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Section 1: The Defended Parameter — Why Protons Get the Tightest Setpoint in the Body

Continuation of Unit 4. This is an integration chapter: the controlled parameter is body-fluid [H*], and the controllers are the chemical buffers, the lungs,
and the kidneys working as one system.

Instructor Narrative Structured Outline / Causal Chain

The move: The chapter is organized around the defense of a single Why This Chapter Sits in the Integration Unit

parameter, body-fluid [H*]. It requires this much regulatory machinery . Controlled parameter: body-fluid [H*], expressed as
because protons alter the charge on protein side groups and destabilize pH. ’
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protein structure, and three lines of defense, chemical buffers, the lungs,
and the kidneys, all act on that one parameter.

H* is shorthand, and proteins are why it matters

Bare protons do not float free in solution. Instead, their extremely high
positive charge density makes them instantly associate with water
molecules, forming hydronium (HsO*). H*, then, is shorthand for the more
complex combination of protons and the water molecules they interact
with. In pure water at 25 °C, only about 1 in 500 million water molecules
dissociate to release a proton. In blood, the concentration of these ions is
even lower due to the specific balance of acids and bases. What students
need is not that chemistry but its consequence. Despite the very low
proton concentration in body fluids, even slight deviations in their
abundance can be deleterious. Protons alter the charge on amino acid
side groups, and those altered charges change how a protein folds. Many
proteins are only marginally stable, so a small shift in [H*] can unfold an
enzyme, channel, or pump and kill the cell quickly. The parameter is
abstract; the stakes are entirely concrete.

Regulated a million-fold tighter than sodium

Body-fluid proton concentration is held stable roughly a million times more
closely than is Na*. Normal arterial pH (details to follow) sits in a window
of about 7.35 to 7.45, a sliver of the 0-to-14 scale, and a full unit deviation
either way is lethal. A typical Western diet of meats, grains, and dairy is a
net acid producer, so this is not a system at rest: acid is made
continuously in metabolism and must be matched, over time, by acid
excretion.

Three defenses, one parameter: the spine of the chapter

The body defends pH in three layers that differ mainly in speed and
finality: chemical buffers act instantly but only hide protons; the lungs
adjust CO» within seconds but only blow off volatile acid (acids that can
be transitioned to a gas, CO3); the kidneys act over hours but are the only
system that truly eliminates fixed acid (cannot be turned into a gas, e.g.,
lactic acid) and rebuilds buffer. Every mechanism in this chapter is one of
those three layers acting on one key correlation, the carbonic acid
equation (see below).

+ Controllers: three organ-level systems acting together:
chemical buffers, respiratory, renal.

* No single system fully solves the problem; integration
is the point.

Why Protons Are So Dangerous

* Protons alter the charge on amino acid side groups,
altering protein folding and function.
« Marginally stable proteins fail fast; cell death follows.

* Held ~ 1,000,000x tighter than Na*; normal pH 7.35—
7.45,

Causal Chain: The Three Lines of Defense (Fast to Final)

Chemical buffers bind added protons within milliseconds,
converting free H* into buffer-bound H* — free [H] falls
and the pH change is blunted, but the protons remain in
the body and buffer capacity is consumed — the resulting
fall in pH is sensed by chemoreceptors, ventilation rises,
and CO; is exhaled within seconds, clearing the volatile
acid (the fraction convertible to CO2 gas). Fixed acids
cannot be converted to a gas and exhaled, so they
remain in the body — the kidneys secrete H* into acidic
urine and synthesize new HCO;™- over hours, removing
the fixed acid and restoring the consumed buffer

Common Errors

» Error: Thinking buffers fix the problem. They only
mask added protons; the acid stays in the body until
the kidney excretes it.

* Error: Assuming pH is loosely controlled because the
numbers look tiny. The opposite is true: this is the
most tightly defended ion and the pH scale is
logarithmic (a relatively large change in [H*] can result
in a very small alteration in pH).

Prediction Prompt



* Predict: A diet shifts from meat-heavy to vegetable-
heavy. Predict the direction of the net metabolic acid
load and what the kidney must do differently.

Section 2: Acids, Bases, and the Meaning of Streng

Instructor Narrative

The move: The Bronsted-Lowry definitions take one line: an acid donates

a proton, a base accepts one. The term that carries the physiology is
strength. Abundance is read off a concentration; strength is the tendency
to release a proton, and it is what makes buffering possible.

Donors, acceptors, and the conjugate pair

An acid is a proton donor, a base a proton acceptor: HA < H* + A~,
where the anion A~ left is the conjugate base. That is the whole
vocabulary. The useful move is to read every acid as a pair, the
protonated form and its conjugate base, because buffering is nothing
more than a pair trading a proton back and forth.

Strength is a tendency, and Ka measures it

Two things set the [H*] a solution carries: how much acid is present
(concentration) and how readily it dissociates (strength). Strength is
captured by the acid dissociation constant, K, = ([H*]J[A"])/[HA]. A strong
acid like HCI dissociates almost completely: its K, is enormous and its
conjugate base (CI7) is so weak it binds essentially no protons. A weak
acid like carbonic acid barely dissociates; its K5 is more than twelve
orders of magnitude smaller than that of HCI.

Physiology lives among the weak acids

A buffer converts a strong, fully dissociating acid into a weak, barely
dissociating one, trading a large pH change for a small one. Hold that

Structured Outline / Causal Chain

The Core Relationship
» Acid = proton donor; base = proton acceptor: HA < H*
+ A~
* A" = conjugate base; a strong acid has a weak
conjugate base, and vice versa.
*  Ka = ([H[AT]/[HA]; large Ka = strong acid.
The Strength Spectrum (chapter examples)
« HCI: very strong acid, yielding CI~, a very weak base

(Ka very high).

