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Instructor Narrative Structured Outline / Causal Chain 

The move: Open the chapter by comparing the speed and the specificity 
of neural and endocrine control acting on the same target organ. Both 
systems deliver a chemical messenger to a receptor, so the difference 
lies entirely in the delivery route, and that route sets both how fast the 
message arrives and how narrowly it is addressed. 

Both control systems send a chemical messenger; the 
difference is how that signal gets delivered 

Start with what endocrine and neural control share, because students 
assume they are opposites. Both systems are extrinsic controls, and both 
depend on a chemical binding to a receptor. The endocrine cell secretes 
its hormone into the blood, so the message goes everywhere, and only 
the cells carrying the matching receptor respond. That solves specificity 
through the receptor, but it’s comparatively slow. The hormone has to 
diffuse into the blood, ride the circulation, and diffuse back out across 
capillaries at the target, so the action takes minutes to hours and tends to 
linger. When a response can be broad and unhurried, as with growth or 
metabolism, that system is fine. The neuron solves the same two 
problems with different hardware. It runs a long fiber almost all the way to 
its target and releases chemical transmitter across a gap of about 20 nm, 
so the diffusion step is trivial and fast. It is also easy to shut off, because 
clearing transmitter from a tiny cleft occurs rapidly. Specificity here is 
solved by the wiring, since the line goes to one place and nowhere else. 
That is why neural control is required whenever the response must be 
fast, brief, and aimed. You would not want to rely on a hormone to get 
your hand off a hot stove. You would smell the burn before the regulating 
message arrived. 

Every pathway is either carrying information in or carrying 
a command out 

Once speed and specificity are settled, the organization chart follows 
directly. The central nervous system, the brain and spinal cord, is the 
integration and processing core. The peripheral nervous system carries 
traffic in both directions. Afferent pathways bring information in and split 
into the special, somatic, and visceral senses. A is for access. Efferent 

Same Job, Two Designs 

Endocrine vs neural delivery 

Both systems: a chemical messenger binds a receptor. 
Endocrine branch: secreted into blood → carried body-
wide, only cells with the receptor respond, slow. Neural 
branch: released across a 20 nm cleft → acts only on the 
wired target, fast 

Why Keep Both 

• Endocrine control prevails when the target is 
widespread and the timing is loose (growth, 
metabolism). 

• Neural is more effective when the response must be 
fast, brief, and aimed (pulling off a hot stove). 

The Organization Chart 

Causal Chain: Homeostasis, built from cells 

Sensors detect → CNS integrates and decides → 
effectors respond → result feeds back as new input 

• CNS = integration and processing. PNS = the lines in 
and out. 

• Afferent in: special, somatic, visceral. Efferent out: 
somatic motor and autonomic (sympathetic, 
parasympathetic). 

Key Distinction: Extrinsic vs. Intrinsic Control 

• Extrinsic control (neural and endocrine) acts on a 
tissue from outside it. 

• Intrinsic or local auto-regulation acts from within the 
tissue, with no nerve or hormone needed. 

Common Errors 

• Error: Treating the nervous system as electrical end-
to-end. The signal within a neuron is electrical, but the 
relays between cells are usually chemical. 



pathways send commands out and split into somatic motor, which 
controls skeletal muscle only, and visceral motor, the autonomic nervous 
system, which divides again into sympathetic and parasympathetic. 
These branches control targets other than skeletal muscle. E is for exit. 
Frame this whole layout as the homeostatic loop you already taught, now 
built from the cellular level. Sensors detect, the CNS integrates and 
decides, effectors respond, and the result feeds back. Nothing in the rest 
of the chapter sits outside this loop, so it is worth making the framework 
explicit now, and to flag that the autonomic branch later runs as a 
continuous push and pull rather than simple on and off. 

• Error: Guessing which peripheral nervous system 
division is sensory. A is for afferent and access in; E is 
for efferent and exit out. 

• Error: Thinking a broadcast hormone must be 
imprecise in its effects. Specificity comes from which 
cells carry the receptor, not from how widely the signal 
travels. 

Prediction Prompt 

• Predict: A drug speeds the clearance of a hormone 
from blood but cannot touch synaptic transmitter. 
Predict which control system loses its ability to switch 
off quickly, and explain why the other is unaffected. 

• Predict: A messenger must act on millions of cells 
body-wide but the timing is not urgent. Predict which 
control system fits the job, and tie the answer to its 
delivery method. 

 

Section 2: The Neuron as a Four-Job Device — Detector, Integrator, Transmitter, Coder 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Before bringing up any biophysics, get students to commit to 
one sentence: a neuron detects, integrates, transmits, and codes. Pin 
each job to a structural region so every mechanism that follows can be 
assigned to a region. 

A neuron is a detector, an integrator, a transmitter, and a 
coder, not a wire 

Lay the four jobs down as roles of the various neuron regions. Dendrites 
and the soma detect and collect input. The axon hillock and the axon 
initial segment integrate that input into a yes or no. The axon transmits 
the answer without letting it fade. The terminal branches distribute the 
signal to the next cell. Coding is what the output means physiologically, 

Four Jobs, Four Regions 

Causal Chain: Input to output across the cell 

Dendrites and soma detect and collect → axon hillock 
and AIS integrate to a yes or no → axon transmits without 
fading → terminals distribute to the next cell 

• Detect and collect: dendrites and soma, branched to 
multiply input surface area. 

• Integrate and decide: axon hillock and axon initial 
segment, the first voltage-gated zone. 



and it’s carried in the pattern of firing. This is the thread that ties the 
whole chapter together. Each neuron region has a very specific 
responsibility and contributes in a unique way to overall message coding. 
Dendrites multiply the surface area for incoming signals, the soma and its 
axon hillock gather them, the axon carries a non-diminishing signal that 
may travel more than a meter, and the terminal branches release 
transmitter across the synapse. Keep returning to the four jobs as each 
mechanism comes up, so students always know which problem a given 
process is solving. 

Function follows where the membrane channels are and 
what they do, not what the cell looks like 

Neurons vary widely in shape, yet the same regions appear repeatedly 
because each site expresses a different mix of membrane proteins. 
Dendrites and soma carry chemically- and mechanically-gated channels 
for input. The axon initial segment is the first region with voltage-gated 
channels, so it’s what occurs here that determines whether or not the 
neuron will fire. Make sure students understand that neuron shape varies 
around a shared functional plan and is not what determines function. Use 
cell variety to prove this point. Multipolar neurons dominate the CNS and 
the motor system, bipolar neurons sit in the retina, pseudounipolar 
neurons carry sensation with the soma displaced to one side, and some 
tiny CNS interneurons have no axon at all. Missing an axon does not 
mean a neuron cannot do all four jobs. It only removes the need for a 
long relay that refuses to fade, because in a small cell the signal can 
spread passively (electrotonically) from input to output. 

• Transmit: the axon, conveying a non-diminishing 
signal, sometimes over a meter. 

• Distribute: axon terminals releasing transmitter across 
the synapse. 

Variety, Same Logic 

• Multipolar (CNS, motor), bipolar (retina), 
pseudounipolar (sensory), anaxonic (no axon). 

• The four jobs can still be done even in neurons lacking 
an axon; passive spread covers the short distance. 

Key Distinction: Axon Hillock vs. Axon Initial Segment 

• Axon hillock: the anatomical taper budding off the 
soma. 

• Axon initial segment: the functional trigger zone where 
threshold is either achieved or not. 

Common Errors 

• Error: Believing a neuron’s shape defines its function. 
Differential channel expression by region defines it. 

• Error: Assuming dendrites are always input and the 
axon always output. In pseudounipolar sensory 
neurons the layout is rearranged while the jobs stay 
the same. 

• Error: Assuming every neuron needs a long axon. 
Anaxonic interneurons skip the dedicated transmission 
job because passive spread covers the short distance. 

Prediction Prompt 

• Predict: A tiny interneuron has no axon yet still 
controls its target. Predict how its signal reaches the 
output region and explain why full-blown impulse 
conduction isn’t always necessary. 

• Predict: A neuron’s dendritic tree doubles its 
branching. Predict the effect on how much input it can 
collect and on where the firing decision is still made. 

 



Section 3: Glial Cells — The Support Network That Makes Signaling Possible 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Pair each glial type with the specific requirement of neuronal 
signaling that it meets: astrocytes buffer extracellular K+ and clear spent 
transmitter, oligodendrocytes and Schwann cells supply the myelin that 
raises membrane resistance, microglia remove debris, and ependymal 
cells produce cerebrospinal fluid. Presented this way the list reads as a 
set of jobs rather than names to memorize. 

Neurons cannot signal without a maintained environment 

Glia are roughly as numerous as neurons and do the upkeep that makes 
signaling possible. In the central nervous system, astrocytes lend 
structural rigidity, regulate the blood-brain barrier, clear spent transmitter, 
and buffer extracellular potassium so resting conditions hold steady. 
Maintaining a normal ECF K+ is extremely important. Every action 
potential releases K+ into the cramped extracellular space, and if these 
ions were to pile up there, the local EK would drift in a positive direction 
and the resting Vm of neighboring neurons would drift toward threshold. 
Astrocytes take up some of this K+ and help keep the resting baseline 
stable. Oligodendrocytes wrap many axons in myelin which plays a key 
role in fast impulse conduction. Microglia are the immune and janitorial 
cells, crawling through the tissue to remove debris and fight infection. 
Ependymal cells line the ventricles and canals and produce the 
cerebrospinal fluid that circulates, cushions, and helps distribute solutes 
through the brain. In the peripheral nervous system, satellite cells play a 
supporting role around sensory ganglia. Each glial function meets a 
specific requirement, so these cells warrant more attention than a list of 
terms to memorize. Teaching them as functionally significant also 
previews why a disease that hits a given glial type produces such specific 
failures. 

Myelin is electrical insulation, not thermal insulation 

Schwann cells make myelin in the PNS, and the geometry differs from the 
myelin formation in the CNS. In the periphery one Schwann cell wraps a 

CNS Glia, By Problem Solved 

• Astrocytes: structure, blood-brain barrier, transmitter 
clearance, K+ buffering. 

• Oligodendrocytes: myelinate segments of multiple 
CNS axons from one cell body. 

• Microglia: immune defense and debris cleanup. 

• Ependymal: produce and circulate cerebrospinal fluid. 

PNS Glia 

• Schwann cells myelinate one internode of one axon 
each; satellite cells support sensory ganglia. 

• Nodes of Ranvier are the bare gaps left between 
successive wraps. 

Why Myelin Matters Electrically 

Derivation Chain: Wrap to speed 

Myelin wraps the axon → membrane resistance Rm rises 
→ less current leaks out across the wrapped membrane 
→ a local voltage change spreads farther before it decays 
→ the spike must be regenerated at fewer points per unit 
length. Each regeneration costs time, so fewer 
regenerations per unit length means less delay per unit 
length … that is, faster conduction. 

Key Distinction: Oligodendrocyte vs. Schwann Cell 

• Oligodendrocyte: one cell myelinates internodes on 
several CNS axons. 

• Schwann cell: one cell myelinates one internode of 
one PNS axon. 

• Same product, myelin, built with opposite geometry. 

Common Errors 



single internode of one axon, while in the brain or spinal cord one 
oligodendrocyte services segments of several axons at once. Either way 
the myelin wrap serves as electrical insulation. It raises membrane 
resistance, which is the property the propagation section will cash in for 
speed, and it leaves bare gaps, the nodes of Ranvier, between 
successive wraps. Establish that point here, so that myelin can later be 
treated within cable theory as a determinant of conduction velocity. The 
notion that myelin insulation is thermal and keeps the axon warm is a 
misconception to head off now, because students who subscribe to it 
won’t properly connect myelin to conduction velocity. 

• Error: Thinking of myelin as thermal insulation. It is 
electrical insulation that speeds conduction. 

• Error: Believing one Schwann cell myelinates a whole 
axon. Each Schwann cell handles just one internode; 
on the other hand, a single oligodendrocyte handles 
segments of several axons. 

• Error: Lumping glia as nothing more than passive 
packing. Each type solves a specific neuronal 
problem, and astrocytes alone run barrier, transmitter 
clearance, and K+ buffering roles. 

Prediction Prompt 

• Predict: An autoimmune attack strips oligodendrocyte 
myelin in the CNS. Predict the effect on conduction 
speed and on the reliability of node-to-node 
regeneration, and connect both to membrane 
resistance. 

• Predict: Astrocyte K+ buffering fails in a patch of 
cortex. Predict what happens to extracellular K+, to the 
resting Vm of nearby neurons, and to their excitability. 

 

Section 4: Resting Membrane Potential — Building the Battery 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Build the resting membrane voltage one contributor at a time, 
asking at each step how much of the voltage that contributor accounts for, 
so that the K+ leak is identified as the source of more than ninety percent 
of it. Then define the equilibrium potential for an ion as the membrane 
voltage at which the concentration and electrical forces on that ion cancel, 
so EK and ENa become quantities to reason from rather than numbers to 
memorize. 

Who Sets What? 

• Na/K pump: builds the Na+ and K+ gradients; small 
direct voltage (electrogenic). 

• K+ leak: builds 90%+ of resting Vm by letting K+ exit 
toward EK. 

• Cytoplasmic anions: trapped, net negative, small direct 
contribution. 



The pump builds the gradients; the potassium leak builds 
the voltage 

Add charge sources to a blank cell in sequence and keep asking how 
much voltage each one actually makes. The trapped cytoplasmic proteins 
are net negative, but they contribute only a small fraction of the existing 
potential difference. The sodium potassium pump moves three Na+ out for 
every two K+ in, so it is electrogenic, yet that imbalance also makes only a 
small direct contribution to the overall voltage. The pump’s principal 
contribution is building the concentration gradients, high Na+ outside and 
high K+ inside, that drive voltage-generating ion diffusion. The decisive 
contributor is the potassium leak channel. Because the resting membrane 
is far more permeable to K+ than Na+, potassium steadily exits down its 
gradient, piling cations on the outside and leaving impermeant anions 
stranded inside. That thin separation of charge right at the membrane 
produces over ninety percent of the resting Vm. The key concept here is 
that the pump sets up the gradients while K+ leak develops the voltage. 

