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Osmosis can be thought of as the driving force for
particle motions along a gradient.

This is an entropic ,,force” that tends to make the
concentration uniform in any region of space.

Membrane
permeable to both
solute molecules and
water




A semi-permeable
membrane.
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Osmotic pressure: force
required to prevent osmosis.
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Osmotically active = solutes which can’t diffuse
through the semipermeable membrane.

Way to measure osmolality:

Each Osm (of any solute) lowers the freezing
point of water by ~ 2° C

The osmolarity of a solution is equal to the molarity of
the particles dissolved in it.

1. 10 mmoles/liter of glucose = 10 mosmoles/liter.

2. 10 mmoles/liter of NaCl = 20 mosmoles/liter, ~ 'o'me=2%F Volume =43

b
o ! o

3. 10 mmoles/liter of CaCl, = ??? 1.5 Glucse| | 75mNaCh:

° ;’o °

In a simple solutions the effect is additive. a7



Chemical Potential of Water X (DH<l=X (2)=1

dilute § pure

U, = 1“3; + RT lIlXW + PVW solution water

1, — standard chemical potential of water
X,, — molar fraction of water

P — pressure W++S W

V,, — molar volume of water

Solutes Decrease the Chemical () (2)
Potential of Water

Semipermeable
Addition of an impermeable solute to membrane
one compartment drives the system out
of equilibrium. There is a net water

flow from
RTInX (I)<RTInX (2)=u ()<u (2) compartment (2) to

compartment (1).



Osmotic Equilibrium X, DH<l=X (2)=1

dilute E
At the equilibrium the chemical solution | water
potential of any species is the same :
at every point in the system. :
W+ST, W
w, (1) = u,,(2)
(1) 2)

w' )+ RTIn X, (1) + PV, = u’ (2)+RTInX (2)+ P2)V,
RTInX ()+P()V, =PQR)W, 6 V,AP=-RTInX, (1)
X +X =1 InX =In(l-X)=-X V AP=RTX,

Solute molar fraction in physiological RT
(dilute) solutions is much smaller than IT1=AP = 7)( .
water molar fraction. Xs <<] »

Osmotic pressure



RT

I[T=AP=—X Solute concentration (~0.1M) in physiological
VW ®  (dilute) solutions is much smaller than water
concentration (55M).
n <<n,
Y n, n._n 'V, Ny o_cy
n+n, n, n V. V. " "
’ ’ RT
vant Hoff s law M=AP=—-"CV =RTC
(the osmotic pressure) V. © Y °
- oL
Osmotic Flow 9800
Water flows from the solution with a low osmotic Z"f :.
pressure to the solution with a high osmotic .I.QL;.
pressure. Ba
At equilibrium AP — AIl =0 0753
ATl = AP = RTAC. AR
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What osmotic pressure difference can do to cells?
Plasma: 0.3 Osm (or 300 mOsm)

crenated normal swollen lysed

RED BLOOD CELL 6

ion concentration

in extracellular space ==
HYPERTONIC ISOTONIC HYPOTONIC VERY

HYPOTONIC

Turgor

Cell wall Mitochondrion

Vacuole

H0
Cytosol

2 Tonoplast
{vacuole A
membrane) _Zig

Chloroplast




Osmotic regulation is an
advantage of multicellularity

* individual cells in solution are vulnerable to
changes in their environment

* multicellular organisms control the environment in
which their cells live

e cells in multicellular organisms flourish in a
constant environment of body fluids, which
invariably differ from the environment in which the
organism lives



Hypertonic Dehydration

@ Excessive loss of
H,O from ECF

Hypotonic Hydration

the ECF

== (2) ECF osmotic

pressure rises

> — L= e

'

Cells lose H,0 |/
|

to ECF by

osmosis; cells )

) shrink

@ Excessive H,0 enters —i @ ECF osmotic —’ @ H,O moves |nto

cells by
osmosis; cells

pressure falls




Entropy driven aggregation

» Each of the large objects is surrounded by a depletion zone of
thickness equal to the radius a of the small particles.
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The osmotic pressure Il = gRT C

o — selectivity/reflection coefficient

It 1s a measure of the probability of the molecule crossing the
membrane.