+ H>COas: weak acid, yielding HCO3™, a stronger base
(Ka very low).

+ Water: very weak acid, yielding OH™, a very strong
base.

Common Errors
« Error: Conflating abundance with strength. A lot of a
weak acid and a little of a strong acid can carry the
same H* burden.
+ Error: Forgetting that a weak acid has a strong
conjugate base (and vice versa): this inverse
relationship drives buffering.

Prediction Prompt



idea: it returns in the bicarbonate system, where infused strong acid is
converted into weaker carbonic acid.

* Predict: Two 0.1 M acids are compared; one has the
larger Ka. Predict which solution has the lower pH and
which has the stronger conjugate base.

Section 3: The pH Scale — Why a Logarithm, and Why 0.1 Units Is a Big

Instructor Narrative

The move: pH is a logarithm of proton concentration, and the logarithm is
the source of most student misconceptions about pH. A shift from pH 7.35
to 7.45 is a substantial change in proton concentration rather than just a
rounding difference, and the physiological significance of the rest of the
chapter depends on that point.

A logarithm tames an enormous range

Proton concentrations span fourteen orders of magnitude and writing
them in molarity is unwieldy. Sgrensen's pH = —log[H*] compresses that
range into a 0-to-14 scale, and because body-fluid [H*] is always a small
fraction of a molar, the negative log is always positive. pH 7 is neutral;
below 7 is acidic (more H*); above 7 is alkaline (less H*).

Small pH numbers correspond to large concentration
changes

Because the scale is logarithmic, a change of 0.1 pH unit is not small:
moving from 7.45 to 7.35 is roughly a 26% increase in [H*], and a full unit
change is a tenfold increase or decrease. The narrow clinical window of
pH 7.35 to 7.45 therefore represents real, continuously compensated
variation, not rounding noise. This band of blood pH compatible with life is
just a tiny slice of the full scale.

Structured Outline / Causal Chain

The Definition and Its Logic
* pH = -log[H*]; Serensen, 1909; unit-less, ranges ~ 0—
14.
* Log chosen to compress 14 orders of magnitude into
one sequence.
* Higher H* — lower pH; pH 7 neutral, < 7 acidic, > 7
alkaline.
Derivation Chain: Why 0.1 Units Matters
pH is a log of [H*] — each whole unit = 10x change in
[H*] — 0.1 unit = 26% change in [H*] — normal 7.35-7.45
is a genuinely tight band in [H*] terms
Common Errors
* Error: Reading pH linearly, treating 7.0 and 7.4 as
nearly the same. They differ ~ 2.5-fold in [H*].
* Error: Assuming that neutral water at pH 7.0 has no
protons. At pH 7.0 the [H*] = 10"M.
* Error: Assuming an alkaline solution has no protons.
Even at pH 11.5 protons are present, just very few.
Prediction Prompt

* Predict: Arterial pH falls from 7.40 to 7.30. Predict
roughly how much [H*] has changed and whether or
not this is clinically trivial.



Section 4: Metabolism Is the Acid Source

Instructor Narrative

Structured Outline / Causal Chain

The move: Except for external intervention, every proton the lungs and
kidneys clear was produced by metabolism, and the nutrient fuel a cell
oxidizes predicts the acid it produces. Establishing the source first makes
the rest of the chapter the removal of that acid.

Each fuel makes a characteristic acid

Carbohydrate catabolism yields carbonic acid aerobically (from CO2
hydration) and lactic acid anaerobically. Fatty acid oxidation produces the
ketoacids acetoacetic and B-hydroxybutyric acid. Amino acid catabolism
produces ammonium (NH4*) and a-keto acids, and the hydrolysis of
nucleotides and sulfur-containing amino acids releases phosphoric and
sulfuric acid. This list is not for memorization; the pattern is the point:
pathway predicts product.

Cells are the body's main proton factory

Roughly forty trillion cells, whose collective intracellular fluid is about forty
percent of body weight, are all running these reactions, which is why the
chapter treats cells as the origin of bodily H* and tackles intracellular
regulation first. A clinically important case to flag now: in untreated type 1
diabetes, cells that cannot take up glucose shift to fatty acid oxidation,
accumulate ketoacids, and develop a metabolic acidosis, the acid supply
outpacing removal.

Volatile vs. fixed acid sets up the two organs

This chapter focuses on acid products that can be sorted into the two
categories. First, there is carbonic acid which forms from the hydration of
COqz. This acid is volatile: depending on the direction its reaction runs, it
can become CO; and leave through the lungs or it can dissociate into
protons and HCO3™ (which can be selectively retained or excreted by the
kidneys as needed). The other metabolic acids (lactic, keto, phosphoric,
sulfuric) are fixed in that they cannot be exhaled at the lungs and can only
be removed via the urine.

Pathway Predicts the Acid
» Aerobic carbohydrate — carbonic acid (from CO3);
anaerobic — lactic acid.
+ Fatty acid oxidation — acetoacetic and [3-
hydroxybutyric acid (ketoacids).
* Amino acid catabolism — NH4* and a-keto acids;

nucleotide / sulfur-containing amino acid hydrolysis —
phosphoric, sulfuric acid.

Volatile vs. Fixed (the setup for two organs)
+ Volatile: carbonic acid — CO2, removable by the
lungs.
» Fixed: lactic, keto, phosphoric, sulfuric; only the kidney
removes these.
Common Errors

+ Error: Treating all metabolic acids as substances the
lungs can handle. Only the volatile (carbonic) fraction
leaves through breathing.