An equilibrium potential is the one voltage at which a single 
ion stops moving 

Now put the numbers together. Passive movement of any permeant ion 
across a membrane is impacted by two forces: the concentration gradient 
pushes it in one direction and the electrical gradient has an opposing 
effect as charge accumulates. The equilibrium potential is the predicted 
membrane voltage at which those two forces cancel, so at that point the 
ion’s net flux is zero (the ion is in electrochemical equilibrium). Walking K+ 
through this, potassium diffuses out of the cell down its concentration 
gradient, and every K+ that leaves makes the inside a little more negative. 
This developing voltage would actually tend to favor K+ movement into 
the cell if acting alone but does retard, with increasing strength, further K+ 
diffusion into the ECF. The computed voltage at which the chemical and 
electrical forces perfectly balance each other for K+, EK, is about -95 mV. 
Using the same rationale for sodium (movement of Na+ into the cell down 
its concentration gradient, but an opposing electrical gradient being 
generated at the same time) and you get ENa near +60 mV, the 
membrane voltage at a given Na+ concentration gradient that would 
hypothetically halt Na+ entry. Although calculating the equilibrium 

Causal Chain: Battery Assembly 

K+ leak open → K+ exits toward EK → cations accumulate 
just outside while the impermeant anions they leave 
behind stay inside. That charge separation across the 
membrane is Vm. 

Equilibrium Potentials at a Glance 

• EK ≈ -95 mV: the voltage that would stop net K+ exit. 

• ENa ≈ +60 mV: the voltage that would stop net Na+ 
entry. 

• Resting Vm lands -50 to -90 mV, just positive of EK 
because a little Na+ leaks in. 

Status of the Other Ions  

• Outside high: Na+, Cl−, Ca2+. Inside high: K+. 

• Cl− mostly passive; a Ca2+ pump keeps internal Ca2+ 
very low; aquaporins pass water. 

Key Distinction: Equilibrium Potential vs. Resting Vm 

• Equilibrium potential is per ion: the voltage that zeroes 
that one ion’s net flux. 

• Resting Vm is the single real membrane voltage set by 
all permeabilities at once, dominated by K+. 

• Vm equals EK only if the membrane were permeable to 
just K+. It never is, so Vm sits near, but not at, EK. 

Common Errors 

• Error: Crediting the pump with setting Vm directly. The 
pump maintains the gradients; the K+ leak mainly 
determines the voltage. 

• Error: Visualizing a charge difference throughout the 
cytoplasm. This separation is local to the membrane, 
like a battery’s plates. 

• Error: Reading an equilibrium potential as the voltage 
an ion is actually at. It is the theoretical membrane 
voltage at which net diffusion of that ion would stop; 



potential for any ion is a purely theoretical exercise, it’s very useful in 
predicting actual membrane voltage (Vm) in given situations. For example, 
the resting membrane is mostly but not only permeable to K+, so Vm sits 
close to EK but a little positive of it due to the small standing Na+ leak 
(membrane Na+ permeability is extremely low, so Na+ is unable to diffuse 
into the cell to anywhere near its point of electrochemical equilibrium). 
Electrogenic Na+-K+ pumping (mainly important in maintaining the 
concentration gradients for Na+ and K+!) adds just a few mV to the Vm as 
well. The Nernst equation predicts the equilibrium potential for any ion 
from its transmembrane concentration gradient, but as just explained, it is 
not needed to understand the basic concept. We’ll soon see that it’s 
opening of voltage-dependent Na+ channels when nerve membranes 
reach their thresholds that allows a sudden influx of Na+ (membrane Na+ 
permeability suddenly becomes substantially greater than K+ 
permeability), allowing it to very rapidly approach its point of 
electrochemical equilibrium (ENa ~ +60 mV) and cause the action potential 
spike. 

The charge separation is razor thin and hugs the membrane 

A battery stores energy as separated charge across its plates, and the 
cell does the same across its membrane. Stress that the bulk cytoplasm 
and the bulk interstitial fluid stay electrically neutral. The voltage is a 
microscopically thin film of separated charge at the membrane, not a 
difference spread through the whole cell. This matters later, because 
every electrical signal in the chapter is a local, transient change in that 
thin film.  

 

Membrane voltage changes and other events are caused by 
more than just movements of potassium and sodium 

We need to consider some factors other than just distribution and 
movement of K+ and Na+ in the physiology of nerve membranes. For 
example, these membranes are, for the most part, highly permeable to 
Cl−, so this ion is largely distributed passively and is repelled from the 
negative cell interior. Movement of Cl− plays little or no role in determining 
the overall Vm for axonal membranes, but the story can be different at 
postsynaptic membranes where its permeability can be varied. Calcium 

any ion that is far from its equilibrium potential has a 
large driving force on it. 

Prediction Prompt 

• Predict: A toxin blocks the K+ leak channels while the 
pump keeps running. Predict the immediate effect on 
resting Vm relative to EK, and name which contributor 
now dominates the voltage. 

• Predict: A channel opens that makes the membrane 
equally permeable to Na+ and K+. Predict where Vm 
settles relative to EK and ENa, and explain why 
permeability, not the gradient alone, dominates. 



pumps keep internal Ca2+ very low under normal circumstances, but this 
can change and have very meaningful effects on cell function, particularly 
at chemical synapses. Finally, aquaporins let water flux across cell 
membranes follow osmotic shifts. This is of critical significance, not just 
for neurons, but all cells in the human body. Gated membrane channels 
function as switches that produce controlled changes in Vm. Such 
changes trigger functional actions of nerve and muscle. 

 

 

 

Section 5: Graded Potentials and Cable Properties — Spread That Fades 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish that a local change in Vm spreads passively and 
decays with distance, and that the length constant quantifies that decay 
from the ratio of membrane resistance to internal resistance. Set 
electrotonic decay up as the problem that the action potential, in the 
sections that follow, resolves. 

Graded potentials are local, variable, and they die out 

When a gated channel opens, an ion flux makes a local change in Vm at 
that spot. Like charges repel, so the change pushes a wave of 
electrotonic current along the inside of the fiber in both directions. Some 
of that current leaks back out across the membrane as it flows, so the 
voltage change shrinks the farther it travels. A 5 mV change at the source 
may be undetectable a short distance away. This fading is electrotonic 
decay, and it is the central problem that action potentials, in the sections 
that follow, resolve. Membrane voltage changes at postsynaptic 
membranes exhibit two traits. They occur in different magnitudes, since 
opening one channel does less than opening three, and they are also 
polar, moving Vm either toward a more negative interior (hyperpolarizing) 
or toward a less negative interior (depolarizing). A channel that lets Na+ 

Anatomy of a Graded Potential 

Causal Chain: Opening channels to fading voltages 

Gated channel opens → local ion flux changes Vm → like 
charges repel, so the displaced charge drives electrotonic 
current in both directions → current leaks back out across 
the membrane as it flows → the voltage change decays 
with distance 

Sign Follows the Ion 

Which way Vm moves 

Na+ in or Ca2+ in → Vm toward that ion’s positive 
equilibrium potential (ENa or ECa), depolarize, excitatory 
(EPSP). Separately: K+ out or Cl− in → Vm toward EK or 
ECl, hyperpolarize, inhibitory (IPSP) 

What Sets Lambda 

• Lambda is proportional to the square root of Rm over 
Ri. 



diffuse inward through a cell’s postsynaptic membrane drives Vm in a 
positive direction toward ENa. This voltage change is a depolarizing 
excitatory postsynaptic potential (EPSP). A channel that lets K+ diffuse 
out or Cl− in drives Vm down toward EK or ECl and creates a 
hyperpolarizing inhibitory postsynaptic potential (IPSP). Because EPSPs 
and IPSPs differ in size and polarity, they can add to or cancel each 
other, which sets up postsynaptic potential summation, discussed in the 
next section. 

Cell geometry dictates the voltage change outcome, set by 
membrane and internal resistance 

How far and how fast electrotonic current carries depends on a ratio. The 
length constant lambda (λ) is proportional to the square root of a quotient 
formed by membrane resistance (Rm) divided by the internal resistance 
(Ri). Raising Rm, which permits less current to leak out, or lowering Ri, 
which affords an easier path for current flow down the fiber, causes λ to 
increase, so the signal reaches farther before it fades. It follows, then, 
that presence of myelin on an axon (which increases Rm) and increased 
process diameter (which decreases Ri for either a dendrite or an axon) 
both increase λ. A word of caution is needed here in interpreting what’s 
achieved in increasing λ. Lambda is not a hard cutoff where the electrical 
signal stops; it is the distance over which it decays to about a third of its 
initial size, so the voltage change is progressively diminishing at 
downstream points. As an example, two dendrites given identical inputs 
will deliver different amounts of current to the trigger zone if they differ in 
diameter, a pure consequence of their Ris. Also, a large, myelinated axon 
carries a given depolarization farther before it decays than a smaller 
unmyelinated fiber does. We will see that both λ and the existence of 
action potentials are key factors in impulse conduction by axons.  

• Bigger lambda, farther and faster passive spread: 
more Rm (less leak) or less Ri (fatter fiber). 

Key Distinction: Graded Potential vs. Action Potential 

• Graded potential: variable size, both signs, decays, 
does not propagate. 

• Action potential: fixed size, single form, regenerates 
without decay (coming sections). 

Common Errors 

• Error: Assuming graded potentials travel 
undiminished. They fade with distance. 

• Error: Treating all graded potentials as occurring in 
one size. They are graded precisely because they vary 
in amplitude and sign. 

• Error: Reading the length constant as a fixed distance 
the signal reaches. Lambda predicts how fast it fades. 
The decay in Vm that occurs with electrotonic current 
flow is gradual, and takes place along the length of the 
fiber. 

Prediction Prompt 

• Predict: Two dendrites receive identical EPSPs at the 
same distance from the trigger zone, but one dendrite 
is twice the diameter. Predict which one delivers the 
larger depolarization to the axon initial segment, and 
link the answer to Ri and lambda. 

• Predict: A synapse opens Cl− channels on a cell 
whose ECl sits near the resting Vm. Predict whether Vm 
depolarizes, hyperpolarizes, or barely moves, and 
whether the input still opposes firing. 

 

Section 6: Integration and Summation — The Axon Initial Segment Counts the Vote 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Teach postsynaptic potential summation as arithmetic 
performed at a single location: every EPSP and IPSP that reaches the 
axon initial segment is added there, and only the net result is compared 
with Vt. Breath holding makes that running total observable in class. 

The axon initial segment adds up everything before it 
decides anything 

Inputs land all over the dendrites and soma. Some, the EPSPs, push the 
cell toward firing and others, the IPSPs, pull it back. None of these, on its 
own, settles the cell’s fate. Each postsynaptic potential spreads toward 
the axon initial segment (AIS) and, as explained before, loses a little size 
on the way. It’s at the AIS, specifically at the first patch of membrane 
possessing voltage-gated channels, that the running total is taken. That 
is, all EPSPs and IPSPs are now summed. If the threshold (Vt) is 
reached, the cell fires. If the Vm change falls short of Vt, the cell does not 
fire, regardless of how much input the dendrites received. It is worth 
noting that an input arriving close to the trigger zone has a more profound 
effect in changing Vm than one applied farther out on a dendrite, because 
the distant one has farther to decay. There are two ways the “votes” 
accumulate. Spatial summation occurs when several inputs arrive at 
different locations in the same instant, their effects meeting at the trigger 
zone simultaneously. Temporal summation results when a single input 
occurs repeatedly in quick succession, each new potential landing before 
the last one has died away. A pond analogy makes this concrete. Drop 
one pebble and the ripple fades to nothing. Drop pebble after pebble on 
the same spot and the waves build, and the bigger the wave, the farther it 
carries. That is temporal summation, and it is why even a weak synapse 
can drive the cell if it fires fast and repeatedly enough. 

Hold your breath and you can watch summation happen 

A demonstration of postsynaptic potential summation anyone can run is 
breath holding, and it is worth doing in class. The brain’s respiratory 
centers send a steady, unconscious stream of excitatory input to the 
breathing muscles, telling them to breathe again and again. One can 
override that for a while with conscious breath holding and inhibitory 
input. The unconscious drive never stops; it is simply losing the “vote” at 
the trigger zones for the moment. Then the scenario shifts. As the breath 

What Gets Summed, and Where 

• EPSPs and IPSPs arrive on dendrites and soma, then 
spread (decaying) to the axon initial segment. 

• The AIS holds the first voltage-gated channels and 
tallies the net change in Vm. 

• Inputs nearer the trigger zone weigh more, because 
distal ones fade farther. 

Spatial Summation 

Many sites, one instant 

Several inputs fire together → each EPSP/IPSP spreads 
to the AIS → the net Vm at the trigger zone is the sum of 
everything that arrived → if that sum reaches Vt → fire 
AP 

Temporal Summation 

One site, rapid repeats 

Input fires in quick succession → each post-synaptic 
potential is initiated before the previous one fades → 
amplitude builds in whichever direction that input drives 
Vm → if an excitatory chain reaches Vt → fire AP 

Breath-Holding as Live Summation 

Causal Chain: Why you always breathe again 

Respiratory centers send steady EPSPs while conscious 
control adds IPSPs, holding the sum below Vt → 
ventilation stops → metabolism continues to consume O2 
and produce CO2 while gas exchange with the 
atmosphere has halted → CO2 rises and O2 falls → 
chemoreceptor drive grows, EPSP input increases → the 
fixed IPSP input can no longer hold the total below Vt → 
unconscious drive wins, you involuntarily breathe 

Key Distinction: Spatial vs. Temporal Summation 

• Spatial: different inputs, same moment, added across 
space. 

• Temporal: one input, rapid repeats, added over time. 



continues to be held, CO2 climbs and O2 falls, the unconscious drive 
grows, and the conscious inhibition has a more and more difficult time 
keeping the summed Vm below Vt. Pushed far enough, the conscious 
input ceases altogether (the breath holder has lost consciousness), and 
the breathing drive, now unopposed, wins. This is the child who 
announces he will hold his breath until he gets his candy. If he does this, 
he may pass out, and the instant he does he’ll likely begin to breathe 
again. The outcome here won’t be determined on the basis of willpower 
alone. 

• Both modes can occur at once. 

Common Errors 

• Error: Thinking any single EPSP fires the cell. Only a 
net depolarization that reaches Vt at the AIS does. 

• Error: Treating summation as spatial only. A fast train 
at one synapse sums over time just as surely. 

• Error: Weighing all inputs equally. A distal dendritic 
input decays more and counts for less than a 
perisomatic one. 

Prediction Prompt 

• Predict: Two EPSPs of equal amplitude arrive at the 
same instant, one far out on a dendrite and one beside 
the axon initial segment. Predict which moves the 
trigger zone closer to Vt, and connect the answer to 
electrotonic decay. 

• Predict: A synapse delivers very small EPSPs but 
fires at a very high rate. Predict whether the cell can 
still reach threshold, and name the form of summation 
responsible. 

