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A Multicompartment Model of Respiratory, Renal, and Anatomical “ _‘:’:f
Contributions to the Regulation of Body pH Levels

INTRODUCTION; Lifc is compatible with onby a small sanpe of blood pH values, which
the body sustaing magically through the combined action of respiratory rate, renal
filtration, and blood buffer regulatory mechanisms, all interrelated, This model attempts to
aimulate the mterplay.

The enevmutic machinery that allows us to live operate efficiently only within the pH
ranpe of 7.35-7.45, termed “normal™ physiological pH, and so 1t is imperative that the
body maintains pl1 within this range. The systems employed by the body culminate into an
enormons miffering capacity, which is the ability of a system to withstand changes in net
proton fiow with minimal pHl fluctustion.

BACKGROUND:

pH In The Body - The area of concern is the pH of the blood, because it is representative
of the body's state of affairs s a whole, as it serves as the common exchange route
between individual cells and the external environment to which excess wasies are vented
and from which needed mntmients are obtained. The pH of a solution is defined as the
inverse logarithm (in base 10) of the concentration of hydranium ions (moles per liter)

pH = - loglO[H+]
A changs of 1 pH unir reflects an alteration In free proton concentration by a factor of ten,

The body’s pH has the potential to change for 3 number of reasons. The first reason i that
many metabolic processes in the body are inherently acidic’ insufficient oxywen supply o
the muacles during physical activity resuits in the formation of lactic acid as a metabolile,
keto-acids are formed as 0 result of low glucose availability (starvation), and other
cxamples are readily available Owverall, metabolic processes contribute about S0-
90mEq/day of fixed acid The second reason a blood pH may change is due to pathology.
Excessive vOmiling causes an enormous oss of gastric hydrochloric acid, which ¢an
sleyvate pH to dangerous levels The kidney must keep wateh over the body's pH and
adjust it excretion/reabsorption behavior nccordingly, When it fiils to due this job, the
nisks are obvious. Also, consimption of acidic foods is unavoidable, and if left
unaccounted for, this factor alone could be fatal Finally, respiratory behavior is directly
tied to blood pH, discussed in the followmng section.

Bullers and Their Importance in the oman Body
Aeigly can be defined as 2 molecular species capable of contributing a free proton 1o

aqueous golution, and hases are those that can accept free protons. A hrief review:




AH <> A-+ i+

A proton donating species (Al) dissociates in agueous solution info ils conjugate base
fean accept protons) and & proton, the extenl of which depends on a property of the acid
called its pKa. This is the pH at which half’ of the acid species is in its proton donating
form, und half exists dissociated

pKa=pH when [A-J[AI] =1

This hag an important consequence. BufTers are acidie species capable of attenuating the
pH changes associated with proton infusionoss in a system by ether accepting excess
profons (1he dissociared form acting as & base} or by donating protons (as an acid) 1o the
system, thus acting to compensate for [T74] change, Tmagine the case of pure water, who's
pHl is 7 (chemically neutral) by definition” adding an amount of protons to such a svstem
translates directly 1o an incrense in free protons in solution ([T14] is synonymous with
[H30+]) Buffers have the capacily Lo exchange protons wath the agqueous envirotiment.
OF course, if & proton flux intofout of a system is sulficiently large, all of the pertinent
baffer species will eventually be used up and its presence will become insgnihicant

Different buffering substances act optimally under dilferent conditions. But one thing
remains true. Buffers are most effective in a solunion who's pH s close 1o the bufles’s
pKa, This is because, at pH close to the pKa, there are the largest relalive amounts of both
forms of the buller exist 1o either donate of receive protons as needed.

One ¢an caléylate the pi of a bullered solution based on the concentrations of the two
forms of the buffer. This is the Hendersen-Hesslebach(?) Equation:

pH = pKa_Buffer + log{[A-|/[AH])

This is the nature of chemical butfer capacity. Whar buffers exist in the human body to
euard against abrupt pH chanpes? The major buffering is done through the earbonic acid
s¥ELem.