» Error: Forgetting cells are the acid source, then being
surprised that consideration of ICF regulation comes
first.

Prediction Prompt

* Predict: A cell switches from glucose to heavy fatty-
acid oxidation. Predict the acids produced and the
likely whole-body acid-base shift.



Section 5: Chemical Buffers — The Shock Absorbers That Hide the Problem

First lines of defense. Plant the shock absorber metaphor early: Buffers act instantaneously, but conceal protons rather than removing them

Instructor Narrative

The move: Buffers blunt pH changes without removing protons from the
body. These shock absorbers soften the bump rather than filling the hole
in the road, and the image is worth returning to throughout the section.
Later errors about compensation trace back to forgetting that buffering
hides protons without eliminating them.

A buffer is a weak-acid / conjugate-base pair that trades
protons

A buffer is a pair, a weak acid and its conjugate base, that binds H* when
protons rise and releases H* when they fall. Intracellularly, the two big
buffer systems are phosphate (NazHPO4 / NaH2PO4) and protein (where
the work is done mostly by the imidazole group of histidine flipping
between protonated and unprotonated near physiological pH). The
reactions run by the law of mass action: add protons and the equilibrium
shifts to bind them; remove protons and there’s a shift to release them.

Hiding, not fixing, and almost instantaneous

The crucial limit: buffering is extraordinarily fast and can bind the large
majority of added protons, but it never removes them from the body. A
buffered proton is hidden, not gone, and it remains in the body until the
lungs or kidneys remove it. Buffers act like shock absorbers: they
minimize the pH change the body undergoes, but the acid load is still
present.

Buffer systems act together, and two non-chemical
mechanisms add capacity

The isohydric principle says every buffer system present shares the same
H*s, so they all shift together and a challenge is spread across all of

Structured Outline / Causal Chain

What a Buffer Is and Does

+ A weak acid plus its conjugate base; binds H* when
high, releases when low.

» ICF systems: phosphate (Na2HPO4 / NaH2PO4) and
protein (histidine imidazole).
+ Acts almost instantly; can bind most added protons.
The Shock-Absorber Limit

+ Buffers hide protons; they do not remove them from
the body.

» A buffered proton must still be excreted by the kidney
(or exhaled as COs).
Isohydric Principle + Non-Chemical Buffering

+ All buffer systems share the same H* and shift
together, so a load is distributed across all of them.

» Measure one pair — infer overall acid-base status
(isohydric principle).
+ Metabolic buffering: adjust acid production via
enzymes. Organellar: sequester H* in organelles.
Common Errors

« Error: Believing buffering corrects pH. It only blunts
the change; the protons are still in the body.

* Error: Thinking one buffer system dominates. The
isohydric principle means they act in concert.

Prediction Prompt



them. This principle is also clinically useful: measure one accessible pair * Predict: ICF pH drops sharply. Predict the direction of
(like CO2 and HCO3™) and you have effectively read the status of all of the phosphate reaction and which protein residue
them. Two non-chemical mechanisms add capacity: metabolic buffering does most of the binding.

(dialing acid production up or down via enzyme activity) and organellar

buffering (sequestering protons inside lysosomes or mitochondria, away

from cytoplasmic proteins).

Section 6: Acid Extruders, Acid Loaders, and the ICF-ECF Handoff

Instructor Narrative Structured Outline / Causal Chain

The move: When buffering is no longer sufficient, which is nearly always — Two Directions of Transport
the case, the cell moves protons across its membrane by transport, which
necessatrily shifts the acid load into the ECF. This is where the analysis
moves from a single cell to the whole body.

* Acid extruders: H* out (proton pumps; Na*-driven
exchange) and base anions in; ICF pH rises.

» Importing HCO3™ = functional acid extrusion (because

Transporters move protons both ways the base binds H").
* Acid loaders: the reverse, used when ICF pH is too

When buffering is not enough, cells transport protons across the cell ’
high. pH falls (these are often electroneutral

membrane. Acid extruders push H* out (ATP-driven proton pumps, or

Na*-coupled exchangers riding the sodium gradient) and pull base anions exchanges).

in; functionally, importing HCO3™~ counts as extruding acid because the Causal Chain: Why the Cell Is Passively Acidified

base will bind protons. Acid loaders run the reverse when ICF pH climbs ICF [H*] > ECF [H"], so the chemical gradient favors H*
too high. Many of these transporters move equal charge in both directions exit, while the inside-negative membrane voltage favors
so they stay electroneutral and do not disturb the membrane voltage. H* entry, and the electrical force is the larger of the two,

so net H* movement is inward, and HCO3"~

The cell is passively acidified, so active extrusion is simultaneously leaks outward down its own gradient,

required removing base — ICF pH would fall continuously. Active
The direction of net proton movement is counterintuitive. ICF pH (= 6.8— extrusion of H* is therefore required to hold it.
7.1) is more acidic than that of the ECF (= 7.4), so H* concentration is ECF as Middleman

higher inside: one would expect protons to leak out. But the negative
membrane voltage pulls positive protons inward, and that electrical
driving force is the larger of the two: a membrane potential near =70 mV
outweighs the chemical gradient favoring H* efflux, so net proton
movement is inward. HCO3~ simultaneously leaks out down its gradient.

» ICF problems are handed to the ECF (interstitium =
medium; blood = transport to exchange
organs/environment).



