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Consequences of K and Ca dysbalances
on ¥ and
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— Depolarisation,

— electrical activation of muscle cells
— Movement of Na, K, Ca Cl across
cardiac membranes

— Repolarisation
— Electrical deactivation

https://step1.medbullets.com/cardiovascular/108015/myocardial-action-potential
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Potential changes
— Movement of ions into and out of cells creates voltage difference

across membrane — negative resting membrane potential

— SA node -50 to -60 mV
— AV node -60 to -70 mV
— myocardial cells -80 to -90 mV

— Driven by

— Na/K ATPase contributes to the negative resting potential

— The chemical gradient driving K™ out of the cell.

— The electrical gradient pulling K* back into the cell as the inside becomes more negative.
— At equilibrium, K* is the most permeable ion at rest (due to K* leak channels).

— If more negative (by decrease of extracel. K+) ,,hyperpolarisation
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Phases of action potential

— During depolarisation:

— cell inside becames less negative
(more positively charged move to cell)
— When threshold potential is reached,
cardiac action potential is fired.
— Treshold = temoraly disrupted membrane selectivity

Qutside o _I:E.__‘- A 4 Na| Na
— Phases: H W
mbran
— Phase 0: depolarisation: rapid Na+ entry to cell o +4 I] T @
— Phase 1: early repolarisation: slow Ca enter to cell Inside M [ 3
— Phase 2: plateau: slow Ca, Na enter to cell, ) e
— Phase 3: repolarisation: K out K I B

— Phase 4: return to resting membrane potential
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https://www.semanticscholar.org/paper/Mechanisms-of-Excitation-and-Remodeling-of-the-in-
0%E2%80%99Connell/f5decafdObebbaf2a80699c6a83de8ca389fd8e2/figure/0

—In SA and AV:

—slow phase 0, lack of plateau

— Slow inward current by slow Ca
channels (block by verapamil slow
heart rate
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MEMBRANOVY POTENCIAL
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— Stimulation of SA by sympathetic system

— increases heart rate
— Induce increased Ca2+ influx, which intreases contractile strength

Define footer — presentation title / department
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Potassium

— Ratio of ICF to ECF K+ is major determinant %
of resting potential £J excitability . [\ Action potential
— Shift to cells: Insulin (stimulate Na/K pump), %
adrenaline, alkalosis =
— Shift outa cells: insulin deficiency, aldosteron £ =30 -
deficiency, some types of acidosis, cell lysis, %
insensive excercise o
— Block entry to cells: glucagon g 60~ Normal
— Promote K excretion: Glukocorticoids, E _L i threshold
aldosterone = ,
o - —90 & S U ———————————————— - Resting
— Kis intracellular — difficult to measure
-120
Normal K* Low K*  High K*
CopyRaht © 2008 by Hosty, an It af Elei Inc. Al ghts ressrved
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Potasium — hypokalemia (simple)

— more negative resting membrane potential (-90 to -100 mV):
— decrease of excitability: ([« weakness, smooth muscle atony,
_delayed ¥ repolarisation . Risk of Dysrythmias

— &l ECG decreased T, ST depression, U increase,

—in severe hypokalemia peaked P, prolonged QT
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Potasium — hypokalemia (detailed)

— ECF hypokalemia can develop without losses of total body K+

— decrease of excitability:

— skeletal muscle weakness, smooth muscle atony, cardiac dysrythmias,...

— @ : more negative resting membrane potential (-90 to -100 mV): hyperpolarised
membrane require greater stimulus to trigger AP

— @ hypoK also delays (ventricular) repolarisation (&2 fail to conduct impulses efficiently
=] Risk of Dysrythmias (sinus bradycardia, AV block)

— Repolarisation relies on K efflux:

— Reduced extracellular K* slows K* efflux during repolarization. &4 prolongation of the
action potential duration, and delayed @ repolarization. [z ECG decreased T, ST
depression, U increase, in severe peaked P, prolonged QT. [&] arrytmias Re-entry, EAD
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Na K ATPase X K efflux

— In hypokalemia, the decreased extracellular
potassium does reduce the activity of the Na*/K*
pump (Na*/K*-ATPase). However, this reduction
in pump activity does not fully counteract the

effects of slower K* efflux during repolarization

— Delayed rectifier K* channels (I_Kr and |_Ks) are the
primary drivers of repolarization in cardiac myocytes during
Phase 3 of the action potential.

— The Na*/K* pump, while affected by hypokalemia, plays a
much smaller role in repolarization dynamics compared to
these K* channels.

Outside

Membrane

Inside

3

ATP




Potassium - Hyperkalemia

— increased (< neuromuscular irritability

— Mild: more rapid @ repolarisation (smaller distance of Em and Et) &2 narrow, taller T, short QT
— Severe: delayed € conduction 2 preventing repolarisation £ ST depression, PR prolongation, QRS widening,
— prolonged hypopolarization/partial depolarisation EJ voltage-gated sodium channels (Na* channels) become

inactivated [£] cardiac arrest.
For these channels to reset and become available for the next action potential, the membrane potential must be sufficiently negative during

resting conditions

— Excitability determined by Kcr/K,.r @ manifestation in acute disorders,
gradient normalises in chronical ones!

