Na⁺ back out (Na⁺/K⁺-ATPase, 1 ATP per 3 Na⁺). Thinking is mostly the
metabolic cost of resetting voltage.

• The tradeoff (Aiello & Wheeler 1995): the human brain is ~3× the chimpanzee's, yet hu-
man BMR per unit body mass is about the same. Their resolution: the bill was paid by a re-
duced gut (the human gut is much smaller than expected for a primate our size), enabled by a
higher-quality, more digestible (cooked, meat-inclusive) diet. Brain and gut are both expen-
sive tissue competing for one energy budget — so you cannot enlarge both. This is the trade-
off thread's hardest edge.

• The honest complication (Navarrete et al. 2011): across ~100 mammal species, there is
no general brain–gut tradeoff; the typical mammalian tradeoff is between brain size and fat
reserves (big-brained mammals tend to be leaner). Isler & van Schaik 2006 confirmed the
brain–gut tradeoff in primates with phylogenetic correction, but it fails in birds and bats.
The "expensive-brain framework" (Isler & van Schaik 2009) generalizes the idea: to fund a
bigger brain, something expensive must give — gut, fat, locomotion, growth, or reproduction
— but not necessarily the gut. Some ectotherms (cichlids, selected guppies) do show the gut
tradeoff.

• The three antagonists, restated: wire (∝ d², clustering and the 3/5 fraction), time (con-
duction delay, the driver of lateralization and gray/white segregation), energy (the 20% bill,
the brain–gut/brain–fat negotiation). A fourth, quieter one: developmental time and noise
(Finlay & Darlington's "late equals large"; the ion-channel-noise floor on wire thinness).

THE EXPERIMENT / APPARATUS-AS-SCENE. The apparatus is comparative-energetics ac-
counting: weigh the organs, measure basal metabolic rate, and balance the ledger across species.
Aiello & Wheeler's scene is a balance sheet — human brain three times bigger, metabolic rate un-
changed, so where did the energy come from? — answered by the shrunken gut. Navarrete's scene
is the same balance sheet run across ~100 species, where the gut column refuses to cooperate and
the fat column does instead.

KEY FIGURES.

• Researchers: Leslie Aiello & Peter Wheeler (expensive-tissue hypothesis, 1995); Ana Navar-
rete, Carel van Schaik & Karin Isler (the across-mammal challenge, 2011); David Attwell &
Simon Laughlin (the energy budget, 2001).

• Mechanism: brain–body coevolution; the metabolic constraint; the tradeoff.

THE CONSTRAINT / TRADEOFF (the thread's foundational statement). Plant explicitly (for
the whole course to cash): every marvel has a bill, and you cannot maximize two things at
once. The brain/gut (or brain/fat) negotiation is the first and cleanest case. Downstream cashes (do
not spend here): octopus RNA editing traded against genomic evolution (L5); plasticity traded
against stability (L8); deep-sea sensory minimalism (L14/L18); large social brains traded against de-
velopmental time (L12/L13).
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CONVERGENCE & COMPARATIVE ANCHORS. The energy constraint is universal (every nervous
system pays the Na⁺-pumping bill); the form of the tradeoff is lineage-specific (gut in primates and
some fish; fat across mammals broadly; growth/reproduction elsewhere). Same law, different ledger
entry — a quiet convergence/divergence pairing.

THE FACT THAT QUIETS THE ROOM (candidate, if not used at Beat 10). Your brain is one-fifti-
eth of your body and burns a fifth of your resting energy — and most of that is the cost of pumping
sodium back out after each thought.

HYPE-AUDIT MATERIAL. Claim hygiene on the famous "we traded guts for brains" story: grant it
where it holds (primates; the metabolic logic is sound and the brain genuinely is expensive — A),
withhold the universal version (the across-mammal data say fat, not gut — Navarrete 2011 — A).
Credit Aiello & Wheeler precisely (their original paper hedged the gut-specific claim itself); name
exactly what was oversold (the generalization beyond primates). Move: GRANT-AND-WITHHOLD
/ HOLD OPEN on the mechanism of payment, even though the brain-is-expensive premise is settled.

CLAIM LEVELS & CONFLICTS. Brain ~2% mass / ~20% energy: A. Energy line-items: A.
Brain–gut tradeoff in primates: B (confirmed with phylogenetic correction, but the gut-specific
reading contested). Brain–gut tradeoff across mammals: refuted (Navarrete 2011) — replaced by
brain–fat. Brain–gut tradeoff in some ectotherms: B. The "expensive-brain framework" (something
must give, not necessarily gut): A/B.

QUOTES & TESTIMONY. Aiello & Wheeler's own hedge — that the brain's cost "could have been
met by strategies other than a reduction in gut size" — is short, attributable, and the perfect claim-
hygiene line; the hypothesis carried its own caveat from the start. Wheeler later noted the human
case was never meant as a universal principle (paraphrase).

NUMBERS THAT MATTER. ~2% body mass; ~20% resting energy; brain ~3× chimp's; ~100 mam-
mal species (Navarrete); AP 47% / glutamate 34% / resting 13% / recycling 3%;
brain+heart+liver+kidneys ≈ 60–70% of resting energy on <6% of body mass.

Beat 12 — The Convergence Callback (CLOSER)
Role: closer (optional, shared; the beat that lands the lecture — never a separate beat). Gloss: same
solution, different hardware. End on the recurrence as an open pattern, not a resolved claim. Intent
(derived): gather the lecture's two convergences and let them rhyme without naming the rhyme.
Body-stamps-cortex was reached independently by the star-nosed mole (a tactile star) and the
naked mole-rat (incisors as hands) — two blind subterranean lineages, same cortical strategy. Lat-
eralization was reached independently on the chick's thalamofugal pathway, the pigeon's tectofu-
gal pathway, and the zebrafish's epithalamus — same functional answer, three different circuits, all
before humans. The closer leaves the listener with the pattern itself: the three constraints keep pro-
ducing the same shapes on unrelated hardware. End there — the recurrence is the point, and L3 will
give it a name.

FACTS & MECHANISMS.

• Body-stamps-cortex convergence: star-nosed mole (22-ray star, ~25% of star map on the
foveal ray) and naked mole-rat (~31% of S1 on incisors) — independent fossorial lineages,
same reorganization principle. Generalize across mammals (Krubitzer 2009): rodent barrel

NeuroZoology 2E · Research Packs Lecture 2 · The Shape of Thought

84



cortex (whiskers), raccoon enlarged forepaw representation, platypus bill (mechano- and
electroreception), pig snout. The body the animal leads with gets the cortex.

• Lateralization convergence: chick thalamofugal pathway, pigeon tectofugal pathway, ze-
brafish epithalamic/habenular system; built by different developmental triggers (right-eye
light in the chick embryo; first-hours light in the zebrafish) — same outcome (split jobs, avoid
the commute), different hardware. Vallortigara & Rogers 2005: population-level alignment
is an evolutionarily stable strategy wherever lateralized behavior must coordinate with other
organisms — so convergence is expected, not coincidental.

• The deeper convergence (the one the course is built on): the three constraints — wire,
time, energy — are physics, and physics is the same everywhere, so unrelated lineages keep ar-
riving at the same structural answers. Convergence is the structural proof that mind (and neu-
ral form) is a problem-shape selected by the niche, not a trophy inherited down one line.

KEY FIGURES. No new headliner — the closer gathers the lecture's own cast (Catania's moles;
Rogers/Güntürkün/Halpern's lateralized vertebrates) and the principle (the three constraints) as
the real lead.

CONVERGENCE & COMPARATIVE ANCHORS (the beat's whole job). Two clean rhymes: (1) two
blind diggers, same cortical strategy; (2) three vertebrate lineages, same lateralized solution on dif-
ferent circuits. Identical-calibration requirement: present each convergence the same way — as
the constraints producing the same shape independently, never as one animal being a lesser version
of another.

THE CONSTRAINT / TRADEOFF. The closer's quiet final note: convergence happens because the
constraints are inescapable. The animals are not free; that is exactly why their solutions keep coin-
ciding. Form follows constraint — and so unrelated forms converge.

PLANT / CASH DISCIPLINE. Do not resolve into a thesis (the meta-argument stays invisible un-
til L24 — the 1% rule). Do not name craniocentrism — that is L3's move, the very next lecture;
this closer sets it up by leaving the convergence pattern hanging. End on the open recurrence: the
same shapes, again and again, on hardware that shares nothing but the physics.

CLAIM LEVELS & CONFLICTS. Body-stamps-cortex convergence: A. Lateralization convergence
across taxa: A (phenomenon); the population-alignment-as-ESS explanation: B. Do not overclaim
convergence as proof of the meta-thesis here — let it sit as pattern.

NUMBERS THAT MATTER. 22 rays / 25% foveal-ray map (mole); 31% S1 incisors (naked mole-
rat); three lateralization circuits (thalamofugal / tectofugal / epithalamic); the three constraints
(wire, time, energy).

SECTION 3 — THE THREAD & DEPENDENCY MAP

The within-course wiring. What this lecture plants, what it cashes, and which recurring motifs it carries —
the facts the drafter needs to honor the plant/cash discipline and the 1% visibility rule. Nearly all of this is
felt, never named in prose.
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Threads this lecture sits on
Thread 1 — The Animal Is Never Free (this lecture's home thread; foundational state-
ment). L2 is where the constraint thread is stated outright and given its hardest edge — the trade-
off. The drafter should let every beat carry a cost: wire costs volume (Beat 3), conduction delay costs
the interhemispheric round trip (Beat 7), the brain costs ~20% of resting energy (Beat 11), lateral-
ization costs redundancy (Beat 7), the mole's speed is bought against the neural ceiling (Beat 10).
The thread's payoff is the explicit statement that you cannot maximize two things at once (Beat
11), planted for the whole course.

Thread 6 — The Mechanism Is the Marvel (strong). Three claim-hygiene moments: the
left/right-brain DISPATCH (Beat 9), the homunculus-as-cartoon vs. homunculus-as-finding distinc-
tion (Beat 5), and the expensive-tissue GRANT-AND-WITHHOLD (Beat 11). The narrator's calibra-
tion here must match the calibration used for every later overclaim: credit the real result precisely,
name exactly what is oversold, punch at the hype cycle, never at the careful experimenter.

Thread 2 — Convergence (active; the closer). Two convergences (body-stamps-cortex; lateral-
ization across circuits) carried to the closer. This is the first clean structural convergence of the
course (after L1's origin-of-neurons provocation): same shape, different hardware. The thread is
cashed across the course and named in L3.

Thread 3 — Difference, Not Deficiency (latent; sets up L3). Cortical magnification (cortex in-
vests where behavior demands, not where the textbook expects) is Thread 3 arriving through the
body map. The mole and naked mole-rat are "difference not deficiency" in spatial form: a brain
dominated by a non-visual surface is not deficient, it is differently-budgeted. Do not name cranio-
centrism — that is L3, the next lecture.

Thread 5 — The Umwelt (latent; plants L14). The star-nosed mole's touch-built world and the
naked mole-rat's blind, incisor-built world are umwelt cases. Plant the sensory-surface-reorga-
nizes-the-brain idea; reserve the full umwelt treatment for L14.

Setups this lecture PLANTS (lay cleanly; do NOT spend the payoff)
• The star-nosed mole + Kenneth Catania → cashed in L14. Here the mole is a

somatotopy/wiring case (the body stamping the cortex; the foveal ray; the speed limit). In L14
(The Architecture of Sensory Worlds) the same animal returns as an umwelt case — the senso-
ry surface that builds a perceptual world. Plant the cortical map and the foraging speed;
do NOT spend the umwelt/perceptual-world framing. Always pair the mole with Catania;
never genericize to "a mole."

• The constraint thread's hardest edge — the tradeoff (you cannot maximize two things
at once) → cashed across the course. The brain/gut (brain/fat) negotiation is the founda-
tional instance. Lay it down as a general rule so later lectures can cash it without re-deriving it:
octopus RNA editing vs. genomic evolution (L5), plasticity vs. stability (L8), social-brain costs
vs. developmental time (L12/L13), deep-sea minimalism (L14/L18). Do NOT pre-spend those
specific later tradeoffs here — state the rule, give the brain/gut case, stop.

• The three constraints (wire, time, energy) as the analytical lens → used silently for
the rest of the course. Every later "why is this brain shaped this way" answer should feel like
an application of this lecture's three antagonists, without the lecture being referenced.
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Setups this lecture CASHES (reach back; do NOT re-introduce at length)
• The neuron as an expensive, leaky, metabolically costly solution (planted L1). L2 opens

already assuming the listener knows the unit is expensive; it now explains the costs that shape
how the expensive units are arranged. Reach back to "the neuron is a cost" as a given — do not
re-explain the action potential or the ~600 mya origin; the listener met them last hour. The
energy budget (Beat 11) is the L1 cost, now itemized at the organ scale.

Convergence rhymes and contrast pairs
• Body-stamps-cortex rhyme: star-nosed mole (~25% of star map on the foveal ray) and

naked mole-rat (~31% of S1 on two incisors) — independent fossorial lineages. Identical cali-
bration: both are investments, not deficits.

• Lateralization rhyme: chick (thalamofugal), pigeon (tectofugal), zebrafish (epithalamic) —
same answer, three circuits. Identical calibration: a wiring-economy solution with a payoff,
never a rung on a ladder.

• No adjacent showcase contrast pair (foundations don't pair as showcases do). The func-
tional "pair" is the L1↔L2↔L3 toolkit progression: unit-is-costly → costs-shape-form → form-
s-reached-independently.

Shared cast across lectures (recurrence index bridges)
• Kenneth Catania — L2 (star-nosed mole somatotopy) and L14 (star-nosed mole umwelt).

The bridge fact: the same sensory surface that builds the cortical map in L2 builds the percep-
tual world in L14.

• Star-nosed mole — L2 → L14. Stable name: star-nosed mole / Condylura cristata.

• The neuron-count / size-skepticism family — L2 supplies the qualitative groundwork
(size isn't the point; cortex invests by demand) that the quantitative neuron-count correction
chain (L3 → L6 → L10 → L13) later hammers in numbers. L2 is not formally in that chain, but
its cortical-magnification logic is its conceptual ancestor; the drafter can let "31% for two
teeth" prefigure the later "density not size" arguments without naming them.

• Lateralization / Vallortigara & Rogers — largely self-contained to L2, but the popula-
tion-level-coordination argument (an ESS in a coordination game) rhymes with the collec-
tive-behavior logic of L19 (quorum decisions, stigmergy) — same family of "global pattern
from coordinated locals," different scale. Felt, not named.

SECTION 4 — THE OVERCLAIM DOSSIER

The hype artifacts attached to this lecture's subject. Both a credibility instrument and a comedy resource
(the calm defusing is funnier than the overclaim). For each cluster: the popular claim and its source; what is
actually documented; the Register move; the line to hold; the comedy angle; and, for contested claims, the
competing camps.
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Overclaim 1 — "Left-brained" vs. "right-brained" personalities (the Register's L2 entry)
• The popular claim and its source. People are logical, analytical "left-brained" types or cre-

ative, intuitive "right-brained" types — a stable personality dichotomy. Source: a decades-long
pop-psychology and education/self-help inflation of genuine 1860s–1980s findings (Broca,
Wernicke, Sperry/Gazzaniga split-brain work). Editorial incentive: personality dichotomies
sell books, quizzes, seminars, and "whole-brain thinking" training; the dichotomy is sticky be-
cause it is simple and flattering.

• What is actually documented. Hemispheric specialization is real (language tends left; spa-
tial attention tends right) — established by Broca/Wernicke lesions and Sperry/Gazzaniga
split-brain studies. But Nielsen et al. 2013 (1,011 subjects, resting-state fMRI, ages 7–29)
found lateralization is a local network property with no whole-brain "left-dominant" or
"right-dominant" individual phenotype. Corballis 2014 ("Left brain, right brain: facts and
fantasies," PLoS Biol.) separates the real specialization from the fantasy dichotomy.

• The move: DISPATCH. It is false; kill it with the number and move on. Do not stage a debate;
do not give the dead myth a respectful hearing.

• The line to hold. Personality "hemisphere types": gone in a sentence (1,011 brains, no global
dominance). Then hand lateralization its real wiring/conduction-delay explanation (Beat 7).
The myth and the mechanism share a name and nothing else.

• The comedy angle (dry, foundation register). A personality test descended from a
19th-century aphasia clinic; a tidy figure that outlived its evidence by half a century. Punch at
the seminar industry, never at the split-brain researchers whose careful work was misappro-
priated.

Overclaim 2 — "We traded our guts for our brains" (the expensive-tissue generalization)
• The popular claim and its source. Humans got big brains by shrinking their guts — a clean,

intuitive trade, often stated as a general law of brain evolution. Source: the popularization of
Aiello & Wheeler 1995 across textbooks and science journalism (the "expensive tissue" fram-
ing became a staple). Editorial incentive: a single elegant tradeoff is a better story than a mul-
ti-variable energy budget.

• What is actually documented. The brain genuinely is expensive (~20% of resting energy on
~2% of mass — A). In primates, the brain–gut tradeoff holds with phylogenetic correction
(Aiello & Wheeler 1995; Isler & van Schaik 2006). But across ~100 mammal species, Navar-
rete et al. 2011 found no brain–gut correlation; the general mammalian tradeoff is brain vs.
fat reserves. Birds and bats show no brain–gut link. Some ectotherms (cichlids; selected gup-
pies) do. Aiello & Wheeler's own 1995 paper hedged that the cost "could have been met by
strategies other than a reduction in gut size."

• The move: GRANT-AND-WITHHOLD (with a HOLD OPEN on the mechanism of pay-
ment). Grant the real, primate-specific finding and the brain-is-expensive premise; withhold
the universal "guts-for-brains" law; hold open what pays the bill in any given lineage (gut, fat,
growth, reproduction — the "expensive-brain framework").

• The line to hold. Credit Aiello & Wheeler precisely (right about primates, honest about the
limits); name exactly what was oversold (the generalization beyond primates); let the across-
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mammal data (fat, not gut) stand.

• The comedy angle. The hypothesis came with its own caveat printed in the original paper,
which the popularization promptly ignored — the authors hedged and the culture un-hedged
for them.

• Competing camps (a live Level-B/C question). Camp A (primate ETH holds): Isler & van
Schaik's phylogenetically corrected primate data. Camp B (no general mammalian gut trade-
off): Navarrete et al.'s ~100-species null, with a brain–fat tradeoff instead. What would settle it:
the camps largely agree once "primates" vs. "all mammals" is specified; the residual dispute is
whether primates (and humans) are a special case, and whether the ectotherm gut tradeoff re-
flects the same mechanism. Lineage-resolved energy budgets with controlled diet quality
would sharpen it.