 

Section 7: The Action Potential — All-or-None and All Alike 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish that the stimulus determines only whether the cell 
fires and how often, never how large the spike is. All action potentials in a 
given fiber are effectively identical, each one a rapid reversal of 
membrane voltage at a single point on the membrane, from rest (~ EK) to 
peak of the spike (~ ENa) and back to resting (~ EK) again. Because the 
waveform itself carries no variable information, the signal has to be coded 
in the frequency and pattern of firing across parallel fibers. 

Causal Chain: The Spike, Step by Step 

Net depolarization reaches Vt → voltage-gated gNa opens 
(regenerative) → Vm rises toward ENa → gNa inactivation 
gates close and gK opens, so the rise halts near +30 mV 
→ K+ exits toward EK, repolarize → gK closes only slowly, 
so Vm briefly passes below rest (afterhyperpolarization) 
→ back to Vr 



Reach threshold and the cell commits to a stereotyped 
spike 

At threshold Vt the voltage gated Na+ channels open, and because their 
opening depolarizes the membrane, which opens still more of them, the 
upstroke is a regenerative positive feedback loop. The loop commits the 
moment it starts and is tied tightly to the equilibrium potentials. A sudden 
rise in Na+ conductance (gNa, the ease with which Na+ current crosses the 
membrane at a given driving voltage) dominates the moment voltage-
gated Na+ channels open. Vm rises steeply toward ENa, but stops short, 
peaking near +30 mV rather than the +60 mV that ENa would predict, 
because some Na+ channels inactivate and other ions are still moving. As 
stated before, the action potential shape and size are set by the ions 
moving, the channels opening or closing, and pertinent equilibrium 
potentials, so a stronger stimulus cannot build a taller spike. In other 
words, action potentials are all-or-none events: they either take place or 
they do not. This is made vivid by contrast with the graded potentials 
(EPSPs and IPSPs) just covered. Those occur in various sizes and can 
also be summed.  

Sodium in, then potassium out, then a brief overshoot 

Reaching Vt also recruits the slower voltage-gated K+ channels. As K+ 
exits toward EK near -95 mV, the membrane repolarizes, then briefly 
overshoots into afterhyperpolarization before settling back to the resting 
Vr. Two ions, two phases, separated in time by the difference in channel 
kinetics. The asymmetry originates in the Na+ channel, which carries two 
gates, not one. A fast activation gate opens at Vt to start the upstroke, 
and a slower inactivation gate then swings shut during the spike, ending 
sodium entry even while the membrane is still depolarized. This offset is 
why the spike is brief and why it cannot immediately repeat 
(refractoriness covered in Section 9). Keep returning to the central claim. 
Amplitude is fixed by ENa, EK, and channel kinetics, which is why no single 
spike can carry graded meaning. Nerve signal coding occurs elsewhere. 

Achieving threshold is a race depolarization either wins or 
loses 

Why All-or-None Matters 

• Amplitude is set by ENa, EK, and channel kinetics, not 
by stimulus strength. 

• Identical spikes are the precondition for frequency 
coding in Section 13. 

Two Gates, Not One 

• The Na+ channel has a fast activation gate (opens at 
Vt) and a slower inactivation gate (closes during the 
spike). 

• The offset between them caps spike duration and sets 
up the refractory period in Section 9. 

Key Distinction: Graded Potential vs. Action Potential 

• Graded potential: any size, both signs, fades, does not 
propagate. 

• Action potential: one size, one form, regenerates 
(therefore the signal does not fade = propagation). 

Common Errors 

• Error: Bigger stimulus, bigger action potential. A 
stronger stimulus changes whether and how often, not 
how large. 

• Error: Assuming Vm reaches ENa exactly. Inactivation 
and continued K+ movement stop it well short. 

• Error: Thinking one channel does the whole spike. 
Na+ in (activation gate) and K+ out (the separate, 
slower gK) are different channels with offset timing. 

Prediction Prompt 

• Predict: Extracellular K+ is raised so EK shifts toward 
zero. Predict the effect on resting Vm, on the cell’s 
distance from Vt, and on its excitability. 

• Predict: A drug slows the inactivation gate of the 
voltage-gated Na+ channel. Predict the effect on spike 
duration and on how soon the cell can fire again. 



Below threshold the regenerative loop cannot sustain itself, because the 
depolarization produced by the Na+ entering through the few open 
channels is dissipated by the K+ leak faster than it can recruit more Na+ 
channels. At Vt the recruitment finally outruns the losses, the loop runs 
explosively, and the spike fires in full. This means the stimulus controls 
one thing only, whether the membrane wins that race, and how often it 
wins it, never how large the resulting spike is. That single fact is the 
precondition for everything in the signal coding section, where meaning 
has to live within the firing rate of identical spikes. 

 

Section 8: Propagation — Why Diameter and Myelin Set Speed 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Establish that the impulse is rebuilt segment by segment 
rather than travelling as a single event. Electrotonic decay would 
extinguish any one voltage change, so an entirely new action potential is 
generated at each successive stretch of axon membrane. Conduction 
speed then follows directly from cable theory, through raised Rm (myelin) 
or lowered Ri (larger fiber diameter), which carry each local current farther 
before the next set of voltage-gated Na+ channels must open. 

An action potential itself does not travel; it is rebuilt next 
door 

Local current from an active segment depolarizes the neighboring 
membrane to threshold, which opens a fresh set of voltage-gated 
channels and makes an entirely new action potential there. Repeating 
that process down the axon results in continuous impulse propagation, a 
chain of identical spikes, like dominoes falling in a row. Each domino falls 
and knocks over the next, transferring energy to make that one fire. 
Action potentials, like dominoes, do not individually move down the length 
of the axon; each one triggers the next in an ordered sequence. This is 
why the nerve impulse does not weaken with distance even though the 
underlying electrotonic current, in accordance with cable theory, does. 

Continuous Propagation 

Causal Chain: APs regenerate but do not travel 

Active segment initiates local current → that current 
spreads electrotonically into the adjacent membrane → 
next segment is depolarized to Vt → fresh gNa opens, new 
AP → repeat down the axon (dominoes) 

Two Speed Levers 

Using cable theory to explain velocity 

Larger diameter lowers Ri and myelin raises Rm → length 
constant rises → local current still reaches threshold at a 
greater distance along the fiber → each regeneration 
advances the impulse farther, and each one costs the 
same time → faster, non-diminishing conduction 

Key Distinction: Continuous vs. Saltatory Conduction 

• Continuous conduction: every segment fires 
(unmyelinated). 



Normal impulse propagation down the axon is also heavily dependent on 
presence of refractory periods in action potentials. The same depolarizing 
local current that drives the “next” point on the axon to its threshold 
causing it to fire (the next domino falling) spreads backward too. The 
membrane point that is just recovering from its own action potential still 
hasn’t regained normal excitability (it’s refractory) and cannot yet fire 
again, so the rebuild only proceeds in a forward direction. Refractoriness 
and its implications are discussed further in an upcoming section. 

Impulse conduction speed is affected by cable properties. 
That means higher velocity can be achieved by raising 
membrane resistance or lowering internal resistance 

Conduction velocity tracks the length constant, so in a larger-diameter 
fiber (with lower Ri), local current runs down the inside more easily and 
reaches the next stretch of membrane before it fades. This results in 
greater conduction speed. Also, presence of myelin raises Rm and causes 
active spikes to be remade only at the nodes of Ranvier, with current 
leaping the insulated internodes between them. This “jumping” type of 
impulse conduction is called saltatory, and it’s very fast. Nodes are 
required because electrotonic current decays even under myelin, 
necessitating that the spike be boosted at each gap. The full all-or-none 
action potential still regenerates at every node, but it’s not rebuilt in the 
wrapped stretches. The fastest axons in the body are both large and 
myelinated. The same two levers explain the two pain pathways: sharp, 
immediately localized pain travels on thinly myelinated Aδ fibers, fast 
enough to drive withdrawal, while dull, slow ache is carried much more 
slowly by smaller, unmyelinated C fibers. 

• Saltatory conduction: only the nodes fire (myelinated), 
jumping node to node. 

Common Errors 

• Error: Believing presence of myelin makes the action 
potential bigger. Amplitude is fixed; myelin changes 
speed. 

• Error: Picturing one spike sliding down the axon. Each 
segment makes its own identical spike, like dominoes 
falling. 

• Error: Reading saltatory conduction as skipping the 
spike. The full spike regenerates at every node; it just 
is not remade in the insulated internodes. 

Prediction Prompt 

• Predict: A large myelinated motor axon is partly 
demyelinated. Predict the effect on the length 
constant, on node-to-node regeneration, and on 
whether the muscle still receives a reliable signal. 

• Predict: Two unmyelinated axons differ only in 
diameter. Predict which conducts faster, and tie the 
answer to Ri and the length constant. 

 

Section 9: Refractory Periods — Discreteness and One-Way Travel 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Reframe the refractory period from a limitation (i.e., 
“mandated rest”) into the property that makes both frequency coding and 
forward-only conduction possible. 

You cannot stack a spike on a spike 

The refractory period is the interval, beginning with the action potential 
itself, during which the same point on the membrane either cannot be 
made to fire again (absolute refractory period) or can be made to fire only 
by an extraordinarily strong stimulus (relative refractory period). The 
absolute refractory period occurs at approximately the same time an 
action potential spike is taking place, whereas the relative refractory 
period is in effect for a number of milliseconds following that. During the 
absolute refractory period the Na+ channels are inactivated, their slower 
gate already shut from the spike just fired, so no second action potential 
can begin no matter how strong the input. This guarantees discrete, 
separated spikes, and discreteness is what allows a firing frequency to 
exist. If spikes could pile directly on top of one another you would get one 
long smear of depolarization, and a smear has no firing rate to read. 
During the relative refractory period, which mostly overlaps the 
afterhyperpolarization, the inactivation gates have reset but the cell sits 
farther from Vt, so it can fire but only with a larger than usual push. The 
relative period should not be mistaken for a dead zone. The cell is not 
unable to fire there, and it is not out of energy, but it is more negative than 
usual and has more ground to cover to reach threshold. A strong enough 
input can still trigger an action potential. 

Refractoriness points the impulse forward 

When a membrane segment is active, its local current spreads both 
forward and backward. The forward membrane is fresh (not refractory) 
and fires next. The backward membrane was just active and is still 
refractory, so it will not fire again. Without this configuration, an 
electrotonic wave could ignite a backward spike that then ignites a 
forward one behind it, and signals would reverberate up and down the 
axon endlessly. The refractory period turns a current that goes both ways 
into a signal that goes one way. So, membrane refractoriness does two 
jobs at once: it spaces the spikes so an actual firing frequency can exist, 

Two Refractory States 

• Absolute: gNa inactivated, no second spike at any 
stimulus strength. 

• Relative: during afterhyperpolarization, fire-able but 
only with a larger EPSP. 

One Feature, Two Payoffs 

Causal Chain: Why refractory periods matters 

Na+ inactivation gates stay shut through the spike → no 
second spike can begin until they reset, so a minimum 
interval separates successive spikes, which keeps them 
discrete, countable events. A firing rate can therefore be 
read. Second consequence: the membrane just behind 
the active segment is still refractory → no retrograde 
spike, conduction goes forward only 

Key Distinction: Absolute vs. Relative Refractory Period 

• Absolute: cannot fire at any strength, because the Na+ 
inactivation gate is shut. 

• Relative: can fire, but needs a larger stimulus, 
because Vm is hyperpolarized farther from Vt. 

Common Errors 

• Error: Thinking of the relative refractory period as a 
time in which it’s impossible for a point on a 
membrane to respond to a secondary stimulus. The 
cell can still fire; it just needs more depolarizing 
stimulus. 

• Error: Missing the directional role. Refractoriness is 
not only about timing; it enforces one-way conduction. 

• Error: Thinking refractoriness means the cell is resting 
or out of energy. It is the Na+ inactivation gate being 
shut; the cell is busy, not depleted. 

Prediction Prompt 

• Predict: Imagine the absolute refractory period were 
abolished. Predict what happens to the spacing of 



and it prevents backward spike propagation, assuring impulse conduction 
in one direction only. 

spikes and to the direction of travel, and explain why 
information coding would collapse. 

• Predict: A drug shortens the absolute refractory 
period. Predict the effect on the maximum firing 
frequency the axon can reach, and on the cell’s ceiling 
for encoding a strong stimulus. 

 

Section 10: The Synapse — How One Neuron Talks to the Next 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Sort synapses by mechanism before function. Once a 
synapse is placed as ionotropic, metabotropic, or electrical, its speed, 
duration, and capacity for plasticity follow without memorization. 

The chemical synapse is a slow, decisive step 

The arriving action potential depolarizes the terminal, which opens 
voltage-gated Ca2+ channels. Because ECa is strongly positive, Ca2+ 
rushes in and triggers a subset of vesicles to fuse and dump transmitter 
into the cleft. The transmitter diffuses across and binds receptors on the 
next cell. That diffusion step is the synaptic delay, and it is the slowest 
step in the whole pathway, far slower than the electrical conduction down 
the axon. The practical consequence is that pathways crowded with 
synapses are inherently slower than pathways with just a few, which is 
why the simplest, and very quick, reflexes use as few synapses as 
possible. Transmitter can run short in these synapses. Fire a terminal 
hard enough for long enough and resupply cannot keep up, so the effect 
on the next cell fades. This is synaptic fatigue, and it is one more reason 
the cleft, not the axon, is a potential bottleneck. 

Ionotropic is fast and brief; metabotropic is slow and 
lasting 

Release Sequence 

Causal Chain: AP Spike to transmitter release 

AP reaches terminal → terminal depolarizes → voltage-
gated Ca2+ channels open, Ca2+ enters → the rise in 
terminal Ca2+ triggers docked vesicles to fuse with the 
membrane → transmitter released into the cleft → it 
diffuses across the gap, the slow step that sets synaptic 
delay → binds postsynaptic receptor 

Key Distinction: Ionotropic vs. Metabotropic 

• Ionotropic: direct channel opening, fast, brief, EPSP or 
IPSP by ion. 

• Metabotropic: second messengers, slow, lasting, can 
rewire connectivity (plasticity). 

• Electrical (gap junction): bidirectional, near-instant, 
synchronizing, rare. 

Transmitters, a Short Roster 

• Principal excitatory: acetylcholine, glutamate. Principal 
inhibitory: GABA. 

• The receptor and its ion set the sign, not the 
transmitter’s name. 