H{0O3= + [+ == 203

Carbonic 15 an extremely strong acid with a pka of about 2.5 Since buffers act optimally
at plTs near their pKa's, it i5 mmobvious why something with such an absurdly low pka
should have anything at all 1o do physiological buffering. Part of the answer 18 thal the
above equation is only part of the picture. Carbonic acid also dehydrates, existing in
vr:qn,li'ﬁhrium wilh water and carbon dioxide

HCO3-+ H+ <> HMO3 <> H20 + C02
Carhonic Antndrose



The enzyme carbonic anhydrase catalyzes in vive CO2 and H2O conversion (o carbome
acul, and vice versa, and is excesdingly imporiant in the whole regulation process. The
pKa of this expanded system has a value of 6.1, much closer to physiological pH. but =tll
not close enough to be an obvious buffer

In the erythrocyte membrane, carhon dioxide waste from active cels 15 converted guickly
and ¢asily mto carbonic acid by the enzyme and dissociates info a proton and bicarbonate
ton. Aboul 67% of the carbon dinxide in the human body is carnied via bicarbonate, with
the accompanyving amount of fee protons Thus the level of COZ in the blood has an
acidic effiect on blood pll

The acidic cffect is accounted for, however, i the pulmonary cappifary bed, whers
bicarbonate and proton meet again to form carbome acid, are converted (o COZ and HZ0
by carbomc anhydrase, and the CO2 15 vemted through diffuson o the lung and
exhalation by animal. Thesefore protons are constantly being removed from the blood as
carbon dioxide is exhaled, being fixed into benign H20,

The final facior making the carbonic acid/bicarbonate system the bulfer of choice is
the volatile nature of carbon dioxide.

Sinee C02 15 easily, eonstantly, and quickly removed from the bloodsiream, so exists the
machanism to decrease hody pH

A final addition to the system comes in the form of chemosensory changes in respiration
rate, High C02 levels signal the bram to inerease breathing rate and volume i the hopes
of expelling more CO2, faster, This taken mita account, (he huflering capacity of the
svstom 18 inereased furthor.

Other Buffering Svstems in the Body: Other species exist within the blood that act as
buflers, such as hemoglobin and phosphoric acid, but (he hicarbonate iz by far the most
imponant and efficient.

To illustrate the point, consider the experiment in which a dog is translused with 161 mEq
of hydroclone aad, The plasma pH went from 7.4 to 7.10. Had the dog no Biffery, the
o would lonve fallen to 184, low enongh to melt steel and certainly incomperible with
fife!

The Role of CO2

As stated, CO2 exisiz as a vehicle for transfer of acid (via casbonic anhydrase and
bicarbonate) cut of the boady by the breathing process. It is alse a standard bi-produer of
cell metabolism and is desiceable to the body only in small quantites

The mam mmportance of C02 fo the body 15 that of a chemical mdicator of respirutory
neads.



FIGURE 1 - The basic life of a CO2 molecide in the oy, 1t is evcreied by cells as a
praduct of metabalism, and enters the hloodstream where i quickly aticins equilily tum
witfr prertorey cvad Bicorhomate i carbosie anhvelrose, CO2 recdily dfiffroses doross e
hinod-brain barrier into the CSF and stimulaies breathing cemvers by lowering pH.
Profons have a more difficult iime diffusing.
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The Role of (32

Oxygen plays 2 role in regulating respiration as well and its levels are detected by via
peripheral chemoreceptors located m the aorta and the carotid artenics. However, the
elfects of pO2 aren’t exprossed by the body unmtil pCO2 s raised beyond a certain
threshold level. For the purposes of this model, the regulatory effects of oxygen sre
ignored and ¢arbon dioxide dominates.



Respiration

Respiration 18 the means by which gas exchange occurs between an arpanism and its
environment. An organism seeks to discard carbon dioade and obfam oxygen, the
biproduct of and fuel for cellular energetics, respeclively

Diffiision of the gasses occurs across the lungs alveolar tissue. Expanding and contraghing
the lung space (breathing) ventilates the alveolsr space and provides Fresh air for transfer,
The rate at which this needs o be done (breathing rate) and the si7e of cach breath (fdal
volume) are both vanables which are subyect to the respiratory regulation mechanisms of
the body,

Inspiralion is an aclive process requiring expendature of energy to move the diaphragm,
and is simaled by the phrenic nerve. Expiranon 15 nommally passive, beng due to the
clastic recoil of the respiratory machinery: Tung tissue, thoracic cage, and muscles.