Overclaim 3 — The homunculus as a literal anatomical atlas (a small, pedagogical overclaim)
• The popular claim and its source. The Penfield homunculus cartoon is a precise, fixed map

of the body in the brain. Source: ninety years of textbook reproduction of the 1937/1954 Cantlie
drawings as if they were measured anatomy.

• What is actually documented. Somatotopy and cortical magnification are real and replicat-
ed (A). But the cartoon pooled 126 patients, smoothed real boundary overlaps, and is a visual-
ization, not a measurement; fMRI shows the map is more fractured, multisensory, and individ-
ually variable than the figure implies.

• The move: soft GRANT-AND-WITHHOLD. Grant the finding; decline the literalism. (Founda-
tion register — light touch; claim hygiene, not a Register headline.)

• The line to hold. The map is a finding; the little man is a diagram.

• The comedy angle. Penfield himself called it a "grotesque creature"; the textbooks took the
grotesque creature literally for the better part of a century.

Overclaim 4 — "The mole's brain decides in 8 milliseconds" (an unsourced popular sub-figure)
• The popular claim and its source. The star-nosed mole's brain determines edibility in ~8

ms. Source: popular wildlife writing and aggregator sites; the figure is widely repeated but not
clearly traceable to the primary literature (Wikipedia flags it "citation needed").

• What is actually documented. Catania & Remple 2005 (Nature): identification-to-ingestion
as little as 120 ms, mean 227 ms — the primary, replicated number. The mole is at the
speed limit of tactile information processing ("double-takes").

• The move: quiet GRANT-AND-WITHHOLD. Grant the staggering documented speed (120
ms); decline the unsourced 8 ms sub-figure.

• The line to hold. Anchor on the primary number; treat 8 ms as a popular artifact, not a
citable fact.
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SECTION 5 — THE COMPARATIVE & CONVERGENCE INVENTORY

The across-the-kingdom wiring, independent of internal scheduling. Catalog material for establishing
breadth and correcting the size reflex.

Wiring economy across nervous systems (the principle is substrate-independent)
• Caenorhabditis elegans (nematode) — 302 neurons; 11 ganglia placed at near-minimum to-

tal wirelength (Cherniak 1994, searched among 11! ≈ 39.9 million orderings); 279 non-pharyn-
geal neurons mostly at wire-optimal positions (Chen, Hall & Chklovskii 2006). The simplest
test case.

• Drosophila melanogaster (fly) — optic-lobe neuron positions predicted by wiring economy
+ volume exclusion (Rivera-Alba et al. 2011). An intermediate-complexity test.

• Mammalian neocortex — wire ≈ 3/5 of gray-matter volume at the optimum (Chklovskii,
Schikorski & Stevens 2002); cortical-area placement near wire-minimal (Klyachko & Stevens
2003); white matter ∝ gray^(4/3) (Zhang & Sejnowski 2000). The high-complexity test.

• Gray/white segregation — a conduction-delay-minimizing design seen in neocortex, neos-
triatum, avian telencephalon, and spinal cord (Wen & Chklovskii 2005). The same solution
across vertebrate brain regions.

• Hardware difference spelled out: worm (no myelin, tiny, dedicated-wire), fly (compound-eye
optic neuropil), mammal (myelinated white matter, six-layer cortex) — three radically differ-
ent builds, one wire-minimizing logic falling out of all three. Convergence at the level of design
principle, driven by the shared physics of wire.

Body-stamps-cortex across mammals (somatotopy + cortical magnification)
• Star-nosed mole (Condylura cristata) — 22-ray tactile star; ray 11 (the fovea) takes ~25%

of the star's S1 representation despite small surface area; three somatosensory maps of the
star.

• Naked mole-rat (Heterocephalus glaber) — ~31% of S1 for the incisors; S1 expands into
the cortex normally used for vision (blind).

• Rodents generally — barrel cortex: discrete cortical "barrels," one per whisker, visible in
cytochrome-oxidase-stained flattened cortex.

• Raccoon (Procyon lotor) — enlarged forepaw representation; separate cortical "fingers."

• Platypus (Ornithorhynchus anatinus) — large cortical representation of the bill, which
carries both mechanoreceptors and electroreceptors (push-rods); a body-stamps-cortex case
that also previews active sensing (do not spend — electroreception is L15/L18).

• Primates (incl. human) — enlarged hand and face/lip/tongue representation (the Penfield
homunculus); the human case is one entry in this catalog, not its summit.

• The correction the catalog delivers: the cortical map tracks behavioral investment and re-
ceptor density, not body size or phylogenetic "rank." A blind digger devotes a third of its
touch cortex to two teeth; a human devotes more cortex to the lips than the legs. The body the
animal leads with claims the cortex.
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Lateralization across vertebrates (same function, different circuits)
• Chick (Gallus gallus) — thalamofugal visual pathway; built by right-eye light exposure in

the egg; supports forage-and-watch parallel processing.

• Pigeon (Columba livia) — tectofugal pathway; degree of asymmetry predicts grain–grit dis-
crimination success (Güntürkün 2000).

• Zebrafish (Danio rerio) — epithalamic/habenular asymmetry; built by first-hours light;
molecular control via neuropilin (Kuan et al. 2007).

• Teleost fish broadly (e.g., Girardinus falcatus) — lateralized predator-evasion and school-
ing; population-level alignment scales with sociality (Bisazza et al. 2000).

• Humans — language left, attention right (Broca/Wernicke/Sperry) — again, one entry, not
the prototype.

• Hardware difference spelled out: three different neural substrates (thalamofugal / tectofugal /
epithalamic), built by different developmental triggers, all reaching the same functional an-
swer — split the jobs, skip the interhemispheric commute. Vallortigara & Rogers 2005: popu-
lation alignment is an ESS wherever lateralized behavior must coordinate with other animals.

Comparative numbers that correct the size reflex (difference-not-deficiency anchors)
• Wire fraction of gray matter ≈ 60% — the same across the cortex regardless of brain size.

• White matter ∝ gray matter^(4/3) — the cost of wiring scales superlinearly, itself a pressure
toward lateralization and modularity as brains enlarge.

• Naked mole-rat: 31% of S1 for incisors vs. rat's 7% — cortex is allocated by use, not by a fixed
body template.

• Brain ~2% of mass, ~20% of resting energy — roughly constant in proportion across mam-
mals; the brain is expensive everywhere.

Current state of the field (as of latest available reporting, June 2026)
• Newly solid: wiring economy as a measured (not just inferred) principle across worm, fly,

and mammal; cortical magnification as a general cross-mammal law (Krubitzer); lateraliza-
tion as a deep vertebrate trait built developmentally.

• Newly/again contested: the strict-optimality reading of wiring economy (Kaiser & Hilgetag
— brains keep expensive shortcuts); the universality of the brain–gut tradeoff (Navarrete —
fat, not gut, across mammals); the repeatability of some individual lateralization assays (de-
tour-test, 2020).

• Open: the precise mechanism of lateralization (conduction-delay conjecture vs. complemen-
tarity accounts); whether primates/humans are an energetic special case for the gut tradeoff.
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SECTION 6 — ADVERSARIAL / SKEPTIC'S NOTES

The strongest case against the course's framing of this lecture's subject — material for the Adversarial Audit
beat and intellectual-honesty insurance regardless. What a rigorous skeptic would argue; where the evidence
is thinnest; the teleology and Clever Hans traps; and where the course itself is tempted to overclaim in the
other direction.

1. Wiring economy is a constraint, not a designer
The strongest skeptical point, and one the lecture should concede rather than dodge: brains are not
strict wire-minimizers. Kaiser & Hilgetag (2006) showed that if you actually minimized total
wirelength in the macaque or C. elegans connectome, you would lengthen processing paths; real
brains pay for some long-range "shortcut" axons to stay efficiently interconnected (small-world
topology). Chen, Hall & Chklovskii (2006) themselves documented neurons sitting away from their
wire-optimal positions (command neurons; axon-guidance constraints). The honest framing: wiring
economy is one powerful constraint traded against others (processing speed, integration, devel-
opmental feasibility, noise floors), not a sole optimizer. The course's risk is presenting "the brain
minimizes wire" as a clean law; the truth is an economic tradeoff (Bullmore & Sporns 2012). This ac-
tually strengthens the lecture's thesis — form follows competing constraints — but only if stated
honestly.

2. The conduction-delay account of lateralization is a conjecture
Ringo et al. (1994) is titled a conjecture, and rightly. Lateralization is a robust phenomenon (A); the
claim that interhemispheric conduction delay is its driver is B — well-motivated by scaling physics
but competing with other accounts (statistical complementarity; input asymmetry;
developmental/genetic routes). A skeptic would note that small-brained animals (where callosal de-
lay is trivial) are also lateralized — fish and insects have no corpus callosum at all — so callosal
conduction delay cannot be the whole story; it may explain large-brain lateralization better than the
deep vertebrate pattern. Hold the phenomenon as solid and the specific mechanism as one strong hy-
pothesis among several.

3. "Asymmetry pays" is real but not bulletproof
Güntürkün (2000) and Rogers et al. (2004) genuinely show performance benefits of lateralization,
and Vallortigara & Rogers (2005) give a sound ESS argument for population alignment. But: (a)
some specific individual-lateralization assays don't replicate (fish detour-test repeatability, 2020);
(b) lateralization carries documented costs (a population that all turns the same way is more pre-
dictable to predators), which is why the interesting question is alignment, not existence; (c) effect
sizes in single studies should not be inflated into "lateralized animals are smarter." Line to hold: lat-
eralization confers measurable, specific advantages in specific tasks, with costs — not a general in-
telligence boost.

NeuroZoology 2E · Research Packs Lecture 2 · The Shape of Thought

92



4. The expensive-tissue hypothesis does not generalize
The biggest honesty hazard in the Constraint beat. The brain is expensive (A), but the famous brain-
for-gut trade is primate-specific (Aiello & Wheeler 1995; Isler & van Schaik 2006) and fails
across mammals (Navarrete et al. 2011, ~100 species — fat, not gut). A skeptic would correctly ob-
ject to any framing that presents "we traded guts for brains" as a general law. The defensible posi-
tion: the brain is expensive everywhere; something must give to fund a bigger one; which tissue
gives is lineage-specific (gut in primates and some ectotherms, fat across mammals broadly). Do not
sell the gut story as universal.

5. The teleology trap
The whole lecture risks teleological phrasing: brains do not "decide" to lateralize or "choose" to min-
imize wire. Selection acts on variants; the economical layouts are the ones that survived because
their bearers paid less in time, energy, and material. The drafter must phrase every constraint as a
selective pressure and every optimum as an outcome of selection, never as foresight or intent. "The
brain economizes wire" is shorthand; the mechanism is differential survival of cheaper wiring.

6. The Panglossian / adaptationist trap
Cherniak's "best of all possible brains" framing flirts with the assumption that every feature is opti-
mal. Gould & Lewontin's spandrels critique applies: some neural geometry is a developmental
byproduct, a phylogenetic constraint, or simply good-enough, not optimized. The lecture should
present wiring economy as a strong tendency the data confirm on average, while acknowledging
documented suboptimalities (the off-position command neurons; the retained expensive long-range
axons). Near-optimal on several axes, deliberately suboptimal on others.

7. The reverse-craniocentrism trap (the course turning its own bias inside out)
The course exists to dismantle craniocentrism, and L2 is one lecture before that bias is named. The
danger: replacing "humans are the summit" with an equally tidy "every animal is perfectly opti-
mized for its niche" or "the mole/mole-rat is secretly superior." Both are rankings. The honest line:
difference, not deficiency — and not superiority either. The mole's 120 ms and the mole-rat's 31%
are investments suited to a niche, delivered flat, not trophies in a counter-ranking.

8. Clever Hans and confound risks specific to this material
• Lateralization assays: behavioral lateralization (turning bias, eye preference) can be con-

founded by side-biased testing apparatus, prior experience, or motor asymmetry unrelated to
cerebral lateralization. The detour-test repeatability problem (2020) is exactly this kind of
methodological noise.

• Star-nosed mole speed: the 120 ms figure is robust (high-speed video, replicated), but the
popular "8 ms decision" is an unsourced extrapolation — a reminder to anchor on measured
handling time, not derived sub-intervals.

• Cortical-magnification percentages: "% of cortex" depends on how cortical-area bound-
aries are drawn; Catania's figures are well-defined (cytochrome-oxidase modules), but cross-s-
tudy comparisons of "% of S1" should use consistent parcellation.
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9. What would a rigorous skeptic concede?
That the phenomena are solid: wiring economy as a dominant (not sole) constraint; somatotopy and
cortical magnification; lateralization across vertebrates; the brain's metabolic expense. The disputes
are about mechanism (what drives lateralization), universality (does the gut tradeoff generalize),
and strictness (is the brain a strict optimizer). The lecture is on firm ground stating the three con-
straints shape neural form powerfully; it is on swampy ground only if it claims they determine it, or
that any single mechanism (conduction delay, gut reduction) is the universal explanation.

SECTION 7 — SOURCE INVENTORY

Numbered list of every source referenced or recommended. Format: [#] Author/Org — Title — Year —
Venue — Source_Type — what it uniquely provides. The first 54 are the catalogued spine from the research-
sources CSV (Lecture 2); the supplements that follow are primary sources surfaced during this pack's re-
search, added per the build instruction to supplement aggressively. Popular-science titles are flagged as arti-
facts to analyze, never leaned on. (L2 has no popular-science title in its spine; the hype artifacts here are the
left/right-brain industry and the "guts-for-brains" popularization, both treated as phenomena, not sources.)

A. The catalogued spine (54 sources, from the CSV)
1. Ramón y Cajal, S. — Histology of the Nervous System of Man and Vertebrates — 1995 (orig.

1899) — Oxford University Press — Monograph — the conservation-of-wire and conduc-
tion-delay intuitions; the lecture's opening principle, in Cajal's own anatomy.

2. Cajal, S. R. — Recollections of My Life — 1989 — MIT Press — Monograph — autobiography
documenting the laws-of-economy reasoning; the source for any short Cajal quotation.

3. Chklovskii, D. B., Schikorski, T., & Stevens, C. F. — Wiring optimization in cortical circuits —
2002 — Neuron — Primary Study — keystone: wire ≈ 3/5 of gray-matter volume at the opti-
mum, measured and confirmed; the quantitative vindication of Cajal.

4. Chen, B. L., Hall, D. H., & Chklovskii, D. B. — Wiring optimization can relate neuronal struc-
ture and function — 2006 — PNAS — Review/Primary — 279 C. elegans neurons mostly at
wire-optimal positions, with honest deviations.

5. Sterling, P., & Laughlin, S. — Principles of Neural Design — 2015 — MIT Press — Review —
energy, wire, and time as the design constraints; the textbook framing of the three antagonists.
(1E seed.)

6. Niven, J. E., & Laughlin, S. B. — Energy limitation as a selective pressure on the evolution of
sensory systems — 2008 — J. Exp. Biol. — Primary Study — metabolic constraint on neural de-
sign across taxa. (1E seed.)

7. Laughlin, S. B. — Energy as a constraint on the coding and processing of sensory information
— 2001 — Curr. Opin. Neurobiol. — Review — the energy budget of computation. (1E seed.)

8. Bullmore, E., & Sporns, O. — The economy of brain network organization — 2012 — Nat. Rev.
Neurosci. — Review — keystone for the steelman: the connectome as an economic tradeoff
between wiring cost and topological value. (1E seed.)

9. Catania, K. C., & Kaas, J. H. — Somatosensory fovea in the star-nosed mole — 1997 — J. Comp.
Neurol. — Primary Study — the 11th-ray fovea; ~25% of the star's S1 representation; the corti-
cal map dominated by the nose.
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10. Catania, K. C., & Remple, F. E. — Asymmetric behavioral and cortical magnification in the
star-nosed mole — 2004 — PNAS — Primary Study — high-speed confirmation of the touch
fovea and its magnification.

11. Catania, K. C. — The sense of touch in the star-nosed mole — 2011 — Phil. Trans. R. Soc. B —
Review — synthesis: a nose that touches faster than most animals see.

12. Penfield, W., & Boldrey, E. — Somatic motor and sensory representation in the cerebral cor-
tex of man — 1937 — Brain — Primary Study — keystone: origin of the cortical homunculus;
126 stimulation operations.

13. Kaas, J. H. — Topographic maps are fundamental to sensory processing — 1997 — Brain
Res. Bull. — Review — somatotopy as an organizing principle.

14. Krubitzer, L. — The magnificent diversity of evolved complexity in mammalian brains —
2009 — Neuron — Primary Study/Review — keystone for the closer: body plans stamping
themselves onto cortical maps across mammals.

15. Rogers, L. J., Vallortigara, G., & Andrew, R. J. — Divided Brains: The Biology and Behaviour of
Brain Asymmetries — 2013 — Cambridge University Press — Review — lateralization as
mechanism, not mysticism; the monograph behind the Range Survey. (1E seed.)

16. Vallortigara, G., & Rogers, L. J. — Survival with an asymmetrical brain — 2005 — The Neu-
roscientist (and Behav. Brain Sci. 28:575) — Review — keystone: the
evolutionary/game-theoretic logic of population-level lateralization (ESS). (1E seed.)

17. Bisazza, A., Cantalupo, C., Capocchiano, M., & Vallortigara, G. — Population lateralisation
and social behaviour in a fish — 2000 — Behav. Brain Res. — Primary Study — lateralization
in fish predates humans; scales with sociality. (1E seed.)

18. Halpern, M. E., Güntürkün, O., Hopkins, W. D., & Rogers, L. J. — Lateralization of the verte-
brate brain — 2005 — Neurosci. Biobehav. Rev. — Review — cross-taxon asymmetry survey.
(1E seed.)

19. Concha, M. L., et al. — Encoding asymmetry within neural circuits — 2012 — Nat. Rev. Neu-
rosci. — Primary/Review — zebrafish habenular asymmetry as a model.

20. Corballis, M. C. — The evolution and genetics of cerebral asymmetry — 2009 — Phil. Trans.
R. Soc. B — Review — genetics of lateralization; large role for non-genetic factors. (1E seed.)

21. Aiello, L. C., & Wheeler, P. — The expensive-tissue hypothesis — 1995 — Current Anthropol-
ogy 36:199–221 — Primary Study — keystone: brain and gut compete for the energy budget;
the Constraint beat's anchor (and its own hedge). (1E seed.)

22. Isler, K., & van Schaik, C. P. — Metabolic costs of brain size evolution — 2006 — Biology Let-
ters — Primary Study — pricing the brain in calories; confirms ETH in primates with phyloge-
netic correction. (1E seed.)