The net result is continuous passive acidification of the cell, layered on + Organ dysfunction — ECF pH falls — the outward

top of its own metabolic acid production. That is why active extrusion and driving force for H* extrusion falls — ICF cannot
buffering are not optional, they are essential. unload — ICF pH falls — protein dysfunction.
ECF is the middleman Common Errors

+ Error: Predicting net proton efflux from the
concentration gradient alone. In this instance,
membrane voltage actually reverses the net direction.

* Error: Treating ICF and ECF pH as independent.
They are continuously coupled.

Cells transfer their acid-base load into the ECF, which becomes both the
medium (interstitial fluid bathing the cells) and the transport route (blood)
to the lungs and kidneys. The reverse is clinically relevant: if those organs
malfunction and ECF pH drifts, the cells can no longer export protons
correctly and ICF protein function suffers. The two compartments are
coupled. Prediction Prompt
* Predict: A drug blocks the Na*-H* exchanger. Predict
the effect on ICF pH and on the cell's reliance on
chemical buffering.

Section 7: The Bicarbonate System — One Equation, Two Organs

The chapter's central spine. The carbonic acid equation is the one relationship every later section points back to.

Instructor Narrative Structured Outline / Causal Chain

The move: The carbonic acid equation is the central relationship in the The Carbonic Acid Equation

chapter, because it is the only buffer system whose two ends are . +H H H* + H -

controlled by two different organs. The lungs control the CO; end; the C(;(ZW o:(;gl): bi;g?n: accelercrzliij .by carbonic
L] ~ (o) ;

kidneys control the HCO3s end. )
anhydrase in RBCs and renal cells.

The equation and why carbonic anhydrase is so important » H2COj; is the pivot: forms during acid buffering,

The dominant ECF buffer is the bicarbonate system: CO2 + H.O — dissociates during base buffering.

H2CO3 < H* + HCO3™. It carries roughly 80% of ECF buffering capacity. Causal Chain: Strong to Weak Conversion (acid challenge)
The reaction happens everywhere but is enormously accelerated by Strong HCl added — H* bound by HCO3~ — forms weak
carbonic anhydrase at the two sites where it matters most: in red blood acid H,CO3 (dissociates much less) — pH falls only
cells, which load COx for transport and unload it for exhalation at the slightly instead of crashing

lungs, and in renal tubule cells, which set the ratio of H* to HCO3~
Two Organs, Two Ends



excretion. Carbonic acid sits in the middle of the system as the pivot: it » Lungs control the left side: CO2 removal.
forms when acid is buffered and dissociates when base is buffered. + Kidneys control the right side: H* and HCO3™ handling.

Strong acids and bases are converted into weak ones * Independently adjustable ends — this buffer can be
] actively steered as appropriate.
Take the two challenges in turn. Infuse strong HCI and the protons are

bound by HCO3™ to form H2COs3: a strong, fully dissociating acid has Common Errors
become a weak, barely dissociating one, so pH barely moves. Add strong * Error: Thinking bicarbonate is effective because it is
NaOH and the OH™ removes a proton from H,COj3 to make water plus the the strongest buffer. Its pKa (6.1) is far from pH 7.4:
weak base NaHCOj3. Either way the system trades a large pH change for This buffer is effective because both ends are
a small one, exactly the weak-acid logic discussed earlier. regulated.

. . . » Error: Forgetting carbonic anhydrase. Without it the
Two adjustable ends is what makes it powerful CO2 hydration reaction is too slow to matter at RBCs
The reason this buffer outperforms others is not its chemistry but its and tubule cells.
regulation. The pKa for the bicarbonate system (6.1 at human body Prediction Prompt

temperature) represents the pH at which the system is best “poised” to
mediate either an acidic or basic challenge. There are equal
concentrations of HCO3~ and CO; at that point (ratio = 1, the log of 1 = 0,
therefore, pH = pKa + 0). Because of this, the system is better adapted to
work at pHs much less than the normal 7.40. Keep in mind, though, that
both ends of the bicarbonate system are adjustable, and that's what
makes this system so powerful. The lungs control the left side by
regulating how much CO> leaves the body, and the kidneys control the
right side by regulating H* and HCO3~ excretion and production. A buffer
with two independently controlled ends can be steered, which is why the
rest of the chapter is about which organ adjusts which end.

* Predict: Blood CO: rises. Using the equation, predict
the direction of the shift and what happens to H* and
HCO3".

Section 8: The Henderson-Hasselbalch Equation — Reading and Predicting Compensation

Instructor Narrative Structured Outline / Causal Chain

The move: The Henderson-Hasselbalch equation is used here to predict  The Equation and Its One Substitution
pulmonary and/or renal compensation. The one substitution worth e K. = ([H1H “1VIH - H hard t
explaining is the replacement of H,CQOs, which is difficult to measure, with a = ((HIHCO: ])H2CO]; HCOs hard to measure.



dissolved CO,, which is calculated from PCO.. After that, the equation

gives the variable each organ moves and the direction it needs to move it.

Why we write the equation in terms of CO:z instead of H2CO3

Start from Kz = ([H*][HCO37])/[H2C03]. H2CO3 is essentially impossible to
measure, whereas dissolved CO: is readily calculated from blood PCO>
times a solubility coefficient. Since hydrated and free CO; sit in a fixed
1:1000 ratio, one can substitute CO» for H2CO3 (rolling the factor into a
modified constant) and rearrange to the form clinicians use: pH = pKa +
log([HCO37]/[CO2]), with pKa = 6.1 in blood.