Chemical synapses are split by what the postsynaptic membrane receptor 
does. Ionotropic receptors are ligand-gated channels that open directly, 
giving fast EPSPs or IPSPs depending on the ion, and they switch off 
quickly. Metabotropic receptors work through second messengers, 
changing the cell’s metabolism and even its connectivity, with slower 
onset and longer duration, which is why they underlie processes such as 
memory. The essential correction for students is to stop assuming the 
transmitter sets the polarity of response. The same transmitter can excite 
at one synapse and inhibit at another, because the receptor and its ion 
make the determination. Acetylcholine and glutamate are the principal 
excitatory transmitters at many synapses, and GABA is the principal 
inhibitory one, with dopamine, norepinephrine, and serotonin included 
among the rest. Students need to remember that it’s the receptor, not its 
name, that fixes whether the postsynaptic potential rises or falls. Finally, 
at electrical synapses gap junctions let current pass directly between 
cells, with no transmitter released and almost no delay. At these 
synapses electrotonic current runs in both directions. They occur where 
speed or tight synchrony matters, as in cells that must fire together. Such 
synapses are relatively rare, but they show by contrast why the chemical 
synapse, for all its slowness, is what gives the nervous system its 
flexibility. 

Common Errors 

• Error: Believing the transmitter’s identity fixes 
excitation or inhibition. The receptor and its ion decide; 
the same transmitter can do either. 

• Error: Forgetting the very important role of Ca2+ in 
chemical synaptic transmission. No calcium entry 
means no vesicle fusion, even with a perfectly 
conducted action potential. 

• Error: Treating the electrical synapse as the common 
case. Chemical synapses dominate; gap junctions are 
the rare, fast, synchronizing exception. 

Prediction Prompt 

• Predict: A toxin blocks presynaptic voltage-gated Ca2+ 
channels. Predict the effect on transmitter release and 
on the postsynaptic potential, even though the axon 
still conducts normally. 

• Predict: The same transmitter opens a Cl− channel at 
synapse A and a Na+ channel at synapse B. Predict 
the sign of each postsynaptic potential and state what 
decides it. 

 

Section 11: Presynaptic and Neuromodulatory Control — Turning the Volume 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Separate two modes of synaptic control. Summation of 
EPSPs and IPSPs at the axon initial segment determines whether the 
postsynaptic neuron reaches Vt and fires. Presynaptic and 
neuromodulatory input act instead on the terminal, setting how much 
transmitter is released and therefore how large the postsynaptic response 
is. 

Presynaptic Tuning 

Causal Chain: Set the gain 

Axoaxonic input lands on a terminal → alters the size of 
the terminal depolarization and therefore Ca2+ influx → 
more or less transmitter released → postsynaptic effect 
scaled up or down 



Axoaxonic synapses set output without entering the 
threshold fight 

An axoaxonic synapse occurs at a presynaptic terminal rather than on the 
dendrites or soma of postsynaptic neurons, so it does not contribute to 
the threshold decision in those neurons. Instead, it tunes how much 
transmitter that terminal releases by adjusting how much Ca2+ enters the 
knob or how large the local depolarization is. More transmitter release 
results in presynaptic facilitation while less causes presynaptic inhibition. 
In other words, EPSP and IPSP summation determines whether or not 
the postsynaptic cell fires, while axoaxonic synapses scale the size of the 
postsynaptic response and therefore the rate at which the postsynaptic 
cell fires. If the axoaxonic input opens K+ channels in the terminal, it 
blunts knob depolarization, less Ca2+ enters, and less transmitter is 
released. Even if that terminal knob releases excitatory transmitter, its 
output is reduced, so the excitatory drive onto the postsynaptic neuron 
falls. The exact reverse occurs during presynaptic facilitation. 

Neuromodulators set the gain over minutes, not 
milliseconds 

Neuromodulators, including endorphins and outside agents like caffeine, 
act largely through metabotropic mechanisms and have longer half-lives 
than ordinary transmitters. They adjust the sensitivity of cells and the 
connectivity of pathways rather than driving single spikes. Their effects 
build and persist. Endorphins dampening pain pathways during exertion is 
a familiar scenario. Neuromodulation is also implicated in memory and 
learning. Because metabotropic signaling changes neuronal connectivity 
(as opposed to whether or not action potentials are triggered directly), it is 
the mechanism physiologists point to when a synapse strengthens with 
repeated use. This is believed to be the cellular basis of memory. 
Modulation sets the chronic behavior of entire neuronal pathways. 

Key Distinction: Summation vs. Presynaptic Modulation 

• Summation: at the AIS, decides whether the cell fires. 

• Presynaptic modulation: at the terminal, determines 
how large the output is. 

Neuromodulators 

• Often metabotropic, longer acting, adjust sensitivity 
and connectivity. 

• Endorphins dampen pain pathways; caffeine is an 
everyday exogenous example. 

• Changing connectivity over time is the substrate for 
learning and memory. 

Common Errors 

• Error: Thinking of presynaptic inhibition as an IPSP at 
the trigger zone. This form of inhibition reduces 
transmitter release at the terminal; it is not a 
competing event at the AIS. 

• Error: Treating modulators as fast transmitters. Their 
effects build over time and linger. 

• Error: Assuming a modulator targets one synapse like 
a transmitter. Modulators bias the gain of whole 
pathways. 

Prediction Prompt 

• Predict: An axoaxonic synapse opens K+ channels in 
a terminal, blunting its depolarization. Predict the 
change in Ca2+ entry and transmitter release, and 
label it as facilitation or inhibition. 

• Predict: A modulator slowly raises the sensitivity of a 
pain pathway’s neurons over minutes. Predict how a 
fixed painful stimulus is now perceived, and why the 
timescale differs from a transmitter’s. 

 

Section 12: Neuronal Pools — Wiring Patterns That Process Information 



 

Instructor Narrative Structured Outline / Causal Chain 

The move: Teach each wiring pattern as an operation performed on the 
information passing through it: divergence spreads a signal to many 
targets, convergence sums many inputs onto few, serial and parallel 
chains set the order of processing, recurrent loops sustain or terminate 
activity, and lateral inhibition sharpens borders. 

Connection patterns are processing schematics 

Divergence sends one neuron’s signal to many targets, spreading 
information. This is often seen when sensory input fans out to drive 
several responses at once. As an example, stepping on a tack causes 
one to withdraw their foot, shift weight to the other leg, and become 
aware that it hurt, all initiated by one input diverging into separate 
pathways. Convergence does the opposite, funneling many inputs onto 
fewer targets and summing them, as in the control of breathing and in the 
heavy convergence of rod pathways in the retina. Serial processing is 
signaling from one cell to another in sequential fashion. In parallel 
processing serial chains are activated side by side. This occurs in vision 
as multiple neuron paths concurrently carry impulses relating to intensity, 
color, and motion. Recurrent circuits feed back on themselves. Recurrent 
excitation sustains activity, a reverberation that underlies rhythms and is 
thought to help maintain consciousness, while recurrent inhibition shuts a 
pathway down, the job of Renshaw cells in the spinal cord that check 
runaway motor output. 

Lateral inhibition manufactures contrast 

Lateral inhibition is a motif worth developing carefully, because it is 
common in sensory processing. Here an active cell suppresses its 
neighbors, so the border between a stimulated region and an 
unstimulated one gets sharpened rather than blurred. That sharpening 
provides contrast, a clear demarcation between active and inactive 
stimulus sites. In vision it’s lateral inhibition that makes the interface 
between dark and light crisp enough to read letters on a page, and in 
touch it is what lets one locate a skin poke precisely instead of feeling a 
vague pressure.  

The Motifs and Their Jobs 

• Divergence: one to many, spreads a signal (sensory 
fan-out). 

• Convergence: many to one, sums inputs (breathing 
control, retinal rods). 

• Serial vs parallel: chains, and chains running side by 
side (vision sub-channels). 

• Recurrent excitation sustains; recurrent inhibition self-
limits (Renshaw cells). 

Lateral Inhibition 

Causal Chain: Sharpen the contrast 

Central cell strongly stimulated → it inhibits its neighbors 
→ neighbor outputs suppressed below what their own 
input alone would give → the difference in firing across 
the border now exceeds the difference in the stimulus, so 
the border stands out 

Key Distinction: Recurrent Excitation vs. Recurrent Inhibition 

• Recurrent excitation: a loop that feeds back to sustain 
a pathway (rhythms, reverberation). 

• Recurrent inhibition: the same loop topology, opposite 
sign, feeds back to shut the pathway down (Renshaw 
cells). 

• Same wiring shape, opposite effect, set by the sign of 
the feedback. 

Common Errors 

• Error: Saying convergence improves spatial acuity. 
Convergence raises sensitivity but blurs location; 
divergence distributes information; it does not destroy 
it. 



• Error: Treating recurrent excitation and inhibition as 
the same loop. One sustains activity, the other 
terminates it. 

• Error: Reading the motifs as wiring trivia. Each is an 
operation: spread, sum, sustain, sharpen. 

Prediction Prompt 

• Predict: Lateral inhibition is weakened in a patch of 
skin. Predict what happens to two-point discrimination 
there and to the perceived sharpness of edges, and 
connect both to contrast. 

• Predict: A circuit places recurrent inhibition onto its 
own input neuron. Predict what happens to a brief 
stimulus over time, and name the cell type that does 
this in motor control. 

 

Section 13: Neural Coding — What Nerve Messages Really Are 

 

The chapter’s thesis section. Identical spikes cannot mean anything alone, so meaning lives in the code and in the line that reads it. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Since every action potential is identical, the message cannot 
be in the spike. Make sure students understand that the actual message 
lies in the pattern of firing and in the labeled line (specific CNS destination 
of impulses). 

If every action potential is identical, signal meaning is in the 
firing pattern 

An action potential spike is a sudden membrane voltage change that 
either occurs or doesn’t occur. Because spikes are all-or-none and 
virtually indistinguishable, the nervous system instead codes messages in 
the frequency of spikes, changes in those frequencies, and the pattern in 
which they take place on parallel fibers. In temporal coding, meaning 

The Codes 

• Frequency: the rate of spikes carries the message 
(amplitude is too noisy to use). 

• Temporal: the change in rate carries meaning. 

• Population: groups firing together encode jointly. 

• Spatial: which targets fire, and recruitment order, 
encodes magnitude. 

Alphabet to Words 

From spike to meaning 

One AP = just one event, virtually identical everywhere, 
so no single spike can carry graded meaning. Two things 



exists not just in the firing rate but also in changes in firing rate. A finger 
squeezed gently fires its sensory neurons at one rate, squeezed harder it 
fires faster, and the shift from slow to fast is itself information, signaling 
that something has changed and possibly now hurts. Population coding 
delivers the message via groups of neurons firing together, and spatial 
coding designates specific signal targets, as seen in the graded 
recruitment of muscle fibers contracting when more force is needed. 

Labeled lines complete signal coding 

The various forms of nerve signal coding are meaningless without 
existence of labeled lines. Labeled lines are the groups of neurons 
carrying impulses from specific sensory receptors to related, targeted 
destinations in the CNS. Arrival of the signals at those destination sites 
results in perception of the stimulus. If the same neurons were stimulated 
experimentally (with no actual receptor activation) the signal’s arriving at 
that CNS site would be interpreted in exactly the same way. In other 
words, it’s literally arrival of the signal at a specific, designated CNS 
location that completes the message. This is precisely why impulses 
arriving at the brain’s visual cortex via the visual pathway are perceived 
as vision (never hearing!), but the same electrical events (nerve impulses) 
arriving at the auditory cortex via the auditory pathway result in hearing 
(not vision). The labeled line principle also explains phenomena such as 
phosphenes. A phosphene is seeing flashes of light while rubbing a 
closed eye. It's not triggered by photons striking rods or cones in the 
retina, but rather by physically disturbing the photoreceptors and 
activating an existing labeled line pathway. In this case, the message still 
gets delivered despite the fact it was artificially initiated. 

vary instead: the rate and pattern of firing carry the 
message, and which line carries it fixes the modality → 
that labeled line runs to one cortical destination → that 
cortex reads the arriving spikes as that one modality 

Key Distinction: Amplitude Coding vs. Frequency/Pattern 
Coding 

• Amplitude coding: rejected, because spike size is 
difficult to adjust and noisy (not all APs exactly alike). 

• Frequency and pattern coding: used, because rate 
survives the noise. 

Common Errors 

• Error: Believing spike amplitude carries information. It 
is fixed and noisy; rate and pattern carry it. 

• Error: Thinking one action potential is the whole 
message. A lone spike rarely means anything; a 
frequency requires several. 

• Error: Conflating frequency and temporal coding. 
Frequency is the rate itself; temporal coding reads the 
change in rate. 

Prediction Prompt 

• Predict: An electrode drives the auditory pathway with 
identical electrical pulses, and no sound is present. 
Predict what the person perceives and explain it 
through the labeled line. 

• Predict: A sensory neuron’s firing climbs steadily from 
slow to fast as a stimulus intensifies. Predict which 
code is at work and what the brain reads from the 
change. 

 

Section 14: Neurotoxins — Breaking the Machine to Reveal the Parts 

 



Application engine for Part 1. Name the molecular target, then push the prediction all the way to an effect on muscle physiology, including a possible sign 
flip at inhibitory synapses. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Assume that a toxin disrupts activity of a specific protein, then 
challenge students to predict how that disruption compromises a 
particular muscle function. 

Every toxin has a very specific molecular target 

A neurotoxin is like a probe. Identify the molecular target, consider that 
protein’s location and normal function, and deduce the disturbance. 
Tetrodotoxin from the puffer fish blocks voltage-gated Na+ channels in 
nerve membranes, so no action potentials can develop in motor neurons. 
As a result, skeletal muscles go flaccid because they aren’t being 
stimulated to contract. One of the cone snail conotoxins blocks voltage-
gated Ca2+ channels, inhibiting transmitter release at neuromuscular 
junctions, again causing flaccid paralysis. Curare, an alkaloid poison 
arrow plant extract, blocks acetylcholine from binding its nicotinic 
receptors at the neuromuscular junction, so transmitter released normally 
has no receptor to act on. This also leads to flaccid paralysis. Finally, 
botulinum toxin degrades the fusion machinery so vesicles cannot release 
neurotransmitter at neuromuscular junctions. This also results in flaccid 
paralysis and, in very tiny doses, is the basis of Botox treatments. We’ve 
just seen four different neurotoxin-mediated pathways that can prevent 
skeletal muscle contraction. There are, however, opposite toxin effects 
that are just as instructive. Latrotoxin from the black widow opens 
channels permeable to Na+ and Ca2+, forcing runaway neurotransmitter 
release and rigid paralysis (tetanic muscle contractions). Dendrotoxin 
from the mamba blocks voltage-gated K+ channels, preventing nerve 
membrane repolarization. In this instance, the presynaptic terminal 
remains depolarized, neurotransmitter release persists, and the muscle 
locks up rigid as well.  

