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We are slightly salty bags of water in the 
environment
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What do we regulate to maintain volume, function? 

Water Content  
Ions (salts) 

total concentration (osmolarity/osmolality) 
specific types: [Na+], [K+], etc. 

What are the major different types of environments?

Terrestrial 
Marine 
Fresh Water 

Not enough water 
Too much salt 
Too little salt 
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Water flows freely through cell 
membranes

3

Aquaporin is a channel protein: Big pukas letting H2O 
through (image below)
Channels do not require/use any energy equivalents (ATP)
Ions have a harder time getting through membrane (Semi 
permeable membrane)  

In general: Ions “trapped” in cells, water flows through 
to balance concentration gradient

Aquaporin
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Body Solids and Fluids
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Osmoregulatory strategies
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Free ride? 
No - must maintain 
intracellular function 
- balance.

Expensive?
Yes - done by active 
transport= ATP!, but 
maintains stable 
internal environment
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Extracellular and Intracellular Ions
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Two basic strategies in design of 
osmolyte systems:

• “Compatible osmolytes”: minimal effect on kcat, Km 
and stability (at physiological concentrations). 
– Sugars and polyols, e.g., glycerol 
– Free amino acids 
– Methylammonium & methylsulfonium compounds 

• “Counteracting osmolyte systems”: opposing 
influences lead to no net effect on kcat, Km and 
stability. 
– Urea:TMAO (tri methyl amine oxide)



Solute “compatibility”: rate of reaction 
“Glycerol may be regarded as God’s gift to solute-stressed eukaryotes” 

A.D. Brown (1990)

L. Borowitzka & A. D. Brown (1974) Arch. Microbiol. 96:37-52.

NOTE: glycerol’s “blessing” seems 
to go away at high [glycerol]



Compatible osmolytes: Minimal effects on Km

Bowlus & Somero (1979) J. Exp. Zool. 208: 137-152



Marine Elasmobranchs 
Muscle [solutes] mOsmol l-1 

 Σosmolality: 1070 
 [K+]:  170 
 [Cl-]: 30 
 [Urea]: 440 
 [TMAO]: 210 
 

Marine Teleosts 
Muscle [solutes] mOsmol l-1 

 Σosmolality: 430 
 [K+]:  165 
 [Cl-]: 25 
 [Urea]: ~0 
 [TMAO]: 10-20 
 [Betaine]: 10-20 
 

Marine Invertebrates 
Muscle [solutes] mOsmol l-1 

 Σosmolality: 1050 
 [K+]:  160 
 [Cl-]: 80 
 [Urea]: 0 
 [TMAO]: 50 
 [Betaine]: 80 
 [Free AA]: 420

Major intracellular osmolytes of marine animals
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Urea
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• Common waste product from protein 
degradation (protein turnover) in organisms 
that produce concentrated urine 
– Less toxic than ammonia (NH3

+) 
– However, urea is still toxic at high concentrations 

• Denatures proteins by favoring interactions with amino 
acids 

– Costly synthesis: 5 ATP/urea
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Urea-induced denaturation: 
Preferential binding of solute ! unfolding

Protein urea

H2N  
        C=O 
H2N

• Urea binds to amino acid residues (exergonic) 
• Energetically favorable binding ! exposure of maximal 

number of binding sites ! unfolding (denaturation) 
• Alters water structure
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Counteracting osmolytes: 
Urea + TMAO: offsetting effects on Km

pyr  
(after Baskakov et al. 1998. Biophys. J. 74: 2666)
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Marine Elasmobranchs 
Muscle [solutes] mOsmol l-1 

 Σosmolality: 1070 
 [Urea]: 440 
 [TMAO]: 210
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Extracellular and Intracellular Ions
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Freshwater           10-50
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260
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Intracellular Ions
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Intracellular solutes - K+ and organic solutes
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Too little water, has 
to drink salty water

Too much water, has 
to absorb salt
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Sites of Water exchange : Where?
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•Gills

•Lungs

•Skin

•Gut

•Kidneys

CEWL

REWL
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Environmental gradients are critical!
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Water and Ion Budgets
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Water Gain:

Water Loss:

Ion Gain:

Ion Loss:

drinking, eating performed water, metabolic water, osmotic 
absorption, water vapor absorption

urine and feces, osmotic loss across the gills and skin, 
evaporation

food and water, cutaneous uptake, gill uptake

urine and feces, diffusion across body surface, saliva, sweat, salt 
glands

Eating & Drinking:  Easy! Direct Gain
Metabolic Water
Osmosis, Ion Diffusion
Active Transport
Excretion

Cutaneous/Respiratory 
Exchange
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Tubular Excretion

Blood Flow

Renal Tubule
  (e.g., Nephron)

Renal Blood Supply

RPF [P]

[P] Renal Plasma Flow

Filtrate

[F] Glomerular Filtration Rate

GFR 
[F]

Secretion Reabsorption

[U] Urine Flow Rate

Urine
UFR 
[U]

Osmo-
conentration

(e.g.,  glomerulus & 
Bowman’s Capsule)

(proximal 
tubule)

(distal 
tubule)

(collecting 
duct)
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