23. Isler, K., & van Schaik, C. P. — The expensive brain: a framework for explaining evolution-
ary changes in brain size — 2009 — J. Hum. Evol. — Review — the "expensive-brain frame-
work": something must give, not necessarily the gut. (1E seed.)

24. Navarrete, A., van Schaik, C. P., & Isler, K. — Energetics and the evolution of human brain
size — 2011 — Nature 480:91–93 — Primary Study — keystone for claim hygiene: ~100
mammals, no brain–gut tradeoff; brain–fat tradeoff instead. (1E seed.)
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25. Jerison, H. J. — Evolution of the Brain and Intelligence — 1973 — Academic Press — Review
— encephalization and brain–body scaling; the EQ frame. (1E seed.)

26. Finlay, B. L., & Darlington, R. B. — Linked regularities in the development and evolution of
mammalian brains — 1995 — Science — Primary Study — developmental constraint ("late
equals large"). (1E seed.)

27. Hofman, M. A. — On the evolution and geometry of the brain in mammals — 1989 — Prog.
Neurobiol. — Primary Study — scaling geometry of cortex. (1E seed.)

28. Hofman, M. A. — Design principles of the human brain: an evolutionary perspective — 2012
— Prog. Brain Res. — Review — wiring, volume, and scaling limits.

29. Zhang, K., & Sejnowski, T. J. — A universal scaling law between gray matter and white mat-
ter of cerebral cortex — 2000 — PNAS — Primary Study — white ∝ gray^(4/3); wire-volume
scaling across mammals.

30. Striedter, G. F. — Principles of Brain Evolution — 2005 — Sinauer — Review — size-related
structural change and the displacement of areas. (1E seed.)

31. Ringo, J. L. — Neuronal interconnection as a function of brain size — 1991 — Brain Behav.
Evol. — Primary Study — larger brains face conduction-delay penalties; setup for the 1994
conjecture.

32. Ringo, J. L., et al. — Time is of the essence: a conjecture that hemispheric specialization aris-
es from interhemispheric conduction delay — 1994 — Cerebral Cortex 4:331–343 — Primary
Study — keystone: conduction delay as the driver of lateralization; the Mechanism Walk-
through spine.

33. Buzsáki, G., Logothetis, N., & Singer, W. — Scaling brain size, keeping timing: evolutionary
preservation of brain rhythms — 2013 — Neuron — Review — timing held constant as brains
scale (time-constraint backdrop; do not spend — L7).

34. Kaas, J. H. — The evolution of brains from early mammals to humans — 2013 — WIREs
Cogn. Sci. — Review — how cortical areas multiply and shift. (1E seed.)

35. Herculano-Houzel, S. — The remarkable, yet not extraordinary, human brain as a scaled-up
primate brain — 2012 — PNAS — Review — scaling rules and what they constrain (the neu-
ron-count thread's anchor figure; do not spend — L6/L13).

36. Striedter, G. F., & Northcutt, R. G. — Brains Through Time: A Natural History of Vertebrates
— 2020 — Oxford University Press — Monograph — comprehensive comparative reference.

37. Allman, J. M. — Evolving Brains — 1999 — Scientific American Library — Review — acces-
sible synthesis of brain-evolution constraints.

38. Cherniak, C. — Component placement optimization in the brain — 1994 — J. Neurosci.
14:2418–2427 — Primary Study — keystone: C. elegans ganglia at near-minimum wirelength
("best of all possible brains"); the first clean quantitative test of Cajal.

39. Wen, Q., & Chklovskii, D. B. — Segregation of the brain into gray and white matter: a design
minimizing conduction delays — 2005 — PLoS Comput. Biol. 1:e78 — Review/Primary —
gray/white split as a delay-minimizing design.

40. Klyachko, V. A., & Stevens, C. F. — Connectivity optimization and the positioning of cortical
areas — 2003 — PNAS — Primary Study — macaque prefrontal area placement minimizes
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wiring length.

41. Catania, K. C. — Evolution of brains and behavior for optimal foraging: a tale of two preda-
tors — 2012 — PNAS — Review — sensory specializations reshaping neural maps (star-nosed
mole vs. relatives).

42. Manger, P. R. — Establishing order at the systems level in mammalian brain evolution —
2005 — Brain Res. Bull. — Primary Study — systems-level constraints on brain organization.

43. Buzsáki, G. — Rhythms of the Brain — 2006 — Oxford University Press — Review — timing
constraints woven through architecture (backdrop; do not spend — L7).

44. Vallortigara, G. — Comparative neuropsychology of the dual brain — 2000 — Brain and
Language — Review — functional advantages of a split brain. (1E seed.)

45. Güntürkün, O., et al. — Asymmetry pays: visual lateralization improves discrimination suc-
cess in pigeons — 2000 — Current Biology 10:1079–1081 — Primary Study — keystone: mea-
sured performance benefit of lateralization (grain–grit).

46. Rilling, J. K. — Comparative primate neuroimaging: insights into human brain evolution —
2014 — Trends Cogn. Sci. — Review — imaging the scaling of association cortex.

47. Bandettini, P. A. — What's new in neuroimaging methods? — 2009 — Ann. N.Y. Acad. Sci. —
Primary Study — reference on mapping body-to-brain representation (method backdrop for
Beat 5).

48. Krubitzer, L., & Kaas, J. H. — The evolution of the neocortex in mammals — 2005 — The
Cognitive Neurosciences — Review — how cortical fields are added and rearranged. (1E seed.)

49. Sporns, O., Tononi, G., & Kötter, R. — The human connectome: a structural description of
the human brain — 2005 — PLoS Comput. Biol. — Primary Study — network description of
brain wiring. (1E seed.)

50. Bullmore, E., & Sporns, O. — Complex brain networks: graph theoretical analysis of struc-
tural and functional systems — 2009 — Nat. Rev. Neurosci. — Review — modular, economical
network organization. (1E seed.)

51. Karbowski, J. — Global and regional brain metabolic scaling and its functional conse-
quences — 2007 — BMC Biology — Review — metabolic scaling and its design consequences.

52. Attwell, D., & Laughlin, S. B. — An energy budget for signaling in the grey matter of the
brain — 2001 — J. Cereb. Blood Flow Metab. 21:1133–1145 — Primary Study — keystone: the
canonical line-item accounting of neural energy cost (AP 47% etc.).

53. Raichle, M. E., & Gusnard, D. A. — Appraising the brain's energy budget — 2002 — PNAS
99:10237–10239 — Review — why the brain is metabolically expensive; most spend is intrin-
sic.

54. Catania, K. C. — A nose that looks like a hand and acts like an eye — 1999 — J. Comp. Physiol.
A — Review — the star-nosed mole sensory surface reorganizing the brain.
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B. Supplements surfaced during this pack's research (primary first; add to the spine)
55. Catania, K. C., & Remple, F. E. — Asymptotic prey profitability drives star-nosed moles to the

foraging speed limit — 2005 — Nature 433:519–522 — Primary Study — the Fact That Qui-
ets the Room source: handling time as short as 120 ms (mean 227 ms); the foraging speed
limit.

56. Catania, K. C., & Remple, M. S. — Somatosensory cortex dominated by the representation of
teeth in the naked mole-rat brain — 2002 — PNAS 99:5692–5697 — Primary Study — key-
stone: ~31% of S1 for incisors; the second body-stamps-cortex case.

57. Sachdev, R. N. S., & Catania, K. C. — Receptive fields and response properties of neurons in
the star-nosed mole's somatosensory fovea — 2002 — J. Neurophysiol. 87:2602–2611 — Prima-
ry Study — 144 S1 neurons; receptive fields <1 mm²; ray-11 fields 0.58 vs. 0.82 mm².

58. Nielsen, J. A., Zielinski, B. A., Ferguson, M. A., Lainhart, J. E., & Anderson, J. S. — An evalua-
tion of the left-brain vs. right-brain hypothesis with resting-state functional connectivity MRI
— 2013 — PLoS ONE 8:e71275 — Primary Study — the DISPATCH source: 1,011 brains; no
whole-brain dominance phenotype.

59. Corballis, M. C. — Left brain, right brain: facts and fantasies — 2014 — PLoS Biology
12:e1001767 — Review — separates real hemispheric specialization from the personality myth;
the citable DISPATCH review.

60. Kaiser, M., & Hilgetag, C. C. — Nonoptimal component placement, but short processing
paths, due to long-distance projections in neural systems — 2006 — PLoS Comput. Biol. 2:e95
— Primary Study — the steelman source: strict wire minimization would lengthen paths;
brains keep expensive shortcuts.

61. Rivera-Alba, M., et al. (Chklovskii, de Polavieja) — Wiring economy and volume exclusion
determine neuronal placement in the Drosophila brain — 2011 — Current Biology
21:2000–2005 — Primary Study — wiring economy confirmed in the fly, plus volume exclu-
sion.

62. Rogers, L. J., Zucca, P., & Vallortigara, G. — Advantages of having a lateralized brain — 2004
— Proc. R. Soc. B 271:S420–S422 — Primary Study — lateralized chicks forage and watch for
predators in parallel; the functional payoff.

63. Rogers, L. J. (and Sink; Chiandetti & Vallortigara) — Prehatching visual experience and lat-
eralization in the visual Wulst / light-exposure work — 1990s–2019 — Brain Behav. Evol., Sci.
Rep., etc. — Primary Studies — chick embryo right-eye light exposure builds thalamofugal lat-
eralization; dark-incubated chicks lack it.

64. Budaev, S. V., & Andrew, R. J. — Patterns of early embryonic light exposure determine be-
havioural asymmetries in zebrafish: a habenular hypothesis — 2009 — Behav. Brain Res.
200:91–94 — Primary Study — first-hours light sets zebrafish habenular asymmetry.

65. Kuan, Y. S., Yu, H. H., Moens, C. B., & Halpern, M. E. — Neuropilin asymmetry mediates a
left–right difference in habenular connectivity — 2007 — Development 134:857–865 — Prima-
ry Study — molecular control of zebrafish epithalamic asymmetry.

66. Cantalupo, C., Bisazza, A., & Vallortigara, G. — Lateralization of predator-evasion response
in a teleost fish (Girardinus falcatus) — 1995 — Neuropsychologia 33:1637–1646 — Primary
Study — lateralized escape turns in fish.
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67. Mitchison, G. — Neuronal branching patterns and the economy of cortical wiring — 1991 —
Proc. R. Soc. B 245:151–158 — Primary Study — single-cell branching geometry minimizes wire;
the math behind Cajal's intuition.

68. Cherniak, C. — Local optimization of neuron arbors — 1992 — Biol. Cybern. 66:503–510 —
Primary Study — arbor geometry approaches Steiner-tree optimality.

69. Sur, M., Merzenich, M. M., & Kaas, J. H. — Magnification, receptive-field area, and hypercol-
umn size in areas 3b and 1 of somatosensory cortex in owl monkeys — 1980 — J. Neurophysiol.
44:295–311 — Primary Study — the quantitative grammar of cortical maps Catania later ap-
plies to the mole.

70. Rushton, W. A. H. — A theory of the effects of fibre size in medullated nerve — 1951 — J.
Physiol. 115:101–122 — Primary Study — fiber diameter, myelin, and conduction speed; the g-
ratio physics.

71. Tsuboi, M., et al. — Comparative support for the expensive-tissue hypothesis in Lake Tan-
ganyika cichlids — 2015 — Evolution 69:190–200 — Primary Study — a direct brain–gut
tradeoff in ectotherms (the contrast with the mammal null).

72. Kotrschal, A., et al. — Artificial selection on relative brain size in the guppy reveals costs and
benefits of evolving a larger brain — 2013 — Current Biology — Primary Study — guppies se-
lected for big brains develop smaller guts; experimental brain–gut tradeoff.

73. Potts, R. — Big brains explained (News & Views on Navarrete et al.) — 2011 — Nature
480:43–44 — Review/Commentary — frames the brain–fat (not brain–gut) result for the
field.

APPENDICES — DEEP REFERENCE

Fast-lookup detail behind the beats. Same claim-level key. Stable names per the Main Character Roster.

APPENDIX A — PER-ORGANISM / PER-SYSTEM DOSSIERS

Star-nosed mole (Condylura cristata) — the somatotopy headliner
• Niche: wetlands and waterlogged soils of North America and eastern Canada; subterranean

and semi-aquatic; functionally blind; insectivore on tiny prey.

• Body: head-body ~12–20 cm; tail ~6–8 cm (thickens seasonally with fat as an energy reserve);
mass ~35–75 g; velvety reversible fur for bidirectional tunnel movement; large clawed forefeet
for digging.

• The star: 22 fleshy appendages (rays), 11 ringing each nostril; ~15 mm across; ~25,000
Eimer's organs (touch domes / Merkel cell–neurite complexes, plus lamellated corpuscles and
hundreds of thousands of free nerve endings); >100,000 myelinated nerve fibers (Catania
counted >200,000 nerve fibers total across the work). Purely mechanosensory — the historical
electroreception hypothesis was tested and unsupported.

NeuroZoology 2E · Research Packs Lecture 2 · The Shape of Thought

99



• The fovea: the 11th (ventral) ray is the tactile fovea; after first contact with any ray, the mole
reorients so ray 11 touches the item (saccade-like); ray 11 has ~7 fibers per Eimer's organ vs.
~4 on other rays (less convergence → finer resolution); despite its small surface area, ray 11 oc-
cupies ~25% of the star's S1 representation; cortical receptive fields average <1 mm², ray-11
fields 0.58 mm² vs. others' 0.82 mm². The star is mapped three times in neocortex (cy-
tochrome-oxidase stripes/modules).

• Behavior: touches 10–13 objects/second; identifies and eats prey in as little as 120 ms (mean
227 ms) — fastest-eating mammal recorded; "double-takes" indicate the neural speed limit.
Speed makes tiny prey (≈10 J worm fragments) profitable. Can sniff underwater via ex-
haled-and-reinhaled air bubbles (Catania 2006, Nature).

• Role in L2: the Field Vignette (Beat 6) + the Fact That Quiets the Room (Beat 10); the extreme
body-stamps-cortex case. Plants L14 (umwelt); always paired with Catania.

Naked mole-rat (Heterocephalus glaber) — the second body-stamps-cortex case
• Niche: fossorial, eusocial, primarily herbivorous, functionally blind rodent (East Africa).

• The specialization: enlarged incisors permanently exterior to the oral cavity, used for dig-
ging, object manipulation, social interaction, and feeding; the lips close behind the incisors
while burrowing; the incisors move independently; ~25% of the animal's total musculature
serves the jaws.

• The cortex (Catania & Remple 2002): ~31% of S1 represents the upper and lower incisors;
incisor representations ~10% of total neocortex; S1 is enlarged relative to lab rats and expands
into nearly all the cortex normally devoted to vision; cytochrome-oxidase modules represent
the magnified incisors. Comparison: lab rats give incisors ~7% of S1; S1 ~21% of neocortex in
rats.

• Role in L2: the convergent companion to the star-nosed mole (Beats 10, 12) — a second blind
digger that rebuilt its cortex around a tactile specialization. Not a recurring character beyond
L2 in the current Roster.

Chick (Gallus gallus) — developmental lateralization
• Mechanism: embryo lies with left eye against body, right eye toward shell (Kuo 1932); right-

eye light exposure in the last days before hatching drives asymmetric development of the tha-
lamofugal visual pathway; light-incubated chicks are lateralized, dark-incubated are not; the
anatomical asymmetry persists ~3 weeks post-hatch but behavioral asymmetries can persist
into adulthood.

• Functional payoff (Rogers, Zucca & Vallortigara 2004): lateralized chicks forage (right
eye / left hemisphere) while watching for predators (left eye / right hemisphere) — genuine
parallel processing; non-lateralized chicks dual-task worse.

• Role in L2: Range Survey (Beat 8) + lateralization convergence (Beat 12).
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Zebrafish (Danio rerio) — epithalamic asymmetry
• Mechanism: habenular/epithalamic left–right asymmetry (parapineal, dorsal habenulae);

set very early; light in the first post-fertilization hours modulates it (Budaev & Andrew 2009);
molecular control via neuropilin asymmetry (Kuan et al. 2007). A premier developmental
model for how asymmetry is built into a circuit.

• Role in L2: Range Survey (Beat 8); the convergence rhyme — same "light builds asymmetry"
logic as the chick, on a different structure (epithalamus vs. thalamofugal pathway).

Pigeon (Columba livia) — measured lateralization advantage
• Mechanism: lateralization runs through the tectofugal pathway (vs. the chick's thalamofu-

gal).

• Finding (Güntürkün et al. 2000): right-eye/left-hemisphere superiority in grain–grit dis-
crimination; the degree of an individual's visual asymmetry predicts discrimination success;
lateralized pigeons exchange interhemispheric information more efficiently (Manns & Röm-
ling 2012).

• Role in L2: Range Survey (Beat 8); the "asymmetry pays" evidence anchoring the DISPATCH
(Beat 9).

Teleost fish (e.g., Girardinus falcatus) — population lateralization
• Findings: lateralized predator-evasion turns (Cantalupo, Bisazza & Vallortigara 1995); popu-

lation-level alignment scales with sociality (Bisazza et al. 2000); lateralization score heritable;
but some detour-test measures are not repeatable (2020) — a methodological caution.

• Role in L2: Range Survey (Beat 8); the bridge to the population-alignment-as-ESS argument
(Vallortigara & Rogers 2005).

Caenorhabditis elegans / Drosophila — wiring-economy test beds
• C. elegans: 302 neurons; 11 ganglia at near-minimum total wirelength (Cherniak 1994); 279

non-pharyngeal neurons mostly wire-optimal (Chen et al. 2006), with documented deviations.

• Drosophila: optic-lobe lamina neuron positions predicted by wiring economy + volume exclu-
sion (Rivera-Alba et al. 2011).

• Role in L2: the Principle beat (Beat 3) — the quantitative confirmations of Cajal in simple,
fully mappable nervous systems. (Note: the C. elegans connectome itself, White et al. 1986, is
L3's keystone — reference the worm here only as a wiring-economy test bed, not as the con-
nectome story.)

NeuroZoology 2E · Research Packs Lecture 2 · The Shape of Thought

101



APPENDIX B — MECHANISM DEEP-DIVES

B1 — Wiring economy, quantitatively
• The principle (Cajal 1899): conserve space (material), conduction time, and conduction ma-

terial. Communicating neurons are placed near each other; axons take economical routes; cell
bodies cluster into ganglia (invertebrates) / nuclei (vertebrates).