Always follow the event sequence to the target cell, and 
take note of the sign 

The idea here is to invariably trace a given chain of actions all the way to 
the target. For example, knowing that tetrodotoxin blocks Na+ channels 

Skeletal Muscle Effects at a Glance 

• Flaccid paralysis: TTX (voltage-gated Na+ block), ω-
conotoxin (voltage-gated Ca2+ block), curare (ACh 
receptor block), botulinum (vesicle fusion block). 

• Rigid paralysis: latrotoxin (Na+/Ca2+ pores), 
dendrotoxin (voltage-gated K+ block). 

Flaccid Example, TTX 

Causal Chain: Channel block to limp muscle 

Voltage-gated gNa blocked → no AP along the axon → no 
terminal depolarization → voltage-gated Ca2+ channels in 
the terminal stay closed, no Ca2+ entry → no vesicle 
fusion, no transmitter release → no muscle activation, 
flaccid 

Rigid Example, Dendrotoxin 

Channel block to locked muscle 

Voltage-gated gK blocked → repolarization fails → 
terminal stays depolarized → voltage-gated Ca2+ 
channels stay open, so Ca2+ entry continues instead of 
stopping → vesicle fusion keeps being triggered, excess 
transmitter release → over-activation, rigid 

Key Distinction: Flaccid vs. Rigid Paralysis 

• Flaccid paralysis: the muscle cannot be activated (the 
signal is blocked upstream). 

• Rigid paralysis: the muscle is over-activated and 
cannot relax (runaway release). 

• Same term, paralysis, but occurring in different forms 
and as a result of opposing disruptions. 

Common Errors 



isn’t really sufficient information to predict its ultimate, physiologically 
significant, effect. Yes, TTX, by blocking voltage-dependent Na+ 
channels, prevents nerve impulse conduction, but by doing so, also 
inhibits acetylcholine release at neuromuscular junctions and blocks 
skeletal muscle contractions. The endpoint is that the breathing muscles 
become paralyzed, the subject stops breathing, and asphyxia follows. 
Knowing only what TTX does at its molecular site falls well short of 
understanding the final outcome. Students also need to be wary of sign 
flips in functional sequences. A sign flip reverses the predicted outcome. 
For instance, if the channel a particular toxin blocks were carrying an 
inhibitory signal, blocking it removes the inhibition, which actually excites 
the target. This is called disinhibition, and it recurs throughout 
physiological causal chains. 

• Error: Focusing attention only at the molecular site. 
The most significant effect is observed in the muscle 
outcome at the end of the chain. 

• Error: Forgetting the sign flip. Blocking a channel that 
was driving an IPSP removes inhibition, which excites 
the target. 

• Error: Assuming every paralytic toxin silences the 
muscle. Latrotoxin and dendrotoxin paralyze by over-
activation. 

Prediction Prompt 

• Predict: A new toxin blocks ligand-gated K+ channels 
on a postsynaptic neuron whose normal response was 
an IPSP. Predict the net effect on that neuron and 
explain the sign flip in plain terms. 

• Predict: Compare tetrodotoxin and dendrotoxin. 
Predict why one causes flaccid and the other rigid 
paralysis, tracing each to transmitter release at the 
target. 

 

 

Part 2 of 3 · Sensory Reception 

 

Section 15: Sensory Principles — Transduction, Modality, and the Labeled Line 

 

Carry the Part 1 coding thesis straight into sensory reception. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Open by establishing that a sensory system reports the 
narrow range of stimuli selected for over evolutionary time, not a 
complete account of the surroundings. Then build the sequence that turns 
that narrow range into a percept: transduction to a receptor potential, 

Detection to Perception 

Causal Chain: Stimulus to reported signal 



modality fixed by the receptor’s location and channels, and a labeled line 
that delivers the signal to one cortical destination. 

Our senses report what helps us survive. They do not tell 
us everything about our surroundings. 

Begin by debunking the commonly held notion that sensory reception 
provides a complete and faithful copy of the real world. Vision, for 
instance, samples only a thin band of the electromagnetic spectrum. 
Some insects see into wavelengths humans cannot and, with their 
compound eyes, see mosaics of the real world instead of distinct images. 
Dogs have dichromatic vision (seeing mainly shades of blue and yellow) 
and a high density of rods which both enhances low light vision and gives 
them superior ability to detect motion. Bats map their surroundings by 
echolocation (hearing rather than vision), building a picture of the world 
that is nothing like what we think of as sight and allowing them to readily 
consume flying insects. None of these modes of vision is more correct 
than another, but each is highly adaptive for the animal that has it. Every 
receptor about to be discussed acts as a detector (of important stimuli) 
and a filter (screening out more insignificant stimuli). Receptors are 
selected for usefulness rather than as windows onto reality. This framing 
also explains why we really detect so little of what surrounds us, and why 
that is perfectly adequate. A sense is costly to build and to operate, so the 
senses that persist are those whose contribution to survival outweighs 
that cost. Students should stop asking what a given sense shows and 
start inquiring into what problems it solves. 

Every receptor turns its stimulus into a receptor potential, 
then must clear threshold 

Whatever the stimulus, the receptor’s first job is transduction, converting 
that stimulus into a change in Vm called the receptor potential. This is a 
graded potential, with all the properties from Part 1. It varies in size with 
stimulus strength, it spreads, and it fades. If Vm reaches threshold at the 
trigger zone, action potentials fire and the signal heads to the CNS. If it 
falls short, no action potentials are generated and there is no perception. 
In many situations, a stimulus is not ignored so much as never reported, 
which is why a light enough touch is simply never felt. Receptors are 
categorized into photo, mechano, thermo, and chemo types, with 

A stimulus matched to receptor sensitivity arrives → it 
opens gated channels in the receptor ending → ion flow 
changes Vm, a graded receptor potential → the graded 
potential spreads, decaying, to the trigger zone → a 
receptor potential large enough there reaches Vt → 
action potentials fire → labeled line to the matched cortex 

What Fixes a Receptor’s Modality 

• Location: where the receptor is located in the body. 

• Channel type: which gated channels it expresses 
(photo, mechano, thermo, chemo). 

• Filtering structures: any capsule or accessory tissue 
that tunes the input. 

• Nociceptors sense pain and borrow from several of the 
four basic types. 

Key Distinction: General Senses vs. Special Senses 

• General senses: the sensory neuron is itself the 
receptor (free or encapsulated endings). 

• Special senses: a separate receptor cell transduces, 
then signals a sensory neuron. 

• Either way the rule holds: transduce first, then clear 
threshold, then report. 

Common Errors 

• Error: Assuming any detected stimulus is perceived. 
Below threshold means no action potentials and no 
perception. 

• Error: Thinking the receptor decides the percept. The 
labeled line and cortex define the modality; press a 
closed eye and the optic line still reports light. 

• Error: Confusing the receptor potential with the action 
potential. The receptor potential is graded and local 
and must reach Vt before any spike fires. 

Prediction Prompt 



nociceptors as a special heterogeneous group dedicated to pain. 
Modality, the kind of stimulus a receptor is responsive to, is set in three 
ways: by where the receptor is located, by which gated channels it has, 
and by any filtering structures around it. Signals generated are then 
carried along a labeled line to a cortex and perceived as only that one 
modality. Again, the action potential spike itself does not carry the 
meaning. The line does. 

• Predict: A receptor transduces a strong stimulus, but 
its receptor potential stays just under threshold. 
Predict whether the person perceives anything, and 
explain using the trigger zone. 

• Predict: A drug halves the receptor potential a 
mechanoreceptor makes for a given touch, while 
leaving its trigger zone normal. Predict the effect on 
firing rate and on the intensity the person perceives. 

 

Section 16: Sensory Processing — Adaptation, Receptive Fields, and Contrast 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Present adaptation, receptive field size, and lateral inhibition 
as three ways the nervous system limits what it reports: a constant 
stimulus stops being reported, a stimulus falling within a small receptive 
field is located precisely, and the border between a stimulated and an 
unstimulated region is sharpened. Each can be demonstrated on students 
themselves. 

Adaptation lets the brain ignore what is not changing 

Phasic receptors adapt completely, ceasing to fire when a stimulus holds 
steady. This is like the shirt you felt go on this morning but then stopped 
noticing within minutes, even though the cloth never left your skin. The 
receptors fired, then quit, and they become active again only when you 
move and change the pressure. If you sit down you feel the chair, then a 
few minutes later you do not. Tonic receptors do the opposite. They adapt 
incompletely and keep firing, but generate a weaker signal. This is an 
appropriate way to deal with painful stimuli, because an injury one 
completely stops feeling is one that could be inadvertently aggravated 
and worsen. Correct a common textbook shorthand here. Phasic and 
tonic are about whether adaptation is complete, not about speed. Either 
kind can be fast or slow. The question a receptor’s adaptation settles is 
whether that stimulus needs continuous reporting or can be omitted 

Adaptation 

• Phasic: complete adaptation, stops reporting a steady 
stimulus (the shirt, the chair, smell). 

• Tonic: incomplete adaptation, keeps reporting (pain). 

• Phasic vs tonic is about completeness, not speed; 
either can be fast or slow. 

Acuity vs Sensitivity 

Derivation Chain: The Neural Wiring Tradeoff 

Non-converging, small fields → each output cell reports 
its own small patch → two nearby points stay resolvable 
(high acuity), but with little summation a faint stimulus 
may not reach Vt (low sensitivity); converging, large fields 
→ many inputs are summed onto one output cell → faint 
inputs add together to cross Vt (high sensitivity), but the 
summed signal no longer identifies which input fired (low 
acuity, dim-light vision) 

Lateral Inhibition Makes Contrast 

The Hot-water Edge 



between changes. The answer to that may well help keep the animal 
alive. 

Small fields locate, convergence amplifies, and lateral 
inhibition sharpens 

Receptive field size sets spatial resolution. Small, separate fields give fine 
two-point discrimination, which is why two paperclip points held close 
together feel like two distinct sites on a fingertip but more of a blurred one 
when applied at the middle of the back, where fields are larger. The wiring 
behind this occurs in two varieties. Non-converging pathways keep inputs 
separate, giving high definition but low sensitivity, like a high-resolution 
camera sensor that needs plenty of light. Converging pathways sum 
many inputs, giving high sensitivity but low definition, the dim-light, 
coarse-image setting. This is exactly what we’ll see in the upcoming 
discussion of rod versus cone function in vision. Lateral inhibition then 
sharpens the perceived borders between stimulated and unstimulated 
cells. The effect is easy to demonstrate with hot water. Slide a finger into 
hot water and the water feels hottest right at the surface, at the line where 
skin enters water. The cells just below the line are strongly stimulated and 
inhibit their neighbors just above it, so the difference across the boundary 
becomes exaggerated. This is contrast, and it’s contrast that allows one 
to read black letters with crisp edges (instead of a gray smear) on a white 
page. 

Cells at the boundary strongly stimulated → they inhibit 
their neighbors, so firing falls off more steeply than the 
stimulus does and the difference across the edge is 
exaggerated → border felt sharply (hottest at the 
waterline) 

Key Distinction: Acuity vs. Sensitivity 

• Acuity: how finely two nearby points can be 
discriminated, set by small, non-converging fields. 

• Sensitivity: how faint a stimulus can be and still be 
detected, set by convergence summing inputs. 

• The same pathway cannot maximize both at once; it 
trades one for the other. 

Common Errors 

• Error: Equating phasic with fast and tonic with slow. 
The difference is whether adaptation is complete. 

• Error: Assuming convergence improves localization. 
Convergence boosts sensitivity but blurs where the 
stimulus is. 

• Error: Reading lateral inhibition as turning up the 
whole signal. It suppresses neighbors to exaggerate a 
border; it raises contrast, not overall gain. 

Prediction Prompt 

• Predict: Two skin regions have equally dense 
receptors, but one has much larger receptive fields. 
Predict which gives better two-point discrimination and 
tie the answer to field size. 

• Predict: A drug weakens lateral inhibition in the retina. 
Predict what happens to the sharpness of edges in 
what the person sees. 

 

Section 17: Somatic General Senses — Touch, Temperature, Pain, and the Map 

 



Instructor Narrative Structured Outline / Causal Chain 

The move: Keep the list of named receptors short and concentrate on 
two points: touch is mechanotransduction, and the body surface is 
mapped onto the somatosensory cortex as a distorted homunculus by 
way of a decussating pathway. 

Touch is mechanotransduction, regardless of the receptor 
ending’s structure 

Skin senses depend on three receptor types, mechanoreceptors for 
touch, thermoreceptors for hot and cold, and nociceptors for pain. The 
many named touch endings matter far less than the mechanism they 
share, so students need not memorize every eponym. Mechanically-
gated channels in free or encapsulated endings open when the ending is 
physically distorted, and that generates the receptor potential. The 
capsule around an encapsulated ending acts as a filter that tunes 
precisely which kind of mechanical event gets through: pressure, 
vibration, or stretch. In this way a single transduction mechanism 
supports the discrimination of quite different sensations. Note that 
nociception is tonic. As stated in the processing section, pain receptors 
do not adapt. Continued signaling during painful stimulation is functionally 
important, because any tissue-damaging stimulus that ceases being 
reported might be allowed to continue, causing the injury to worsen. 

For skin sensations, the body is depicted by a distorted 
map; signals originating on one side cross to the other side 
for perception 

Spatial location of applied cutaneous stimuli is preserved through the 
pathway, and tactile projections to the somatosensory cortex are laid out 
as a homunculus, a body map weighted by receptor density rather than 
by body size. Hands, face, and especially the lips occupy large territory, 
while the back and thighs occupy very little, in proportion to the density of 
receptors each region carries. Two-point discrimination is fine at the 
fingertips and poor across the mid-back, and the cortical map reflects that 
difference. En route to the CNS, the sensory pathway decussates, 
crosses the midline, so the right side of the cortex serves the left side of 
the body and vice versa. For upcoming discussions, the word “ipsilateral” 

Three Skin Modalities 

• Mechanoreceptors: touch, pressure, vibration, stretch, 
all via mechanically-gated channels. 

• Thermoreceptors: separate hot and cold populations. 

• Nociceptors: pain, tonic (non-adapting). 

Map and Crossover 

Pathway: Skin to cortex 

Tactile input enters the cord → pathway decussates 
(crosses midline) → relays through the thalamus → 
somatosensory cortex homunculus 

Why the Homunculus Is Lopsided 

• Cortical area tracks receptor density and acuity, not 
body size. 

• Hands, face, and lip fields are large; back and thighs 
are small. 

Key Distinction: Receptor Variety vs. Shared Mechanism 

• Receptor variety: many named endings, free and 
encapsulated. 

• Shared mechanism: one primary mode of 
transduction, mechanically-gated channels open on 
distortion. 

• The capsule acts as a filter that tunes which 
mechanical event passes; discretely different 
mechanisms are not necessary. 