Two values generdlly desenbo a respiratory state, The breathing rate (BR) is the number
of breaths taken in a minutes time, and the tidal volume (TV) is the size of each breath
mapsured m liters. The Respiratory Minute Volume can be caleulated, and representy the
amount of air “moved” in & minute’s hme:

RMY =(TV) x (BR)

However, there exists 4 portion of the lungs volume that is incapable of performing
gaseous exchange. This is referred o as the conductive zone, or dead space. If one is
interested in the amount of fresh air actually vemilating the alveolar, or pas-exchange,
vofume, one must account for the dead space air:

Alveolar_Ventilation = [(TV - deadspace) x {BR)]

This equation implies that a breathing pattern of shallow, quick breaths is less efficient at
ventilating the alveolar spaces than one of deeper, slower breaths. The consequences of
his are explored in the experimentation section

hitusmion of gasses across the alveolar wall is governed by the dilference in pressure,
betwesn the 1LI.|!'IEI: and blood, of cach gas Gasses are ysually spoken of in terms of their
prurdic pressyres. or the fraction of any total pressure (in the atmosphers, in solulion in
water, in the hlood) due o fthe prescnce of that gas It 18 mossured in millimetors of
mercury (mmHs}h, equal to the total pressure multiplied by (he quantitetive percentage of
tatal gas that the gus of interewt accounts for:

pGAS = pIOTAL x |GAS/ Total Gas)]

In must be remembered that this iz an approximation, assuming that the gasses are “ideal ™



So the difference in partial pressures across a diffusional barrier influences the rate of
flow, along with what is called the diffusion cogfficient of the gas for a given systerm.

Diffusion_Flow = dm/dt = D_Gas x (P1 - F2)
The diffusion coefficient contains temperature, molecular weight, barrier thickness,
diffissional area, and sofubifity information. The solubility coefficient (S_Gas) of n gas tells
how much gas (in mL or moles) will enter solution if the solvent system is exposed to a
given partial pressure of that gas; it has units of mI/L/mmHg, Therefore:

mL Gas_in_Solution = S_Gas x (p_Gas_Outside_Solution)

§_CO2 (for blood) = .03 mmol/L/mmHg = .65 mL/L/mm1fg
§_O2 (for blood) = 1.37 micromol/L/mmIig = .03 mL/L/mm¥ig

Sorry this is so boring. But I'm trying to be brief .

That being said, the diagram below illustrates respiratory process and outlines
terminologies corresponding to different functional divisions of the respiratory volume.

FIGURE 1 - Riagramatic view of differens functional divisions of lung space.
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Central {(Medullary) Chemorecepiors

The levels of carbon diosade in the body are momiored by meduilary chemarecepiors,
which sample the pH of the cercbrospinal fluid to indircetly measure CO2 levels. Thus. the
recepiors are really looking al the concentration of hydroniom ions. Respiratory response
to mcrcased pCO2 s brisk, but an infission of acid {protons) into the bloodstream ehicits a
more sluggish response. Thig s because COZ, being a gas, diffuses readily through the
blood-brain barrder and is converied to I1t in the CSF by carbonie anhydraze, which is
delected by the medullary receptors. Free acad, however, has a hard time crossng the
blood-brain barrier (charged molecules generally do) and as a resull fals 1o effect
respiration quickly.