— Long-term increases in Kc results in shift of K to ICF & Kgcr/K,cr normalised
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Potassium and acidosis

— Acute acidosis:

— H+ accumulate in ICF.(unless anion portion of acid — acetoacetate, lactate — entered cells),
imbalance occur. to maintain balance, K leaves cells &2 hyperkalemia

— Acute alkalosis
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Calcium

— Ca?* x HPO, = constant

— Serum free Ca pH-affected

— Acidosis: ionized Ca increases ( H* binds to albumin
= Ca released (competition with albumin)

— Effect on Initiation

of action potential

— primarily in excitable membranes of neurons and

— Effect on @

— @ muscle contraction
— Duration of action potential (repolarisation)
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Calcium: Hypocalcemia (simple)

— Increase of neuromuscular excitablity

—weaker @ contraction

— prolonged QT

=

=

m
O =



Calcium: Hypocalcemia (detailed)

— [ Increase of neuromuscular excitablity, because

— Ca+ stabilize the voltage-gated sodium channels

— With fewer calcium ions stabilizing the sodium channels 2 Na ch destabilisatoin &2
Hypopolarisation 2 smaller stimulus needed [ Partial depolarisation of nerves and
muscles

— Paresthesias, spasms, hyperreflexias

— Lower ECF Ca [z] lower Ca influx to ICF through L channels (&2

— 2 Weaker Ca efflux from sarcoplasmatic reticle &2 weaker @ contraction

— [ Prolonged repolarization (less Ca?* is available to balance K* efflux during plateau
] longer action potential 2 prolonged @ depolarisation ] prolonged QT

— Specific to cardiac muscle, where calcium influx is directly responsible for contraction
strength and the plateau phase of the action potential.
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Feature Skeletal Muscle Cardiac Muscle

Role of extracellular calcium

Source of calcium for Mostly from the sarcoplasmic From both extracellular calcium
contraction reticulum (SR) and SR
Minimal, primarily stabilizes Essential for triggering calcium-

membrane potential induced calcium release
(via ryanodine receptors (RyR2)

Effect of hypocalcemia

No effect on contraction strength, = Weakens contraction and
but increases excitability prolongs repolarization (QT)

In

18

Hypocalcemia affects membrane excitability, not the intracellular calcium release machinery
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Calcium: hypercalcemia (simple)

— stronger @ contractility
— Shortening QT, depression of T
—In [« decreased excitability (] Fatigue,

anorexia, constipation, nausea

weakness, letargy,
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Calcium: hypercalcemia (detailed)

—In ¥ ECF Caincreased [ greater influx of Ca ro cells (L channels)

— Plato phase acceleration [ increased calcium-induced calcium release (CICR) (from SR)
=] stronger ¥ contractility
— Hypercalcemia increases the rate of calcium reuptake by the sarcoplasmic reticulum

L. faster
repolarisation + shorter plateau & Shortening QT, depression of T

—1In contraction strength is not directly dependent on ECF Ca

— (contraction relies on intracellular calcium released from the SR)

— Elevated ECF Ca increases the stabilization of voltage-gated sodium channels, making
them harder to activate &2 Treshold becomes more positive (hyperpolarisation) [ decreased
excitability

— Fatigue, weakness, letargy, anorexia, constipation, nausea
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Effect

Cardiac Muscle

Skeletal Muscle

Increased ECF Ca?* — CICR

Enhanced CICR — stronger
contraction (positive inotropy)

Little to no effect on CICR, as calcium
entry plays a minimal role in skeletal
muscle contraction.

Effect on Plateau Phase

Faster calcium uptake/release —
shortened QT interval and faster
repolarization.

N/A (no plateau phase in skeletal
muscle action potentials).

Reduced Excitability
(Hyperpolarization)

Stabilized Na* channels — reduced
excitability, slower AP conduction
(arrhythmias possible).

Stabilized Na* channels — reduced
excitability, leading to fatigue and
weakness.

Overall Contractility

Increased strength of contraction
(positive inotropy).

No significant increase; reduced
excitability dominates, causing
weakness.
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The Cell

balance are reflected

»al
though not always accurately, In

Whe.n K* is lost from the IEIS:] ih"dit'-‘HCSa doss oftotal body K
gradient favors the movcment) e oG in the SEptation

of K* from the

R <ell into the EC|
10 1S maintaine, ECe

" COncentration rag d, but th
» but the amount

of total body K+ g depleted
- Factors contributi ;
include a.redug

T c People who have inad
:lmh fruits and vegetables (influenc
1 l:y, or lack of transportation to pu
individuals with 4 p

€quate intake of potas: .
e‘li by ?d diets, food s
— Tchase fresh produce), and ir
intake generally be:(?:;]slsam Ofb]ealing oo mdi‘m’d K:
Caué:;;fx* depletion, Lo When combined with other
hyp :
K+ As dis?u:;k:;mfmp without losses.of total body._
sium shifis from the ECP E‘hfm“,“ types of acidosis, potas-
ions to maintain the plasm : 'C}; e o hydrogen
ECF hydrogen moves out af a;ld s
sis, and K* moves ity o o i]t e cell 1o correct the alkalo-
et el e € cell to maintain an ionic balance.
tion can cause an ECF ;L::st:i];:'ge(;, :'it"d insuli? aldminjs”&
: . cit, particularly with
::mke otlugh Car'bor:)::::e !aads_ For this reason, ityis cructi}:j
s in-e) setti ]

ing a person with diabetes who ::::f:gcz’;iﬁ;:‘;g:r::cn Ire]a i

cemia and/or diabetic ketoacidosis (DKA A yperg y

B e ). Failure to do so

hypokalemia TrEatiﬁ Dll(rl:u m'ca" TESUIT_IH Er thosatening

b= supplemen:ltaj g D r)"plcally Tequires .adm1 istration
: potassium sxmultzmeously with IV insulin
and rehydration therapy. With DKA, the overall insulin deficit
res'ults r.n potassium shifts from the ICF to the ECE due to lack
ofmsu.hn action on the Na*-K* ATPase pump. A normal serum
potassium level usually is maintained; however, potassium
excretion through the kidney continues, resulting in a deficit
of total body potassium. The deficit becomes clinically evident
when insulin treatment and rehydration therapy are initiated.
Accordingly, in the treatment of hyperglycemia with or with-
out DKA, the standard of care is potassium supplementation
with close monitoring.

