Control of the CV System



Cardiac Output and Oxygen Uptake
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Cardiac Output and Oxygen Consumption

() Dexter 1951
ODouglos 1922
71 Christensen 193]
| 1Donald 1955
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Relationship between cardiac output and work output (solid curve) and between oxygen
consumption and work output (dashed curve) during exercise. [Data derived from studies by
Douglas and Haldance (1922); Christensen and Mitteilung (1931); Dexter, Whittenberger, Haynes,
Goodale, Gorlin, and Sawvyer (1951): and Donald, Bishop, Cumming, and Wade (1955).]




Challengesto the CV System

Seconds to Minutes

Standing up
Eating a big meal
Running for the bus

Hours to Days

Extreme heat. cold
Fluid deprivation
Space flight

Minutes to Hours

Fever
Blood loss
Myocardial
infarction

Weeks to Months

Long-term space
flight

Marathon training
High altitude living



CV System: Parallel Connection
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Smooth Muscle Cdlls
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Figure 4: Cartoons of smooth muscle cell. A. Physical structure of contractile elements. B. Contractile function.
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Smooth Muscle Contraction

[ncrease n mtra-cellular [Ca™]
|l

[Ca™"] binds to calmodulin

l

[Ca""]-calmodulin binds to and activates myosin light-chain kinase

Il

Activated MLCK uses ATP to phosphorylate myosin cross-bridges
Il

Phosphorylated cross-bridges bind to actin filaments

|

Cross-bridge cvele produces tension and shortening

Figure 6: Biochemical events leading to smooth muscle contraction
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Figure 7: Mechanism of Smooth Muscle Contraction. Calcinm enters the ¢vtoplasm through voltage or ligand gated
membrane channels, or it can be released from intracellular stores in the the sarcoplasmic reticulton (SR). fntracelinlar
store calcium release involves stimulating licand activation of a series of second messengers to produce inositof
triphosphate (1P3). [P; binds 1o the Ca™™ receptor on the SR membrane and increases cvioplasmic [Ca™ . When
evioplasmic caleim reaches a threshold, conpraction is initiated. tracellular Ca™  forms complexes with calmodulin
(CaM), a regulatory protein that activates the myvosin light chain kinase (MLCK), which in turn phosphorviates one
of the light chainy of the myosin molecule and allows the myvosin head to bind the actin filament. cansing muscle
contraction. (From Barany, M., Biochemistry ol Smooth Muscle Contraction. Academic Press, 1996).

Figure by MIT OCW. After Barany, M., Biochemistry of Smooth Muscle Contraction. Academic Press, 1996).
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Figure 8: Azonists sucl as norepinephrine (NA), endothelin (ET). and angiotensin I tANG 1) stimulate Cua™ ™ re-
lease from the sarcoplasmic veticulum by binding G protein coupled receptors, activating phospliolipase C (PLC) and
cansing inositol triphosplicate (1P3) formation. Calciom can also enter evtoplasm troagsh receptor operated caleim
channels (ROC) or voltuge operated channels (FOC).

Figure by MIT OCIF.
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Membrane Potential and Artery Tone

Time (min.)

(A)

Figure 10: Relationship between membrane potential and artery tone. A. Graded depolarization and corresponding
tension allow a steady state tone to be developed in response to norepinephrine stimulation. The tracings (left) illus-
frate a typical relationship between artery tension and membrane potential (E,,). Both E,, and tension levels can be
maintained relatively constant for many minutes during stimulation by vasoconstrictors. B. Different doses of nore-
pinephrine causes various degrees of depolarization, allowingexperimental measurement of the relationship between
tension (Yo of max) and membrane potential (mV). (From Sperelakis, N., Cell Physiology Source Book. Academic

Press, 1995: 568 and 570.)




