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The lecture should start with the experiment of culturing 5 lymphoma cells in a
beaker with proper medium. After 3 days the cells will die because of accumulation
of waste products and lack of nutrients. The cells of our body have ICF
(intracellular fluid) and are bathed in ISF (interstitial fluid). The bathing medium is
not enough to keep cell survival for appreciable time. Thus, ISF (ECF) is not a good
reservoir and will not maintain homeostasis. We need to refresh ISF with new
nutrients and continuously remove the waste products exactly as we do in cell
culture. This can be achieved by plasma, and thus it is important to understand how
plasma flow to the tissue is regulated.

Cells are surrounded by Interstitial fluid (ISF) and separated by 20 - 30
micrometers (no direct contact) from the surrounding capillaries (small blood
vessels surrounding cells) where filtration and reabsorption occurs.

Filtration is the flow of fluids from the capillaries to the ISF.
Reabsorption is the flow of fluids from the ISF to the capillaries.

Both contribute to the refreshment of the ISF.

Fluids in the body (= 55% of total body mass) (in females, their body have more fats
and fats hate water)

= Supposeahumanwhosetotalbodymassis 70 kg.
Fluids in the body (= 60% of total body mass =42 L) are divided into: (in males)

1. Extracellularfluids (onethirdof42L—> 14L)
2. Intracellularfluids (twothirdsof42L-> 28L)

Extracellular fluids contain ISF which surrounds the cells is divided into:

(1) ISF volume - 11L; (2) Intravascular fluids - 3 L (plasma). Blood=

55% plasma and 45% cell, plasma= 92% water and 8% others.Each
capillary has two ends - an arterial end and a venous end.

The ISF is the medium where cells live, and it must be refreshed continuously,
and this is why we have the blood cycle
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» The cycle starts at the heart (LV) > AN
aorta (major artery) - other
arteries (and arterioles) 2>
capillaries - veins - back to the
heart (RA). This is the systemic
circulation.

The average cardiac output of blood is 5
liters per min divided into:

1. Kidneys (*1L,actually,itis 1250
ml/min)

2. Therest(4L)aredividedasfollows:

a. Plasma(2L)whichwillrefresh the ISF surroundingthe cells.

b. Cellsandotherformed elements(2L).

min hour

. L L
The cardiac plasmaoutputfromthe heartperday:  2—~ * 24— =12880 ~ 3000——.
min hour day day

The ISF is renewed 3000/11 = 300 times each day (artificial cells cultures
have their surrounding media renewed one time every 72 hours); therefore,
in our body 300 times/d is a huge number. This is necessary to maintain
homeostasis at the medium surrounding the cells (ISF).

Capillaries are divided functionally into 3 types:

1. Onlyfiltration: glomerular capillaries inkidneys
2. Onlyreabsorption: GIT capillaries
3. Idealcapillaries (such asin skeletal muscles) which show filtration at
the arterialend and reabsorption atthe venous end.(The rest of the
capillaries).
Typically, 20 L/day are filtered at the arterial end of the capillary, and only 17 L/day

are reabsorbed at the venous end. The ISF volume is increased by 3 L/day (20- 17 =3)
and this leads to an increment in the ISF volume.

v" How can the body get this excess volume out of the ISF?

Excess fluids are returned to the bloodstream by lymphatics which act as a
vacuum cleaner (scavengers of our body).
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1. Remove excess fluids.

2. Remove cells debris which attracts bacteria and causes infection.
(twodifferentterms)

3. Remove large macromolecules (such as proteins)which can’tpass
throughthewalls ofthe capillaries.

Lymphatics return all the above to the bloodstream via systemic veins such
as right and left subclavian veins.

If filtration increases by a small amount (say 20 - 25), lymphatics can deal
with this change by increasing lymphatic activity (3 = 8). . During exercise
lymph flow increases 20-30 times.

However, if filtration increases by a huge amount (say 20 - 30), not all
excess fluids (13 Lin this case) can be returned by lymphatics.

This leads to accumulation of fluids in the interstitial space which is called
edema.

Edema can be localized in a specific place or generalized throughout the
whole body.

e Edema can be life threatening (mainly the 4 types below):

1. Pulmonaryedema:
For the lung to operate efficiently, it must be in dry conditions.

Pulmonary edema will cause excess fluids in the interstitial space of the
lungs, and excess fluids will interfere with gas exchange (0., CO,).