Two knowns give the third variable, and predict
compensation

The practical power is twofold. Given any two of pH, HCO3™, and COo,
one can easily solve for the third, which is exactly what an arterial blood
gas exploits. And the ratio form predicts the response to a disturbance: in
acidosis the body raises HCO3™ (kidney) and lowers CO2 (lungs); in
alkalosis it does the reverse. The equation names which variable each
organ moves, and in which direction.

Poised low, but steerable everywhere

The system buffers best where HCO3™ and CO; are equal, at pH = pKa =
6.1, well below the body's 7.4, so by classic buffer logic bicarbonate
appears poorly suited. The resolution is the same as before: because
both ends are adjustable, the body is not stuck at the poised point. It
holds pH at 7.4 by keeping the HCO3™-to-CO ratio near 20:1 and shifting
it on demand.

* Hydrated : free CO2 = 1:1000 — substitute CO2 for
H2COs (modified constant).

* pH = pKj + log([HCO37)/[CO2]); pKa = 6.1; [CO2] =
solubility x PCO».

Causal Chain: From Disturbance to Compensation

Acidosis (low pH) — both ends are adjusted in parallel:
the lungs lower [CO,] within seconds (increase
ventilation) and the kidney raises [HCO37] over hours
(reduce excretion, make new). The HCO3™-to-COx ratio
rises, and by Henderson-Hasselbalch that is a pH
returning toward 7.4.

The Poised-Point Paradox
+ Best buffering at pH = pK; = 6.1 (ratio = 1), far from
7.4.
« But both ends are adjustable, so the body steers the
ratio (~ 20:1 at pH 7.4).
Common Errors
» Error: Thinking of bicarbonate as a poor buffer
because pKj is 6.1 (far removed from the normal
blood pH of ~ 7.4). Adjustability, not proximity to 7.4, is
the point.
* Error: Forgetting [CO2] must come from PCO, x
solubility before using the equation.
Prediction Prompt

* Predict: An ABG gives pH and PCO: only. Predict
how you would obtain [HCO37] and what a low value
alongside low pH suggests.

Section 9: The Fast Defense — Respiratory Control of CO»

Second line of defense (seconds). The lungs steer the left side of the bicarbonate equation by changing how much CO: stays in the blood.



Instructor Narrative

The move: Breathing is connected to pH through chemoreceptors. The
lungs do not sense pH themselves; chemoreceptors detect H* and COy,
and the brainstem adjusts ventilation. The same loop, driven by
something other than blood chemistry, can produce the pH disturbance
instead of correcting it.

Hypercapnia lowers pH; chemoreceptors detect it

When metabolism increases, CO» production climbs, PCOs rises
(hypercapnia), the equation shifts right, and pH falls. Two sensor
populations report this. Central chemoreceptors in the ventral medulla
actually sense H*, but as a proxy for CO»: blood CO>, being lipophilic,
crosses the blood-brain barrier, drives the carbonic acid reaction in the
brain's interstitium and CSF, and frees protons. Because CSF has almost
no protein and thus little buffering, those protons stay free and the
receptors are exquisitely CO»-sensitive. Peripheral chemoreceptors,
glomus cells in the carotid and aortic bodies, sense low O, high CO», and
low pH, with hypoxemia their strongest trigger.

The brainstem adjusts ventilation

Receptor signals feed the medullary respiratory center (the dorsal and
ventral respiratory groups), which drives the diaphragm to change the
rate and depth of breathing. Acidosis stimulates hyperventilation, which
blows off COg, shifts the equation left, and increases pH back toward
normal within seconds. Alkalosis does the opposite via hypoventilation.
Pulmonary compensation is fast but rarely perfectly complete.

When the lung is the problem, not the fix

The loop also runs in reverse. If ventilation is driven by something other
than blood chemistry (anxiety, fever, altitude, or lung disease), it can itself
create the disturbance. Chronic hypoventilation traps CO> and causes
respiratory acidosis; chronic hyperventilation washes out CO, and causes
respiratory alkalosis. The same machinery is now the cause rather than
the correction.

Structured Outline / Causal Chain

Two Chemoreceptor Populations
« Central (ventral medulla): sense H* as a proxy for
COy; CO2 crosses the BBB, CSF has low buffering —
very COz-sensitive.

» Peripheral (carotid + aortic glomus cells): sense low
02, high CO,, low pH; hypoxemia is the strongest
stimulus.

Causal Chain: The Respiratory Compensation Loop
1CO2 (hypercapnia) — |pH — chemoreceptors detect the
change — medullary respiratory center 1 rate and depth
— 1 ventilation blows off CO2 — equation shifts left —
[H*] falls, which is a pH rising toward normal

Same Loop, Run Backward = Disease
« Chronic hypoventilation — CO> retention —
respiratory acidosis.
» Chronic hyperventilation — CO2 washout —
respiratory alkalosis.
Common Errors

» Error: Believing central receptors sense CO> directly.
They sense H*; CO: is the upstream driver via the
BBB.

» Error: Assuming ventilation only compensates
acidosis or alkalosis. These disorders can be caused
by respiratory disturbances.

Prediction Prompt

» Predict: A panicked student hyperventilates before an
exam. Predict the direction of change in PCO» and
arterial pH, and name the disturbance.



Section 10: The Potent Defense — Wh

the Kidneys Eliminate Fixed Acid

Third line of defense (hours). Slow, but the only system that truly removes fixed acid and rebuilds buffer.

Instructor Narrative

The move: The division of labor is explicit: buffers hide protons, the lungs
exhale volatile “acid”, and only the kidney removes fixed acid from the
body and synthesizes new buffer. The kidney is the slowest of the three
defenses, but the only one that resolves a fixed-acid load completely.