Treatment of pernicious anemia with vitamin B,, or folate
also may precipitate hypokalemia if the formation of new red
blood cells causes enough K* uptake to effect an extracellular
decrease in K* concentration. Familial hypokalemic periodic
paralysis is a rare genetically transmitted disease that causes
K+ to shift into the intracellular space with episodes of extreme
muscle weakness.

Losses of K* from body stores are most commonly caused by
‘gastrnintestina] and renal disorders, Diarrhea, intestinal drain-
age tubes, fistulae, excessive ingestion of black licorice, and i
tive overuse can all result in hypokalemia. Normally, only 5 to
10 mEq of potassium and approximately 100ml of water are
excreted in the stool each day. With diarrhea, fluid and electro-

Iyte losses can be voluminous, with several liters of fluid and 100

loss occurs in part because of the K* Jost fre

However, the loss principally is caused by (::: llhe giﬂri:ﬂ
for volume depletion and metabolic alkalosi: Compe, N |
secondary to losses of sodium, chloride, anq hyé Whigy,
loss of fluid and sodium stimulates the secretjq, "ogen iu“.:‘b“i ‘l
which in turn results in renal loss of K+, " f gy T I
Renal losses of K* are related to increa
the distal tubule. Predisposing factors incls::nsf[::mnn afg |
ics, excessive aldosterone secretion, an increaseq :F‘ di“:ﬂ.
flow rate, and a low plasma magnesium conceny, istal 3
diuretics inhibit the reabsorption of sodium chlm'lon‘*hm
ing in increased urine production. With mhanmgﬂdt_:. Tewy
tion, the increased flow through the distal tubyje all . Siq,
potassium excretion. If sodium loss is severe, the ¢, so
aldosterone secretion (which causes secondary humlknh!i,‘
ronism) may further deplete K* stores. Primary h)’Per;]%_
ronismewith excessive secretion of aldosterone from m"\
adenoma also causes K+ wasting, Many kidne-y dis b ‘_‘lfw
the kidney’s ability-to.conserve sodium. The deerpay. 1
reabsorption..produces-a..diureticeffect. | A T&d L
increased flow through the distal-tubule Promotes, Bt
ofK*. Magnesium deficiency increases loop of Heplah ; 7.
potassium secretion, causing secondary hypokalemis, ‘? 4
medications, including amphotericin B, gfntamicin-;
cillin, cause hypokalemia by increasing the rate of‘und.
excretion. Rare hereditary defects in renal polassiumptr:. =
(Bartter and Gitelman syndromes) also can result i h
mia (Table 3.9). e
Clinical Manifestations. Mild losses of K* are us
asymptomatic. With severe hypokalemia (<2.5 mEq/), Neury.
muscular excitability decreases, causing skeletal muscle yegl.
ness, smooth muscle atony; cardiac dysrhythmias, glucose
intolerance, and impaired urinary concentrating ability,
Symptoms occur in proportion to the rate of Potassiuy
depletion. The body can accommodate slowlosses of potassiyn.
Decreases in the ECF potassium concentration may facilitate;

BLE 3.9 Causes of Potassium Alteratio

Decreased intake: starvation or eating disorders, Intake
inadequate replacement
Increased renal loss: renal concentrating defect, K*-losing Loss
diuretics, hyperaldosteronism, vomiting, diarrhea, use of
specific medications 4
Shift from ECF o ICF: metabolic alkalosis, insulin Celluarsté |
administration, gene mutations in K* transport =

Hyperkalemia >5.0 mEq/L Causes
Excess dietary or intravenaus intake Intake !
Decreased renal loss: oliguric renal disease, K*-sparing loss
diuretics, hypoaldosteronism o
Shift from ICF to ECF: some types of metabolic acidosis, Cellar s

massive cell injury or death ol

miting or continuous naso-

to 200 mEq of K* lost per day. Vo

gastric suction frequently is associated with K+ depletion. The

ECF, Extracellular fluid; ICF, intracellular fluid; K*, potassium-

e — :T“Lﬂi'“} and Electrolytes, Acids and Bases |
— —— — =
— intracellular space and i
assium away If]rs:;tnf;[;‘cturn of thpol:\‘sns?ul:!‘?:::\l: :::)Ii N various_dysrthythmias, including sinus bradycardia;