Pulmonary edema is considered a top medical emergency as the patient
may die within 1 or 2 hours.

2. Brainedema:

Because the brain is surrounded by the skull (cranium), it can’t expand if
excess fluids accumulate. This will compress the neurons destroying them
and causing death since neurons are irreplaceable.

3. Laryngealedema (especiallyin children astheyhave asoftlarynx):

Iltcausestheclosure ofthe airwaycausingdeath by suffocation.

5
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4, Cardiacedema:

Pericardial effusion (or excess fluids in the pericardial cavity) causes
compression on the heart causing difficulty in expansion preventing
enough refilling of the heart chambers with blood.

We need to insert a needle in the pericardial cavity to drain excess fluids.

Other non-life-threatening types of edema includes:

1. Upperorlowerlimb edema (especially in pregnant women)

2. Faceedema

3. Abdominaledema (ascites)which canoccurdueto livercirrhosis
causingaccumulation of fluids (10-15L) inthe abdominal cavity.

The flow of blood is the volume of blood moving per unit time.

rolume

Flow = = DF (Driving Force) * K (Permeability)

time
The driving force in this case is the pressure difference (AP):

AP can have 4 forms called the 4 starling forces which are responsible for
the movement of fluids from the capillary to the ISF or vice-versa.

2 of the forces are inside and 2 are outside the capillaries.
Some Starling forces favor filtration while others favor reabsorption.

The 4 forces will be discussed in this lecture and the one after.

Edema happens due to excess flow of fluids out of the capillaries.

It may be due to increased DF (such as the increase of the capillary
pressure) or increased K (such as the effect of histamine after a bee sting
for example). We use antihistamines to reduce inflammation.

Pressure is measured in mmHg, and we report pressure values with
respect to a reference point of 760 mmHg which is the atmospheric
pressure at sea level. If we have a pressure of 860 mmHg, we say it is 100
mmHg.
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Let’s discuss the first starling force - the capillary pressure (P.).

P.: Hydrostatic pressure of the blood flowing inside capillaries, and this
force favors filtration (force and pressure are used interchangeably).

The more P, the more filtration will occur and that is why we have different
values for P. depending on the location of the capillary in the body:

1. In Lungs (low filtration): 7 mmHg
2. InSkeletalmuscles: 30 mmHg
3. Inkidneys, glomerular capillaries (high filtration): 60 mmHg

Systemic cycle: pumping oxygenated blood from the heart to capillaries.

Pressure Map of the Systemic Cycle
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The average capillary pressure (between C and D) is 30 mmHg.
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Let’s discuss blood volume distribution throughout the body.

Total Blood Volume (in L) ~ 7% * Total Mass (in kg) In Male

And 6% * Total Mass (in kg) in Female.

Let’s assume someone whose mass is 70 kg - Total Blood Volume = 5 L.

Because the blood density is 1.060 kg/L, the volume occupied by 1 kg of
blood is approximately 1 liter, and this is why we obtain values for blood
volume in liters from the equation above.

We have two cycles in which blood flows - systemic and pulmonary cycles.
A) Systemiccycle:

Starts from the left ventricle - arteries - systemic capillaries >
veins - right atrium.

B) Pulmonarycycle:
Starts from right ventricle - lungs - left atrium.

Structure and function of blood vessels: (5 main types)

« Arteries - carry blood AWAY from the heart...their content might be
oxygenated or deoxygenated blood.

« Arterioles: redistribute blood to different tissues according to their
needs .

« Capillaries - site of exchange THE Venules.

» Veins - carry blood back to the heart
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Distribution of Blood Volume in the Blood Cycles
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Largest portion of blood at rest is in systemic veins and venules. Veins are
called capacitance vessels.

Systemic veins are considered blood reservoirs as they contain most of the
blood (= 60%).

Our focus will be on systemic capillaries (7% of blood) because this is
where exchange with cells occurs. (The Boss)

Other parts (93% of blood) serve these capillaries:

1. Arteries: supplybloodfromthe heart
2. Veins:return bloodtothe heart

3. Heart: pumpsblood

4. Lungs:where gasexchangeoccurs

Net flow of fluids is determined by the summation of the 4 starling forces.

If filtration is increased = more ISF volume = edema.