Common Errors 

• Error: Memorizing every encapsulated ending. The 
transferable point is that mechanotransduction is 
underway and that a filtering capsule is involved. 

• Error: Expecting pain to adapt away. Nociceptors are 
tonic and non-adapting, so a damaged region keeps 
signaling and is not further aggravated unknowingly. 



means “same side” of the body, whereas “contralateral” refers to the 
“opposite side” of the body. Decussation underlies this extremely useful 
bit of clinical reasoning: inability to perceive a stimulus applied to the skin 
on one side of the body indicates that conduction of the signal to the 
contralateral side of the brain has been compromised. This failure may 
have taken place directly at the ipsilateral cutaneous receptors, the 
ipsilateral afferent pathway to the CNS, the contralateral ascending 
pathway to the brain, or in contralateral sensory cortex itself. Further 
evaluation, taking decussation into consideration, will be required to 
pinpoint the exact site of the malfunction. 

• Error: Thinking the homunculus is scaled to body size. 
It is scaled to receptor density and acuity, so lips and 
fingertips are portrayed as huge and the back as tiny. 

Prediction Prompt 

• Predict: A lesion cuts the left ascending tactile 
pathway in the cord after it has decussated. Predict 
which side of the body loses that sensation, and 
explain your rationale. 

• Predict: Equal-force touches are applied to a fingertip 
and to the mid-back. Predict which is localized more 
precisely, and tie the answer to receptive-field size 
and cortical map area. 

 

Section 18: Proprioception and Visceral Senses — Knowing the Body From Inside 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Treat internal senses as the means by which the body 
monitors its own homeostatic state and keep the mechanoreceptor 
subfamilies organized in terms of the specific mechanical stimulus 
detected. 

Proprioception is built from length, tension, joint angle, and 
head motion 

Limb position and movement are ascertained by several proprioceptive 
inputs working together. Muscle spindles, which lie parallel to the 
contractile fibers, report muscle length and change in length. Golgi tendon 
organs, which sit in series with the fibers and are pulled on as the muscle 
contracts, register tension. Joint receptors in the capsules and ligaments 
relate angle. Each receptor comes in tonic and phasic versions, so 
together they provide both a steady readout of limb position and a sharp 
signal when it moves; the signal combination is what allows accurate 
movement without visual guidance, such as touching a fingertip to the 

Proprioceptors of the Limbs 

• Muscle spindle: length and change in length (parallel 
to the fibers). 

• Golgi tendon organ: tension (in series with the fibers). 

• Joint receptors: angle, in capsules and ligaments. 

Head Sense (Vestibular) 

• Semicircular canals: rotational head movement, three 
planes. 

• Otolith organs: head position vs gravity, and 
acceleration (mechanism in Section 23). 

Visceral Mechanoreceptors and Chemoreceptors 

Causal Chain: Internal Monitoring for Input to Control Loops 

Baroreceptors sense pressure, stretch receptors sense 
filling, chemoreceptors sense O2, CO2, H+ → CNS reads 



nose with the eyes closed. The head also requires its own sense of 
position and movement, and that’s supplied by receptors in the vestibular 
apparatus. The semicircular canals, three loops set in three planes, report 
rotational head movement, because the endolymph lags behind the 
rotating canal, deflecting the cupula and bending the hair cells embedded 
in it. Otolith organs report head position relative to gravity and also detect 
acceleration. Full function of these receptors is covered with the inner ear 
in Section 23. 

Visceral senses monitor the internal environment for 
homeostasis 

Visceral receptors include nociceptors, thermoreceptors of the body core, 
mechanoreceptors, and chemoreceptors. There are two major kinds of 
mechanoreceptors and they warrant careful attention. First, baroreceptors 
are true pressure sensors in the aorta and carotid sinus, monitoring the 
perfusion pressure that drives blood to the tissues, with the carotid 
receptors specifically monitoring the pressure driving flow to the brain. 
Second, stretch receptors in the large veins, atria, and ventricles report 
filling rather than pressure, because the pressures in those locations are 
near zero. What such receptors sense, then, is the degree of chamber 
filling. Chemoreceptors in the aorta, carotid sinus, and medulla track O2, 
CO2, and H+. These parameters relate directly to metabolism. As work 
rises, O2 falls and CO2 rises, and the CO2 hydrates and releases protons, 
so pH drops. Together these three changes signify metabolic rate, so 
chemoreceptor signals drive adjustments in cardiac output and ventilation 
that help restore internal environment homeostasis. Mechanoreceptors 
and chemoreceptors provide the sensory input to cardiovascular and 
respiratory control loops. 

the deviation from the set point → autonomic and 
respiratory outflow is adjusted → cardiac output and 
ventilation change 

Key Distinction: Muscle Spindle vs. Golgi Tendon Organ 

• Muscle spindle: parallel to the fibers, senses length 
and its change (position). 

• Golgi tendon organ: in series with the fibers, senses 
tension (force). 

• Position vs force, set entirely by where the receptor is 
plumbed in. 

Common Errors 

• Error: Referring to the venous and atrial receptors as 
pressure sensors. The pressures there are near zero; 
they instead sense stretch, meaning filling. 

• Error: Treating proprioception as being collectively 
provided by just one receptor. Length, tension, joint 
angle, and head motion are detected by separate 
inputs. 

• Error: Classifying vestibular sense as something other 
than proprioception. Head position and motion are 
proprioceptive inputs, even though the receptors are 
located in the inner ear. 

Prediction Prompt 

• Predict: Blood CO2 climbs during exercise and pH 
falls. Predict the chemoreceptor response and the 
resulting changes in ventilation and cardiac output. 

• Predict: A baroreceptor in the carotid sinus and a 
stretch receptor in the right atrium are compared. 
Predict what each actually senses, and explain why 
pressure is the wrong word for the atrial one. 

 

Section 19: The Reflex Arc and Spinal Organization — Stimulus to Response, Mapped 



 

Use the arc to consolidate the components: detector, integrator, transmitter, and coder strung end to end across cells. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Use the reflex arc to consolidate: the arc links detector, 
integrator, transmitter, and coder end to end across several neurons. 
Then categorize reflexes so that their apparent variety reduces to a small 
set of “either-or” determinations. 

A reflex consists of four-job neuron logic chained across 
cells 

A reflex is an involuntary, automatic response to a stimulus, and a point 
worth emphasizing is that most reflexes are subtle and quite common. 
More dramatic reflexes, such as withdrawing the hand from a hot stove, 
are occasional, but the postural and stretch reflexes operate continuously. 
Trace the reflex response to a painful skin stimulus as the same repeating 
sequence developed previously. Application of the stimulus opens gated 
channels in the sensory ending, the receptor potential reaches threshold, 
nerve impulses are transmitted to the CNS, interneurons usually 
integrate, and motor neurons carry the signal to the target cell(s). Graded 
potential, action potential, and synaptic release repeat at each relay. 
Clarify the anatomy that students often confuse. Sensory cell bodies sit 
outside the cord in the dorsal root ganglion, while the motor neuron cell 
bodies are located inside, in the gray horns. A branch (or branches) of the 
incoming pathway also ascends to the brain, so the response includes 
both divergent withdrawal from the stimulus and conscious awareness of 
pain. 

Reflexes sort into a handful of clean “either-or” 
determinations 

First separate the roles of gray and white matter. Gray matter, located in 
the spinal cord’s horns, is where synaptic processing and integration take 
place; neuron cell bodies cluster here. White matter, the columns, houses 
the ascending and descending axon tracts, carrying signals up and down 
the cord. Understanding this, reflexes can be categorized along several 
axes, each a quick “either-or” determination. Reflex axes can be 

The Arc as a Repeating Motif 

Causal Chain: In, integrate, out 

stimulus opens gated channels → ion flow creates a 
graded receptor potential that spreads to the trigger zone 
→ it reaches Vt → nerve impulse in via the dorsal root → 
interneuron integrates → motor neuron out to the effector 
→ effector responds 

Gray vs White Matter 

• Gray matter (horns): synaptic processing and 
integration, the cell bodies. 

• White matter (columns): ascending and descending 
axon tracts. 

Categories, One Choice Per Axis 

• Innate or acquired, spinal or cranial, somatic or 
visceral. 

• Monosynaptic or polysynaptic, ipsilateral or 
contralateral, monosegmental or polysegmental. 

Key Distinction: Sensory vs. Motor Neuron Cell Body 
Location 

• Sensory neuron cell bodies: outside the cord, in the 
dorsal root ganglion. 

• Motor neuron cell bodies: inside the cord, in the gray 
horns. 

Common Errors 

• Error: Thinking reflexes are rare events. Postural and 
stretch reflexes run continuously. 

• Error: Placing motor neuron cell bodies outside the 
CNS. Sensory neuron cell bodies are located in the 



described as innate or acquired, spinal or cranial, somatic or visceral, 
monosynaptic or polysynaptic, ipsilateral or contralateral, and 
monosegmental or polysegmental. Taken individually, each of these 
categories is readily identifiable. Considered as a group, they provide a 
grid by which the characteristics of a given reflex can be specified. A few 
examples of this are provided in the next section. 

dorsal root ganglion; motor neuron cell bodies reside 
in the gray horns. 

• Error: Assuming every reflex arc includes an 
interneuron. The stretch reflex is monosynaptic, 
sensory straight onto motor; most others are 
polysynaptic and, thus, possess one or more 
interneurons. 

Prediction Prompt 

• Predict: An interneuron in a withdrawal arc also sends 
a collateral branch up the cord. Predict the second 
outcome beyond the motor response, and name the 
wiring motif responsible. 

• Predict: Classify the withdrawal reflex on the six axes 
(innate/acquired, spinal/cranial, somatic/visceral, 
mono/polysynaptic, ipsi/contralateral, 
mono/polysegmental). Predict each call and justify the 
synaptic and laterality choices. 

 

Section 20: Somatic Reflexes in Action — Stretch, Tendon, and Withdrawal 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Anchor each reflex to the functional problem it solves, then 
present reciprocal inhibition as the recurring mechanism that suppresses 
the antagonist muscle so it does not oppose the intended movement. 

The stretch reflex is the one monosynaptic circuit, and it is 
always on 

The muscle spindle, a sensory neuron wrapped around an intrafusal 
muscle fiber, senses stretch and change in length. In the stretch reflex it 
synapses directly onto a motor neuron back to the same muscle, the 
single monosynaptic, ipsilateral arc in the body, which is exactly what the 
physician tests as the knee-jerk (patellar) reflex. If a load is suddenly 

Stretch Reflex (Monosynaptic) 

Causal Chain: Stretch to Contraction 

Muscle stretched → spindle fires → its afferent synapses 
directly on the alpha motor neuron, which fires → same 
muscle contracts. In parallel, the same afferent drives an 
inhibitory interneuron → antagonist motor neuron 
suppressed (reciprocal inhibition) 

Withdrawal + Crossed Extensor 

Pain to a safe stance 



added to a person’s outstretched hands, the biceps is stretched, its 
spindle fires, and the muscle contracts to support the load before any 
voluntary response is even possible. Contracting a given muscle 
stretches its antagonist, which would actually trigger a stretch reflex in 
that antagonist, possibly locking the limb against itself. An inhibitory 
interneuron fires at the same time and suppresses the antagonist’s motor 
neuron, so that reflex does not occur. This reciprocal inhibition recurs 
across the somatic reflexes, and that part of the reflex is polysynaptic 
because of the extra interneuron; the stretch arc itself stays 
monosynaptic. The Golgi tendon organ, sitting in series with the fibers, 
adds a tension readout and can reduce a contraction that is approaching 
a tension high enough to risk injury. 

Withdrawal pulls the limb away while the crossed extensor 
keeps one standing 

A painful stimulus drives the withdrawal, or flexor, reflex on the same 
side. An excitatory interneuron fires the flexors while an inhibitory 
interneuron relaxes the extensors, so the limb is lifted away from the 
stimulus. Stepping on a sharp object, for example, causes the leg to flex 
and raise the foot. Lifting one leg would remove its support, so the 
crossed extensor component fires on the opposite side at the same time, 
extending and stiffening the other leg to bear the weight. The same 
reciprocal-inhibition logic operates on both sides simultaneously. 
Ipsilateral flexion (flexion on the same side) is paired with contralateral 
extension (extension on the opposite side), each side exciting one muscle 
group and inhibiting its antagonist, so the foot is withdrawn and posture is 
maintained in a single, highly coordinated reflex.  

Painful stimulus drives interneurons on both sides at 
once. Ipsilateral branch: flexors excited, extensors 
inhibited → limb withdraws. Contralateral branch: 
extensors excited, flexors inhibited → opposite limb bears 
the weight 

Golgi Tendon Organ 

• In series with the fibers, senses tension. 

• Modulates and can inhibit a contraction climbing 
toward damage (autogenic inhibition). 

Key Distinction: Monosynaptic Stretch Arc vs. Polysynaptic 
Reciprocal Inhibition 

• The stretch arc itself is monosynaptic, sensory neuron 
straight onto motor neuron. 

• The reciprocal inhibition that protects the antagonist is 
polysynaptic (an extra interneuron). 

• One reflex, two synaptic counts working side by side. 

Common Errors 

• Error: Calling the whole stretch reflex monosynaptic. 
Only the stretch arc is; the reciprocal inhibition is 
polysynaptic. 

• Error: Confusing spindle and Golgi tendon organ. The 
spindle is in parallel and senses length; the tendon 
organ is in series and senses tension. 

• Error: Forgetting the crossed extensor. Withdrawal 
alone would remove the support of that limb and could 
cause the person to fall; the opposite limb extends to 
bear the weight within the same reflex. 

Prediction Prompt 

• Predict: Step on a tack with the left foot. Predict the 
muscle actions in both legs, and name the reflexes 
and the inhibition that keep one from falling. 

• Predict: A Golgi tendon organ fires hard as a muscle 
nears its tension limit. Predict the protective effect on 



that muscle’s motor neuron, and contrast it with what 
the spindle does when the same muscle is stretched. 

 

Section 21: Vision I — Optics and Accommodation 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Frame vision first as a focusing problem: light scattered from 
a single point in the visual field must be brought to a single point on the 
retina. Present refraction and accommodation as the two parts of the 
solution before adding the biological detail. 