@  The effective osmotic pressure
® ® ® ® ® depends on the reflection

® «——» \ ® O coefficient:
®
*\

o> * 1l e 2o 1, =oll = ogRIC

[ ]
semipermeable non-selective
membrane membrane

Bulk flow of water JV _ LP (AP—O'AH)

through barrier



Internal elastic
layer Tunica
Endothelium | interna

ELASTIC ARTERY

LARGE VEIN

" Endothelium

ARTERIOLE

Smooth muscle cells
(tunica media)

Endothelium
Basement membrane

CONTINUOUS CAPILLARY

FENESTRATED CAPILLARY @
Endothelial cells
Basement membrane

Endothelial cells
Basement membrane



Pressure (mm Hg)
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Blood pressure
along the
circulation

Systolic pressure
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Elastic arteries
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Aorta

Left heart —

Lungs —

Right heart —

=
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Arteriole with

Mitral valve variable radius

Left atrium

Pulmonary veins

Exchan
materi
cells

Capillaries

Pulmonary artery
Pulmonary valve
Right ventricle
Tricuspid valve
Right atrium

Venae cavae

Veins

I
Left Arteries

ventricle Arterioles

Copyright © 2007 Pearson Education, Inc., publishing as Benjamin Cummings.
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Ty =LPAl(Pp _Pi)_a(np _Hi)]

K, =L,A

Pintersitium

eff—

Iintersitium

Peapillary

L, — hydraulic Conductivity, indicates the leakiness of the capillary wall.

K, — Capillary Filtration Coefficient, the hydraulic conductance per unit surface
area for exchange.

The number of
open capillaries
Coni Ot determines the total
apillar)

(mm Hg area (A).
26

® Brooks/Cole - Thomson Leaming

37

0 Fluid
movement

Inward pressure
(7T + P)

Outward pressure

I [
Beginning Capillary length End



CHP = Capillary hydrostatic pressure
BCOP = Blood colloid osmotic pressure
NFP = Net filtration pressure

iy Capillary

) T aslday
[ Ivmrggglllgwes EXCh ange
-
\ Arteriole [
A . ‘ 24 \/day o ot
h ST ot fluid
capillaries -

|
ﬁ ‘
- s 2 T TR S
LT ,.—,. R i ""' |» "
290

B = NFP =
B | +10 mm Hg

NFP =
NFPIO B _7mm|-|g

ki T

@@@

CHP>BCOP | cHP=BCOP | BCOP>CHP ||
Fluid forced No net movement | Fluid moves
out of capillary of fluid into capillary

Blood velocity ~ 100 to 1000 um/s
The interstitial fluid velocity ~ 0.1 um/s

Fluid velocity in the lymphatic capillaries ~ 1 to 10 um/s



Edema

Due to disruption of capillary exchange

2 major causes:

1. Blockage of lymph drainage

Cancer & fibrotic growth
Pathogens
Pregnancy

2. Capillary filtration > absorption

Venous pressure { due to right / left heart
failure, backs up in to capillaries

Plasma protein concentration | due to
liver failure or severe malnutrition
(Kwashiorkor) reduces colloid osmotic
pressure

1 in interstitial protein




Effect of urea on cell volume (o <I).

Swelling of
compartment x 1.2

5] A

Urea equilibrates across the cell membrane.
The cell volume is now the same as in the

top panel and the osmolalities are the same The cell membrane
on both sides of the membrane, 350 mOsm. .
‘ is far more

permeable to water

[Osm]; = 350 than to urea.
(DT, =250 Vol = 100%
4p Semipermeable membrane
o=1

»Leaky” membrane /

o<1

Hidrostatic pressure difference

Time



Important summary points about osmosis

1. The steady-state volume of the cell is determined by
the concentrations of impermeant 10ns.

2. Permeant solutes redistribute according to the rules
of electrodiffusion, and hence affect only the transient
volume of the cell.