pift it dernﬂf‘”c I 4 a more normal status, reducing nea- i entricular block, and paroxysmal atrial tachycardia. The
1F e radient L r';h acute and severe potassium loss aracteristic changes in the electrocardiogram (ECG) reflect
: raton 80 ptoms: With @ bl o delayed.ventricular.repolarization with slowed conduction and
E‘m"“u“‘r ) “cnrom‘"‘(“lf‘_r exci 3-1 ity ;hmiorc profound.  pacemaker activity. The amplitude. of-the-T-wave-decreases;
r;:“_ a0g> !L-Ic weakness ir!“mu{ n:;{:; ‘tll:e diaa:;gﬂ muscles  the amplitude of the U wave increases, and the ST segment is @
ch]g(\\l ml::‘d arms and ,\—I"Imz\l,-l:rg}losses\ pamlysli:; ;:E‘:::O; depressed (Fig. 3.9).Jdn-severe states. of hypokalemia, P waves
e |gu5“‘.n|i|.m‘un. ““h, SEf o e r‘: 1‘ peak, the QT interval is prolonged, and T-wave inversions may
Frr"""‘"gl may occur: Loss ‘—‘I- iR e asycutnssll\'t be seen. Hypokalemia enhances the therapeutic effect of digi-
ey T ranesdnil men R e S ’a talis by slowing the Na*-K* pump and excessively increasing
A g variet? qinal distentions g i T'&B\ an intracellular calcium and sodium concentrations. The risk of
ion “mm [pﬂ“‘lyi‘is of the intestinal muscles). Table 3.10 digitalis toxicity is increased.
;F,]!.n ;I:m'm“a,y of K nllcr‘.lt]wn‘s.‘ e ; Co_ncurren( alterations in plasma calcium concentration also
contdin diac effects of hypokal eg]“ A ; i‘ 2 Angesin ED_nlnbule to changes in neuromuscular excitability associated

The 2™ excitability: As the E! o il\ﬁbi um concentration  with hypokalemia. Increases in ECF calcium concentration tend
pemb he resting membrane potential becomes more nega-  to make the threshold potential (E ) less negative. The result is
Jﬁn-as“"I,,L,J,Pomrized: eg. from =90 to —100 millivolts). A decreased membrane excitability and potentiation of hyperpo-
ive (16 I 4 membrane requires a greater St‘m“]f"' totrigger  larization, amplifying the neuromuscular effects of hypokale-

rpolarize al (Fig. 3.8B). Potassium also contributestothe  mia (see Fig, 3.8C). X

an

\cmncular Te|

yPe! o
Y clion pglr.m.

szation Pl z
e polarizations

ase of the action potential; hypokalemia delays

3.10 Organ System Manifestations

CHAPTER 3 The Cellular Enviro,

; A wide range of metabolic dysfunctions may result from
Consequently, hypokalemia may  potassium deficiency. Carbohydrate metabolism is affected.
Hypokalemia depresses insulin secretion and alters hepatic and
skeletal muscle glycogen synthesis. Renal function is impaired

TABLE & ions
of Potassium Alterati . l e Jrnek 4
Hypokalemia Hyp Sacim bodd
Tt s mEall >5.0 mEq/L 7
; i &bt
. Postural hiypotension Dysrhythmias .
Cardiovasculdr Dysthythrias ECG changes (peaked pRNulmal
ECG changes [flattened T waves, prolonged '“'B"’""\ \
Twaves, U waves, ST PR interval, absent P
ith wi MNormal i
depression, peaked P wave with widened Normal J \u wave shallow
wave, prolonged OT QRS complex) P wave QRS n?:[‘[‘":ﬁ_:&g if present
interval) Bradycardia T wave
Weak, iregular pulse rate Heart block =
Ventricular fibrillation Cardiac arest ShEiere 2
Nevous Lethargy Anxiety ; PAELT alefe £T7) 1 ML
Fatigue Tingling Slightly \ ST depression
Confusion Numbness prolonged
Paresthesias PR interval
Decreased tendon reflexes ‘ \
. ifi iti Slight Prominent
Gastrojntestinal  Nausea and vomiling Nausp:aland vomiting pe‘gk;\{‘! o
Decreased motility Early: Diarrhea Bwive e
Distention Early: Colicky pain
Decreased bowel sounds =
mia l
lleus i
Kidogzy Inability to concentrate urine  Oliguria B iand _11'_3“. peaked
Water loss Kidney damage R wave | L
Thirst amplitude F“\ |
Kidniey damage I\ i \
Seeetal ang Weakness Early: hyperactive Wide, flat _—’_ij \ —
Smooth Flaceid paralysis muscles and reflexes P wave ~——__ Depressed
Mmyscle Aes : ST segment
piratory arest Slate: weakness and Prolonged L widened ORS
Constipation flaccid paralysis PR interval 3
Bladder dysfunction
ECG, Electrocardiogram Fig. 3.9 Electrocardiogram Changes With Potassium Imbalance.
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ting the underlying mechanism In S P"_*‘\‘f_m_Ed by  Addison disease, characterized by adrenal corg + For o 5, insulin ce me types of metabolic acidosis). How
- in particular, individuals  often presents with hyperkalemia secondary l::] "lsllfﬁc;%ﬁ '”:’T,,\;s:itmcs or 0 s afrarEdon oA

should be encouraged to eat potassiu

renal function, the maximal rate of e ko

oral replacement is 40 to 80

er_able Pain for the individual. Acc

taining potassium ordingly, IV infusions con-- _ing, and diarrhea.|Séve fialermti s
should rot exceed 40 mEg/L. Replacement - mﬁﬁjﬁéﬁomﬁ? = ﬂ?}l it

thera, i itori

cenmpzﬂr:qu];:ﬂ close monitoring of the plasma potassium con-
s <t° ;E:kzlemm concurrent with hypomagnesemia is

refractory tment until magnesium levels are corrected.