• Why wire is the binding cost: conduction velocity rises ~linearly with axon diameter, but
volume rises with the square of diameter. So you cannot make all connections both fast and
thin; speed costs space quadratically. Minimizing total wire subject to required connectivity is
a constrained optimization.

• The 3/5 result (Chklovskii, Schikorski & Stevens 2002): jointly minimizing conduction
delay (axons), passive cable attenuation (dendrites), and total wire length, while maximizing
synaptic density, predicts that wire (axons + dendrites) should occupy ~3/5 (60%) of gray-
matter volume; the measured fraction is close to 3/5. The brain sits near the predicted opti-
mum.

• Component placement (Cherniak 1994): the 11 C. elegans ganglia are at or near the mini-
mum-wirelength layout among 11! ≈ 39.9 million orderings ("best of all possible brains").

• Neuron placement (Chen, Hall & Chklovskii 2006): 279 non-pharyngeal neurons mostly at
wire-optimal positions; deviations from command neurons and axon-guidance constraints.

• Scaling (Zhang & Sejnowski 2000): white matter ∝ gray matter^(4/3) across mammals —
the wiring-economy signature at whole-brain scale; as brains enlarge, proportionally more
volume goes to connecting wire.

• The honest limit (Kaiser & Hilgetag 2006): strict wirelength minimization would increase
characteristic path length; real brains keep expensive long-range projections for small-world
efficiency. Wiring economy is one constraint in an economic tradeoff (Bullmore & Sporns
2012).

B2 — Conduction velocity, delay, and the time constraint
• The physics: conduction velocity ≈ linear in axon diameter (myelinated: Hursh 1939; un-

myelinated: Hoffmeister et al. 1991); volume ∝ diameter². Optimal g-ratio (axon / total fiber
diameter) ≈ 0.6.

• The range: a 20 µm myelinated axon conducts at >100 m/s; a short unmyelinated axon at
~0.3 m/s — more than two orders of magnitude. Conduction delays across the mammalian
brain span <100 µs to >100 ms.

• Gray/white segregation (Wen & Chklovskii 2005): connecting many neurons with many
fast (hence bulky, myelinated) long-range axons drives those axons out of the densely synaptic
gray matter into segregated white-matter bundles — a conduction-delay-minimizing design;
explains neocortex, neostriatum, avian telencephalon, spinal cord.

• Lateralization (Ringo et al. 1994): as brains scale up, absolute interhemispheric (callosal)
delay grows; keeping callosal axons fast enough to compensate would balloon volume; so for
time-critical functions it is cheaper to keep the computation in one hemisphere (lateralize)
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than pay the round trip or duplicate the circuit bilaterally. Claim level B (a conjecture); com-
peting accounts: statistical complementarity, input asymmetry, developmental/genetic routes.
Note: small-brained, callosum-less animals (fish, insects) are also lateralized, so callosal delay
is not the whole story.

• The four-way tradeoff (Faisal/Laughlin): time delay vs. metabolic cost vs. volume (wire)
vs. noise floor — ion-channel noise sets a ~0.1 µm floor on axon thinness (below which spon-
taneous channel openings trigger spurious spikes), so you cannot shrink wire indefinitely to
save space.

B3 — Somatotopy and cortical magnification
• Somatotopy: topographic body map preserved (with rescaling) in S1 (postcentral gyrus), M1

(precentral gyrus), and subcortically (thalamus, brainstem). Adjacent body parts → adjacent
cortex (with real discontinuities, e.g., face–hand junction).

• Cortical magnification: cortical area ∝ behavioral/sensory importance and receptor density,
not body size. Mechanism: receptor density sets afferent-fiber count; afferents project (via
thalamus) to cortex; high-afferent regions claim/compete for more territory during develop-
ment and refine with use.

• The human case (Penfield & Boldrey 1937): stimulation in 126 conscious operations (the
Montreal Procedure); the Cantlie cartoon ("grotesque creature"); lips/tongue/hands enor-
mous, trunk/legs tiny. Replicated grossly by fMRI; the cartoon is a pooled, smoothed visualiza-
tion, not a precise atlas.

• The extreme cases: star-nosed mole (ray-11 fovea, 25% of star map); naked mole-rat (31% of
S1 on incisors); rodent barrel cortex (one barrel per whisker); raccoon forepaw; platypus bill.
The body the animal leads with claims the cortex.

B4 — The energy constraint, line by line
• The headline: brain ~2% of body mass, ~20% of resting metabolic energy (Sokoloff 1960; At-

twell & Laughlin 2001).

• Grey-matter signaling budget (Attwell & Laughlin 2001): action potentials ~47%; postsy-
naptic glutamate effects ~34%; resting potential ~13%; glutamate recycling ~3%. Most spend
is restoring ion gradients via Na⁺/K⁺-ATPase (1 ATP per 3 Na⁺ extruded).

• Where it goes (Raichle & Gusnard 2002): most energy is intrinsic/ongoing, not task-e-
voked — the brain is expensive even "at rest."

• The organ context: brain + heart + liver + kidneys ≈ 60–70% of resting energy expenditure
on <6% of body mass; the brain is one of several expensive organs competing for the budget.

• The tradeoff (Aiello & Wheeler 1995): human brain ~3× chimp's, BMR/body-mass
~equal; resolved by a reduced gut (high-quality diet). Contested across mammals (Navarrete
et al. 2011: brain–fat, not brain–gut); confirmed in primates (Isler & van Schaik 2006); sup-
ported in some ectotherms (cichlids; selected guppies). Generalized as the "expensive-brain
framework" (Isler & van Schaik 2009): something must give — gut, fat, locomotion, growth, or
reproduction.
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B5 — How lateralization is built (development)
• Chick: body position in egg (left eye occluded, right eye to shell) + right-eye light exposure →

asymmetric thalamofugal pathway. Genes set body position; environment (light) shapes the
pathway.

• Zebrafish: epithalamic/habenular asymmetry set in the first post-fertilization hours; light-
modulated; neuropilin-mediated connectivity asymmetry.

• Pigeon: tectofugal pathway; light-exposure effects, with interhemispheric-transfer efficiency
tied to lateralization.

• General lesson (Concha et al. 2012; Güntürkün & Ocklenburg 2019): many routes from
genes to functional asymmetry run through left–right differences in neural pathways; large
role for non-genetic (positional, environmental) factors interacting with small-effect genes.

APPENDIX C — NUMBERS MASTER SHEET

Every quantified fact in one place, by domain. A number anchors a paragraph; a vibe does not.

Wire (the spatial constraint)
• Golgi stain labels ~1–5% of neurons (the quirk Cajal exploited).

• Wire (axons + dendrites) ≈ 3/5 (60%) of gray-matter volume at the optimum
(Chklovskii/Schikorski/Stevens 2002).

• C. elegans: 302 neurons; 11 ganglia; 11! ≈ 39.9 million possible orderings (Cherniak 1994); 279
non-pharyngeal neurons (Chen et al. 2006).

• White matter ∝ gray matter^(4/3) across mammals (Zhang & Sejnowski 2000).

• Conduction velocity ∝ diameter (linear); volume ∝ diameter² (quadratic).

• Ion-channel-noise floor on axon thinness ≈ 0.1 µm (Faisal/White/Laughlin).

Time (the conduction-delay constraint)
• Conduction delays across the mammalian brain: <100 µs to >100 ms.

• 20 µm myelinated axon: >100 m/s. Short unmyelinated axon: ~0.3 m/s.

• Optimal g-ratio (axon / total fiber diameter): ≈ 0.6.

Energy (the metabolic constraint)
• Brain: ~2% of body mass; ~20% of resting metabolic energy (Sokoloff 1960; Attwell & Laugh-

lin 2001).

• Grey-matter signaling budget: action potentials ~47%; postsynaptic glutamate ~34%; resting
potential ~13%; glutamate recycling ~3%.

• Na⁺/K⁺-ATPase: 1 ATP per 3 Na⁺ extruded.

• Brain + heart + liver + kidneys ≈ 60–70% of resting energy on <6% of body mass.
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• Human brain ~3× chimpanzee brain; BMR per unit body mass ~equal (Aiello & Wheeler
1995).

• Navarrete et al. 2011: ~100 mammal species; no brain–gut correlation; brain–fat tradeoff in-
stead.

Somatotopy / cortical magnification
• Penfield & Boldrey 1937: 126 conscious operations.

• Star-nosed mole: 22 rays (11/nostril); star ~15 mm across; ~25,000 Eimer's organs; >100,000
myelinated fibers (>200,000 nerve fibers counted total); ray 11 = ~25% of star's S1 representa-
tion; ~7 fibers/Eimer's organ on ray 11 vs. ~4 elsewhere; cortical receptive fields <1 mm² (ray
11: 0.58 mm²; others: 0.82 mm²); 3 somatosensory maps of the star.

• Star-nosed mole foraging: identifies + eats prey in as little as 120 ms (mean 227 ms); touches
10–13 objects/second; ~10 J small prey item; fastest-eating mammal recorded.

• Star-nosed mole body: head-body ~12–20 cm; tail ~6–8 cm; mass ~35–75 g.

• Naked mole-rat: ~31% of S1 for incisors; ~10% of total neocortex for incisors; ~25% of total
musculature in the jaws; vs. lab rat: ~7% of S1 for incisors; S1 ~21% of neocortex.

• Owl monkey S1 (Sur, Merzenich & Kaas 1980): areas 3b and 1, magnification factors quantified.

Lateralization
• Nielsen et al. 2013: 1,011 subjects, ages 7–29; resting-state fMRI; no whole-brain dominance

phenotype.

• Güntürkün et al. 2000: pigeon grain–grit discrimination; asymmetry degree predicts success.

• Chick: anatomical visual asymmetry persists ~3 weeks post-hatch; behavioral asymmetries
can persist into adulthood.

• Three lateralization circuits: thalamofugal (chick), tectofugal (pigeon),
epithalamic/habenular (zebrafish).

Dates / publication years (anchors)
• 1899 Cajal Textura; 1906 Cajal/Golgi Nobel; 1937 Penfield & Boldrey; 1973 Jerison; 1991

Mitchison/Ringo; 1992 Cherniak (arbors); 1994 Cherniak (placement) / Ringo et al. (conjec-
ture); 1995 Aiello & Wheeler / Finlay & Darlington / Cantalupo et al.; 2000 Zhang & Sejnowski
/ Güntürkün et al. / Bisazza et al.; 2001 Attwell & Laughlin; 2002
Chklovskii/Schikorski/Stevens / Catania & Remple (naked mole-rat) / Sachdev & Catania;
2004 Rogers/Zucca/Vallortigara; 2005 Wen & Chklovskii / Vallortigara & Rogers / Catania &
Remple (Nature, 120 ms); 2006 Chen/Hall/Chklovskii / Kaiser & Hilgetag / Isler & van Schaik;
2009 Budaev & Andrew / Isler & van Schaik (framework); 2011 Navarrete et al. / Rivera-Alba
et al.; 2012 Bullmore & Sporns / Concha et al.; 2013 Nielsen et al. / Buzsáki et al.; 2014 Corballis
(review).
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APPENDIX D — QUOTE & TESTIMONY CATALOG

Documented, attributable lines for the drafter. Keep any direct quotation short (under 15 words) and attrib-
uted; paraphrase findings. The course leans on paraphrase, not quotation.

• Cajal — the laws of economy. Documented in Textura (1899) and Recollections of My Life
(1989 ed.). Paraphrase the conservation-of-space/time/material reasoning rather than quot-
ing at length.

• Penfield — on the homunculus. Penfield & Boldrey (1937) called the figure a "grotesque
creature." Short, attributable; use once if at all.

• Aiello & Wheeler — the built-in hedge. Their 1995 paper noted the brain's cost "could have
been met by strategies other than a reduction in gut size." The perfect claim-hygiene line; at-
tribute to Aiello & Wheeler 1995. (Wheeler later reiterated, in interviews around Navarrete
2011, that the human case was never meant as a universal principle — paraphrase.)

• Catania — on the mole's speed. Catania has described star-nosed moles as eating faster
than any other mammal, with nervous systems conveying information at speeds near the
physiological limits of neurons (paraphrase; the primary numbers are 120 ms / 227 ms, Cata-
nia & Remple 2005).

• Nielsen — on the left/right-brain myth. Nielsen (University of Utah, 2013) summarized
that the data show no pattern of one whole hemispheric network being more connected in
some people (paraphrase; the citable finding is the 1,011-subject null in Nielsen et al. 2013).

• Vallortigara & Rogers — on alignment. The 2005 BBS target article frames population-level
lateralization as advantageous specifically where lateralized behavior must be coordinated
with other organisms (paraphrase; do not quote the target article at length).

No documented dialogue exists for the animals (obviously) or for the experimental scenes beyond what the
primary papers report. Do not invent quotes, lab banter, or "color." Where a vivid line is wanted, use the at-
tributable phrases above and paraphrase the rest.

APPENDIX E — TERMINOLOGY & STABLE-NAMING DISCIPLINE

Locked names, spellings, and binomials. Do not introduce variants. Precision-vocabulary notes for the sci-
ence-course register.

Stable names (per Main Character Roster)
• Santiago Ramón y Cajal — full name on first use; "Cajal" thereafter. Not "Ramon y Cajal"

without the accents in the running text where diacritics are supported; "Cajal" is the stable
short form.

• Kenneth Catania — "Catania" thereafter. Always paired with the star-nosed mole; Returns in
L14.

• Leslie Aiello and Peter Wheeler — "Aiello and Wheeler" or "Aiello & Wheeler."

• star-nosed mole / Condylura cristata — binomial on first use; "star-nosed mole" there-
after. Not "star mole," not "the mole" alone where ambiguous with the naked mole-rat.

• naked mole-rat / Heterocephalus glaber — hyphenated "mole-rat"; binomial on first use.
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• chick (Gallus gallus), pigeon (Columba livia), zebrafish (Danio rerio) — common names in
running text; binomials available.

• Penfield / Wilder Penfield (with Edwin Boldrey, 1937); the illustrator Hortense Cantlie.

• Lesley Rogers, Giorgio Vallortigara, Onur Güntürkün, Marnie Halpern — lateralization
researchers.

• Dmitri Chklovskii, Christopher Cherniak, Charles Stevens — wiring-economy re-
searchers.

• Navarrete, van Schaik & Isler — the expensive-tissue challenge.

Structures and concepts (consistent usage)
• wiring economy (not "wire minimization" as a slogan; the principle is a tendency/constraint,

not a strict optimizer — see Section 6).

• somatotopy and the sensory homunculus (the map is a finding; the homunculus cartoon is
a diagram — keep the distinction).

• cortical magnification — area ∝ behavioral importance/receptor density, not body size.

• lateralization / hemispheric specialization (real) — distinct from
"left-brained/right-brained personality" (myth).

• conduction delay, conduction velocity, g-ratio, gray matter / white matter — physical,
defined terms.

• expensive-tissue hypothesis (Aiello & Wheeler) / expensive-brain framework (Isler &
van Schaik) — keep these distinct: the first is the gut-specific claim; the second is the general-
ized "something must give."

• Eimer's organ (apostrophe-s); S1 (primary somatosensory cortex); M1 (primary motor cor-
tex).

• thalamofugal (chick), tectofugal (pigeon), epithalamic/habenular (zebrafish) — the
three lateralization pathways; spell consistently.

Precision-vocabulary discipline (science-course register)
• Distinguish principle (a general law, e.g., wiring economy) from conjecture (an unproven

hypothesis, e.g., Ringo's conduction-delay account) from finding (a measured result, e.g., the
120 ms handling time).

• Distinguish specialization (real hemispheric division of labor) from dominance (the myth
that a person is run by one hemisphere).

• Distinguish the map (somatotopy, a finding) from the homunculus (Cantlie's cartoon, a vi-
sualization).

• Distinguish the brain is expensive (A, universal) from the gut paid for it (B, primate-spe-
cific, contested across mammals).

• Avoid teleology: constraints are selective pressures; optima are outcomes of selection; brains do
not "decide," "choose," or "want." (See Section 6.5.)
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Do-not-spend list (plant/cash hygiene)
• Do NOT spend the star-nosed mole's umwelt/perceptual-world framing — that is L14's pay-

off. Here the mole is a somatotopy/wiring/speed case.

• Do NOT spend the neuron-count correction numbers (Herculano-Houzel's glia ratio, corvid
density, elephant cerebellar 98%) — those are L6/L10/L13. L2 supplies only the qualitative
size-skepticism groundwork.

• Do NOT spend the timing/oscillation material (Buzsáki; theta/gamma; entrainment) — that
is L7. Here, "time" means conduction delay only.

• Do NOT spend the platypus electroreception story — that is L15/L18. Here the platypus bill is
only a body-stamps-cortex catalog entry.

• Do NOT name craniocentrism — that is L3's move, the very next lecture. The closer sets it
up by leaving the convergence pattern open.

• Do NOT state the meta-argument — it stays invisible until L24 (the 1% rule).

End of Research Pack — Lecture 2 · The Shape of Thought. Compiled June 2026. Built under the standing con-
straint that the drafter cannot use a fact not present in this pack; completeness and sourcing are non-nego-
tiable. Claim levels (A/B/C/myth/retro) and plant/cash flags are load-bearing — honor them. Stable names
locked per the Main Character Roster; revise there before introducing any variant.
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LECTURE 3

Convergent Minds
Internal research document · built for fast reference · the voice rules of the Master Style Guide (no headings,
no lists, invisible structure, comedy) govern published lecture prose and do NOT apply here. This file uses
headers and lists freely. No narrator voice, no humor, no editorializing. Facts, mechanisms, experiments,
claim levels, and honest uncertainty markers only.

Compiled June 2026. Claim-level key used throughout: A = replicated across independent labs / consensus /
established mechanism · B = good evidence, single strong study not yet widely replicated, or some conflict · C =
contested, single-lab, or disputed · myth = false · retro = retrospective reinterpretation.

STEP 1 — THE ASSEMBLED LECTURE IDENTITY

Number / Title / Subtitle. Lecture 3 · Convergent Minds. No formal subtitle in Syllabus 3.0; the ros-
ter gloss functions as one: intelligence evolved independently many times on hardware that looks
nothing alike — and this is the methods chapter that names the enemy the whole course exists to
puncture.

Type / arc position. Foundation. Third and last of the three foundations (Lectures 1–3), the load-
-bearing track-laying block before any showcase. Doubles as the course's methods chapter (model
organisms and their biases). Register calibration per the Narrative Architecture: foundation —
clear, grounded, load-bearing. No showcase warmth, no dread-gradient, no rising antagonist.