Focusing one point of the visual field onto one point of the 
retina 

With the optics presented as a focusing problem, each structure can be 
assigned its part in the solution. Light enters through the cornea, where 
the jump from air to denser tissue refracts (bends) it the most, then 
crosses the aqueous humor, passes through the pupil with the iris 
adjusting the aperture for the light level, enters the lens where it’s 
refracted more in fine-tuning fashion, and travels the vitreous humor to 
strike the retina. Light reflecting off a single point of an object scatters in 
every direction, but hits the cornea and lens at many places; that light 
must all be bent back to a single point on the retina; otherwise the image 
blurs. The lens is the adjustable part of that system, and a lens also 
inverts the image, so it is actually focused on the retina upside down and 
cortical processing re-inverts it in perception. Accommodation is how the 
lens keeps both near and far objects in focus, and it is worth covering 
carefully because the mechanism is counterintuitive. Have students 
predict the ciliary muscle action for near vision before it is described, so 
the common error can be corrected directly. 

Ciliary muscle control during accommodation is actually 
the opposite of what students usually expect.  

Light Path 

Light path: World to retina 

Cornea (most refraction) → aqueous humor → pupil 
(aperture) → lens (adjustable refraction) → vitreous 
humor → retina (image inverted) 

Accommodation, Counterintuitive 

• Ciliary muscle contracts, lens tension drops, lens 
rounds, near focus. 

• Ciliary muscle relaxes, lens stretches flat, far focus. 

Refractive Errors 

• Hyperopia: image is focused behind the retina 
(converging lens corrects). 

• Myopia: focus in front of the retina (diverging lens 
corrects). 

• Astigmatism: cornea curves unequally in different 
meridians, giving more than one focal line; corrected 
with lenses or by reshaping the cornea. 

Key Distinction: Cornea vs. Lens 

• Cornea: the fixed, largest refractor, set by the air-to-
tissue jump. 

• Lens: the small, adjustable element that fine-tunes 
focus via accommodation. 

• Most of the bending vs all of the adjusting. 



Contracting the ciliary muscle reduces suspensory ligament tension on 
the lens, allowing it to round up for stronger refraction that focuses near 
objects. Relaxing the ciliary muscle increases ligament tension, which 
stretches the lens flat and keeps distant objects in focus. Students almost 
always predict the opposite, so make sure they understand the geometry 
at play here. Because the ciliary muscle is a sphincter its contraction 
shrinks its diameter, decreasing tension on the centrally suspended lens. 
Near work requires rounding the lens; distance vision necessitates 
flattening it. Refractive errors occur when the image is not crisply focused 
on the retina. In hyperopia, the image is focused behind the retina, but in 
myopia it’s focused in front. Astigmatism results from a cornea whose 
curvature differs between meridians, so light is brought to more than one 
focal line instead of a single point. Corrective lenses pre-bend the 
incoming light so the eye’s own optics finally focus it properly on the 
retina: a converging lens for the eye that focuses too far back (hyperopia) 
and a diverging lens for the eye that focuses too far forward (myopia). 

Common Errors 

• Error: Assuming the lens does most of the bending. 
The cornea does; the lens fine-tunes. 

• Error: Thinking ciliary contraction tightens the lens. 
Contraction releases tension and lets the lens round 
up. 

• Error: Picturing the retinal image as being focused 
upright. The lens inverts it, and the cortex re-inverts 
the perception. 

Prediction Prompt 

• Predict: A person’s focal point for distant objects 
lands in front of the retina. Predict the error, the 
symptom, and whether a converging or diverging 
corrective lens is needed. 

• Predict: Imagine that you just looked up from a book 
to a distant mountain. Predict the ciliary muscle state 
and the lens shape for each. 

 

Section 22: Vision II — Phototransduction and Retinal Processing 

 

The dark-current paradox plus the rod/cone tradeoff is the same convergence principle first discussed in the neuronal-pools section, now in the retina.  

Instructor Narrative Structured Outline / Causal Chain 

The move: Begin this discussion with the apparent paradox that light 
hyperpolarizes (turns off) the photoreceptor, resolve it mechanistically, 
then show that the rod and cone division is the convergence tradeoff from 
Section 16 expressed anatomically. Conclude by explaining that visual 
adaptation is scaled to the whole eye. 

Light hyperpolarizes the photoreceptor, the opposite of 
what students expect 

The Dark-Current Paradox 

Causal Chain: Light turns it off 

Dark: cyclic GMP holds the Na+/Ca2+ channel open → 
cell depolarized near -30 mV, releases glutamate, 
inhibiting underlying bipolar cells. Light: retinal isomerizes 
→ the shape change activates the pigment, which 
switches on an enzyme cascade → cyclic GMP is 
degraded and the channel closes → Na+ and Ca2+ entry 



Note that this receptor operates opposite to every other receptor covered 
so far. In the dark, cyclic GMP holds a Na+ and Ca2+ channel open, so the 
cell sits depolarized near -30 mV and steadily releases glutamate, which 
is inhibitory at this synapse. That steady release in darkness is the dark 
current. Light isomerizes retinal inside the photopigment, rhodopsin in 
rods, which activates an enzyme that degrades cyclic GMP, so the Na+ 
and Ca2+ channel closes. With cations no longer entering and K+ still 
leaking out, the cell hyperpolarizes and reduces its transmitter release. 
Light is therefore a signal to release less glutamate, not more. During 
dark current conditions, glutamate released by the photoreceptor 
hyperpolarizes (electrically inhibits) underlying bipolar cells so those cells 
can’t trigger impulses on ganglion cells for relay to the visual cortex. 
However, during light exposure, glutamate release is suppressed, bipolar 
cells are no longer inhibited by glutamate (that is, they’re disinhibited) and 
they then stimulate ganglion cells to conduct impulses to the brain via the 
optic nerve. Vision now occurs. Photobleaching reiterates the 
mechanism. After staring at a bright source and looking away, an 
afterimage persists for a period of time because that patch of pigment has 
been converted and requires ATP to regenerate before it can return to the 
non-activated state. 

Cones provide acuity, rods deliver sensitivity, by the same 
convergence rule 

On the visual axis, one cone drives one bipolar cell and one ganglion cell, 
with no convergence, which gives high acuity but requires bright light, and 
three cone types permit color vision. In the periphery, thousands of rods 
converge onto a single ganglion cell, summing dim signals into high 
sensitivity at the cost of acuity, with a single pigment and no color 
perception. This is the same non-converging versus converging tradeoff 
discussed before, now built into the spatial organization of the retina. In 
dim light the rods predominate, so color perception is lost and detail is 
poor, which is why objects appear gray and indistinct at dusk. A faint star 
is easier to detect slightly off to the side, because that directs its light onto 
the sensitive, convergent rods of the periphery rather than the cones on 
the visual axis. Viewed directly, it may disappear. 

stops while K+ continues to leak out → cell 
hyperpolarizes, less inhibiting transmitter is released 

Retinal Relay 

• Photoreceptor, then bipolar cell, then ganglion cell, 
then optic nerve. 

• The optic disc has no photoreceptors, which makes it 
the blind spot (an image focused there results in no 
signal transmitted to the brain). 

Rods vs Cones, Same Tradeoff 

• Cones: little convergence, high acuity, need bright 
light, give color (three types). 

• Rods: heavy convergence, high sensitivity, low acuity, 
no color (one pigment). 

Adaptation Across the Range 

From dim to bright 

instantaneous range only about ten-thousand-fold, while 
ambient luminance spans far more than that. The window 
must be shifted rather than widened, and two 
mechanisms do it: the iris changes pupil aperture (fast, 
coarse) and photoreceptor sensitivity shifts (neural 
adaptation, slower and larger) → the operating point 
slides from scotopic rod vision (dim) to photopic cone 
vision (bright), giving a usable range of about a trillion-
fold over time 

Key Distinction: Scotopic vs. Photopic Vision 

• Scotopic: rods, dim light, no color, high sensitivity, low 
acuity. 

• Photopic: cones, bright light, color, high acuity, low 
sensitivity. 

• The Section 16 sensitivity-versus-acuity tradeoff, now 
at whole-system scale. 

Common Errors 



Adaptation also occurs in the visual system and this time 
the whole eye is involved 

Here adaptation extends from single receptors to the whole visual 
system, a system-level expression of the principle introduced in Section 
16. At any instant the eye handles only about a ten-thousand-fold range 
of brightness, enough to see both the bright and dark parts of a single 
scene at once. But over seconds to minutes the eye shifts that window, 
and thereby covers a roughly trillion-fold range of luminance, from a 
moonless night to a bright noon. Two mechanisms work simultaneously to 
perform this shift. The iris changes the pupil aperture, opening wide in the 
dark and constricting in bright light, which is the fast, coarse adjustment. 
The slower and larger one is neural adaptation, the photoreceptors 
themselves turning their sensitivity up in the dark and down in the light. A 
common experience demonstrates it. Moving from a dark room into bright 
sunlight is briefly uncomfortable and then eases, because the 
photoreceptors had been operating at high sensitivity and now must 
reduce it. In the reverse direction, entering a dark theater, little is visible 
until rod function predominates and sensitivity increases again. Connect 
this directly to the rod and cone discussion above: photopic cone vision in 
bright light, scotopic rod vision in the dark, with adaptation sliding the 
system between them. 

• Error: Expecting light to depolarize photoreceptors. 
Light hyperpolarizes them and reduces release of 
glutamate, which is inhibitory at this synapse. 

• Error: Believing rods give sharper vision. Rods are 
extremely sensitive but afford only low-acuity vision; 
it’s the opposite situation with cones. 

• Error: Thinking adaptation occurs just via changes in 
pupil diameter. This aperture provides the fast, coarse 
part of visual adaptation; the larger range comes from 
neural sensitivity shifts in the photoreceptors. 

Prediction Prompt 

• Predict: In dim light, predict whether rods or cones 
dominate, whether color is available, and why a faint 
star is easier to see slightly off-axis. 

• Predict: Stepping from a dark theater into bright sun is 
uncomfortable at first, but the visual system soon 
adjusts. Predict the two adaptation mechanisms at 
work and which receptor class takes over, linking it 
back to Section 16. 

 

Section 23: Hearing and Equilibrium — Hair Cells Play Key Roles in Many Senses 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Treat the hair cell as the unifying receptor: a single directional 
mechanotransducer that underlies both hearing and equilibrium. Then 
show how the cochlea encodes frequency by location of activated cells, 
separating pitches much as a prism separates light by wavelength. 

Bending the hair cell one way excites it; bending it the other 
way inhibits it 

Hair Cell Transduction 

Bend to firing 

Stereocilia bend toward the kinocilium → mechanically 
gated K+ channels open → K+ enters from the high-K+ 
endolymph → cell depolarizes → voltage-gated Ca2+ 



This one type of receptor cell provides all senses processed in the 
cochlea, otolith organs, and semicircular canals. Bending a hair cell’s 
stereocilia toward the kinocilium opens mechanically-gated membrane K+ 
channels. The endolymph surrounding hair cells is K+ rich, so K+ flows 
into the cell rather than out, depolarizing the cell, increasing transmitter 
release, and raising the sensory neuron’s firing rate. Bending the other 
way hyperpolarizes the cell and slows its firing. Direction itself is therefore 
encoded, which is precisely what allows this single receptor type to serve 
so many senses. All vestibular functions depend on this property. The 
semicircular canals, three loops in three planes, report rotational head 
movement in various directions because the endolymph in each canal 
lags behind the rotating head, deflecting the cupula and the hair cells 
embedded in it. Here, some of the hair cells depolarize but others 
hyperpolarize. The outcome is a precisely coded nerve signal being 
conducted to the brain for accurate perception of angle and direction of 
the head movement. The otolith organs use a weighted membrane to 
monitor head position relative to gravity and also to report acceleration. A 
simple analogy clarifies this rather elaborate otolith function: imagine a 
weighted block of gelatin embedded with the cilia of hair cells. Tilting that 
block causes the weight to pull the gel to bend the embedded hairs and 
the resulting coded signal is correctly interpreted as the block’s being 
tilted in that particular direction. Now a sudden movement causes the 
mass to lag behind by inertia, bending the hairs in the opposite direction, 
this time reporting acceleration. In this instance, linear acceleration is felt 
even with the eyes closed, as when a car pulls away from a curb. 

The cochlea is an acoustic prism that codes frequency by 
site activated 

Sound is pressure waves in air, with frequency heard as pitch and 
amplitude as loudness. The outer ear funnels the waves to the tympanic 
membrane, the ossicles transmit and amplify the vibration onto the much 
smaller oval window, and that converts air waves into fluid waves inside 
the cochlea. The size mismatch between the eardrum and the oval 
window results in a pressure amplification, which is important because 
cochlear fluid is harder to push than air. The structure that converts these 
waves into pitch discrimination is the basilar membrane, which is graded 
in stiffness along its length. High frequencies deflect the membrane near 

channels open and Ca2+ enters → more transmitter is 
released, higher firing rate 

Equilibrium, Division of Labor 

• Semicircular canals: rotational head movement, three 
planes (cupula and endolymph). 

• Otolith organs: head position vs gravity and 
acceleration (the weighted gelatin block). 

Cochlea as Acoustic Prism 

Causal Chain: Pressure waves in air to coded pitch 

Pressure waves to the tympanic membrane → ossicles 
concentrate the force onto the smaller oval window → 
pressure at the oval window rises enough to move the 
denser cochlear fluid → fluid waves in the cochlea → the 
graded stiffness of the basilar membrane sets where 
those waves peak, high pitch at the base and low at the 
apex → the membrane flexes at that place, shearing the 
inner hair cells there against the tectorial membrane → 
their stereocilia bend and the cells depolarize 

Key Distinction: Semicircular Canals vs. Otolith Organs 

• Semicircular canals: rotational (angular) head 
movement, three planes of endolymph. 

• Otolith organs: linear position relative to gravity and 
linear acceleration. 

• Detecting turning vs tilting and accelerating; two jobs 
performed by the same hair cell. 

Common Errors 

• Error: Expecting K+ to leave the hair cell. The K+-rich 
endolymph reverses the usual gradient, so K+ enters. 

• Error: Treating the basilar membrane as uniform. Its 
graded stiffness is what sorts frequencies by place. 

• Error: Calling the ossicles mere vibration transmitters. 
The eardrum-to-oval-window size mismatch 
concentrates the same force onto a smaller area, 



the cochlear base and low frequencies near the apex. This separates a 
sound into its component frequencies by location, much as a prism 
separates white light by wavelength. Wherever the membrane flexes, the 
inner hair cells there are bent against the tectorial membrane and 
depolarize, while the contractile outer hair cells sharpen the tuning. 
Damage near the base causes loss of the high frequencies first, and this 
coding by location explains why. 

raising the pressure enough to drive the harder-to-
move fluid. 

Prediction Prompt 

• Predict: Damage occurs near the base of the basilar 
membrane. Predict which frequencies are lost first, 
and explain this using place coding. 

• Predict: In an elevator with eyes closed, you feel only 
straight-line acceleration. Predict which vestibular 
organ reports it and which stays quiet, and why. 