Hyperkalemia

; ;Pﬂ'ﬂmphysmlm Hyperkalemia is defined as an ECF potas-

sium concentration greater than 5,5 mEq/L, " Increases

10tal Body potassiitn level are i :i re. i clreases in the
efficie = : , largely because of
= _]'" renal excretion. Acute increases in the serum potas-
ﬁ:;no fe;::ﬂr?u?nui]i‘:s 3]":::1}' through I.ncreased renal excre-
5 uptake also into cells.
_ HyPerkalemia may be caused by excessive intake, ashift of
p.gmssmm from the ICF to the ECF, or deereased=renal-excre-
lnon." _J.'f renal function is normal, slow and long-term increases
in K* intake are usually well tolerated through K* adaptation.
Pletary excesses of potassium are uncommon, but accidental
ingestion of potassium salt substitutes can cause toxicity. Acute
K* loading can exceed renal excretion rates. Use of stored whole
blood, administration of IV boluses of penicillin G, or excessive
replacement of K* can precipitate hyperkalemia, particularly
if renal function is impaired. Drugs that decrease renal potas-
sium excretion (e.g., ACE inhibitors, ARBs, potassium-sparing
diuretics, and aldosterone antagonists) also may contribute to
hyperkalemia.

Potassium shifts from the ICF to the ECF occur when there
is a change in cell membrane permeability caused by cell hypoxia,
some types of acidesis; or insult iency. Hypoxia can lead
to hyperkalemia by diminishing the efficiency of cell mem-
brane active transport, resulting in the escape of K* to the ECE
Burns, massive crush injuries, and extensive surgeries can cause

cell trauma and release of ICF potassium to the ECE If renal
function is sustained, K* will be excreted. As cell repair begins,

hypokalemia may develop if the excreted K* is not replaced.

In states of acidosis,
exchange for-1E€F-potassium, unless-the-anion-portion-of-the-
acid-also-enterscells; therefore hyperkalemia and acidosis often
Insulin promotes cellular entry of K*; conse-

occur together.
with conditions such as

quently, insulin deficits, which occur

= M FELTA

sterone secretion.

Clinical Mamf.eslaria.?s. Symptoms vary with the ing

hyper?:al.eml'a. With a mild presentation, increaseq B““ifm d)-;rh!'ihm‘

W cular irritability may manifest as restlessness, intesrn:.lum“lu
J in

e

muscle’ weakness, Joss of muscle toné, dnd p

‘states of hyperkalemia, myocardial cell repo g osen !
rapid and reflected in the ECG as narrova:z:lﬂqm;m 15 oy, d‘]ciur_ﬂ glr"‘:::::;::n potassium levels are dangerously high.
with a shortened QT interval. Severe. hyperkalemia (se e;:ilzb{l‘t-‘:un of glucose, which readily stimulates insulin
els >6 mEq/L) causes delayed cardiac conduction, A IF‘- Admif“smr administration of glucose and insulin for those
_repolarization. of heart muscle. There is a deey Preven, secretions © . facilitates cellular entry of potassium, Renin-
oo with digbetes: tem inhibitor therapy and use of

tion velocity, depressed ST segment, prolonged PR
and widening of the QRS complex (loss of atria] activy
(see Fig. 3.9). Brady dysrhythmias and delayed cop
are common in hyperkalemia; severe hyperkalemia
ventricular fibrillation or cardiac-arrest.

Changes in the ratio of intracellular to extracellular K g,

centration contribute to the clinical presentation of hyperkal. Calci

mia (see Table 3.9). If extracellular K* concentration increxes

without a significant change in intracellular K* concentration, The total body content of calcium is approximately 1200g.
the resting membrane potential becomes more positive (e, Most calcium (99%) is located in bone as hydroxyapatite

changes from —90 to —80 millivolts) and the cell membranejs (an
. hypopolarized (the inside of the cell becomes less negative or

jas-

angiotensin—ai
the newer oral p
ducty solutions ©
I sium level. D12 5
renal dysfunction-

um and Phosphate

and the remainder is in t

orrect i
Dialysis effectively rem

€Creaseq g i 5).mprC€ will identify conduction abnormalities or
An ECS

o hyperkalemia includes both treating the
2

d correcting excessive potassium con-

uses an :
" cellular potassium concentra-

zing the extra

jormali: s
centratio™ I\Dh‘;eved with a variety of methods; the treatment
e acl

n
is related to

{he cause and severity of the problem.
be administered to restore membrane

dosterone SYS!

inorganic compound that contributes to bone rigidity),
he plasma and body cells. The total
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otassium binders optimize therapy. Buffered
metabolic acidosis and lower serum potas-
oves potassium in cases of

. the threshold i
influences S SEPEnal donitzed-form, The normal serum levels of inorganic phosphate

range from 2.5 10 4.5 mg/dL and may be as high as 6.0 to 7.0 mg/
dL in infants and young children. Intracellular phosphate
has many metabolic forms, including the high-energy struc-
tures creatine phosphate and adenosine triphosphate (ATP).
Phosphate acts as arrifiiFaeellalar and extracellular anfon buffer

in the regulation of acid-base balance; in the form of ATP, it
provides energy for muscle contraction.

Calcium and phosphate concentrations are rigidly con-
trolled. They are related by the product of calcium and phos-
phate (HPO} ) concentrations, which is a constant (K) [Ca2+) X
HPO} = K]. Thus, if the concentration of one ion increases or
decreases, that of the other normally increases or decreases.

Calcium and phosphate balance is regulated by three hor-
mones; parathyroid hormone (BEH), vitamin-Bj and calcito—
nin, Acting together, these substances determine the amount
of dietary calcium and phosphate absorbed from the intestine,
the deposition and absorption of calcium and phosphate from
bone, and the renal reabsorption and excretion of calcium and
phosphate by the kidney.