Cercbrospinal fluid generally has a lower comesniration of bicarbonate ion and
consequenily a lower bulfering capacity than Mood, Therefore, 4 small change in pUO2 i3
able to substantially effect respiration, An acclimalization mechanism exists in the bramn o
compensate for long exposure to excess C02 if the CSF remains at & low pH for (oo
long, bicarbonate ion begins Lo be actively pumped across the blood bram bammier (o buffer
the pH and decrease respiratory sensitivity to high C0O2

Ihe Role of the Kidney

Although fhe buffering capacity of the body can protect against abrupt changes in pH,
normal physiological pH cannot be restored without restoring the levels of proton and
bicarbonale to normal, In other words, eating a highly acidic meal will decrease body pH,
and this cannot be resolved through exhalation of CO2 alone. because exhalation removes
both a proton amd o bicarbonate won. As this happens, hicarbonate must be replaced, and i1
i, although the body would also henefit from an allernative means of acid rernowval

The kidney functions in this capacity in two ways. First, it regulates the reabsorption of
bicarbonate lon back into the bloodstream. When bicarbonaie i3 in demand, very Titlle is
allowed 1o be excreted in the unine. When it is in excess, the kidney does not reabsorb it all
and some is passad out of the body. A second mechanism of acidbase regulation by the
kidney i1s the trapping of hydrogen jon by ammonia If body pH is low, 2 lot of hydrogen
1ons are combined with ammonia in the wine and doomed to exit the body - the resulting
ammomym ion 15 positively charped and will not be able to pass back inlo (he
bloodstream In this process of bydrogen jon trapping, one fresh bicarbonate jon is created
for éach ammonmm on created, since the actual hydroeen jon comes from the carbonic
anhydrase mechanism



THE MODEL

The building of this model was a pain in my ass. | can’t wait to turn & in - [ will then
commence doing a little dance of glee.

See Attached Stella Diagram (Figure 3/

The yrmmodifiesd base moded contains 9 compartments (will change with improvements or
alterations due 1o experimentation; )

The maodel s bult in a modular format. The modules melude Respiratory Regulation,
Breathing Engine, Lung Gas Dynamics, Blood Gas Dynamics, Renal Functions, and
CS5KF Dyvnamics.

Respiratory Regnlation - Tmplements the equations that 1 denved empirically relagmg
tdal volume and breathing eate to blood pH [ unlized Michaelis-Menten equations for
mymoidal curves in cach case. See Graphs (Figure 4)

Breathing Engine - The portion of the mode! that serves as the “respiratory pacemaker™
and iz the actual part being “regulated upon™ by averything else,

Lung Gas Dynamics - The inhalation and exhzlation of gasses imo the alveolar spaces.
This module 1 connected (o the next compartment via the respiratory diffusional barrier
Blood Gras Dynamics - Once gas has diffused into the body (blood) compartment, it is
free to equilibrate with stuff, move around, and react with other things in the blood. That
15 the funclion of this modude - it handles the carbonic anhydrase mechanism, primarnly,
Rennl Functions - The blood modele 18 connecled (o the lodney modube via glomerolar
filtration, The kidney does Kdney swuff, and in the model regulates hvdrogen
ion/hcarbonate throughput to the urine:

CS5F Dynamics - The model has this module to allow for acclimalization o prolongad
cxposure to high pCO2 and demonstration of the differing speeds by which hydrosen fon
and passous CO2 affect respiration

There was a lot more | could of done, but the God of Computer Models frowned upon me
and for the moment Tl have to wait until later to implement those other things

¥What the Model Dogsn’t Do

favienges £ Wikl encdid fever:

= The entire blood volume g treaied as homogentons in H8 gas concentrilions. My model
does not differentiate between arterial and venous blood nor does it consider mates of
perfusion of the respiratory capillary bed

- 02 does not contnbute to respiratory regulation.

- The model 15 representative only of an avérage sdult male and has less than moderate
adaptaimlity, for the time being, to veEnatons in subject parameters. Especially. for
pathologies. Since the mathematical exprossions for breathmg regulation were denved
empineally from studies of an average subject, | have no way of Knowing how these




expressions will differ berween asthmanc, emphyscrme, healthy, and other tvpes of
individuals,

- The diffision cocfficients of the gasses imvolved can change with demand, wa
recriuitment of new and distestion of old open pulmonary capillanes. This 13 nol
represented in my model,

- The data used to derive the expressions was insufficient. 1 would fike to find more
thurough studies of respiratory regulation

- Hemoglobin and its relationstop 1o pfl, blood buffenne. ste., would be fun fo do.