Consolidates. Original 1E Lectures 14, 15, 28, 29, and 47. (53 sources in the spine; 24 carried from the
first edition — among the heaviest re-synthesis loads in 2E, tied with L2/L4/L12.)

Thesis. Intelligence evolved independently many times on hardware that looks nothing alike —
and the reflex to rank minds by distance from our own skull is the bias, named here, that the whole
course exists to puncture. The hour also makes a second, structural admission: you cannot study
minds without choosing model organisms, and every choice distorts which questions get asked.

Source-scaffolding status (read before trusting the beat order).

• No Course Schema file exists in the project. Per the build instructions, the 12-beat se-
quence below is therefore taken from the Beat plan field of Syllabus 3.0 and is a recommend-
ed draw, not a locked spine. When the Schema locks an order it supersedes this.

• No Storyboard file exists. Per the build instructions, each beat's Intent below is derived
from the relevant slice of the Syllabus 3.0 lecture description plus the Cast / Plants-cashes /
Hype-audit fields — not from a 5-micro-beat storyboard.

• Reconciliation note (the L3 draw over-specifies; resolved below). Syllabus 3.0's Beat
plan for L3 names one universal opener (Moment of Evidence), seven optionals (Anchor Re-
searcher, Methods/Model Organism, Architecture, Convergence Callback, Range Survey, Prin-
ciple, Additional Architecture), the Adversarial Audit, the Fact That Quiets the Room, the Con-
straint, and a Myth Demolition closer. Counted literally that is thirteen slots, and the manda-
tory universal Field Vignette is unlisted. Resolution, holding the lecture to twelve: (a) the
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Field Vignette is reinstated as Beat 9 — it is a universal beat and the Beat Menu's two-scene
floor (Moment of Evidence + Field Vignette) makes it non-optional; (b) the Myth Demolition
is kept as the named closer (Beat 12) because it carries the lecture's entire reason for existing
(naming craniocentrism); (c) the Range Survey ("cortical substitutes across taxa") is folded
into the Architecture beat (Beat 4) and the Convergence Callback (Beat 7) and into Section 5,
since its content fully overlaps theirs. Net: 5 universals + Myth Demolition + 6 of the 7 listed
optionals = 12. Flagged so a future Schema can re-expand Range Survey into its own slot if de-
sired.

• Cross-document discrepancy (flag, not resolved here). The Narrative Architecture states
"The Dependency Edge is already a mandatory beat in every lecture," but Beat Menu v1.0
contains no Dependency-Edge beat code. No such beat is slotted below; the plant/cash
work this lecture must do is captured in Section 3 instead. Resolution deferred to whoever rec-
onciles Beat Menu vs. Narrative Architecture (and any future Course Schema).

Working 12-beat sequence (recommended draw; opener and closer flagged; Skepticism
variant named).

1. The Moment of Evidence / Discovery (universal, OPENER) — the 2005 Jarvis-led avian-
brain nomenclature overhaul (Reiner et al. 2004; Jarvis et al. 2005): the field formally admit-
ting a century-long mis-ranking of birds.

2. The Anchor Researcher (optional, shared) — Erich Jarvis as character (the renaming); Eric
Kandel as the second researcher figure (Aplysia and the molecular biology of learning).

3. The Methods / Model Organism (optional, mechanism-leaning) — the model-organism
roster (C. elegans, Aplysia, Drosophila, zebrafish, lab mouse) and the question-bias each impos-
es.

4. The Architecture (optional, shared; repeatable #1) — cortical substitutes: the avian pallium
(no cortical layers; Stacho 2020 cortex-like canonical circuit), the insect mushroom body and
central complex, the octopus vertical lobe. (Absorbs the folded Range Survey: cortical substi-
tutes across taxa.)

5. Additional Architecture (optional, mechanism-leaning; repeatable #2) — the connectome
as method: C. elegans (White 1986 → Cook 2019 → Witvliet 2021) and Drosophila (Scheffer 2020
hemibrain → FlyWire whole-brain, Dorkenwald/Schlegel 2024).

6. The Fact That Quiets the Room (universal) — 302 fully mapped neurons (the entire C. ele-
gans nervous system).

7. The Convergence Callback (optional, shared) — camera eyes evolved independently
dozens of times (~40+; Salvini-Plawen & Mayr 1977; Land & Nilsson); cognition appears to fol-
low the same logic. (Absorbs the folded Range Survey breadth.)

8. The Principle (optional, shared) — mind as a problem-shape the niche selects for, not an in-
heritance handed down a ladder.

9. The Field Vignette (universal; implicit in the provisional plan, reinstated here) — document-
ed wild behavior anchoring convergent cognition. Candidate vignettes supplied in the dossier
with poaching flags (do not spend a downstream showcase's payoff).

NeuroZoology 2E · Research Packs Lecture 3 · Convergent Minds

110



10. The Constraint (universal) — every model-organism choice buys tractability and pays in
distortion; and the convergence corollary, every cortical substitute is paid for in the niche's
currency.

11. The Skepticism Audit = Adversarial Audit (universal, mechanism track) — the strongest
skeptical reading of the convergence / anti-craniocentric framing (deep homology vs. conver-
gence; the reverse-craniocentrism trap; Clever Hans).

12. The Myth Demolition (optional, shared; CLOSER) — name craniocentrism as the bias, not
a finding; do not replace one ranking with another ("actually crows are smart" still ranks).
Difference, not deficiency — and not superiority either.

Cast (three roster slots, stable names locked).

• Experiment / Researcher — Erich Jarvis and colleagues (2005 nomenclature overhaul;
Reiner et al. 2004 the technical renaming); John White and colleagues (1986 C. elegans con-
nectome, 302 neurons fully mapped); Eric Kandel (Aplysia and the molecular biology of
learning, Nobel 2000).

• Animal — the model organisms, each chosen for tractability and each quietly shaping the
questions asked: Caenorhabditis elegans, Aplysia (A. californica), Drosophila (D.
melanogaster), zebrafish (Danio rerio), the lab mouse (Mus musculus). Plus the conver-
gence exhibits: birds, insects, the octopus.

• Mechanism / Structure — the avian pallium (cortex's work, no cortical layers); the insect
mushroom body and central complex; the octopus vertical lobe — cortical substitutes ev-
erywhere, none of them cortex. Convergence as template (camera eyes evolved indepen-
dently dozens of times). And the named bias, craniocentrism, the reflex to measure every
mind by its distance from our own skull. Planted here; the anti-craniocentric correction runs
quantitatively through L6, L10, L13.

Active Threads (from the Narrative Architecture).

• Thread 2 — Convergence (dominant; this is the lecture that names it). Mind is a prob-
lem-shape, not an inheritance. The cortical substitutes; camera eyes dozens of times; cognition
following the same logic. L3 cashes the convergence thread planted at its headwaters in L1
(Moroz) and names it for the first time.

• Thread 3 — Difference, Not Deficiency (dominant; this is the lecture that names the
enemy). Count, density, organization over raw mass; craniocentrism named as bias. L3 is the
first node of the neuron-count correction chain (L3 → L6 → L10 → L13).

• Thread 6 — The Mechanism Is the Marvel (strong; this is the methods chapter). Mod-
el-organism choice as built-in bias; the hype-audit move is FRAMING (the ladder of intelli-
gence) — the meta-overclaim the whole course corrects. Treat the popular ranking as an arti-
fact with an editorial incentive.

• Thread 1 — The Animal Is Never Free (active, in the Constraint beat). Every model-or-
ganism choice buys tractability and pays in distortion; every cortical substitute is a cost paid
for the niche's problem.

• Thread 4 — Control Without a CEO (latent). The 302-neuron worm and the no-center ar-
chitectures are quietly the same question L4 will open; do not spend L4's distributed-control
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material.

• Thread 5 — The Umwelt (latent). Each model organism's sensory/behavioral world is nar-
row by design; sets up L14.

Plant / cash edges (from Roster recurrence index + Narrative Architecture + Syllabus 3.0).

• CASHES the convergence thread from L1 (Moroz). L1 planted, at the thread's headwaters,
the provocation that neurons may have evolved more than once independently (Leonid Moroz,
ctenophores). L3 reaches back to that, names the thread "convergence," and generalizes it
(cortical substitutes; camera eyes). Reach back without re-introducing Moroz at length.

• PLANTS craniocentrism — the first node of the neuron-count correction. L6 (glia 10:1
dispatched, ~1:1, Herculano-Houzel) → L10 (Olkowicz corvid density) → L13 (elephant 98%
cerebellar, Herculano-Houzel). Do NOT spend the glia number, the Olkowicz counts, or the
elephant figure here — lay down only the principle (size is the wrong currency; density and
organization matter) and the name of the bias.

• PLANTS the cortical-substitute exhibits without spending the showcases. The octopus
vertical lobe is L5's engine — name it as a convergence exhibit, do not portrait the octopus.
The mushroom body / central complex are implicit in L20 (arthropod cognition). The avian
pallium is implicit throughout L10.

• PLANTS the anti-craniocentric stance the whole middle relies on. Every subsequent
showcase assumes the listener has the "don't rank by distance from the human skull" instinct
in hand.

Contrast pair(s). None adjacent (foundations do not pair as showcases do). L3 closes the founda-
tion trio and is structurally the hinge into the alternating middle: L1 said the unit (the neuron) is ex-
pensive; L2 said three costs (wire, time, energy) shape how the units are arranged; L3 says the ar-
rangements were reached independently many times, and names the bias that misread
them. The trio is the toolkit. L3 also rhymes structurally with L24 (NeuroEcology): craniocentrism
is named in the methods chapter (L3) and resolved in the synthesis (L24), where the same FRAM-
ING reflex is turned on AI — the two bracket the course (see Overclaim Register, "the ranking reflex
itself").

Hype-audit move(s) and line to hold (from the Overclaim Register).

• L3 — "The ladder of intelligence." Move: FRAMING (the meta-overclaim the whole
course corrects). Popular claim: intelligence is a single scale with humans at the top and ev-
ery other animal ranked by its distance from us. Documented: the 2005 Jarvis-led nomencla-
ture overhaul was a formal admission the field had mis-ranked birds for a century because
their smart tissue is organized differently; convergence shows mind reached repeatedly on un-
like hardware. Line to hold: name craniocentrism as the bias, not a finding. Do not replace
one ranking with another — "actually crows are smarter than you think" still ranks. Differ-
ence, not deficiency, and not superiority either.

Register calibration. Foundation: calm, grounded, load-bearing, mechanistic. Incredulous preci-
sion is allowed (302 neurons fully mapped; ~1.9 billion pallial neurons in a macaw — but the
macaw count is L10's to spend, not L3's). Warmth is reserved for showcases. Comedy lives in the bu-
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reaucratic-absurd register the Overclaim Register flags — a hundred-year-old naming scheme that
demoted an entire vertebrate class because the tissue was shaped wrong; a committee formally vot-
ing to rename a bird's brain. Humor near-zero is not required (no suffering subject), but the default
is dry, not playful.

Research spine. 53 sources (24 carried from 1E), including both Dataset entries in the course:
Witvliet et al. (2021) (C. elegans developmental connectomes) and Scheffer et al. (2020)
(Drosophila hemibrain). Keystones: Jarvis et al. (2005) + Reiner et al. (2004) (avian nomencla-
ture); White et al. (1986) (C. elegans connectome); Kandel (2001, 2006) (Aplysia). Major post-cat-
alogue supplement surfaced in research and added to the spine: the FlyWire whole-brain
Drosophila connectome (Dorkenwald et al.; Schlegel et al., Nature, Oct 2024) — 139,255 neurons,
~54.5 million synapses — which supersedes the hemibrain as the current state of insect connec-
tomics and must be the figure the drafter reaches for.

SECTION 1 — THE EVIDENTIARY TIMELINE

Two interleaved tracks: (1) the discovery history of convergence, the cortical-substitute story, and the mod-
el-organism / connectome program; (2) the deep-time anchors for when minds were independently invented.
Every entry carries a date or timeframe, the actor, the finding/apparatus, and why it matters operationally
to the lecture's argument. Claim levels tagged. 60+ entries.

Deep-time anchors (when minds, or their parts, were independently invented)
• ~600 mya — first nervous systems (context carried from L1). Nerve nets predate central-

ization. Operational: before there is a "brain" to rank, there is already a nervous system; the
convergence story starts at the origin of neurons themselves. Claim: A (deep-time estimate).

• ~600–550 mya — the neuron's possibly multiple origins (CASHES L1's Moroz plant).
Leonid Moroz's argument from ctenophore (comb jelly) nervous systems: neurons may have
evolved more than once, independently, making "the neuron" itself a convergent solution
rather than a single ancestral invention. Operational: if the unit is convergent, the architec-
tures built from it being convergent is the rule, not the exception. This is the headwater L3
reaches back to and names. Claim: B/C (genuinely contested; held open in L1, referenced —
not re-litigated — here).

• ~540–520 mya — Cambrian; bilaterian body plans and cephalization. Independent lin-
eages concentrate neural tissue at the front end. Operational: the substrates that L3's exhibits
are built on (vertebrate, mollusc, arthropod) diverge here; the last common ancestor of, e.g.,
cephalopods and vertebrates predates this. Claim: A.

• >500 mya — last common ancestor of cephalopods and vertebrates. The shared ances-
tor was a simple bilaterian with at most a light-sensitive patch and a diffuse nervous system
— no camera eye, no centralized "brain." Operational: every similarity between octopus and
vertebrate eyes/brains after this point is independently arrived at. This date is the anchor for
the camera-eye convergence claim. Claim: A.

• ~320 mya — amniote common ancestor (birds/reptiles + mammals). The pallium of
birds and the cortex of mammals derive from this shared ancestral pallial tissue; the organiza-
tion (nuclear vs. layered) diverges afterward. Operational: this is the crux of the deep-homol-
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ogy-vs-convergence tension the Architecture and Adversarial beats must handle honestly —
the cell types may be homologous while the lamination is convergent/independent. Claim: A
(shared embryonic origin); the degree of circuit homology vs. convergence is B/C (active de-
bate: Karten, Dugas-Ford & Ragsdale vs. independent-elaboration camps).

• ~Permian–Cretaceous — independent elaboration of large pallia/cortices in multiple
lineages. Birds and mammals each scale up integrative forebrain tissue separately. Opera-
tional: "big associative forebrain" is itself convergent. Claim: A/B.

Discovery history — the century of mis-ranking (the error the lecture names)
• Late 1800s–early 1900s — Ludwig Edinger and the scala naturae. Edinger, the founder of

comparative neuroanatomy, framed brain evolution as a linear progression toward the mam-
malian (and human) neocortex, and named the avian forebrain as though it were almost en-
tirely hypertrophied basal ganglia (the "paleostriatum/archistriatum/neostriatum" striatal
scheme). Operational: this is the named historical source of craniocentrism — a naming
scheme that encoded the ladder, so that for a century the words themselves told researchers
birds had little more than instinct-driving basal ganglia. Claim: retro (a superseded frame-
work, documented as the error).

• 1969 — Harvey Karten's pathway tracing. Karten showed that avian forebrain "striatal"
regions receive ascending sensory pathways organized like those reaching the mammalian
neocortex — i.e., much of the avian forebrain is functionally pallial, not striatal. Operational:
the first hard anatomical crack in the Edinger scheme; the evidentiary basis the 2004/2005 re-
naming would later formalize. Claim: A.

• 1982 — Euan Macphail's null hypothesis. In Brain and Intelligence in Vertebrates,
Macphail argued there are no demonstrable qualitative differences in intelligence among non-
human vertebrates (and only language separates humans). Operational: the deliberately aus-
tere null the convergence literature has to beat — useful as the steelman skeptic's anchor in
the Adversarial beat. Claim: B (a position, much critiqued; valuable as a discipline against
over-reading).

• July 18–20, 2002 — the Avian Brain Nomenclature Forum, Duke University. ~28 neuro-
scientists convened (NSF/NIH-funded) to repudiate the Edinger-derived terminology. Opera-
tional: the apparatus-as-scene for the opener — a committee literally meeting to vote a verte-
brate class out of a century-old taxonomic demotion. Claim: A (documented event).

• May 31, 2004 — Reiner et al., "Revised nomenclature for avian telencephalon and
some related brainstem nuclei," J. Comp. Neurol. 473(3):377–414. The technical renam-
ing: the avian forebrain is recognized as largely pallium, not striatum; the "-striatum" suffixes
are replaced (e.g., neostriatum → nidopallium, hyperstriatum components →
hyperpallium/mesopallium, archistriatum → arcopallium). A companion forum paper (Reiner
et al. 2004, J. Comp. Neurol. 473:E1–E6) records the process. Operational: the act of renaming
is the evidence that names shape science. Claim: A.

• February 2005 — Jarvis et al., "Avian brains and a new understanding of vertebrate
brain evolution," Nat. Rev. Neurosci. 6(2):151–159. The rationale paper (Avian Brain
Nomenclature Consortium), first author Erich Jarvis, Duke. Argues the old terms "promote
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misunderstanding of the functional organization of avian brains," and that names have "a
powerful influence on the experiments we do." Operational: the keystone opener citation; the
explicit statement that nomenclature was a research-distorting instrument. Claim: A.

• 2002 — Striedter, Principles of Brain Evolution (and 2006 BBS précis). Systematizes the
principles, including critiques of size-centric and scala naturae thinking. Operational: the
textbook frame for "no ladder." Claim: A.

• 2004 — Emery & Clayton, "The mentality of crows: convergent evolution of intelli-
gence in corvids and apes," Science. Names corvid–ape cognitive convergence explicitly.
Operational: the convergence template in its cleanest comparative-cognition statement; the
phrase "convergent evolution of intelligence" enters the mainstream here. Claim: A/B.

• 2005 — Roth & Dicke, "Evolution of the brain and intelligence," Trends Cogn. Sci. Lays
out multiple independent routes to complex cognition and the weak relationship between ab-
solute brain size and intelligence. Operational: the review that says "many roads up." Claim:
A.

Discovery history — the model-organism program (the methods chapter's spine)
• 1963/1965 — Sydney Brenner chooses C. elegans. Brenner picks the nematode explicitly

for tractability: ~1 mm, transparent, self-fertilizing hermaphrodite, ~3-day generation, fixed
cell lineage. Operational: the founding act of model-organism choice — a deliberate bet that a
simple, mappable animal will let you ask molecular and connectomic questions no complex
animal allows. Claim: A.

• 1974 — Brenner, "The genetics of Caenorhabditis elegans," Genetics. The formal launch
paper. Operational: the citable origin of the worm model; the bias it installs (deterministic,
hard-wired nervous system → questions about wiring, not plasticity). Claim: A.