Only the kidney eliminates acid rather than just hiding it

The hierarchy runs in a timeline: fast and local (buffers), then faster
systemic (lungs in seconds), then slow systemic (kidneys in minutes to
hours). The kidney is last and slowest but most potent because it is the
only step that actually takes protons out of the body, in acidic urine, and
the only one that can build new buffer. Buffered protons were only
temporarily bound to buffers and CO> contains no dissociable protons;
the kidney is where they are finally removed.

Filtration sets the stage; reabsorption and secretion do the
work

The clearance logic applies here: at a given GFR a fixed fraction of a
filterable solute enters the tubular fluid, but what is actually removed
depends on reabsorption and secretion. HCO3™ is freely filtered, about
4,320 mmol per day, and almost none should appear in urine, so the
nephron must reabsorb nearly all of it continuously. H*s, by contrast, are
largely buffered by plasma proteins and escape filtration, so the kidney
must secrete them. The power of renal acid-base control is the ability to
tune three events at once: secrete H*, reabsorb filtered HCO3~, and make
new HCO3™.

New bicarbonate, not reabsorption, restores consumed
buffer

Reabsorbing filtered HCO3™ only prevents loss; it cannot replace buffer
already consumed neutralizing fixed acid. To keep the ECF buffer pool

Structured Outline / Causal Chain

The Defense Hierarchy (timeline)
« Buffers: instant, local, hide protons.
+ Lungs: seconds, blow off volatile (CO3) acid.
» Kidneys: minutes—hours, eliminate fixed acid in urine
and build new buffer.
Clearance Logic for Acid-Base

+ HCO3™: freely filtered (~ 4,320 mmol/day), nearly all
reabsorbed.

» H's: buffered by plasma proteins, escape filtration —
must be secreted.

* Three tunable actions: secrete H*, reabsorb HCO3;™,
make new HCOs™.

Common Errors

« Error: Thinking the lungs can eliminate a fixed-acid
load. They only remove the volatile CO fraction.

* Error: Treating HCO3™ reabsorption and new HCO3~
production as the same thing. One prevents loss; the
other restocks buffer.

Prediction Prompts

* Predict: A patient has a chronic fixed-acid load.
Predict what happens to arterial pH, PCO_, and the
ECF bicarbonate pool over the first minutes, and then
over the following hours. Name which defense is
responsible at each stage.

« Predict: A second patient with a chronic fixed-acid
load presents with an arterial pH of 7.38. Explain why



from depleting over days of net acid production, the kidney must this patient may still be in serious trouble, and what
synthesize new HCO3™ and add it to the blood. Reabsorption defends the single measurement would reveal it.
existing supply; new production restocks it.

Section 11: The Proximal Tubule — Reabsorbing Bicarbonate by Secreting Protons

Instructor Narrative Structured Outline / Causal Chain

The move: Most of the protons the proximal tubule secretes do not Secretion Serves Reabsorption
acidify the urine; they help recover filtered bicarbonate. The route is
indirect because filtered HCO3~ cannot cross the apical membrane and
must be converted to CO2 and then rebuilt inside the cell.

* Most PCT H* secretion serves mainly HCO3~
reabsorption, not urine acidification.

» Filtered HCO3™ cannot cross the membrane directly: it

Secretion is indirect, and it starts with CO- is converted, then regenerated.
Protons are not transported directly across the PCT wall. Inside tubular * E;_srecretlon and HCOs™ reabsorption run ~ 1:1 in the

cells, CO2 (from peritubular blood, from cell metabolism, or from the
tubular fluid) is rapidly hydrated via carbonic anhydrase to H,CO3, which Causal Chain: How Filtered Bicarbonate Is Reabsorbed

dissociates to H* and HCO3™. The basolateral Na*-K* pump builds the H* secreted into lumen (Na*-H* exchange, powered by
sodium gradient that powers an apical Na*-H* exchanger, driving protons Na*-K* pump) — H* + filtered HCO3™ — H2CO3 — CO; +
into the lumen, with extra protons pushed by an ATP-dependent pump. H.O — CO- diffuses into the cell — carbonic anhydrase
The HCO3™ made in the same step is reabsorbed toward blood, in part by regenerates H* + HCO3;~ — HCO3™ reabsorbed to blood;
cotransport with Na* and counter-transport with CI". H* recycled to lumen

Why the proton has to go first New Bicarbonate

Filtered HCO3~ cannot cross the apical membrane directly. So, a secreted * When the filtered, then reabsorbed, HCOs™ supply is

proton meets filtered HCO3™ in the lumen, forms H.COs, which becomes exhausted, blood CO; feeds continued intracellular
CO, and water; that CO; diffuses into the cell, where carbonic anhydrase HCOs™ production.

regenerates H* and HCO3"~, and the HCOs™ is reabsorbed. The proton is * This HCOs™ is new ECF buffer, not recovered filtrate.
then recycled to bind the next bicarbonate. That means proton secretion's  common Errors

major function is to facilitate bicarbonate reabsorption; acid excretion is
the minor side effect, and PCT H* secretion and HCO3™ reabsorption run
about 1:1.

« Error: Thinking filtered bicarbonate is reabsorbed
intact. It combines with H* in the tubular lumen to form
H>CO3 which separates into CO2 and H20. The CO>
then diffuses into the cell and is rehydrated to form



Making new bicarbonate when filtered, then reabsorbed,
buffer runs out

During a metabolic acid load, all filtered HCO3™ can be reabsorbed and
the kidney still needs to keep secreting protons. As long as blood supplies
COg, the intracellular reaction keeps regenerating HCO3™ that is genuinely
new, added to the ECF rather than merely recovered. That is the
production step from the previous section, stated as a mechanism.