Table 2: Factors and Mechanisms that Control Smooth Muscle Contraction

Activator/ligand

Channel/Receptor

Fffect on VSM

Mechanism

Streteh

Streteh-activated Ca
channcls

Contraction

Streteh opens channels, allowing
Ca  to enter eytoplasm

Membrane
depolarization

Voltage-gated Ca
channels

Contraction

+Ca mflux as membrane s
depolanzed

Norepinephrine—
{humoral or
neurotransnutter)

a) adrenoceptors

Constriction

Activates phospholipase C (PLC)
causmy formation of mositol
triphosphate (1Pz) that stimulates
SR 1o release calcium into
cytoplasm

Angiotensin [1

A-Il receptors

Constriction

Same as above

Endothelin (ET-1)

ET 4 receptors

Constriction

Same as above

Acctyleholine

Muscarinic receptor

Constriction

Same as above

Membrane
hyperpolarization

K" channels

Relaxation

Membrane hyperpolarization closes
Ca  channels

Epinephrine

f2 reeeptors

Relaxation

Stimulates adenyl eyelase via
G-protein o produce increased
levels of e AMP that inhibits activity
of MLCK and leads to relaxation.

Atrial naturctic protein

(ANP)

Relaxation

Same as above

ATP, Adenosine

ATP receptor

Relaxanon

Same as above

10, $CO5 A [H ]
MK - lactic acid

Relaxation

Nitric Oxide (NQO)

Diffuses mto cell

Relaxation

Activates guanylvl cvelase to form
+eGMP that causes relaxation by:
L. decreasing permeability of

Ca * channels,

hyperpolarizing membrane
by mercasing permeability
of K channels,

IP3 that reduces Ca

release from SR,

Ca " pump activity to lower
calcium coneentration.




Autoregulation in canine hindlimb
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Dynamics of Autoregulation
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Autoregulation in Kidney
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Exercise and Blood Flow

RHY THYMIC EXERCISE
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Autoregulation in Hypoxemia
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Reactive Hyperemia
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Extrinsic Control
of the
Cardiovascular System



Elements of a Control System

Controlled

. Variable
Control

Logic

Efftectors

Reference

Communication system
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Schema of the Autonomic NS
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Aadrenal medulla

Yoluntary motor nerve

Epi, ME

Parasympathetic
Cardiac and smooth muscle,
gland cells, nerve terminals
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Adrenergic Receptors

o—receptors: vasoconstriction,
Intestinal relaxation, pupillary
dilation

O-
e«‘
0

AGONISTS RECEPTORS

F
>

B1- receptors: cardiac increased
HR, contractility

B2— vascular relaxation (dilation),
bronchial dilation



Table 3: Responses of Effector Orzans to Aulonomic Nerve Impulses

FFFECTOR ORGANS

ADRESTRGIC TMPLTSTS

CHOLISNERGIC TMPULSES

Nesperse
(Fi3

Reyponses

Ruspxmises

b
Radial muscle, mis
Sphincier imuscle, iris
Ciliary muscle

Hear:
S-A nade

Alna

A=V node
Ihis-Purkinje system

Ventricles

Arteriofes
Coromry
Skin and inucaesa
skeletal imusele
Cerchral
Pulmenary
Abdominal viscera: renad
Salvury glands
FUibs (Nvstemic )
Lune
Bronchial muscle
Bromehial glands
St
Muonlity and tone
Sphinclers
Secretion
Tutestine
Monlily and tone
Sphincicrs
Secretion
Crafiladdor and Dacaa
triney Bladdder
IXtrnser
Trgone and sphincter
Adrenal Medvlla

X

3]

‘[1

Contrac lion dmydeiasise 11

Relusation for far vision
{slight ¢ftect

Increase it heart rale 11

Increase in contractlly amd
comhxtion velowily +1

Inereass in mrtomaticiny amd
condictien velogity 11

Ingrease in automeaticily and
commdiction volegiy ¢ 14

In¢rcase n cantractility,
condixtion veloeity,
duesmmuahicity, and rate of
wioventnofar pacoimakers
B8]