If filtration is decreased - less ISF volume - dehydration.
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= The Microcirculation:

elmportant in the transport of nutrients to tissues.

eSite of waste product removal.

Lecture 3—Microcirculation and Edema

eOver 10 billion capillaries with surface area of 500-700 square

meters perform function of solute and fluid exchange.

Metarteriole

Arteriole

4—*’

Preferential channel

= (Capillary Structure

. Composed of unicellular layer of
endothelial cells surrounded by a
basement membrane. They do not contain
smooth muscle cells, so they cannot
undergo contraction or relaxation (i.e., no
vasoconstriction or vasodilation at the
capillary level).

- Diameter of capillaries is 4 to 9 microns.
« Solute and water move across capillary
wall via intercellular cleft (space between
cells through fenestrations (pores in the
endothelial lining of the capillaries)

or by plasmalemma vesicle in transcytosis .

PILLARY

Endothelial
cell

Vesicular
channel?? {'L/

Plasmalemmal

;\ vesicles
/

Intercellular

cleft

Basement
membrane
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Capillary types

Nucleus of endothelial
cell

Lumen

Pinocytic vesicles
Basement membrane ~~_ gi! Y S
. p e

Intercellular cleft

Incomplete
basement
membrane

(a) Continuous capillary formed by endothelial cells

Lumen

Nucleus of

endothelial cell o= g é’/ \ Intercellular

— cleft

Fenestration {pore) (¢) Sinusoid

Intercellular cleft

Pinocytic
vesicles Basement

membrane

Lumen Nucleus of

endothelial cell

{b) Fenestrated capillary

Capillary Exchange of Respiratory Gases and Nutrients

’> Basal lamina (cut)

Nucleus of
endothelial cell

Red blood cell

Lumen

Intercellular
clefts

Tight junctions

Pathways of Substance Movement
Substances can move across capillaries by two main routes:
1. Transcellular Pathway (through the cell)Substances pass through endothelial cells.
This can occur by:
Diffusion (e.g., 0,, CO,, glucose, Na*, K*)
Vesicular transport:
Endocytosis (entry into the cell)
Exocytosis (exit from the cell)
Through channels or pores (fenestrations) in some capillaries
2. Paracellular Pathway (between cells)
As in bulk flow (filteration) . Substances pass between endothelial cells through:
Intercellular clefts (small gaps between cells)
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Capillary exchange

* Movement of substances between blood andinterstitial fluid
* 3 basic methods

1. Diffusion

2. Transcytosis

3. Bulk flow

1. Diffusion (Most important method)

* Substances move down their concentration gradient

* 02 and nutrients from blood to interstitial fluid to body cells

* CO2 and wastes move from body cells to interstitial fluid to blood

* Can cross capillary wall through intercellular clefts, fenestrations or through
endothelia cell.

* Most plasma proteins cannot cross. Except in sinusoids — proteins and even
blood cells leave.

* Blood-brain barrier — tight junctions limit diffusion

Movement of substances molecule by molecule. Driven by a concentration
gradient. Examples: oxygen, carbon dioxide, glucose, electrolytes.

2. Transcytosis (Small quantity of material)

Substances in blood plasma become enclosed within pinocytotic vesicles that
enter endothelial cells by endocytosis and leave by exocytosis. It is important
mainly for large, lipid-insoluble molecules that cannot cross capillary walls any
other way.

3. Bulk Flow (Mass Flow)
* Passive process in which large numbers of ions,molecules, or particles in a fluid
move together in the same direction.
* Based on pressure gradient (starling forces).
* Diffusion is more important for solute exchange
* Bulk flow more important for regulation of relative volumes of blood and
interstitial fluid
* Filtration— from capillaries into interstitial fluid
* Reabsorption— from interstitial fluid into capillaries
Movement of fluid and solutes together as a unit. Driven by pressure
gradients (hydrostatic pressure)

Capillary Permeability Features :

The endothelium may contain pores or fenestrations (increase permeability)
The basement membrane is usually continuous, acting as a barrier. However,
in some organs like the liver, it is discontinuous, allowing greater
permeability (sinusoid).
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Solute and Fluid Exchange AcrossCapillaries
* Most important means by which substances

Lecture 3—-Microcirculationand Edema

are transferred between plasma and interstitial
fluid 1s by diffusion.

* Lipid soluble substances diffuse directly
through cell membrane of capillaries (I.LE.CO2,
02).