The parathyroid-glands secrete-PTH-in-response-to-low.

levels-of serum calcium: (The specific actions of PTH in rela-
tion to calcium and phosphate are described in Chapter 21.)
Parathyroid hormone (PTH) controls levels of ionized calcium

and phosphate in the blood and other ECFs. Renal regulation of
calcium and phosphate balance requires PTH. PTH stimulates
reabsorption of calcium.along the distal tubule of the nephron
and inhibits.phosphate-reabsorption by the proximal tubule
of the nephron. The net result is an increase in-serum calcium
concentration and increased-urinary. excretion. of phosphate:

Fig. 3.10 summarizes hormonal regulation of calcium.

Another compound important to calcium and phosphate
regulation is vitamin D. Vitamin D (cholecalciferol) is a fat-
soluble steroid ingested in food or synthesized in the skin in
the presence of ultraviolet light. Several steps of activation are
required before vitamin D can act on target tissues. The first step
occurs in the liver; final activation is in the kidney. The renal
activation of vitamin D begins when the serum calcium level

hydmgen-ionrshift_inm_r.h&&ellrtf" - increases in ECF potassium concentration resultin

rVERE C
SV Mo choppels beeane  Thie

partially depolarized [increased excitability]) (see Fig. 3488)
‘With mild elevations in extracellular K* concentration, the cdll
more rapidly repolarizes and becomes more irritable (pesked
T wayes). An action potential then is iﬁitiateﬂ'/nqure rapidly
because the distance between the resting membrane poles-
tial and the threshold potential has been decreased. Wit
more severe hyperkalemia, the resting membrane potentid
approaches or exceeds the threshold potential (wide QRS merg:
ing with T wave). In this case the cell is not able W
and therefore does not respond to excitation stim e most
serious consequence is cardiac arrest.

Like the effects of hypokalemia, the neuromuscular efict
of hyperkalemia are related to the rate of increase in the ECE
potassium concentration and the presence of other contrittk
ing factors, such as acidosis and calcium balance.

into the cell because the tendency is fo ‘maintain a-nopmal @0
of-intracellular/extracellular potassium concemranoﬂ’
elevations of extracellular K* concentration affect

larirritability because this ratio is disrupted. (o

P WiTH  persiSiING EXC AR/
7ED

fraction of calcium circulating in the blood is small (9.0 to

105 mg/dL), and approximately 50% is bound to plasma pro-

teins, primarily albumin. Approximately 40% is in the free
or ionized form (5.5 to 5.6 mg/dL). Tonized calcium has the
most important physiologic functions. Approximately 20% of
ingested calcium is absorbed in the small intestine, primarily
in the duodenum.

Calcium (Ca2+) is a necessary ion for many fundamental
metabolic and cellular processes. In bound form, it is the major
ation associated with the structure of bones and teeth. The ion-
ized form serves as an enzymatic cofactor for blood clotting and
Isrequired for hormone secretion and the function of cell recep-
tors. Plasma. membrane stability, permeability, and repair are
fh"’-‘“Y related to calcium ions, as is the transmission of nerve
E’“‘m and the contraction of muscles. Calcium metabolism

inked to phosphate and magnesium metabalism.

ul
and

Hypocalcemia

Hypercalcemia

Phosphate (HPO, ) is found primarily in bone (85%), with

s'“;“a amounts found within the intracellular and extracel-
Sﬁ)a\:es. In the plasma, phosphate-exists in phospholipids -
Phosphate esters and as inorganic-phosphate, which is the

Fig. 3.10 Hormon
Parathyroid hormone.

Microsoft

= =
m e
O =



(af-€ree increased rena) phosphate reabso,

(

$ oyl v

124
UNITI The cey dlo—= | Cn il

decrea

ses and stj

< imulat q
increase calc; Secieh

g; of PTH, pTH then acts to
enhance reng| excretion of

tivated vitamin D (vita-

en
and acts i circulates as 3 hormone in the plasma
“the-small-intestin b d. phosphate in
dincrease renal

Sions endfm;ge - d" and r'.m;rease;x:re:ion of phos-
—ﬂh_ Isease occurs, vitamin D j
3 s not

decrease; and phosphate levels

As calcium levels j
e Ss i; mc;ease, an opposite adaptation occurs,
eadin, Tession of PTH secretion, decreased renal vita-

[bes min D activar; i i
tion, decreased mtestln?l <alcium absorption, and
3 rption. Calcitonin (produced
. = a..nd) decreases calcium levels by
-ﬂﬁ]\flt-yﬂn bane and increasing renal cal-

by C cells of the
T A A
S o
Ko : hﬁ:c]nom of serum calcium that are freely ionized or
pam:: pmtcms are influenced by pH.\In states of
w, ' e_wels. b L i =<When alkalsis
: ewel‘oﬂ uﬂg@,ﬁ:ﬁlmmcreasem PH, the amount of protein-bound
o g -increases and the phmolngicajly active, ionized cal-
level decreases. The decreased concentration of jonized ./

_p&.)" caleinm may be
ns o2 €alcium may be great enough .
n ) S e g. 0 cause symptoms of hypocalce-

4L Hypocalcemia

(u

"’6'”9 l?MDPbysialngy. Hypocalcemia accurs when serum total
calcium concentrations are less than 9.0mg/dL and ionized lev-
els are less than 5.5mg/dL. In general, deficits in calcium are
related to inadequate intestinal absorption, decreases in levels
of PTH and vitamin D, or deposition of ionized calcium into
bone or soft tissue.'

Nutritional deficiencies of calcium can occur in the instance
of inadequate sources of dairy products or green, leafy veg-
etables, eating disorders, and malabsorption syndromes (celiac

disease or short bowel syndrome). Excessive amounts of dietary —

phosphorus also bind with calcium in the gastrointestinal tract,

so neither mineral is absorbed when such an excess occurs.