3. The more permeant the
solute, the more transient
1ts effects on volume.




AV

Swelling (water
uptake)

Volume regulation

Volume

S Ion f‘ransp.ort, rel.ease of
r e u lat io n 0 % isotonic solution
living animal 5 5

cells

Time

Swelling activates two sets of pathways and ions leave the cell.
O J
By osmosis, water leaves the cell returning it to normal.

) g

ﬂ T n

A decrease in extracellular
nt. enters the cell.

The cell swells as water
osmolality sets up a gradie

T -

1

o} l’ [Osml], @ = > _R
—_— — — —»
[Osm], = 300 [Osm], = 200 [Osm], = 200 [Osm], = 200 [Osm], = 200
[Osm]; = 300 [Osm]; = 300 [Osm]; = 200 [Osm]; < 200 [Osm]; = 200
Vol = 100% Vol = 100% Vol = 150% Vol = 150% Vol = 100%




Osmoconformers — animals, like sea slugs, that allow the osmolarity of
their internal environment to change with that of the external

environment.

Osmoregulators — animals that do not allow the osmolarity of their

internal environment to change.

Response to shrinking

Shrinkage activates two ion
transporters, and ions enter the
cell. By osmosis, water enters the
cell, returning it to normal.

The cell shrinks as water
leaves the cell.

An increase in extracellular
osmolality sets up a gradient.

O -l
‘ [Osm] ‘ u @ % ‘
2( ﬁ@l
[Osm], = 300 [Osml, = 450 [Osm], = 450 [Osm], = 450 [Osm], = 450
[Osm], = 300 [Osm], = 300 [Osm], = 450 [Osm]; > 450 [Osm], = 450
Vol = 100% Vol = 100% Vol = 67% Vol = 67% Vol = 100%




The activation energy (£,) required for water diffusion in an
entirely aqueous environment — 5 kcal/mol.

The activation energy (£,) required for water diffusion through the
lipid bilayer — 10-20 kcal/mol.

Water Transport Across Cell Membrane
always passive; bidirectional; osmosis-driven

Diffusion through lipid bilayers
slow, but enough for many purposes

Channel-mediated

+ Fast adjustment of water concentration‘;:;
is necessary (RBC, brain, lung). '

+ Large volumes of water needed to be |
transported (kidneys).



Aquaporins perform a variety of physiological functions.

 concentrate urine in the Kidney,

- are integral to fat metabolism and Distribution of aquaporins
obesity, in human eye.
* maintain lens transparency in the
eye9 Trebecular
 maintain water homeostasis within =~ meshwork >, S0

) ¥ & N Choroid
the brain, \f S Qo /
e extrude sweat from the skin, o pe 5‘3"'“ Loy o e
e are implicated in cell migration [ ¢ \ ¢
during tumor growth, L D@ | |
* help suspend fish eggs in seawater, humor ’";l* e OO
» facilitate a rapid response to osmotic e DX Lens /
shock in yeast, o ¢ 7S
* tightly regulate cell osmolarity Comea ) N SN
within plants. LNy —_ |

. — Optic nerve

Conjunctiva / .

Lacrimal gland

Key
T AQPO @ AQP1 @B AQP3 @ AQP4 @ AQP5




Aquaporins in the Kidney

It filters and eliminates toxic substances from the blood.

This is achieved by the filtration of blood in nephrons, which have
important functions in the reabsorption of water, active solute
transport and acid—base balance.

e Adult human kidneys
filter >150 1 of blood each

day.

e To maintain water
balance, > 99% of water 1s
reabsorbed before it leaves
the kidney as urine.
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Cryo-electron microscopy maps
of water channel proteins

(viewed from cytoplasmic

: A e

. Red blood cell ~ The lens fiber The bacterial
Slde)- water channel  water channel water channel
AQPI MIP or AQPO AgpZ



Protein Cell Type Function?