- Lot"s of other things Eventually I would like 10 model every aspect of the human beng
z0 thoroughly that my model comes to hife

The Normal Picture
In a resting state (devoid of ancillary physical activity) the following quantities are
measured in the average adult male:

Loz Body (mmliGh 4i PCO2 Alveolh (ovmHO) A0
P2 Body (mmH(G) Tk PO Bodv (mmHG) [0
[Bcarh] Body (ML) L4 [HH| RYE pl PN, T4
Max Lang Stee (L) & Boad Space {L) F5
Breatha Per Minnts iz Tkl Valwme {E) -]
Minute Yol, (1dmin) G Alv. Vel (Limun) +.4
GFR (Lifmin} 125

Nonphyaiglogical normals include,

pC02 Atm (mmHz) i3 P02 Atm {mmHe) 150
D02 450 D 02 {wha cards) 21

5 CO2 (mlASmmbg) 65 S O (mLSmmHg) 1

See Mormal Graph, (Higmee 5)
EXPERIMENTATION:

Expedment 1 1 investigate the consequence of different atmospheric CO2 levels on
resting breathing rate and tidal volume, assuming constant pO2. Increased atmosphenc
02 acts to increase hody COZ2 levels (and thusly pH) by disturbing the change m
pressure {emm of the difusion equation. Since 1 derived the equations thar determine
breathing rate and tidal volume empincally in the first place, this expenment serves to
confirm (or demonstrate lack of) accuracy in the regulatory module of my model

See Expariment § Craph

Experiment 2: | investigate the efficacy of different breathing patterns in ventilating the
alvenlar space in the lungs. The praph is representative of a smngle desired alveolar
ventilation (L/min) and the plotted black curve represents the combinations ol bdal
volume and breathing rafe that safisfy the condition) in this case, ahveolar ventilation
equads 5 Limin. As breathing rate increases at the expense of tidal volume, one notices that
the efficienoy curve drops accordingly. Efficiency in this case 13 defined as the ahveolar



ventilation (total volume of fresh air reaching alveolar spaces) dewided by the respiratory
minute volume (1olal air “moved™ by lungs per minute), and ia a fraction from O to 1
Clearly, the efficiency drops because of the existance of dead space in the hung area, For
each breath taken, this dead space air must be displaced before used air can be expelled, or
belore Tresh pir can entes (he alveolys, 17 one increases the rate of respiratiopn, one
increases the frequency that the dead space air st be dealt wath, Slower, deeper breaths
wre more cfficient (as defined) because a laruer percent of the total air per breath is fresh
air. Chsick, shallow breaths give a small percentage of total air as fresh. with lots of energy
wasted in moving dead space air around,

See Experiment 2 Crraph

Expenment 3: 1 investigate the physiology of intravenous infusion of protons on the
acidbase equilibrium and resprratory regulation of the body. Renal removal of protons iy
not comsidersd here, | E-9 protons per second are infused intg 1the blogdstream of the
sithject. This is equivalent to 1 mL/sec of a solution at pH 3, which is highly ncidic Graph
A and Graph Afzoom) shows the body’s reaction to (s acidic insult, Breathing rate and
udal volume quickly increase, as expected. to increase alveolar venmtilation This
consequently lowers pCO2 in the body, which dnves the carbonic snhydrase rcachon
towards CO2 formation and removal of HE A new rate of CO2 removal from the body
{and thus protons and bicarbonate via carbonic anhydrase) 15 quickly established by the
respiratory response o equal and counteract the rate of proton infusion. Graph B shows
these mtes and illustrates how a level of CO2 removal from the body is reached 5o that
proton remaval via carbomc anbydrase couals proton mfusion

Cnes wall notice that the concentration of bicarbonate does not change substantiaily
because of this insull, due 1o (he Gl that it 38 normally 250,000 tmes more shundant than
the protons it seeks to remove. In this simualation, bicarbonate is not replaced, so it should
eventually mn out, and asit does, the infused protons will change the bood pfl at a laster
and faster rate due to decreased buffering capacity

Hut that wouldn't happen for a long while

Graph C repeats the experiment, this time with an infission of | mifs¢c of pH 2 solution,
The subjects alveolar ventilation quickly shoots to its maximum and, given this bottleneck
for the removal of COZ from the body, the equilibrium of the carbonic anhydrase system
shilis such that the new steady state pH 15 6.5, and the subject is dead.