• Mid-1960s–1970s — Eric Kandel chooses Aplysia. Kandel selects the sea hare (Aplysia cali-
fornica) because its nervous system has only ~20,000 neurons, many extremely large (some
cell bodies up to ~1 mm), individually identifiable and re-findable across animals. Opera-
tional: model-organism choice as the enabling condition for the molecular biology of memory;
you can record from the same named neuron in every animal. Claim: A.

• March 27, 1970 — Castellucci, Pinsker, Kupfermann & Kandel, Science 167:1745–1748.
Cellular mechanism of habituation/dishabituation of the gill-withdrawal reflex in an isolated
abdominal ganglion. Operational: the first reduction of a behavioral memory to specific
synapses. Claim: A.

• 1976 — Castellucci & Kandel; serotonin (5-HT) and presynaptic facilitation. Sensitiza-
tion traced to increased transmitter release at the sensory-to-motor synapse, driven by 5-HT
and the cAMP–PKA pathway. Operational: habituation = synaptic depression; sensitization =
presynaptic facilitation; long-term forms require gene expression (CREB) and protein synthe-
sis. Claim: A.

• 1986 — White, Southgate, Thomson & Brenner, "The structure of the nervous system
of the nematode Caenorhabditis elegans," Phil. Trans. R. Soc. B 314:1–340 ("The Mind of
a Worm"). The first complete connectome of any animal: 302 neurons (hermaphrodite), re-
constructed by hand from serial-section electron micrographs; ~5,000 chemical synapses,
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~2,000 neuromuscular junctions, ~600 gap junctions. Operational: the keystone "Fact
That Quiets the Room" source and the founding artifact of connectomics — a nervous system
mapped neuron-by-neuron, by hand, over more than a decade. Caveat to record: it was a
composite (3 adult hermaphrodites, 1 L4 larva, 1 adult male), not one individual. Claim: A
(with the composite caveat).

• 2000 — Eric Kandel awarded the Nobel Prize in Physiology or Medicine (shared with
Arvid Carlsson and Paul Greengard) for the molecular biology of memory storage. Opera-
tional: the institutional ratification of the Aplysia program; the date that anchors Kandel as
the Anchor Researcher's second figure. Claim: A.

• 2001 — Kandel, "The molecular biology of memory storage: a dialogue between genes
and synapses," Science. The synthesis statement. Operational: the citable "what Aplysia
taught us" source. Claim: A.

• 2002 — Sydney Brenner awarded the Nobel Prize (with Robert Horvitz and John Sulston)
for genetic regulation of organ development and programmed cell death in C. elegans. Opera-
tional: ratifies the worm program (separate from the connectome itself). Claim: A.

• 2006 — Kandel, In Search of Memory (Norton). Monograph; documents the choice of mod-
el organism as a scientific decision. Operational: the methods-chapter source on why you
pick the animal you pick. Claim: A (memoir/monograph).

• 2011 — Varshney, Chen, Paniagua, Hall & Chklovskii; curated/updated C. elegans
wiring diagram. Re-analysis and correction of the White et al. network; standard modern ref-
erence graph (279 somatic neurons in the connected network). Operational: the connectome
is a living dataset, repeatedly re-curated. Claim: A.

Discovery history — cortical substitutes and the convergence catalog
• 1994 — Northcutt & Kaas, "The emergence and evolution of mammalian neocortex,"

Trends Neurosci. Frames how the six-layered neocortex appears in evolution. Operational:
baseline for "what the bird/insect/octopus had to substitute for." Claim: A.

• 1994 — Nilsson & Pelger, "A pessimistic estimate of the time required for an eye to
evolve," Proc. R. Soc. B 256:53–58. A quantitative model: a camera eye can evolve from a flat
photoreceptor patch in fewer than ~400,000 generations of small selective steps. Opera-
tional: the eye is easy for selection to reach repeatedly — the mechanistic basis for "dozens of
times." Claim: B (a model/estimate, widely cited).

• 1977 — Salvini-Plawen & Mayr; eyes evolved independently "at least 40" (estimates
range to ~50–65) times across animals. Operational: the headline convergence number
for the Convergence Callback (camera, compound, pinhole, mirror eyes across phyla). Claim:
A/B (the canonical textbook estimate; exact count depends on definition).

• 2003 — Heisenberg, "Mushroom body memoir: from maps to models," Nat. Rev. Neu-
rosci. The insect mushroom body as a learning-and-memory center (Kenyon cells; olfactory
associative learning). Operational: the arthropod cortical substitute for associative memory.
Claim: A.

• 2010 — Tomer, Denes, Tessmar-Raible & Arendt, "Profiling by image registration re-
veals common origin of annelid mushroom bodies and vertebrate pallium," Cell.
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Molecular-fingerprint evidence for deep homology between an invertebrate learning center
and the vertebrate pallium. Operational: the complication — some "convergences" may be
ancient shared ancestry re-expressed. The methods chapter must hold homology and conver-
gence apart. Claim: B (influential, debated).

• 2012 — Hochner, "An embodied view of octopus neurobiology," Curr. Biol. The octopus
vertical lobe as a cortical/hippocampal analogue for learning and memory, evolved entirely
separately from the vertebrate hippocampus; learning distributed across an embodied, ar-
m-heavy nervous system. Operational: the mollusc cortical substitute; PLANT for L5 —
name it, do not portrait the octopus. Claim: A/B.

• 2012 — Land & Nilsson, Animal Eyes (2nd ed., Oxford). The reference on eye optics and
the independent evolution of camera eyes. Operational: the authority for the convergence-
callback specifics (vertebrate inverted retina with a blind spot vs. cephalopod everted retina
with none). Claim: A.

• 2012 — Dugas-Ford, Rowell & Ragsdale, "Cell-type homologies and the origins of the
neocortex," PNAS. Shared molecular cell types across bird, reptile, and mammal pallium. Op-
erational: evidence that the cell types are conserved even where the architecture (layers vs.
nuclei) is not — homology of parts, convergence of arrangement. Claim: A/B.

• 2013 — Strausfeld & Hirth, "Deep homology of arthropod central complex and verte-
brate basal ganglia," Science. The insect central complex (navigation, action selection, spa-
tial orientation) as a deep homolog of vertebrate basal ganglia. Operational: the arthropod
substitate for action selection / navigation; another homology-vs-convergence case. Claim: B.

• 2013 — Manger et al., "The mass of the brain is not all that matters for intelligence,"
Front. Neuroanat. Direct critique of size-centric ranking. Operational: a citable anchor for
the Myth Demolition's "size is the wrong currency." Claim: A (review/position).

• 2015 — Roth, "Convergent evolution of complex brains and high intelligence," Phil.
Trans. R. Soc. B. Independent arrivals at high cognition across mammals, birds, cephalopods.
Operational: the convergence-of-cognition review. Claim: A/B.

• 2015 — Karten, "Vertebrate brains and evolutionary connectomics: on the origins of
the mammalian neocortex," Phil. Trans. R. Soc. B. Argues canonical circuits arise indepen-
dently of lamination — the same wiring logic can be packed into layers (mammals) or nuclei
(birds). Operational: the conceptual bridge that lets the avian pallium "do cortex's work"
without cortex. Claim: A/B.

• 2016 — Güntürkün & Bugnyar, "Cognition without cortex," Trends Cogn. Sci. The syn-
thesis statement that the avian pallium performs cortical-grade cognition with no cortical lay-
ers. Operational: the cleanest one-line citation for the lecture's central architectural claim.
Claim: A.

• June 13, 2016 — Olkowicz et al., "Birds have primate-like numbers of neurons in the
forebrain," PNAS 113(26):7255–7260. Isotropic-fractionator counts across 73 birds: parrots
and songbirds pack ~2× the neurons of same-mass primate brains; raven/kea ~1.2 billion pal-
lial neurons, blue-and-yellow macaw ~1.9 billion. Operational: PLANT — this is L10's pay-
off. Lay down only the principle (density > size); do NOT spend these numbers here.
Claim: A.
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• 2019 — Cook et al., "Whole-animal connectomes of both Caenorhabditis elegans sex-
es," Nature. Adds the male nervous system (~385 cells / 383 neurons) and full whole-animal
wiring including the nervous-system-to-muscle map. Operational: the worm connectome is
now sex-specific and whole-animal; even "the simplest" connectome keeps being completed.
Claim: A.

• September 25, 2020 — the Science avian-cognition package (Vol. 369, Issue 6511). Three
linked items: Stacho et al., "A cortex-like canonical circuit in the avian forebrain" (eabc5534);
Nieder, Wagener & Rinnert, "A neural correlate of sensory consciousness in a corvid bird"; and
a Herculano-Houzel commentary, "Birds do have a brain cortex—and think." Operational:
the modern keystone that the cortical-substitute claim is now circuit-level, not just behavioral.
Claim: A/B.

• 2020 — Stacho et al., Science. 3D polarized-light imaging + tracing of the pigeon and barn-
owl pallium reveals iteratively repeated, column-like circuits crossing layer-like nuclear
boundaries in the hyperpallium (Wulst) and sensory dorsal ventricular ridge (DVR) — a
cortex-like microcircuit packed into a nuclear (non-layered) structure. Operational: the
avian pallium "does cortex's work" because it runs a cortex-like canonical circuit; the DVR has
no direct mammalian counterpart. Claim: B (single major study, strong methods).

• 2020 — Nieder, Wagener & Rinnert, Science. Single-neuron recordings in the carrion crow
nidopallium caudolaterale (NCL) track the bird's reported perception of near-threshold
stimuli — a neural correlate of sensory consciousness in a brain with no cortex. Operational:
the cortical-substitute argument reaches the hardest target (consciousness-adjacent process-
ing) without a cortex; handle with claim hygiene. Claim: B/C.

• 2020 — Güntürkün, Stacho & Ströckens, "The brains of reptiles and birds" (in Evolu-
tionary Neuroscience). Reference synthesis of avian/reptilian pallial organization. Opera-
tional: the comparative-neuroanatomy backbone for the Architecture beat. Claim: A.

• 2021 — Witvliet et al., "Connectomes across development reveal principles of brain
maturation in C. elegans," Nature. Eight connectomes spanning birth to adulthood: connec-
tions are added progressively, neurite length scales with body length while synapse density is
maintained, and "hub" neurons add disproportionately many synapses. Operational: the de-
velopmental connectome — even the 302-neuron worm has a wiring trajectory, not just a
wiring diagram. (One of the course's two Dataset entries.) Claim: A.

• 2020 — Stacho/Nieder + 2022–2023 worm follow-ups (Brittin, Skuhersky, Yim dauer
connectome, Cook variability). C. elegans remains the organism with the most independent
connectomes reconstructed (~10 brain datasets, 2 whole-animal, plus dauer). Operational:
stereotypy is the worm's gift — many individuals, one wiring diagram, which is itself a find-
ing. Claim: A.

• October 2, 2024 — FlyWire: Dorkenwald et al., "Neuronal wiring diagram of an adult
brain," Nature; Schlegel et al., "Whole-brain annotation and multi-connectome cell
typing," Nature. The first complete connectome of an adult animal that can walk and see:
139,255 neurons, ~54.5 million synapses, adult female Drosophila melanogaster; 8,453 an-
notated cell types (4,581 new vs. the hemibrain); ~85% of neurons are intrinsic to the brain.
A nine-paper Nature package; Princeton-led consortium plus citizen-scientist proofreaders.
Operational: the current state of insect connectomics — supersedes the Scheffer 2020 hemi-
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brain (~25,000 neurons, ~20 million synapses, partial). The drafter should cite the whole-
brain figure (139,255) as the headline and the hemibrain as the precursor. Claim: A.

• 2020 — Scheffer et al., "A connectome and analysis of the adult Drosophila central
brain," eLife. The "hemibrain": ~25,000 neurons of the central brain, ~20 million synapses,
dense EM reconstruction. Operational: the catalogued Dataset entry; the precursor the Fly-
Wire whole-brain map completed. Claim: A.

Most recent reporting (where the field stands, June 2026)
• Insect connectomics: the FlyWire adult-fly whole-brain connectome (2024) is the reference;

downstream functional and circuit papers are appearing through 2025–2026. The larval
Drosophila brain connectome (Winding et al., Science, 2023; ~3,016 neurons) is the develop-
mental-stage companion. Claim: A.

• Avian cognition: the Stacho/Nieder circuit-and-consciousness package (2020) plus Nieder's
ongoing NCL number-cognition work define the current "cognition without cortex" consensus;
the homology-vs-convergence question for the amniote pallium remains genuinely open.
Claim: A (cognition); B/C (homology mechanism).

• Mammalian connectomics: the MICrONS cubic-millimeter mouse visual-cortex connectome
(~200,000 cells, ~523 million synapses; consortium, 2025) marks connectomics crossing into
mammalian cortex — context for "the program scales, slowly and at enormous cost." Claim: A
(for existence/scale).

SECTION 2 — THE BEAT-BY-BEAT DOSSIER

The heart of the pack. One sub-section per beat in the working sequence. Fields that do not apply to a beat
are omitted cleanly. Every claim is sourced and claim-level tagged. The drafter cannot use a fact that is not
in this section (or in Sections 1, 3–7 and the appendices).

Beat 1 — The Moment of Evidence / Discovery
Role: opener (universal). Gloss: the experiment or observation that established the claim, staged
through its apparatus; the course's center of gravity — "how we actually know." Intent (derived):
open on the 2005 Jarvis-led avian nomenclature overhaul as the field publicly admitting a century-
long error — not a discovery in a lab, but a committee correcting the words themselves, because the
words had been doing the mis-ranking.

FACTS & MECHANISMS.

• The pre-2004 avian forebrain nomenclature derived from Ludwig Edinger's early-1900s scala
naturae framework, which treated the bird telencephalon as almost entirely "hypertrophied
basal ganglia" (the striatal scheme: paleostriatum, archistriatum, neostriatum, hyperstria-
tum). Claim: retro.

• The 2004/2005 revision recognized that most of the avian telencephalon is pallium (function-
ally cortex-equivalent tissue), not striatum. Renamings: neostriatum → nidopallium; archis-
triatum → arcopallium; parts of the hyperstriatum → hyperpallium and mesopallium; the
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basal-ganglia homolog (true subpallium) retained. Claim: A.

• The forum's stated rationale: the old terms "promote misunderstanding of the functional orga-
nization of avian brains and their evolutionary relationship to mammalian brains," and
"names have a powerful influence on the experiments we do and the way in which we think"
(Jarvis et al. 2005). Claim: A (documented motivation).

• The largest single research community pushing the change was the birdsong field, where the
striatal names had become an active obstacle to functional comparison. Claim: A.

THE EXPERIMENT / APPARATUS-AS-SCENE. The "apparatus" here is a meeting, and that is the
point: the Avian Brain Nomenclature Forum, held at Duke University, July 18–20, 2002,
NSF/NIH-funded, attendance open. ~28 neuroscientists (the planning group numbered 13) spent
three days adjudicating a vertebrate class's brain map. Output: the technical renaming (Reiner et al.
2004, J. Comp. Neurol. 473:377–414), a forum/process paper (Reiner et al. 2004, J. Comp. Neurol.
473:E1–E6), and the rationale paper (Jarvis et al. 2005, Nat. Rev. Neurosci. 6(2):151–159, first author
Erich Jarvis, Duke). The evidentiary backbone the meeting formalized was decades old — Harvey
Karten's 1969 demonstration that avian "striatal" regions receive neocortex-like ascending sensory
pathways. The scene is a discipline voting to undo Edinger.

KEY FIGURES.

• Researcher: Erich Jarvis and colleagues (Avian Brain Nomenclature Consortium), 2005;
Duke University; claim that avian forebrain is largely pallium and that the old nomenclature
distorted research. Claim level: A. Co-anchor Anton Reiner (lead author of the 2004 techni-
cal paper, Univ. of Tennessee).

• Animal: birds as a class (the convergence exhibit on trial) — the songbirds, parrots, and
corvids whose "smart tissue is organized differently."

• Mechanism/structure: the avian pallium — the real lead. The renaming is the moment the
structure was correctly identified as cortex-equivalent.

CONVERGENCE & COMPARATIVE ANCHORS. The renaming is the opening instance of the
lecture's whole argument: the tissue was doing cortical work, but because it was shaped differently
(nuclear, not six-layered) it was mis-ranked for a century. Convergence of function on divergent ar-
chitecture, ratified by committee.

THE FACT THAT QUIETS THE ROOM (candidate). "For roughly a hundred years, the standard
textbook said a bird's forebrain was mostly basal ganglia — an instinct engine with almost no
thinking tissue. In 2002 a committee met for three days and voted that wrong." (Delivered flat.)

HYPE-AUDIT MATERIAL. This beat seeds the FRAMING audit that the closer (Beat 12) lands: the
ladder of intelligence is not a finding, it is a naming convention that encoded a bias. The popular ar-
tifact is "birdbrain" itself as an insult.

CLAIM LEVELS & CONFLICTS. The renaming and its rationale are A. The deeper claim — that the
avian pallium is homologous (vs. merely analogous/convergent) to mammalian cortex at the circuit
level — is B/C and is exactly what later beats (4, 11) keep honest.

QUOTES & TESTIMONY (short, attributed). Jarvis et al. (2005, Nat. Rev. Neurosci.): names have "a
powerful influence on the experiments we do." (Paraphrase elsewhere; keep any direct quotation

NeuroZoology 2E · Research Packs Lecture 3 · Convergent Minds

120



under 15 words.)

NUMBERS THAT MATTER. ~100 years (duration of the mis-ranking); July 18–20, 2002 (the fo-
rum); 2004 (technical renaming); 2005 (rationale paper); ~28 attendees / 13-member planning
group.

Beat 2 — The Anchor Researcher
Role: middle (optional, shared). Gloss: the scientist as character. Intent (derived): two re-
searcher-as-character portraits that personify the methods chapter — Erich Jarvis (the man who
renamed a class's brain) and Eric Kandel (the man who chose a sea slug so he could find memory
in a synapse). Both are stories about how a choice of frame or organism determines what you can
discover.

FACTS & MECHANISMS.

• Erich Jarvis: Duke University neurobiologist; NSF Alan T. Waterman Award recipient; first
author of the 2005 consortium paper; later led songbird genome and vocal-learning work. The
renaming was a deliberate intervention in language as a research instrument. Claim: A.

• Eric Kandel: Columbia; Nobel Prize in Physiology or Medicine, 2000 (with Carlsson and
Greengard); chose Aplysia in the 1960s precisely because its ~20,000 neurons include giant, in-
dividually identifiable cells. Traced learning to specific synapses and then to molecules (5-HT
→ cAMP–PKA → CREB → gene expression for long-term memory). Claim: A.