AQP-0 Eye lens cells Water balance in
lens

AQP-1 Red blood cells Osmotic protection

AQP-1 Kidney tubules Concentration of
urine

AQP-1 Brain Production of CSF

AQP-2 Kidney collecting | Mediates action of

ducts ADH

AQP-4 Lungs Bronchial fluid
secretion

AQP-5 Salivary glands Production of saliva

AQP-5 Lacrimal glands Production of tears




Extracellular

Cytosol

Six transmembrane domains and the
conserved NPA-containing loops that form the

selectivity filter of the water-conducting pore.

AQPI comprises cone-shaped water-filled extracellular and
intracellular vestibules that are separated by a 20 A long channel
~2.8 A at its narrowest point.

Hydrogen bonding between water molecules occurs within the AQP
pore, except at its narrowest point.



extracellular

Water molecules
rotate by about 180°
180 during passage.

Electrostatic
Repulsion

Size
Restriction

Water Dipole
Reorientation

S

intracellular

Water—water interactions are distorted
with respect to bulk .

Peter Agre , David Kozono, FEBS Letters 555 (2003) 72-78



EXTRACELLULAR Impermeability for protons

Proton transfer in bulk water

H H H
+H+
A~H (o) H 0 H o) H H H
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H H H
S S
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An aquaporins gate

Met176

HsAQP4



Eukaryotic aquaporins are frequently regulated by
phosphorylation, pH, divalent cations, interactions with other
proteins and osmolarity.

Aquaporin regulation at the protein level includes induced
targeting of aquaporins to different membranes as well as direct
gating of the aquaporins 1n situ in the membrane.

The capping (SoPIP2;1) and pinching (AQPO and AQPZ)
mechanisms of aquaporin gating.

Capping mechanism Pinching mechanism
Extracellular

side

Cytoplasmic
side




Open and closed conformations of the AQPO water pore
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1

glycerol molecule <> channel

The E. coli Glycerol Facilitator (GlpF)

small, linear sugars such as glycerol and ribitol,
but not ions, to pass.

A sodium ion and
ribitol molecule.

i \ ? [t 1s an aquaporin with an extra feature — it allows




The role of the selectivity filter
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Cellular Volume
Homeostasis



Physiology and pathophysiology
of cell volume change

* Physiology: all cells are exposed to isosmotic volume
perturbations

* Physiology: organisms and cells that live in
osmotically unstable environments

>intertidal zone
=>gut
>kidney

* Pathophysiology: e.g., systemic osmolality
disturbances, anoxia and ischemia, reperfusion
injury, diabetes, sickle cell crisis



Cell volume is regulated by the gain
and loss of osmotically active solutes

solute gain normal solute loss
q @
volume

Regulatory Volume Regulatory Volume
Increase (RVI) Decrease (RVD)



Volume regulatory electrolyte gain and loss
are mediated by rapid changes in membrane transport

Solute Solute
am Loss

NORMAL
VOLUME

RVI RVD

Na K Cl

* Advantages: allows cell to rapidly correct their volume by activating pre-
existing transport pathways

* Disadvantages: disruption of intracellular ion concentrations and
cytoplasmic ionic strength



Organic osmolytes allow cells to maintain long-term
stability of cytoplasmic ionic strength

Three major classes of organic osmolytes:

Amino acids Polyols Methylamines
Alanine Proline  Taurine Glycerol  Sorbitol myo-Inositol TMAO  Betaine GPC
$H3 / r:l\{2 0 ;l’IH3 H,C-OH l:fcéz: OH OH CH, CHy  q C-E-?CBH
H-C.CHy Hz(i CHC{™  CH 2] L, - % 3 3

| * |
‘j: o | H-C-OH HO-C-H o HyC-N-CHs HiC-N-CHy CH,
C H,C—CH, CH, , , ! iy |
& ' H,C-OH  H-C-OH ; CH,
0-0 0=5=0 ; N ! |
' H-C-OH N 0
0

o | é i
Hy C-OH OH 0=P-0



Organic osmolytes are “compatible”
or “non-perturbing” solutes

* Compatible solutes are an ubiquitous solution to
osmotic stress; used by all organisms for cellular
osmoregulation

* High water solubility: accumulated to cytoplasmic
concentrations of 10s to 100s of millimolar