Removal of the parathyroid glands (e.g., during total thyroid-
ectomy) with the resulting loss of PTH also causes hypocalce-
mia. Severe hypomagnesemia suppresses PTH secretion, also
causing hypocalcemia. Vitamin D deficiency, which can result
from inadequate intake or lack of exposure to sunlight, causes
decreased intestinal absorption of calcium. Malabsorption of
fat, including fat-soluble vitamin D, also may contribute to cal-
cium deficiency. Neoplastic bone metastases may inhibit bone
resorption and increase calcium deposition into bone, thereby
decreasing serum calcium levels.

Blood transfusions are also a common cause of hypocalce-
mia because the citrate solution used in storing whole blood
binds with calcium and makes it unavailable to the tissues.
Pancreatitis causes release of lipases into soft tissue spaces, so
the free fatty acids that are formed bind calcium, causing a

L, d el iy e

U e bl the e Dne ntrabion DRI R R calciuny,
Aurespiratory alkalosis causes symptoms of hypocy) M‘_
the change in pH enhances protein binding Q?-e_n"ibk\“
cium, Hypoalbuminemia lowers total Serum cajgj mm’ﬁ
decreasing the amount of bound calcium in the p;um l“'ﬂ:&
Clinical Manifestations. Many individuals il b
hypocalcemia are asymptomatic. The clinjca n:mh d'lh“
are a function of severity and rapidity of Onset. Sini@m‘
festations are caused by an)p,cgige in. neurop, E\‘e:em'l
ability with partial depolarization of nerves and mu.c"l‘ini
threshold potential becomes more negative ang 5 %Nm
resting membrane potential (hypupolarizalion) (see F the
a smaller stimulus is required for initiating ap action k
The symptoms include paresthesias around the mo M‘N
the digits, carpopedal spasm (muscle Spasms in !hclll:h My
feet), hyperreflexia, seizures, laryngospasm, and an andy ag
Two clinical signs of increased neuromuys L
are Chvostek sign and Trousseau sign. Chvust:;:u ;_r e‘q"‘hli,
by tapping on the facial nerve over the zygomatjc 5:;: 5
tive sign is a strong twitch of the nose or lip, Trousseq A?\n,
contraction of the hand and fingers when the arterig| b]al iy
in the arm is occluded for 3 to 5 minutes with the yse lemd
pressure cuff. (il fpa.jauw
‘The characteristic ECG change is a prolonged O
'Lndigt'mg Wlﬂ_iﬁg\{aﬂr\/&i@g}grimﬂon and
cardiac contractility. Intestinal cramping an hypemﬂﬁ\‘ebo.d
sounds also may be present because hypocalcemia. affects
smooth muscles of the gastrointestinal tract. Table 3.1 CONtaing
a summary of the manifestations of calcium level alterations
Evaluation and Treatment. Serum and ioniz&duiciun;a]h
min, phosphate, and magnesium levels are evaluated. Furthe
evaluation includes renal function and measurement of PIR
and vitamin D. Severe symptoms of hypocalcemia requir
emergency treatment with IV 10% calcium gluconate, volug
repletion, and ECG monitoring. The underlying cause must b
identified. Oral calcium replacement should be initiated, ad
serum calcium levels should be monitored. Decreasing phos-
phate intake facilitates long-term management of hypocalcemia

Hypercalcemia
Pathophysiology. Hypercalcemia with total serum cl
cium concentrations exceeding 10.5mg/dL (5.2 mEq/L) caa
be caused by a number of diseases, The most common amas
these are hyperparathyroidism (which can be associated wil
thyrotoxicosis); many different types of cancer; sarcoidosis;and
vitamin. D toxicity. Many malignant tumors produce PTH o
PTH-related protein, which causes bone resorption, thuseler
ing the serum calcium levels. Mild hypomagnesemia also tin-
ulates PTH secretion and increases serum calcium, San:uidl?ﬁ‘
appears to increase vitamin D levels, Prolonged immebilizi"
can also lead to hypercalcemia from enhanced bone resorpic?
and decreased calcium deposition into bone. Acidosis decrezs®
serum binding of calcium to albumin, increasing jonized ak
cium levels. 2
Clinical Manifestations. Many symptoms of hypercal&™
are nonspecific and related to severity and rapidity ¢

Al —> ZVPR Nk aufr

,4/]\ oot

— Zs5ma/dL) ' e
jcemi® 143‘;“[9" . deposition of ionized calcium into bone or
ntest! Iﬂ%miﬂla‘“’"- or decreases in PTH and vitamin D levels;
e ut with inadequate sources of dairy products or

Increased neuromuscufar excitability; tingfing, musche-spasms (particularly
in hands, feet, and facial muscles). intestinal cramping, yperactive bowel
sounds; asteoporasis and fractures; severs cases show seiures and tetany,
prolonged QT interval, cardiac amest
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v Alterations in Calcium, Phosphate, and Magnesium Levels

(s
Manifestations

¥ 4 TN, TNy

ot S

rgy-anorexia, nausea, constipation;

et i :
e daﬁ“::':::;, . kalosis, elevated calcitonin level
jealy Yo"
i E 5mg/dL)
,,alcar““‘ ':_> ::,gﬂun of PTH and PTH-related protein from cancer Many
| HyP mm'ﬂ:’:"ﬂst vitamin D; overuse of calcium-containing antacids
ol J
coll; 9%
i /dL)
temia (<2‘0m_g n
prnP""w:;rp“m elated to vitamin D deficiency, overuse of
sestind! malal £ aiominum-containing antacids, long-term alcohol abuse, and
peis = syndromes:. respiratory alkalosis; increased renal excretion of
mlamwn:;gcsat ed with hyperparathyroidism

ws‘malE a

atemia (>4.7 mg/dL)