• The through-line: Jarvis fixed the words; Kandel picked the animal. Both demonstrate Thread
6 — the frame and the model organism shape the science.

THE EXPERIMENT / APPARATUS-AS-SCENE (Kandel's, the more scene-able). Kandel's re-
duced preparation: an isolated Aplysia abdominal ganglion still attached to a flap of siphon skin, mi-
croelectrodes in identified sensory and motor neurons (in simplified preps, ~84% of the gill-with-
drawal reflex runs through a single motor neuron, LDG1). Touch the siphon repeatedly → mo-
tor-neuron response wanes (habituation = presynaptic depression). Pair siphon touch with a tail
shock → response amplifies for minutes to days (sensitization = 5-HT-driven presynaptic facilita-
tion; long-term forms require new protein synthesis). The apparatus lets you watch a memory form
at a named synapse.

KEY FIGURES.

• Researcher: Jarvis (2005, Duke; nomenclature) and Kandel (Nobel 2000, Columbia; Aplysia).
What each wants: a frame/animal simple enough to expose the mechanism. What each fears:
that the chosen simplicity smuggles in distortion (Jarvis — that names pre-decide findings;
Kandel — that a slug's synapse may not generalize to a mammal's, though the core molecules
did).

• Animal: Aplysia californica (Kandel) and birds (Jarvis).

• Mechanism: identified-neuron physiology (Kandel); nomenclature-as-instrument (Jarvis).

THE CONSTRAINT / TRADEOFF. Kandel's choice is the clean tradeoff statement for the methods
chapter: a 20,000-neuron animal with giant identifiable cells buys the ability to record from "the
same neuron" in every animal and pays in everything a sea slug cannot do (no cortex, no complex
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cognition, limited generalizability). Tractability purchased with distortion.

THE FACT THAT QUIETS THE ROOM (candidate). "Kandel found the physical trace of a memory
by choosing an animal with about twenty thousand neurons — and recording from the very same,
individually named cell in every animal he tested."

CLAIM LEVELS & CONFLICTS. Kandel's core findings (habituation = depression, sensitization = fa-
cilitation, CREB in long-term memory) are A. The contested modern echo — Glanzman's 2018 claim
that RNA from trained Aplysia can transfer sensitization to untrained animals — is C and is L8's
territory (the McConnell memory-transfer thread); mention only if needed, flagged.

QUOTES & TESTIMONY. Keep Kandel's framing paraphrased (his memoir In Search of Memory
documents the deliberate model-organism choice). No long quotation.

NUMBERS THAT MATTER. ~20,000 Aplysia neurons; cell bodies up to ~1 mm; ~84% of the reflex
via LDG1 in the simplified prep; Nobel 2000.

Beat 3 — The Methods / Model Organism
Role: middle (optional, mechanism-leaning). Gloss: the model animal and the bias it imposes on
what gets asked. Intent (derived): the explicit methods statement — you cannot study minds
without choosing model organisms, and each of the canonical five was picked for tractability and
quietly shapes which questions the whole field asks.

FACTS & MECHANISMS (the roster and its built-in biases).

• Caenorhabditis elegans (Brenner, 1963/1974): ~1 mm, transparent, ~959 somatic cells in the
adult hermaphrodite (eutely — fixed cell number), 302 neurons, ~3-day generation, fully
mapped lineage. Bias installed: a deterministic, hard-wired nervous system → the field asks
about wiring and development, not plasticity or individual variation. Claim: A.

• Aplysia californica (Kandel): ~20,000 neurons, giant identifiable cells. Bias: simple reflex
circuits → questions about the synapse and the molecule of memory, not cognition. Claim: A.

• Drosophila melanogaster (genetics since Morgan, ~1910; neuroscience model from
mid-20th c.): ~135,000–140,000 brain neurons, vast genetic toolkit (GAL4/UAS, split-GAL4, op-
togenetics), ~75% of human disease genes have fly homologs. Bias: unmatched genetic access
→ questions answerable by switching identified neurons on and off; circuits over ecology.
Claim: A.

• Zebrafish (Danio rerio; George Streisinger, 1970s–80s): transparent embryos and larvae →
whole-brain calcium imaging in a behaving vertebrate. Bias: optical access in a vertebrate →
questions about systems-level activity, biased toward early life stages. Claim: A.

• Lab mouse (Mus musculus): the default mammal; transgenics, Cre-lox, abundant reagents.
Bias: a small, fast-breeding, lab-adapted nocturnal rodent stands in for "the mammal" →
mammalian neuroscience is, to first order, mouse neuroscience, with all the ecological narrow-
ing that implies. Claim: A.

• The general principle (Bolker 2012, "Model organisms: there's more to life than rats and
flies"): model organisms are selected for convenience, then their idiosyncrasies get mistaken
for general biology. Claim: A (review/position).

NeuroZoology 2E · Research Packs Lecture 3 · Convergent Minds

122



THE EXPERIMENT / APPARATUS-AS-SCENE. Not one experiment but the selection event itself —
Brenner in 1963 writing to the MRC that the nematode would be the animal, because you could rear
it on agar plates seeded with E. coli, freeze it, and (eventually) trace every cell. The "apparatus" is
the choice: agar plate, dissecting scope, and a bet that simplicity is mappable. Contrast with Kandel's
parallel bet on the sea slug (Beat 2). The methods chapter's center of gravity is that these bets, made
for tractability, set the agenda of neuroscience for decades.

KEY FIGURES.

• Researcher: Brenner (C. elegans), Kandel (Aplysia), and — as the methodological critic — Jere-
my Bolker (2012) on model-organism bias; Shettleworth (Cognition, Evolution, and Behavior,
2010) on comparative-cognition pitfalls.

• Animal: the five model organisms.

• Mechanism: the sociology of method — how tractability decides the question.

THE CONSTRAINT / TRADEOFF (this beat's core, Thread 1). Every model-organism choice buys
tractability and pays in distortion. The worm's determinism hides plasticity; the fly's genetics privi-
lege circuit-switching over ecology; the mouse's convenience makes "the mammal" mean "a lab ro-
dent." The course's anti-craniocentric argument has to survive the fact that its own evidence base is
shaped by which animals were easy.

CONVERGENCE & COMPARATIVE ANCHORS. Convergence cuts the other way here as a method-
ological warning: because the field studied a handful of tractable animals, the catalog of "how minds
are built" is itself biased toward the easy cases — a built-in craniocentrism-by-convenience the lec-
ture should name.

THE FACT THAT QUIETS THE ROOM (candidate). "Most of what neuroscience calls 'the mam-
malian brain' is a nocturnal rodent the size of your thumb, chosen because it breeds fast and toler-
ates a cage."

HYPE-AUDIT MATERIAL. The model-organism bias is a quiet FRAMING problem upstream of the
ladder: the animals that are easy to study become the lens through which all minds are judged.

CLAIM LEVELS & CONFLICTS. The biases are A (well-documented in the methods literature). No
major conflict; the honest complication is that the model-organism program has been spectacularly
productive despite the bias.

NUMBERS THAT MATTER. 302 (C. elegans neurons); ~959 somatic cells; ~20,000 (Aplysia);
~135,000–140,000 (Drosophila brain neurons); ~75% (human disease genes with fly homologs);
~3-day worm generation.

Beat 4 — The Architecture
Role: middle (optional, shared; repeatable #1; absorbs the folded Range Survey). Gloss: the sub-
strate and key structures doing the work. Intent (derived): trace the cortical substitutes — the
avian pallium, the insect mushroom body and central complex, the octopus vertical lobe — to estab-
lish that the same job (associative learning, integration, action selection) is done by structures that
share no common cortical plan. Breadth across taxa (the folded Range Survey) lives here.

FACTS & MECHANISMS.
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• Avian pallium: performs cortical-grade cognition with no six-layered cortex. The pallium is
organized as nuclei, not laminae; the functional analog of mammalian prefrontal cortex is the
nidopallium caudolaterale (NCL) (Güntürkün 2005); the Wulst (hyperpallium) handles
primary sensory processing. Claim: A (function); B (precise homology).

• Insect mushroom body: paired structures of densely packed intrinsic neurons (Kenyon
cells) that are the seat of olfactory associative learning and memory (Heisenberg 2003); in
Drosophila, ~2,000 Kenyon cells per side. Claim: A.

• Insect central complex: a midline group of neuropils (protocerebral bridge, fan-shaped
body, ellipsoid body, noduli) handling spatial orientation, heading direction, and action selec-
tion; proposed deep homolog of vertebrate basal ganglia (Strausfeld & Hirth 2013). Claim: B.

• Octopus vertical lobe: a learning-and-memory structure built on a fan-out/fan-in circuit
(amacrine interneurons → large efferent neurons) supporting synaptic plasticity (LTP);
evolved entirely separately from the vertebrate hippocampus (Hochner 2012). PLANT for L5
— name as convergence exhibit; do not portrait. Claim: A/B.

MECHANISM-WALKTHROUGH MATERIAL.

• Avian "canonical circuit" (Stacho et al. 2020): using 3D polarized-light imaging and tracing in
pigeon and barn owl, the sensory DVR and hyperpallium show iteratively repeated, colum-
n-like circuits crossing layer-like nuclear boundaries, connected laterally to
associative/motor areas — i.e., a cortex-like canonical microcircuit packed into a nuclear
(non-layered) structure. Mammalian cortex runs its computation in six layers; the bird runs
an equivalent computation in repeated columns within nuclei. Same circuit logic, different
geometric packing. Claim: B (single major study, strong methods).

• Why "no layers" mattered: the mammalian neocortical canonical circuit (input layer 4 → su-
perficial layers 2/3 → output layers 5/6) was thought to require lamination. Karten (2015) ar-
gued canonical circuits arise independently of lamination — the wiring motif can be realized
in layers (mammal) or nuclei (bird). Stacho 2020 is the anatomical confirmation. Claim: A/B.

KEY FIGURES.

• Researcher: Onur Güntürkün (avian pallium, NCL as prefrontal analog; senior author on Sta-
cho 2020); Martin Heisenberg (mushroom body); Nicholas Strausfeld (central
complex/basal-ganglia deep homology); Binyamin Hochner (octopus vertical lobe).

• Animal: birds (pigeon, barn owl, corvids); insects (Drosophila, bees); octopus (named only).

• Mechanism/structure: the four cortical substitutes — the real leads of the beat.

CONVERGENCE & COMPARATIVE ANCHORS (the folded Range Survey). Cortical substitutes
across taxa: vertebrate neocortex (layered) ↔ avian pallium/NCL (nuclear) ↔ insect mushroom
body + central complex (neuropils) ↔ octopus vertical lobe (fan-out/fan-in). Four phyla, four solu-
tions to "where does associative learning and action selection happen," none of them cortex. The
identical-calibration requirement: wherever this rhyme recurs (L5 octopus, L10 birds, L13/L17
von Economo, L20 insects), the narrator grants the substitute its real computational power and
withholds the claim that it is cortex.
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THE CONSTRAINT / TRADEOFF. Each substitute is shaped by its niche's currency — the bird
packs neurons densely because flight prices brain mass; the insect miniaturizes to the physical lim-
its of wiring (Faisal, White & Laughlin 2005 — ion-channel noise sets a floor on how thin axons can
get); the octopus distributes its processor into its arms. Architecture is a budget decision, not an as-
piration.

THE FACT THAT QUIETS THE ROOM (candidate). "Four different animals, on four different body
plans, each evolved a structure that learns and remembers — and not one of them is a cortex."

CLAIM LEVELS & CONFLICTS. Function of these structures: A. Whether the similarities are conver-
gence or deep homology (shared amniote/bilaterian ancestry re-expressed) is B/C — the central
honest tension, addressed head-on in Beat 11. Stacho's canonical-circuit claim is B (one strong
study).

NUMBERS THAT MATTER. ~2,000 Kenyon cells per mushroom-body hemisphere (Drosophila); 6
cortical layers (mammal) vs. 0 in the avian pallium; 2020 (Stacho; Nieder).

Beat 5 — Additional Architecture (the connectome as method)
Role: middle (optional, mechanism-leaning; repeatable #2). Gloss: a second structure traced for
depth — here, the method of total wiring reconstruction. Intent (derived): the connectome as the
methods chapter's most ambitious instrument — map every neuron and every synapse — traced
from the 302-neuron worm to the 140,000-neuron fly, including the course's two Dataset entries
(Witvliet 2021; Scheffer 2020) and the 2024 whole-fly map that supersedes the hemibrain.

FACTS & MECHANISMS.

• A connectome is a complete map of an organism's neural connections — every neuron, every
synapse (chemical and electrical). It is built from serial-section electron microscopy: slice the
brain into nanometer-thin sections, image each, then trace every process across sections and
identify every synapse. Claim: A.

• C. elegans (White et al. 1986): the first complete connectome — 302 neurons, ~5,000 chemi-
cal synapses, ~2,000 neuromuscular junctions, ~600 gap junctions; hand-traced over >10
years; a composite of multiple individuals. Claim: A.

• C. elegans updates: Cook et al. 2019 (both sexes; ~385 cells / 383 neurons in the male, whole-
animal); Witvliet et al. 2021 (eight connectomes across development). Claim: A.

• Drosophila hemibrain (Scheffer et al. 2020, eLife): dense EM reconstruction of ~25,000
neurons of the central brain, ~20 million synapses — partial (one brain hemisphere region).
The catalogued Dataset entry. Claim: A.

• Drosophila whole brain (FlyWire; Dorkenwald et al. + Schlegel et al., Nature, Oct
2024): the first complete adult-brain connectome of an animal that walks and sees — 139,255
neurons, ~54.5 million synapses, adult female; 8,453 cell types (4,581 new beyond the hemi-
brain); ~85% of neurons intrinsic to the brain. Claim: A. This is the current headline fig-
ure; the hemibrain is the precursor.

THE EXPERIMENT / APPARATUS-AS-SCENE (two, separated by 38 years).
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1. White, Southgate, Thomson & Brenner, MRC Laboratory of Molecular Biology, Cambridge,
1970s–1986. The apparatus: a microtome cutting a 1 mm worm into ~8,000 serial sections, a
transmission electron microscope, and human eyes following each neurite by hand across
thousands of micrographs — for more than a decade. The "human error" footnote in the origi-
nal work is itself a finding: tracing long featureless process bundles, a researcher could switch
which neurite they were following. The first connectome was a feat of manual labor.

2. FlyWire Consortium (Princeton-led; Sebastian Seung, Mala Murthy labs), 2018–2024. The appa-
ratus: AI segmentation of an EM volume of a whole fly brain, then crowdsourced proofread-
ing — a community of citizen scientists and experts corrected the machine's tracing; ~18,000
neurons proofread and ~38,000 cell-type labels added by volunteers. Estimated to have re-
quired the equivalent of ~33 scientists working full-time for a year. The contrast with 1986 is
the scene: hand-tracing one worm vs. an AI-plus-crowd pipeline mapping a brain 460× larger.

MECHANISM-WALKTHROUGH MATERIAL (what a connectome does and does not give you).

• Gives: the complete static wiring diagram — who connects to whom, with what sign of junc-
tion. Enables network analysis (the fly connectome shows rich-club organization: ~30% of
neurons are highly interconnected hubs). Claim: A.

• Does not give: the dynamics. A wiring diagram is a circuit schematic with no voltages, no neu-
romodulatory state, no synaptic weights over time. The famous cautionary case: even with the
C. elegans connectome fully known since 1986, the field still cannot fully predict the worm's
behavior from its wiring, because neuromodulators reconfigure the same anatomy into differ-
ent functional circuits. Claim: A (a documented limit — central to the Adversarial beat).

KEY FIGURES.

• Researcher: John White and colleagues (1986, the founding connectome); Daniel Witvliet
et al. (2021, developmental); Louis Scheffer et al. (2020, hemibrain); Sven Dorkenwald /
Philipp Schlegel / Sebastian Seung / Mala Murthy (FlyWire, 2024).

• Animal: C. elegans and Drosophila (the two connectome workhorses).

• Mechanism: total wiring reconstruction as method — and its hard limit (structure ≠ dynam-
ics).

THE CONSTRAINT / TRADEOFF. The connectome buys completeness at the cost of being a snap-
shot: enormous labor for a static map that under-determines function. The worm proves it — 40
years of a complete connectome, still no full behavioral prediction. The methods chapter's honesty
beat: even the most complete map is not the territory.

THE FACT THAT QUIETS THE ROOM (candidate, ties to Beat 6). "We have known every one of
the worm's 302 neurons and every connection between them since 1986 — and we still cannot fully
predict what the worm will do."

CLAIM LEVELS & CONFLICTS. All counts are A. The interpretive limit (connectome under-deter-
mines dynamics) is A and load-bearing for the skeptic's beat. Note the FlyWire figure (139,255) su-
persedes the catalogued hemibrain; the drafter must not present the hemibrain's ~25,000 as the
current whole-brain number.
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NUMBERS THAT MATTER. 302 neurons / ~5,000 chemical synapses / ~2,000 NMJs / ~600 gap
junctions (worm, 1986); ~385 cells (male worm, 2019); 8 developmental connectomes (2021);
~25,000 neurons / ~20M synapses (fly hemibrain, 2020); 139,255 neurons / ~54.5M synapses /
8,453 cell types (whole fly brain, 2024); ~85% intrinsic neurons; ~30% rich-club.

Beat 6 — The Fact That Quiets the Room
Role: middle (universal). Gloss: the staggering number or fact, delivered flat, no commentary. In-
tent (derived, from Syllabus 3.0 explicit assignment): 302 fully mapped neurons — the en-
tire nervous system of an animal, known down to the last cell and the last synapse. Delivered with-
out adjective.

FACTS & MECHANISMS.

• The adult hermaphrodite C. elegans nervous system contains exactly 302 neurons (a fixed,
species-typical number — eutely). Every one is named (e.g., AVA, AIY, RIA); every chemical
synapse, gap junction, and neuromuscular junction is mapped. Claim: A.

• For comparison, delivered flat: the human brain has ~86 billion neurons; the worm has 302.
The worm's nervous system is the only one we have ever known completely. Claim: A.

• The 302 break down into sensory neurons, interneurons, and motor neurons, with the nerve
ring around the pharynx serving as the closest thing the worm has to a brain, and the ventral
nerve cord carrying locomotor motor neurons. Claim: A.

THE EXPERIMENT / APPARATUS-AS-SCENE. See Beat 5 (White et al. 1986). The fact lands hardest
when paired bare with the labor that produced it: a decade of hand-tracing for 302 cells.

KEY FIGURES. Animal: Caenorhabditis elegans (the worm whose entire mind is on a single dia-
gram). Researcher: White et al. 1986. Mechanism: the complete connectome as the only one in exis-
tence.