* Compatible solutes do not perturb macromolecular
structure or function when present at high
concentrations



Compatible solutes are excluded from
the surface of macromolecules

Perturbing solute

‘Csl D
. (cs) cs” @
(cs) ¢sl

L (s
+ s ® ® +cs 2

—~ :éS\
sl

® e °©° @@
s

* No net charge at physiological pH

* Lack strongly hydrophobic regions

* Steric properties



Organic osmolyte accumulation occurs by
changes in synthesis or membrane transport

Na
myo-inositol

Glucose NaCl
taurine
aldose
reductase NaCl
Sorbitol betaine

* Metabolically expensive: organic osmolytes are accumulated
against concentration gradients of up to 10’-fold



Organic osmolyte accumulation
requires increased gene expression

Cell
Shrinkage

/ Na
Osmolytes

* Slow: requires many hours of exposure to osmotic stress



Organic osmolyte loss is mediated by:

1. Decreases in gene expression: rapid and slow
components
2.Increase in passive efflux: rapid

Cell
Swelling

Osmolytes ————>»



How do cells detect volume changes?

* Signals: mechanical stress; dilution and
concentration of cytoplasmic constituents

* Signal transduction: kinases and phosphatases



Mechanical stress (bilayer model): force
transduction via the lipid bilayer

E. coli MscL channel

From Sukharey et al. Ann. Rev. Physiol. 59:633-657, 1997

MsclL channel

* swelling/stretch-activated
* cloned protein activated by
bilayer stretch

ProP. transporter

* shrinkage-activated
* cloned protein activated by
liposome shrinkage

Membrane-bound enzymes

e PLA,
e GTPases

Model channels

* alamethicin
* gramicidin




Mechanical stress (tethered model): force
transduction via cytoskeletal/extracellular proteins

Cuticle
MEC-5 (collagen)

009
o Vo ”' MEC-4
%% | (DEG/ENaC subunits)
MEC-12 |
MEC-7 MEC-2 (stomatin)

(oo and 3 tubulin)



Cytoplasmic dilution/concentration of small solutes

* Intracellular ionic strength
K * Specific ions (e.g., K)

Cl  Other solutes??

—

—— Osmolytes



Increased cell ionic strength increases expression of
organic osmolyte transporters and synthesis enzymes

~
S

Ce
I

Aldose reductase activity

1 1 1
100 150 200 250 300

Cell Na + K (mM)

Uchida et al., Am. J. Physiol. 256:C614-C620, 1989



The transcriptional activator TonEBP regulates
hypertonicity-induced gene expression

Isotonic Hypertonic

TonEBP TonEBP
Control siRNA  Control siRNA

Aldose
reductase

Na/myo-inositol
cotransporter

Young et al., J. Am. Soc. Nephrol. 14:283-288, 2003



TonEBP translocates into the cell nucleus
in response to hypertonic stress

Hypotonic Isotonic Hypertonic

@

Lee et al., Biochem. Biophys. Res. Comm. 294:968-975, 2002



Regulation of gene expression by TonEBP

Isotonic Hypertonic

Na
Osmolytes




Cytoplasmic dilution/concentration:
macromolecular crowding and confinement

‘Q” .ﬂ, \\.A.

i ﬁ« POOR &.‘-” @
o@ ""“’"

* Crowding and confinement alter macromolecule thermodynamic
activity, structure and interactions

» Small changes in crowding and confinement can lead to large
changes in the activity of signaling pathways, gene transcription,
channel/transporter activity, etc.