See fieperiment 3 Grapfis A, B, ennd ©

concentration of 074 mwlesT., about 3 fimes the physiologically normal level, As
demonstrated by the graph, the body quickly takes measures to reduce pH of the hlood,
which peaizn garly on {al aliout 100 seconds) ut 7.7 As expoctod, rospiretony. activity
plummets such that the odal volume and respiratory rate are a1 a minimum, and the



corresponding ncrease in pCO2 Body acts 1o slow the consumption of protons by the
carbomic anhydrase systam.

Unlike the previous experiment, the kidoey will have a part in bicarbonate removal. The
reaction 1o high bicarbonate levels n the blood is instantanecus, because the kidney does
not have to specially prepare (o pump the substance into the urine, a5 is the cass with
protons, Instéad, excess bicarbonate is smply not reabsorbed info the body from the
gromerular filtrate.

Fluid iz filterad in the kidney at a rate determined by ihe GFR. (Gromerular Filiration Rate)
which has a normal value of 125 1/min. This filirate has the same gsmolarity and overall
solute congenirations the blood plasma from which it was derived The kidney generally
acts quickly to “reabsort’ desired nutrients back into the bloodstream very soon afler (hey
are fikered from the plasma, and leaves less desimble matenals alone, dooming them to
excrethon.

When hicarbonate levels in the filtrate are too high. the kidney cannot actively reabsorb
the excess. The mechamsms of reabsorption become saturated mmd thusly some
bicarbonate finds its way into the urine. This is the means of bicarbonate excretion hy the
kidneys in the case of acidosis.

Since the kidneys are constantly bemns filtered, excess bicarbonate in gromerular filtrate 15
detectable moments alfler 1stick the needle into my . patients ., for infusion

Refer to Graph A and A{zoom). One will notice tha the eancentration of bicarbopmse
drops a whole 012 mole/L during the course of the smulation, dramaiic in contrast to
Expenment 3 where 4 change in bicarbonate concentration was almost imperceptible. The
oIl beging 1o refurn o normal after only 100 seconds, and by the end of the stimulation is
closemn 7.5

Giraph B shows us that the carbonic anhvdrase/respiratony systemn reacts very quickly. Ar
timé 0 the rate of proton/carbonale: consumption is (relatively) large but quickly
gravilates towards #ern as the rate of bicarbonate removal duc 1o kidney excrefion
hecomes the hmating factor

The kidnev plavs the major role in returning levels of acid and base to their normal values
0 i gimulition

Graph C Mlustrates the same scenaro with the renal hicarbonste exeretion mechanisim
removed - this is very interesting. Tnitial reaction (o the high bicarbonate level is very
similar to the experiment meluding functional renal excretion - respiratory mechanisms are
invoked, carbonic anhydrase quickly forces & new balance of species, and the pH quicky
peaks at 7.7 before falling slowly 1o normal. However, at the end of this simulation, pH
has only reached 7.6, a full point-aboye the previous exporiment, One also notices that the



concentration of bicarbonate has all but tomally ignored the activitics of carbome anhydrase
and remains basically statie throughout the entivety of the simulation

Thig highlights the utter importance of the kidney in re-cstablishing bufter capecity by
performing net movement of protons and bicarhonate into and out of the body, Bul it is
clear that the nitial handling of a pH disturbance has almost nothing to do with the kidney.
The first line of defense 15 the buters

See Laxperiment 4 Craphs A, B, and C

Experment 4 This is the fun one, | suffecate my MCBI36L T AL in & closed area After
placing him in a box, T allow him to slowly suffocale under conditions of decreasing O
and ingrepsing COZ in the atmosphers. 1 laugh manizcally to mysclf as his own metabolic
processes doom him to death by asphyxiation! Ha!

CREDITS: Almost all information used in the development of this model was teken from
MCB136 professor John Forte or his matenals. God bless him
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