Consdoichon 42 ddatation 11
Cofsrchiom i 11
Consdrichion ¢ 2 dilakation 1
Comsric tion ¢ slizht
Consriction o ddatation
Constrichon +4 12 Jdilatalicn |
Consrichion 1
Landriciion

Relaxaliom 4
Inhibition (2

IDocrese s ususlly )
Cotirac o gusual [y o
hihnbition (72

Docrease rusikllyd ¢
Contracin cusually' 1
Inlhudion (7
Relaxahion 4

Relaxalion (uspallyy
Cortractton 11

Contraction nniosis: + o1

Contraction fur near visien
[}

Iecrase i beein rate: vagal
arest vl
Decre s in confrchliy, aud
fustally b increase in
cond nction velooity 11
Decroase i ¢ enduchion
velovily: A-Y block 11
Latle ¢ Ifect

Shght decrease in Contracthty
claitned by some

Dilatation £
Dilaiation
Dilatation
Dikabstion
Dilabation

Dilalgtian 1

Contraction 11
StimuLation 101

TTouse |1t
Relaxation (usnlly)
Stinulatien t 11

Inereuse + 11
Relaation rusually)
Stimulkation 111
Contractivn 1

Clontractiomr 101

Relaxaatiog 1+

Sacrelion of eprnephente aud
norepinephringe




Effectors

Controlled
Variable

Control
Logic

Reference

Sensors




Effector: Resistance

Rabbit ear vascular
bed with increasing
Sympathetic stimulation
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PERIPHERAL RESISTANCE
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Effector: Venoustone (ZPFV)

Mormal volume
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V enoconstriction

Splanchnic veins

Temperature,
emotion
respiratory
reflexes

N

NA
Cutaneous veins

Muscle
veins

NA

Arterial baroreceptors
Heart and lung receptors
Chemoreceptors

Muscle receptors

Right Pulmonary Left
heart vascular bed heart Aorta

Central blood volume
>

Muscle pump




Sympathetic Stimulation of
Peripheral Circulation Only
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Effector: Heart Rate
Vagal Slowing
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Potential (mV)
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Membrane potentials recorded in frog sinus venosus during vagus nerve

stimulation (indicated by interruption in horizontal line). (Hutter and Trautwein
1956.) :




Effector:
Heart Rate
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Acceleration of pacemaker activity by sympathetic nerve stimulation
and by adrenaline. (a) Frog sinus venosus. The sympathetic nerve was stimulated
during break in horizontal line. (Hutter and Trautwein 1956.) (b) Sheep Purkinje
fibre before and after application of adrenaline (Otsuka 1958).




Effector: Heart Rate

CHANGE IN HEART RATE
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Dynamics of HR Contr ol

Vagal stimulation

7 Hz; 225 10Hz; 20 5
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Effector: Contractility
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Contractility Increase
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Maximum sympathetic
stimulation

Spinal anesthesia

Maximum sympathetic
stimulation
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Sensors

Controlled
Variable

Control
Logic

Effectors

Reference




BARORECEPTOR SYSTEM

Sensor: Pressure
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Sensor: Blood Gases

CHEMORECEPTOR SYSTEM
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Sensor: Volume

Atrial stretch receptors
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Sensors of inter nal and exter nal
environment
e Pan
e Temperature

e Environmental stimuli interpreted by cortex
(real or imagined)
— Anxiety
— Anger
— Fear
— €tc.



Control Logic

Controlled
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Effectors

Reference

Sensors




Control System
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Central Control Logic: Baroreceptor
Reflex

Sinus nerve Postganglionic sympathetic nerve
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Bar or eceptor Reflex
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Baroreceptor and Standing
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Control Failures
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Valsalva M aneuver

Yalsalva mane uwer
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Other Control M echanisms

e Circulating blood volume : renal/hormonal
controls

 Remodeling of CV components
(hypertrophy, atrophy)

« Up- and down-regulation of receptors
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