H>CO3 which dissociates into HCO3;- and H*. The
HCOz3  is absorbed into the blood and the H* is
resecreted.

Error: Assuming proton secretion mainly acidifies

urine. In the PCT its main effect is bicarbonate
recovery.

Prediction Prompt

Predict: A carbonic anhydrase inhibitor is given. Predict the
effect on HCO3s™ reabsorption, urine pH, and ECF pH.

Section 12: The Late Nephron — Intercalated Cells and Urine Buffers

Distal tubule fine-tuning layered on proximal tubule bulk recovery.

Instructor Narrative

The move: The two intercalated cell types run the same carbonic acid
reaction in opposite directions, sending products opposite ways. The
urine also requires its own non-bicarbonate buffers, because without
them the falling luminal pH stalls further proton secretion.

Type A and type B are mirror images

Late fine-tuning occurs at intercalated cells scattered among principal
cells in the late DCT and early collecting duct. Both run the carbonic acid
reaction; they differ only in what they do with the products. Type A cells
handle acidosis: apical ATP-dependent pumps secrete H* into the lumen
while HCO3™ goes to blood, raising ECF pH. Type B cells handle
alkalosis: they are inverted type A cells, secreting HCO3™ into the lumen
and returning H* to blood, lowering ECF pH. Diet shows up here: a
vegetable-rich, low-meat diet drives type B activity and alkaline urine.

Why urine needs phosphate and ammonia buffers

There is a physical limit. As urine acidifies (normally near pH 6,
occasionally as low as ~ 4.6), the gradient opposing further proton

Structured Outline / Causal Chain

Intercalated Cell Subtypes

Both run CO;2 + H,O < H2CO3 «» H* + HCO3™; they
differ only in details of product handling and shipping.

Type A (acidosis): secrete H* to lumen, HCO3™ to
blood; urine pH can fall to ~ 4.6.

Type B (alkalosis): secrete HCO3™ to lumen, H* to
blood; urine pH can rise to ~ 8.0.

Why Urine Needs Buffers

Decreasing urine pH steepens the gradient opposing
H* secretion (stalls transporters).

HPO42~ + H* — H,PO4™; NH3 + H* — NH4* trap
protons in urine.

Buffered secretion lets the cell keep secreting and
regenerating HCO3™.

Causal Chain: Glutamine: Two Products



secretion steepens and the transporters stall. Tubular buffers solve this: Kidney metabolizes glutamine — produces NH4* and

HPO4?~ + H* — H2PO4~ and NH3; + H* — NH4*. A secreted proton bound HCO3~™ — NH4* carries a proton into the urine and is
to a non-bicarbonate buffer stays in the urine to be excreted, keeps excreted; HCO3™ is absorbed to blood. That is acid
luminal pH from crashing, and lets secretion (and HCO3™ regeneration) excreted and new buffer made in one step.

continue. A large fraction of acid excretion leaves as phosphate- and

. Common Errors
ammonia-buffered protons.

* Error: Treating type A and B cells as unrelated

Glutamine: buffer and new bicarbonate at once mechanisms. Type B is an inverted type A; mass
action sets the direction.

* Error: Forgetting urine buffers. Without phosphate and
ammonia, urine pH would crash and stop secretion.

The kidney metabolizes the amino acid glutamine to make NH4* (which

carries protons out in the urine) and HCO3™~, which is absorbed into blood
as yet another source of new buffer. One reaction both excretes acid and
restocks the ECF buffer pool. Prediction Prompt

* Predict: Urinary phosphate and ammonia fall. Predict

the effect on urine pH and on the proton gradient
across the tubule wall.

Section 13: Naming the Disturbance — Respiratory vs. Metabolic, Acidosis vs. Alkalosis

Instructor Narrative Structured Outline / Causal Chain

The move: Two questions fill the 2x2 classification: pH gives the The 2x2 Decision Rule
direction, and whether PCO or HCO3™ accounts for it gives the cause. . antions)- P =
Respiratory names the lung-controlled end of the equation; metabolic (1 or2, directions); pH < 7.35 = acidosis; > 7.45

. alkalosis.
names other pH disturbances. i
* (3 or4, causes); Tracks PCO2 — respiratory; tracks
Two axes, four boxes HCO3s™ — metabolic.

Arterial pH below 7.35 is acidosis; above 7.45 is alkalosis: that is the first * Respiratory acidosis = 1PCO2; metabolic acidosis =
axis. The second axis is cause. If the abnormality tracks PCO3 (the lung- IHCOs" (alkalosis mirrors both).

controlled end), it is respiratory; if it tracks HCO3™ (everything else), it is Causal Chain: Why Metabolic Acidosis Shows Low HCOs~
metabolic. So, acidosis with high PCO2 (above ~ 40 mmHg) is respiratory Fixed acid adds H* — HCOj3™ buffers it and is consumed,
acidosis, the lungs failing to clear CO»; acidosis with low HCO3~ (below ~ so measured [HCO37] falls. A low HCOs™ is the fingerprint
24 mEg/L) is metabolic acidosis. Alkalosis splits the same way: low PCO> of acid buffering.

is respiratory, high HCO3™ is metabolic. .
The General Equivalence



* For pH, loss of base = gain of acid (and vice versa).