Signal transduction: the case for
kinases and phosphatases

Volume-sensitive

kinase
/o e\
K Na
K
Cl 2 Cl
‘\0 0/‘
PP-1 phosphatase
Swelling-activated Shrinkage-activated

RVD RVI




CePASK regulates the C. elegans
volume-sensitive CIC channel CLH-3b

NMDG-CI

NMDG-

|

Basal current ﬁ
Meiotic maturation, swelling
Meiotic arrest, shrinkage

Inactive Active

1000 pA

AT

[

250 ms

Swelling- or meiotic
maturation-induced current

Denton, Rutledge, Nehrke, Strange



How cell volume is perturbed matters

Cells sense:

* Extent of volume change
* Rate of volume change

* Mechanism of volume change
(anisosmotic vs. isosmotic)



The cellular osmotic stress response

Na K 2¢1

Normal volume

Volume recovery
* Rapid electrolyte accumulation/loss

Organic osmolyte homeostasis
* Slow accumulation
* Rapid efflux/loss

Damage detection/repair
* Detection

* Cell cycle arrest

* Repair or apoptosis




(1m)




Phase

Approximate

Physiological Change

| minutes

" Phases of the osmotic

stress response for E.
coli K-12.

Structural and

physiological

responses triggered by
osmotic shifts (up or
down) imposed at time

zero proceed in
parallel along the

indicated, approximate

Structural Change
Duration
Cell Wall and Nucleoid Remodeled | 1 or more Osmoresponsive Genes Expressed
111 DNA/Protein Synthesis Resume hours (e.g. proP, proU, kdpFABC, betT) |
Cell Growth and Division Resume { Compatible Solute Uptake/Efflux
Co-solvent Composition Adjusted Cycle Established
Nucleic Acid Counterions Replaced | 20 to 60 Putrescine Extruded
Rehydration Begins minutes K" Glutamate and Compatible
II Solutes Accumulate
Respiration Resumed
, (Reduced Rate)
i Aliy;- Restored
{ ATP Level Restored
Cell Dehydrates, Shrinks 1to2 Respiration and Most Transport
| Cytoplasmic a,, Decreased minutes Cease; Trk/ProP Activate
Cytoplasmic Crowding Increased i ApH Increased Transiently
Wall/Membrane Strain Altered ‘ ATP Level Increased Transiently
Upshift: AIT decreased, AII <AP, Ap,, <0
Shift Time 0: AIT= AP, Ap,, =0
Downshift: AIT increased, AIl> AP, Ap,, >0
Cell Hydrates, Swells ‘ Channels Open
1 Cytoplasmic a,, Elevated <1
Cytoplasmic Crowding Decreased | minute
Wall/Membrane Strain Is Altered |
11 Cell Shrinks 1to2 Co-solvents and Water Extruded
Cytoplasmic Crowding Increased | minutes Afty- Collapsed?
? ; Channels Close
1 10 to 20 Afly: Restored

Co-solvents Re-accumulate

timescales.




Chemosensing versus 0Smosensing.

Chemosensing Osmosensing

*
I

N Y N A

>0 020

Chemosensors detect the biochemistry of cellular environments,
including changes in nutrient supplies and signals with biological

OrigIns.

Osmosensors detect changes in extracellular water activity (direct
osmosensing) or resulting changes in cell composition or structure
(indirect osmosensing).



Potential stimuli
for membrane- or
nucleoid-based
0SMOSEnsors

Compartment
sampled

Stimulus detected, change in®:

Periplasm

Cytoplasmic
membrane

Cytoplasm

Nucleoid

Thickness

Turgor pressure

Concn of a specific cosolvent (e.g., glucan)
Macromolecular crowding

Osmolality

Ionic strength

Osmolality gradient

Lateral pressure

Bilayer curvature

Head group charge density

Head group hydrogen bonding

Head group hydration

Thickness

Lateral phospholipid distribution
Intermonolayer phospholipid distribution

Osmolality

Ionic strength

Concn of kosmotropes

Concn of a specific cosolvent (e.g., K glutamate)
Macromolecular crowding or confinement

Turgor pressure
Counterion composition
Protein composition
Macromolecular crowding
DNA topology



Pressure  Membrane
Jsmosis (RO) Bar  Pore Size pm

<0.001
Retentate ;
Nano Filtration (NF)
|:’\> 0.001 - 0.005
l Permeate
(filtrate)
Ultra Filtration (UF)
@ Bacteria |:> 0.005 - 0.01
@ Proteins
e Sugar
« Minerals (salts)
. Water . I
Micro Filtration (MF)
|:> >0.01
4 o/'
I O F smart Membrane Solutions Ltd
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