 

Section 24: Taste and Smell — Combinatorial Chemoreception 

 

Instructor Narrative Structured Outline / Causal Chain 

The move: Reaffirm the importance of signal coding in both of these 
chemical senses: here, a relatively small set of receptor types generates 
an enormous range of perception through combination, the population-
coding principle in a new context. 

Both taste and smell depend on detecting chemicals in 
solution; results are reported in chords, not single notes 

Taste and smell are chemoreception, but unlike the homeostatic visceral 
chemoreceptors from Section 18, these receptors face outward, sampling 
the environment. Tastants must dissolve in saliva to reach the receptor 
cells in the taste buds, where the base modalities reduce to five, salty, 
sweet, sour, bitter, and umami, each tuned to a biologically significant 
signal: electrolytes, energy, acid, likely toxins, and amino acids. Odorants 
must dissolve in the nasal mucus to reach the olfactory receptor cells, 
which is why a dry or congested nose dulls smell, and why olfaction, 
which adapts strongly, is sampled by sniffing rather than exposed 
continuously on every breath. Emphasize the dissolving step, which 
students often overlook. A dry cracker on a dry tongue has little taste until 
saliva dissolves it, and odors are weaker in dry conditions because the 

Shared Requirements 

• Tastants dissolve in saliva; odorants dissolve in nasal 
mucus before binding. 

• Both are special senses, so a separate receptor cell 
signals the sensory neuron. 

Five Primary Tastes by Function 

• Salty (electrolytes), sweet (energy), sour (acid/pH). 

• Umami (amino acids), bitter (toxin warning). 

Combinatorial Code 

Causal Chain: Few receptors, many possible perceptions 

A stimulus is many molecules → each binds several 
receptor types with differing affinity → those receptor 
types fire to different degrees → glomeruli or pathways 
activated in a pattern → brain reads the pattern as one 
flavor or scent 

Key Distinction: Taste vs. Smell 



nasal lining dissolves the odorants less effectively. In both senses, the 
chemical must be in solution before it can bind a receptor. 

A small receptor set encodes vast variety by combination 

No food contains just one chemical, and no smell results from a single 
odorant. Tastes and odors are composite percepts, the summed output of 
many receptor types stimulated to different degrees. The brain interprets 
the overall impulse pattern (i.e., the coded signal) rather than impulses 
generated by a single receptor cell. A keyboard analogy may be useful in 
understanding this concept: a limited set of keys, played in different 
combinations, produces an enormous number of distinct outputs. In 
olfaction, receptor cells of like type converge on shared glomeruli, and the 
pattern across all glomeruli is the code, just as discussed in population 
coding from Part 1, but now applied in a new setting. Much of what is 
interpreted as taste is actually olfaction. Having a head cold makes food 
taste bland even though the taste buds are unaffected, because most of 
what is perceived as flavor is smell. Eating a flavored candy while 
pinching the nose yields mainly sweetness; releasing the nose restores 
full flavor. This illustrates the combinatorial, cross-sensory nature of the 
code. 

• Taste: tastants in saliva, reduced to five labeled 
submodalities. 

• Smell: odorants in mucus, hundreds of receptor types 
read combinatorially. 

• A few fixed tastes vs a vast combinatorial odor space, 
both chemoreception. 

Common Errors 

• Error: Mapping single tastes to fixed tongue zones. 
Receptor types blend across the tongue; perception is 
combinatorial. 

• Error: Separating flavor from smell. Most flavor is 
olfactory, which is why congestion flattens taste. 

• Error: Thinking each food or odor has its own 
dedicated receptor. A percept is a chord across many 
receptor types, read as a pattern. 

Prediction Prompt 

• Predict: A cold blocks olfactory access while the taste 
buds still work. Predict the effect on perceived flavor, 
and explain it through the combinatorial code. 

• Predict: Even at very low concentrations, a bitter 
tastant triggers a highly aversive response. Explain 
why this is significant in an evolutionary context. 

 

 

Part 3 of 3 · Motor Functions 

 

Section 25: The Autonomic Nervous System — Anatomy and Wiring 

 

Instructor Narrative Structured Outline / Causal Chain 



The move: Draw both ANS divisions side-by-side as two-neuron relay 
networks. Compare the two divisions on the basis of four axes: origin, 
fiber lengths, transmitters released, and receptors involved. All autonomic 
effects are ultimately produced by transmitter binding to receptors on 
visceral target cells. 

Visceral motor control occurs via a two-neuron relay, unlike 
the single-neuron somatic path 

The autonomic (also called visceral motor) system controls cardiac 
muscle, smooth muscle, glands, and some adipose tissue, and it reaches 
its targets differently from the way the somatic system innervates skeletal 
muscle. In most somatic motor pathways, one neuron extends from the 
spinal cord to the skeletal muscle cells it controls. Autonomic control 
almost always employs two neurons arranged in series. A preganglionic 
neuron leaves the CNS and synapses in a peripheral ganglion, then a 
postganglionic neuron finishes the trip to the target. This two-neuron 
arrangement is the structural signature of the whole system. Relative 
lengths of those neurons, along with the CNS origins of the preganglionic 
cell, differ between the two ANS divisions. The sympathetic division is 
thoracolumbar in origin, with short preganglionic and long postganglionic 
fibers, because its ganglia sit close to the cord. Parasympathetic 
preganglionic neurons, however, have craniosacral origins, and are 
comparatively long. The postganglionic fibers are fairly short because the 
parasympathetic ganglia are more peripheral, located near the visceral 
targets, and most parasympathetic outflow travels in the two vagus 
nerves, cranial nerves that wander down into the chest and abdomen. 
Drawing side-by-side diagrams of the sympathetic and parasympathetic 
ANS divisions makes these differences in fiber lengths and CNS origins 
obvious at a glance. 

Both ganglia are wired identically; only the target synapse 
differs 

At every autonomic ganglion, in both divisions, the preganglionic neuron 
releases acetylcholine onto nicotinic cholinergic receptors. The divisions 
differ, though, in the transmitters they release and the receptors those 
transmitters bind at visceral target cells. Sympathetic postganglionic 
neurons release norepinephrine onto adrenergic receptors, which occur in 

Two-Neuron Chain 

Causal Chain: CNS to visceral target 

Preganglionic neuron leaves the CNS → ganglion: ACh 
on nicotinic receptors depolarizes the postganglionic 
neuron → it fires and projects to the target → division-
specific transmitter released at the target (smooth 
muscle, cardiac muscle, glands) 

Compare on Four Axes 

• Origin: sympathetic thoracolumbar; parasympathetic 
craniosacral (mostly via the vagus nerves). 

• Fibers: sympathetic short pre and long post; 
parasympathetic long pre and short post. 

• Ganglion (both): ACh on nicotinic receptors. 

• Target: sympathetic NE on alpha/beta receptors; 
parasympathetic ACh on muscarinic receptors. 

Sympathetic Neuroendocrine Arm 

• Adrenal medulla chromaffin cells release epinephrine 
and norepinephrine into the blood. 

• This broadcasts sympathetic effects to any tissue with 
an alpha or beta receptor, even non-innervated ones. 

Key Distinction: Ganglion Synapse vs. Target Synapse 

• Ganglion synapse: ACh on nicotinic, in both divisions. 

• Target synapse: sympathetic uses NE on alpha/beta 
receptors; parasympathetic uses ACh on muscarinic 
receptors. 

• The divisions are identical with respect to transmitter 
released and receptors involved (ACh and nicotinic) at 
the ganglion and differ only at the target. 

Common Errors 

• Error: Treating autonomic output as occurring via one 
neuron as seen in somatic motor pathways. ANS 
control is achieved by means of a two-neuron relay 
through a ganglion. 



alpha and beta subtypes. Cholinergic sympathetic preganglionic neurons 
also directly stimulate chromaffin cells of the adrenal medulla to release 
epinephrine and norepinephrine, as hormones, directly into the blood. 
This neuroendocrine arm is what lets the sympathetic response reach 
tissues not specifically wired, since any cell with an alpha or beta receptor 
can respond to these hormones. The parasympathetic postganglionic 
neuron also releases acetylcholine, but this time onto muscarinic 
cholinergic receptors at the target. This means acetylcholine appears 
twice in the parasympathetic chain and at the sympathetic ganglion, while 
norepinephrine appears only at sympathetic targets. Both systems run as 
closed loops, with the variable they control feeding back to adjust their 
own output, which is the homeostatic loop again. Every ANS functional 
effect is dependent on binding of transmitter to its specific receptor 
subtype at the target. 

• Error: Assuming the transmitter alone sets the effect. 
The same ACh excites or inhibits its target depending 
on the receptor subtype at that cell. 

• Error: Thinking the divisions differ at the ganglion. 
Both use ACh on nicotinic receptors there; the 
transmitters and receptors differ only at the target. 

Prediction Prompt 

• Predict: A drug blocks only muscarinic receptors. 
Predict whether ganglionic transmission and 
sympathetic target effects survive, and which division’s 
target effects are lost. 

• Predict: A drug blocks nicotinic receptors at 
autonomic ganglia. Predict the effect on both divisions’ 
output, and explain why this is more disruptive than 
blocking one target receptor. 

 

Section 26: Autonomic Function — Tone, Push-Pull, and the Homeostatic Payoff 

 

Application section for the chapter. Replace the on/off model of sympathetic and parasympathetic with autonomic tone and push-pull control, then derive 
each action from assessing the body’s current functional demand. 

Instructor Narrative Structured Outline / Causal Chain 

The move: Replace the commonly-used “on/off” model of sympathetic 
and parasympathetic control with an autonomic “tone and push-pull” 
paradigm, then derive each sympathetic action by posing a single 
question: what is required to support increased activity and maintain 
homeostasis? 

Most visceral targets are innervated by both ANS divisions, 
so control is often via “push-pull” activity 

Many targets receive both ANS divisions, usually with antagonistic 
effects, so the body controls them by shifting the balance between their 
inputs rather than by switching just one on or off. That balance is 

Tone and Push-Pull 

Balance, not on/off 

Target dually innervated, with sympathetic and 
parasympathetic effects usually antagonistic → at rest the 
two inputs settle at a standing balance, the autonomic 
tone → raising one input while lowering the other shifts 
that balance, driving the target up or down (gas and 
brake) 

Heart Rate Proves Tone 



autonomic tone, and a useful analogy is that of operating a vehicle with a 
foot on both the accelerator and the brake, using them concurrently, in 
tandem, to control velocity. Speeding up could be effected by both 
pressing on the accelerator and easing off the brake. Slowing down would 
occur if one were to both let off the throttle and depress the brake pedal. 
Using both modes of control, the driver can readily change the vehicle’s 
speed with minimal effort. The same rationale frequently applies to ANS 
control of visceral targets. Heart rate is the clean example. The intrinsic 
rate (with no neural input whatsoever) is about 100 beats per minute, yet 
the normal resting rate is near 70 bpm. This suggests that the 
parasympathetic control (the “brake”) is dominant at rest. Dramatically 
speeding the heart is then easily achieved by simultaneously reducing 
parasympathetic input (releasing that brake) and invoking sympathetic 
input (stepping on the gas). Thinking about push-pull ANS control in 
various contexts allows us to correct a very common oversimplification. 
Sympathetic stimulation is not always stimulatory, and parasympathetic 
input is not always inhibitory. At the GI tract, for example, the roles flip, 
with parasympathetic stimulating digestion and sympathetic suppressing 
it. In actuality, each ANS division drives its targets in the direction that 
matches the body’s current functional demand. That means it’s always 
wise to consider what the body’s situational needs are in predicting how 
the ANS might intervene. 

Derive every sympathetic action from the demand to 
support activity 

Present the sympathetic division as the system that maintains 
homeostasis when activity rises. This is true even in non-emergency 
scenarios. Simply standing and walking across a room is sufficient to 
engage a sympathetically-mediated response. Activity drives O2 down, 
CO2 up, and pH down, the chemoreceptors read that deviation, and 
sympathetic output rises, producing the responses that support aerobic 
metabolism at working muscles. The bronchioles dilate, lowering airway 
resistance so that more O2 can be moved into the lungs, the heart speeds 
and contracts harder to raise cardiac output, and the liver and adipose 
release nutrients to feed the muscles. The vascular response is where the 
receptor subtypes become extremely important. The same sympathetic 
output dilates the vessels of working skeletal muscle by activating beta 

• Intrinsic rate near 100/min; resting rate near 70/min. 

• Resting bradycardia relative to the intrinsic rhythm 
shows the parasympathetic brake dominates at rest. 

Sympathetic Support of Activity 

Causal Chain: Deviation to correction 

O2 down, CO2 up, pH down → chemoreceptors detect the 
deviation and signal the medulla → sympathetic outflow 
rises → four effects in parallel: bronchodilation, higher 
cardiac output, nutrient release from liver and adipose, 
and a vascular shift, beta vasodilation in muscle with 
alpha vasoconstriction in gut 

Key Distinction: Beta vs. Alpha Receptor Response 

• Beta receptors dilate skeletal-muscle vessels; alpha 
receptors constrict gut vessels. 

• The same sympathetic transmitter does opposite 
things by receptor subtype. 

• The receptor subtype at the target, not the transmitter 
alone, determines the mode of response. 

Common Errors 

• Error: Thinking that sympathetic control always has a 
stimulatory effect and that parasympathetic signals 
invariably have inhibitory outcomes. At the GI tract the 
roles reverse. 

• Error: Crediting a faster heart rate only to increased 
sympathetic drive. Withdrawal of the parasympathetic 
“brake” contributes as well. 

• Error: Reading sympathetic activation as an 
emergency-only state. This activation takes place 
during any increase in physical activity, even just 
standing and walking, to defend homeostasis as 
demand climbs. 

Prediction Prompt 

• Predict: At rest the heart sits near 70/min despite an 
intrinsic rate near 100/min. Predict which division 



receptors, but constricts the vessels of the gut as transmitter binds to 
alpha receptors, shunting blood flow toward exercising muscle. The 
sympathetic ANS is catabolic and inhibits insulin release, so blood 
nutrient levels stay high, while the parasympathetic division is anabolic, 
raising GI motility, secretions, and insulin to digest food and store 
nutrients when the body is at rest. This is the basis of the traditional 
caution against vigorous activity immediately after eating, since blood flow 
cannot be maximized to the gut and the skeletal muscle at the same time. 

dominates, and how a sudden sprint shifts both the 
balance and the rate. 

• Predict: During exercise the gut vessels constrict 
while the muscle vessels dilate, both under 
sympathetic control. Predict which receptor subtype is 
doing each, and what the blood redistribution 
accomplishes for the working muscle. 

 