THE FACT THAT QUIETS THE ROOM (the delivery line). "Three hundred and two. That is every
neuron in the animal. We have the entire wiring diagram — and it is the only complete one we have
ever drawn for anything."

CONVERGENCE & COMPARATIVE ANCHORS. Quiet setup for Thread 4 (control without a CEO, L4)
and Thread 3 (difference not deficiency): 302 neurons run a complete behavioral repertoire — feed-
ing, mating, learning, navigation — which makes "more neurons = more mind" immediately sus-
pect. Do not spend L4's distributed-control argument; let the number sit.

CLAIM LEVELS & CONFLICTS. A. The only nuance: the 302 is the hermaphrodite somatic count;
the male has more (~385 cells). Delivered flat, use 302.

NUMBERS THAT MATTER. 302 (worm neurons); ~86 billion (human, for the flat comparison);
1986 (the map).
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Beat 7 — The Convergence Callback
Role: middle (optional, shared; absorbs folded Range Survey breadth). Gloss: the same solution, dif-
ferent hardware. Intent (derived): camera eyes evolved independently dozens of times; cognition
appears to follow the same logic. The eye is the proof-of-concept for convergence that lets the listen-
er accept convergent minds — and it carries the cleanest "name the hardware difference" anchor in
biology.

FACTS & MECHANISMS.

• Eyes have evolved independently across animals on the order of 40 (estimates ~40–65)
times (Salvini-Plawen & Mayr 1977) — camera eyes, compound eyes, pinhole eyes, mirror
eyes. Claim: A/B (canonical estimate; count is definition-dependent).

• The camera eye specifically arose independently in at least vertebrates, cephalopods
(squid/octopus), and cnidarians (box jellyfish). Claim: A.

• The hardware difference (the anchor): the vertebrate retina is inverted — photorecep-
tors face away from incoming light, and the optic nerve punches through the retina, creating a
blind spot. The cephalopod retina is everted — wired "the right way out," photoreceptors
facing the light, nerve fibers behind, no blind spot. Same optical solution (lens, iris, focusing
camera), opposite wiring. Claim: A.

• Nilsson & Pelger (1994) modeled that a camera eye can evolve from a flat light-sensitive patch
in fewer than ~400,000 generations of incremental selection — i.e., the eye is cheap for evolu-
tion to reach, which is why it keeps being reached. Claim: B (model).

• Cognition appears to follow the same logic: high intelligence has arisen independently in pri-
mates, corvids/parrots, cetaceans, elephants, and cephalopods (Roth 2015; Emery & Clayton
2004). Claim: A/B.

THE EXPERIMENT / APPARATUS-AS-SCENE. The "apparatus" is comparative optics: Land &
Nilsson's Animal Eyes lays the vertebrate and cephalopod camera eyes side by side and shows the
everted/inverted wiring as the diagnostic signature of independent origin. The octopus eye, built
right-side-out, is the standing rebuke to any claim that the vertebrate blind spot is "how eyes have
to be."

KEY FIGURES.

• Researcher: Dan-Eric Nilsson and Michael Land (Animal Eyes); Salvini-Plawen & Mayr
(the count); Nathan Emery & Nicola Clayton (convergent corvid–ape cognition, 2004); Ger-
hard Roth (convergent high intelligence, 2015).

• Animal: the convergence exhibits — octopus/squid eyes vs. vertebrate eyes; box jellyfish
(cnidarian camera eyes).

• Mechanism: convergence as template — the niche selecting the same functional solution on
unlike hardware.

CONVERGENCE & COMPARATIVE ANCHORS. The eye is the bridge: if a camera eye can be built
dozens of times on different tissue, a thinking organ can be too. This beat licenses the architectural
claims of Beat 4. The identical-calibration note: convergence is granted as functional convergence,
with the deep-homology complication (shared Pax6/retinal-determination toolkit) named honestly
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(Beat 11) rather than buried.

THE FACT THAT QUIETS THE ROOM (candidate). "The octopus eye has no blind spot. Ours does.
Same camera, wired backwards in us — two independent inventions of the same machine."

HYPE-AUDIT MATERIAL. Sets up the closer: if convergence is the rule, then ranking minds by
their resemblance to ours is exactly backwards — resemblance is not rank, it is one solution among
many.

CLAIM LEVELS & CONFLICTS. Independent camera-eye origins: A. The "~40 times" total-eye fig-
ure: A/B (canonical but definition-dependent). The convergence-of-cognition extension: A/B
(strong but inferential). The Pax6/deep-homology complication: A (the gene toolkit is shared) —
meaning camera-eye evolution is "convergence built atop deep homology," not pure independent in-
vention from scratch (Beat 11).

NUMBERS THAT MATTER. ~40 (independent eye origins); >500 mya (cephalopod–vertebrate
split); <400,000 generations (Nilsson & Pelger eye-evolution estimate); 0 cephalopod blind spots vs.
1 vertebrate blind spot per eye.

Beat 8 — The Principle
Role: middle (optional, shared). Gloss: the engineering law / organizing principle. Intent (de-
rived): state the lecture's organizing principle plainly — mind is a problem-shape the niche selects
for, not an inheritance handed down a ladder. The brain is the interface between an organism and
its world; similar problems select similar solutions on whatever hardware is available.

FACTS & MECHANISMS.

• The principle: cognition is a solution to an ecological problem, and because different lineages
face structurally similar problems (find food, avoid predators, navigate, remember, manipu-
late objects, model conspecifics), they converge on structurally similar solutions — on whatev-
er neural hardware their body plan provides. Claim: A/B (the synthesizing thesis of Roth
2015; Roth & Dicke 2005; Emery & Clayton 2004).

• Corollary 1 — neural reuse (Anderson 2010): brains repurpose existing circuits for new func-
tions, so the same parts get recruited convergently for analogous jobs across lineages. Claim:
B.

• Corollary 2 — shared design constraints (Sterling, Principles of Neural Design; Krubitzer
2009): the same physical constraints (wire, time, energy — L2's three antagonists) push un-
like brains toward similar organizational principles, producing convergence not by coinci-
dence but by shared physics. Claim: A/B.

• Corollary 3 — small brains, large repertoires (Chittka & Niven 2009): you do not need
many neurons for sophisticated behavior; miniature brains run rich cognition (bees: concept
learning, Avarguès-Weber et al. 2012). Claim: A. (PLANT for L20 — name the principle; do
not spend the bee cognition showcase.)

THE EXPERIMENT / APPARATUS-AS-SCENE. The principle is supported, not by one experiment,
but by the pattern across the lecture's evidence: the camera eye (Beat 7), the four cortical substi-
tutes (Beat 4), the corvid–ape cognitive convergence (Emery & Clayton 2004). If a scene is wanted,
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the cleanest is the side-by-side of a corvid solving a problem a chimp solves — two lineages ~300
million years apart reaching the same cognitive solution.

KEY FIGURES.

• Researcher: Gerhard Roth (convergent complex brains); Michael Anderson (neural reuse);
Leah Krubitzer (constraints producing convergence); Lars Chittka & Jeremy Niven (small
brains, large repertoires).

• Animal: the full convergence catalog (birds, insects, cephalopods, primates).

• Mechanism: mind-as-problem-shape; the niche as the selector.

THE CONSTRAINT / TRADEOFF. The principle is the positive statement of Thread 1's constraint
logic: the niche poses a problem under a budget (wire/time/energy), and the solution is whatever
fits the budget. Convergence is what the constraint produces — similar bills, similar solutions.

CONVERGENCE & COMPARATIVE ANCHORS. This beat is the explicit articulation of Thread 2. It
also quietly states the meta-argument (held for L24): the brain is the interface between an organism
and its world, the dialects diverge with the niche. Do not state the meta-argument outright —
that is L24's 1% reveal. State only the local principle.

THE FACT THAT QUIETS THE ROOM (candidate). "A crow and a chimpanzee, three hundred mil-
lion years apart, solve the same puzzle the same way — not because one inherited it from the other,
but because the puzzle has a shape."

CLAIM LEVELS & CONFLICTS. The principle is a well-supported synthesis (A/B); its strongest cri-
tique is the adaptationist/Panglossian risk (Beat 11) — not every similarity is a niche-selected solu-
tion; some are shared ancestry or chance. The principle must be stated as a tendency, not a law.

NUMBERS THAT MATTER. ~300 million years (corvid–primate divergence); <1 million neurons
(insect brains running rich cognition — folded breadth, L20's to spend in detail).

Beat 9 — The Field Vignette
Role: middle (universal; reinstated per the reconciliation note). Gloss: natural behavior in the wild,
tactile and exact; mandatory floor of one. Intent (derived): a documented wild behavior that em-
bodies convergent cognition on alien hardware, anchoring the abstract convergence argument in
one tactile field scene — chosen so it does not spend a downstream showcase's payoff.

THE POACHING PROBLEM (read first). L3's headline convergence exhibits (octopus, corvids,
bees, jumping spiders) are each owned downstream: octopus → L5; corvids → L10; bees → L19/L20;
jumping spider → arthropod showcase. A field vignette built on any of them risks spending a later
payoff. The drafter needs a wild scene that demonstrates convergence as a phenomenon while leav-
ing the showcase animals' signature behaviors untouched. Candidates below, ranked by safety; sup-
ply documented behavior only, no invented color.

CANDIDATE VIGNETTES (documented; with flags).

1. (Safest) The box jellyfish with camera eyes, hunting in a mangrove channel.
Tripedalia cystophora / Carukia and the cubozoan Tripedalia: cnidarians with 24 eyes in four
sensory clubs (rhopalia), including two true lens (camera-type) eyes per club that form images
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— in an animal with no brain, only a ring of nerves. They navigate by the mangrove canopy
above the water to stay near prey-rich edges (Nilsson et al. 2005, Nature). Why safest: camera
eyes + no brain is pure L3 convergence material, owned by no later showcase; ties directly to
Beat 7. Flag: confirm no detailed re-use is reserved for L14 (sensory worlds) — used here as a
convergence scene, not a full umwelt portrait. Claim: A.

2. (Safe) A model organism in its actual wild niche — C. elegans in rotting fruit. The lab
worm is a soil/compost nematode that in the wild lives in decaying plant matter, navigating
bacterial-food gradients by chemotaxis and entering the stress-resistant dauer larval state
when crowded or starved. Why safe: grounds the methods chapter's central animal in a real
niche (the "tractable" worm is a real animal with a real life), reinforcing the model-organism
bias theme. Flag: less charismatic; works as a quiet, precise scene, not a dramatic one. Claim:
A.

3. (Use with caution) A New Caledonian crow fashioning a tool in the wild. Documented
wild hook-tool and stepped-pandanus-tool manufacture. Flag: this is L10's payoff — do NOT
use as the vignette. Listed only to be explicitly excluded.

4. (Use with caution) A wild octopus on the open seafloor. Flag: L5's payoff (Finn's co-
conut-carrying veined octopus). Do NOT use. Listed to be excluded.

RECOMMENDATION. Open the vignette on the box jellyfish (candidate 1): a brainless cnidarian
steering by image-forming camera eyes through a mangrove channel. It is the field embodiment of
Beat 7's convergence claim (camera eyes, dozens of times) and Beat 6's "you do not need much ner-
vous system" — and it belongs to no later lecture.

FACTS & MECHANISMS (box jellyfish, for the recommended vignette).

• Cubozoans (box jellyfish) have four rhopalia, each bearing six eyes of four morphological
types → 24 eyes total; two of the six per rhopalium are true lens (camera-type) eyes (an
upper and a lower lens eye). Claim: A.

• They have no central brain — a distributed nerve ring and rhopalial neural concentrations
coordinate behavior. Claim: A.

• Tripedalia cystophora uses its upper lens eyes to look up through the water surface at the
mangrove canopy, using the terrestrial visual scene to stay within the prey-rich light shafts at
the mangrove edge (Garm, Nilsson, et al.). Claim: A/B.

KEY FIGURES. Animal: the box jellyfish (cubozoan, e.g., Tripedalia cystophora). Researcher: Dan-Er-
ic Nilsson and Anders Garm (cubozoan vision). Mechanism: image-forming camera eyes feeding a
brainless distributed nervous system.

UMWELT / FIELD-VIGNETTE MATERIAL. Tactile specifics available: warm
Caribbean/Indo-Pacific mangrove lagoons; the animal hangs in light shafts; the upper lens eye is
permanently oriented skyward by a heavy crystal (statolith) that keeps the rhopalium gravitation-
ally aligned regardless of body orientation. Documented; supply no invented color.

CLAIM LEVELS & CONFLICTS. Eye count and camera-eye status: A. Canopy-navigation function:
A/B (well-supported, specific behavioral study).
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NUMBERS THAT MATTER. 24 eyes; 4 rhopalia × 6 eyes; 2 camera-type lens eyes per rhopalium; 0
central brains.

Beat 10 — The Constraint
Role: middle (universal). Gloss: the cost the trick is paid for. Intent (derived): the methods
chapter's two-part bill — (1) every model-organism choice buys tractability and pays in distortion
(Thread 1 applied to method); (2) every cortical substitute is a cost paid in the niche's currency
(Thread 1 applied to architecture).

FACTS & MECHANISMS.

• Method's bill: the worm's determinism hides plasticity; the fly's genetics privilege cir-
cuit-switching over ecology; the mouse's convenience makes "the mammal" a lab rodent;
Aplysia's simplicity may not generalize. The catalog of "how minds work" is biased toward the
tractable. Claim: A.

• Architecture's bill: the avian pallium packs neurons at high density because flight prices brain
mass — a bird cannot afford a heavy head, so it miniaturizes and densifies (sets up L10's den-
sity argument; do not spend Olkowicz's numbers). Claim: A (principle); the specific counts
are L10's.

• Physical floor: Faisal, White & Laughlin (2005) — ion-channel noise places limits on the
miniaturization of the brain's wiring. Below ~0.1 µm axon diameter, random channel
openings produce spontaneous spikes that corrupt signaling, setting a hard floor on how small
neural wiring can get. Insect brains operate near this physical limit. Claim: A. This is why con-
vergent miniaturization keeps hitting the same wall — shared physics, convergent solution.

• Connectome's bill (from Beat 5): completeness costs enormous labor for a static snapshot that
under-determines dynamics. Claim: A.

THE EXPERIMENT / APPARATUS-AS-SCENE. Faisal et al. 2005 is the scene-able one: a biophysical
model of an axon shrinking until thermal/stochastic channel noise makes reliable spike propaga-
tion impossible — the calculation that tells you the smallest a neural wire can be, and therefore the
smallest a brain can be while still working. The constraint is not biological taste; it is physics.

KEY FIGURES. Researcher: A. Aldo Faisal, John White & Simon Laughlin (2005, the miniaturiza-
tion limit); Jeremy Bolker (model-organism bias). Animal: the model organisms (method's bill);
the bird and the insect (architecture's bill). Mechanism: tractability-vs-distortion; wiring-economy
and noise floors.

THE CONSTRAINT / TRADEOFF (the beat's core). Two clean tradeoffs: (1) tractability ⇄ distor-
tion (the more mappable the animal, the less it resembles the complex minds we want to explain);
(2) density ⇄ size under a mass budget (flight and miniaturization force high neuron density,
the very fact that breaks the size-ranking reflex). Both are Thread 1.

THE FACT THAT QUIETS THE ROOM (candidate). "There is a physical limit to how thin a neural
wire can be — past about a tenth of a micron, random noise in the ion channels makes the signal
unreliable. Insect brains run right up against it."
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CLAIM LEVELS & CONFLICTS. Method's bias: A. Miniaturization floor: A (biophysics). Density-un-
der-flight: A as principle; the corvid/parrot numbers are A but reserved for L10.

NUMBERS THAT MATTER. ~0.1 µm (approximate axon-diameter noise floor); wire/time/energy
(L2's three constraints, carried as context).

Beat 11 — The Skepticism Audit = Adversarial Audit (mechanism track)
Role: middle (universal; mechanism-track variant). Gloss: steelman the strongest skeptical read-
ing. Intent (derived): the methods chapter must audit its own central claim. The strongest case
against "convergent minds / anti-craniocentrism" is not the ladder — it is that some of the lecture's
"convergences" are actually deep homology (shared ancestry re-expressed), and that the an-
ti-craniocentric stance risks its own errors (reverse-craniocentrism, romanticizing difference,
Clever Hans).

THE STEELMAN (each argument given its strongest form).

1. Convergence vs. deep homology — the central confound. Some apparent convergences
share an ancient genetic/developmental toolkit. The camera eye: vertebrates and cephalopods
both deploy Pax6 and the retinal-determination gene network — so the eye is "convergence
built on deep homology," not invention from scratch (Tomer et al. 2010 found annelid mush-
room bodies and vertebrate pallium share a molecular fingerprint; Dugas-Ford et al. 2012
found shared pallial cell types across bird/reptile/mammal; Strausfeld & Hirth 2013 argued
central-complex/basal-ganglia deep homology). A rigorous skeptic says: you cannot call it in-
dependent invention when the lineages are running the same ancient program. Claim: B/C
(genuinely unresolved; camps disagree on where homology ends and convergence begins).

2. The amniote-pallium case specifically. Stacho 2020's cortex-like canonical circuit may re-
flect a shared ancestral microcircuit (from the ~320 mya amniote ancestor), not indepen-
dent reinvention — which would make bird and mammal "smart tissue" partly homologous,
complicating the clean convergence story. The honest position: cell types likely homologous;
lamination vs. nuclear packing likely independent. Claim: B.

• What would settle it: developmental gene-expression maps and ancestral-state reconstruc-
tion across more taxa; the field is actively pursuing this.

3. Reverse-craniocentrism / replacing one ranking with another. The anti-craniocentric
move can smuggle in a new ranking: "actually crows/octopuses are smarter than you think"
still ranks minds against a human yardstick. The genuinely neutral position (difference, not
deficiency, and not superiority) is harder to hold than it sounds and the course must police it-
self. Claim: position.

4. Romanticizing difference. Treating every animal's mind as equally "rich" can flatten real
differences in capacity that the evidence supports. Macphail's (1982) austere null — no
demonstrable qualitative differences among non-human vertebrates — is a useful corrective
in both directions: do not over-rank, but do not pretend all differences vanish. Claim: B.

5. Anthropomorphism / Clever Hans risk in the convergence-of-cognition claims.
Corvid–ape "convergent intelligence" rests partly on cognitive tests vulnerable to inadvertent
cuing and over-rich interpretation (Clever Hans: the horse that "counted" by reading its
trainer's posture). Shettleworth (2010) and de Waal (2016) both insist on controls; the strong-
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