* Lipid insoluble substances such as H20O, Na,
Cl, glucose cross capillary walls via
intercellular clefts.
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* Concentration differences acrosscapillary enhances diffusion

Effect of Molecular Size on PassageThrough Capillary Pores

» The width of capillary intercellular slit

/
4

Endothelial
cell

pores is 6 to 7 nanometers. o

» The permeability of the capillary pores for
different substances varies according to
their molecular diameters.

* The capillaries in different tissues have
extreme differences

in their permeabilities.

\ vesicles

Intercellular
cleft

Vesicular
channel??

Plasmalemmal

\

Basement
membrane

Relative Permeability of Muscle Substance

Molecular Weight

Permeability

Capillary Pores to Different-sized
Molecules

Water
NaCl

Urea
Glucose
Sucrose
Insulin
Myoglobin

Hemoglobin

18
58.5
60

180
342
5000
17,600
64,500

1.00
0.96
0.8
0.6
0.4
0.2
0.03
0.01

Albumin

interstitium and interstitial fluid
» Space between cells is called interstitium; fluid in

this space is called interstitial fluid.

* Two major types of solid structures in interstitium
are collagen fibers and proteoglycan filaments
(coiled molecules composed of hyaluronic acid).

* Almost all fluid in interstitium is in form of gel
(fluid proteoglycan mixtures); there is very little free
fluid under normal condition.

69,000

.0001

' Collagen fiber
Capillary bundles

Free fluid
vesicles

Rivulets
of free
fluid

Proteoglycan
filaments
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Since the capillaries are lined only by a single layer of epithelial cells and
they don’t contain smooth muscles (no dilation or constriction). The cross-
sectional area (A) won’t change and thus the force (F) is the only
determining factor of the pressure.

The force (capillary hydrostatic pressure (Pc)) is due to the presence of a
volume of blood pushing against the walls of the capillaries.

A change in the volume will lead to a change of pressure, for example:

We can increase the pressure by arteriodilation which will increase the
volume of blood entering the capillary.

We can also increase the pressure by venoconstriction which will allow
less blood to exit, increasing the volume of blood inside the capillary.
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In general, if we need more blood in a certain location, arteries leading
there will dilate (decreasing resistance) causing more blood to flow into
that location.

Conversely, if we don’t need much blood in a certain location, arteries
leading there will constrict (increasing resistance) causing blood to flow to
other parts if the body.

On the arterial end of a capillary, there is a sphincter (smooth muscle ring
that opens and closes). Sphincter contraction will close the capillary.

Since the capillary has a sphincter, its flow is not pulsatile but intermittent,
meaning that it is independent of the cardiac cycle (0.3 systole + 0.5
diastole).

If the capillary blood flow was pulsatile, capillaries will receive blood
mainly during the systolic phase of the cycle.

Instead, the blood flow in the capillaries depend on the activity of the
sphincter which is present on the arterial end of the

capillary.
S : .
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As mentioned before P.can be increased by either arteriodilation or
venoconstriction.

The following equation summarizes the effects of changing the pressure on
one side of the capillary (arterial or venous) on P.:

% *Fo + 5, R 1
F, = —45— theratio — istypically equal to =
41 Re

a

"R" is for resistance,"P" for pressure,"v" for veins,and "a" for arteries.
We only need to memorize the final form of the equation below.

The equation becomes: P. = G P, + 5 P,

As we see, the effect of increasing Pyis stronger than the effect of
increasing Pa.
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The blood, to maintain normal flow, the arterial end of the capillary must
have a higher pressure than the venous end.

If, for example, P, = Py, there will be no pressure difference across the
capillary = no blood flow - cardiac arrest - death.

In the case of right ventricular failure, blood accumulates in the right atrium
causing increased pressure in the systemic veins leading to increased P. (30
- 40) and increased filtration - edema.

Because the failure is in the heart, the edema is generalized.

An example of localized edema is when the pregnant uterus presses on
pelvic veins decreasing its radius.

1
R « rt (Poiseuille's equation from physics 105)
Decreased radius (r) = very high resistance (R).
DF
Flow = R (Ohm's law)

High resistance - we need more pressure (DF) to maintain enough flow. More
pressure in veins - very high P. > more filtration > edema.

The edemain this case is localized in the region below the pelvic veins
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