Tmpaired renal function, kidney stones; dysthythmias, bradyeardia, cardiac
artest; bone pain, asteoporosis, fractures

Conditions related to reduced capacity for oxygen transport by red blood cells
and disturbed energy metabolism; leukocyte and platsiet dysfunction; deranged
nerve and muscle function: in severe cases, iritability, confusian, numbness,
coma, seizures, passibly respiratory fail o ).
cardiomyopathies, bone resorption (leading to rickets or osteomalacial

h sl O
Wlmi;::; oliguric renal disease with Sl_gl1\flfal‘lf loss of glomerular Symptoms primarily related to low serum calcium levels (caused by high
e or atmentol ic tumors with y u}at releases phosphate levels) similar to symptoms of hypocalcemia; when prolonged.
ﬁ"m”::{oums of phosphate into serum: fong-term use of laxatives or enemas calcification of soft tissues in lungs, kidneys, joints {
magnesemia (<1.5 mEg/L) _ 9
:Vl:’mm malabsarption syndromes, alcoholism, urinary lasses (renal wbular  Behaviaral changes, imitability, increased reflexes, muscle cramps, ataxia.
inition c 7 "
guncton, loop dueties} R = y
Hypermagnesemia (>3.0mEq/L} ! o ‘
sl liguric renal disease; alsa excessive intake of magnesium-containing Lethargy, drowsiness; loss of deep tendon reflexes; nausea and vomiting; muscle 1
acids, adrenal insutficiency. weakness; hy i yeardia respi on O TS e
block, cardiac arrest 1 g
T 4 |

pTH, Parathyroid hormone.
= AveLEE
[,
Because serum calcium levels are increased, a greater amount

.of calcium is also- contained inside the cells. The threshold *

{potential becomes more pasitivé (hyperpolarized) (e.g., moves

from ~60 to —50 millivelts) and the cell membrane becomes

refractory to depolarization.(decreased excitability) and results

in a greater difference between threshold potential and resting
membrane potential (see Fig. 3.8C). Thus, many of the symp-
toms are related to lossiof cell membrane excitability. Fatigue,
fjeakness, lethargy,| anorexia, nausea, and constipation are
ommon.

Mental status changes and confusion may occur. Impaired
mnali function frequently develops with polyuria or formation
gik'd“GY stones from precipitates of calcium salts. A short-
thgrs;z segment and dgpressed widened T waves also may be
ik OI]: the ECG, with bradycardia and varying degrees of
o 2 T‘_*ble 3.11 contains a summary of the manifesta-

ESG altz:ratmns in calcium levels.

e el:at';::" and Treatment. With elevated serum calcium
B Spec'; Tzslprocal. decrease in serum phosphate values
ing pathl 1c diagnostic procedures to identify the contribut-
j Bic condition are required.
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Treatment is related to the severity of symptoms and the d |
underlying disease. When renal function is normal, oral phos- !
phate administration is effective. When acute illness and high |
calcium levels are present, treatment options include IV admin- L} |
istration of large amounts of normal saline to enhance renal : |
excretion of calcium, administration of bisphosphonates in the

absence of renal dysfunction, and administration of calcitonin.
Bisphosphonates and denosumab are used for malignancy-
associated hypercalcemia, and cinacalcet is approved for the
reduction of hypercalcemia associated with parathyroid carci-

noma.* Ultimately, the underlying pathologic condition must |

be treated.

Hypophosphatemia
Pathophysiology. Hypophosphatemia is a serum phosphate
level less than 2.0mg/dL and is usually an indication of phos-
phate deficiency. In some conditions, total body phosphate
concentration is normal, but serum concentrations are low. ‘
The most common causes are intestinal malabsorption and ‘
increased renal excretion of phosphate. Inadequate absorption ‘”
is associated with vitamin D deficiency, use of magnesium- and
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Excitation-Contraction Coupling

E-C coupling refers to the entire process by which an electrical signal (excitation) is translated into a
mechanical contraction of the muscle.

1.Excitation: An action potential travels along the muscle cell membrane (sarcolemma) and into the T-
tubules.
3.Calcium Release:
«Cardiac muscle: CICR occurs—calcium entry via DHPR triggers calcium release from the
sarcoplasmic reticulum (SR) through ryanodine receptors (RyR2).
*Skeletal muscle: Calcium release is directly triggered by mechanical coupling between DHPR
and RyR1 on the SR membrane, independent of extracellular calcium influx.
2.Trigger Signal:
In cardiac and skeletal muscle, this signal opens L-type calcium channels in the T-tubule
membrane.
4.Contraction: The released calcium binds to troponin C, initiating the interaction of actin and myosin,
leading to muscle contraction.
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Calcium-Induced Calcium Release

CICR is a specific mechanism where calcium influx through L-type calcium
channels acts as a trigger to release more calcium from the sarcoplasmic
reticulum via ryanodine receptors.

Occurs in:

«Cardiac muscle: CICR is the main mechanism by which calcium is released from the SR. The calcium entering
the cell during the action potential (via L-type channels) amplifies calcium release from the SR.
Smooth muscle: CICR also plays a role in smooth muscle contraction, depending on the specific tissue.

‘Does not occur in skeletal muscle: In skeletal muscle, calcium release
from the SR is mechanically coupled to L type Ca channels, without
requiring calcium entry from the extracellular space.
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