Metabolic acidosis from two directions _ , )
+ High H* and low HCO3™ describe the same metabolic

Metabolic acidosis can appear as either high H* or low HCO3~, and both acidosis.

are the same event seen from two sides. Added protons are buffered by

HCOs", consuming them, so measured HCOj3" falls: a low value is the Common Errors

fingerprint of buffering against an acid load. The general rule: with respect * Error: Confusing the direction (pH) with the cause

to pH, losing base is equivalent to gaining acid, and vice versa. (PCO2 vs HCOg3™). One needs both to name the
disorder.

« Error: Thinking high H* and low HCO3™ are two
different problems. They are one event from two sides.
Prediction Prompt

* Predict: A patient has pH 7.30 and PCO, 55 mmHg.
Predict the disorder and which organ is implicated.

Section 14: Reading the Blood — Anion Gap, ABGs, and the Davenport Diagram

Instructor Narrative Structured Outline / Causal Chain

The move: Three tools read the blood: anion gap sub-classifies Anion Gap
metabolic acidosis, arterial blood gas supplies pH and PCO3, and the
Davenport diagram displays compensation as movement on a graph.
Each disorder is a readout of an underlying metabolic, pulmonary, or
renal problem rather than a disease in itself.

+ Electroneutrality: the true cation-anion gap is zero; AG
counts only major ions.

+ AG = ([Na*] + [K*]) = ([CI'] + [HCO37]) = 15 mM
normally.

The anion gap exploits electroneutrality  High-AG acidosis: acid buffered, HCO3~| without CI~{

(lactic, keto). Non-AG acidosis: HCO3™ lost, CI”

Real solutions are electroneutral, total cations equal total anions, so a g
replaces it (Gl / renal).

true gap is zero. The clinical anion gap, AG = ([Na*] + [K*]) — ([CIT] +

[HCO37]), counts only the major ions and lands near 15 mM, the “gap” Arterial Blood Gas
being unmeasured anions. Its use: when excess metabolic acid is + Measures pH, PCO2, POy; venous gas (VBG) parallels
buffered, HCO3" falls without CI” rising, so the gap widens, a high-anion- the trend.

gap metabolic acidosis (lactic acidosis, ketoacidosis). If instead HCO3™ is
lost and CI™ replaces it (Gl or renal HCO3" loss), the gap stays normal, a
non-anion-gap acidosis. A single electrolyte panel separates the two.

* pH+ PCO2; — [HCO37] via Henderson-Hasselbalch.



The ABG gives the numbers

Arterial blood gas analysis (drawn from an artery, technically more difficult
and painful than the venous sampling sometimes substituted) measures
pH, PCO>, and PO2. With pH and PCOz in hand, Henderson-Hasselbalch
yields HCOs3~, and the three together let one read respiratory function, pH
status, and the likely source of a disturbance.

The Davenport diagram makes compensation visible

Davenport's plot puts HCO3™ on the y-axis and pH on the x-axis, with CO>
isopleths (curved PCO: lines) and a buffer line whose slope reflects blood
buffering capacity, mostly hemoglobin, tying back to how blood carries
CO3. Two rules to read it: at a fixed PCO2 you scan along one curve;
changing buffering moves you onto a different buffer line. A pure rise in
PCO2 from say 40 mmHg to 60 mmHg shifts the assessment toward
respiratory acidosis (with HCO3~ nudging up, as the equation predicts);
falling PCO2 moves toward respiratory alkalosis; vertical steps at a fixed
PCO- are metabolic. Chronic compensation appears as a second arrow
returning pH toward 7.4, renal for respiratory problems, respiratory for
metabolic ones.

Disorders are symptoms, simple or mixed

Acid-base disorders are not diseases in themselves; they are readouts of
metabolic, pulmonary, or renal dysfunction (or of drugs, altitude, anxiety).
A single cause is a simple disorder; overlapping causes, say respiratory
plus renal failure, make a mixed disorder that the Davenport diagram can
reveal, but only with a seasoned user’s experience. The chapter's payoff
is being able to look at three numbers and reconstruct which of the body's
three defenses is failing and which is compensating.

Causal Chain: Why Acute Respiratory Acidosis Moves Along
the Buffer Line

PCO; rises from 40 to 60 mmHg — the carbonic acid
equation is driven right — both H* and HCO3™ are
generated, so pH falls while HCOs3" rises slightly. On the
diagram that is the point moving left and slightly up along
the buffer line, landing on the 60 mmHg isopleth — over
hours the kidney secretes H* and synthesizes new
HCO3™ — HCOs rises above the original buffer line and
pH returns toward 7.4

Reading the Davenport Diagram

Rules to follow: at a fixed PCO2 you read along one
curve; changing buffering moves you onto a different
buffer line. A pure rise in PCO; slides toward respiratory
acidosis, falling PCO2 moves toward respiratory alkalosis.
Vertical moves at a fixed PCO; are metabolic. Chronic
compensation appears as a second arrow returning pH
toward 7.4

Disorders Are Symptoms

* Not diseases per se, readouts of metabolic,
pulmonary, or renal dysfunction (or drugs / altitude /
anxiety).

+ Simple = one cause; mixed = overlapping causes

(e.g., respiratory + renal).
Common Errors

« Error: Forgetting the buffer line is mostly a function of
[hemoglobin]. A different hematocrit changes the line’s
slope.

* Error: Reading a high anion gap as just “acidosis.” It
specifically flags added-acid (not HCO3™ loss)

metabolic acidosis. Metabolic acidosis can also occur
in a non-AG form.

Prediction Prompt



Predict: PCO: jumps from 40 mmHg to 60 mmHg
acutely. Predict the Davenport move and the direction
of the pH change, then the chronic compensating
arrow.

Predict: The anion gap is elevated in a patient with

acidosis. Predict the likely category of cause and one
example.




