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Anhydrobiosis: Life without water?

100 pm

100 pm

{a) Hydrated tardigrade (85% water) (b) Dehydrated
tardigrade (2% water)

Water is needed to maintain the
structure & function of
macromolecules.

How to acquire body water?

* Drink water & dilute fluids
* Moisture in food
* Metabolic water

Organic food molecules + O, — CO, + H20 + energy

Fat yields 2.5x as much energy and 2.5x as much water
per gram than do carbs or proteins!

REVIEW: Water and Solutes - Uptake by Cells

Passive Transport (Diffusion)

* Net movement of molecules from a region of high concentration
to a region of low concentration
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REVIEW: Water and Solutes - Uptake by Cells

REVIEW: Water and Solutes - Uptake by Cells

Osmosis: simple diffusion of the solvent (water)

Hypotonic Hypertonic Osmotic
solution solution pressure
« Water diffuses
according to its
concentration
gradient —

* 10sm — |[water]
| Osm —t[water]

®

« Osmosis can e HO @
generate force o -
(osmotic pressure) °o® .gp0ye

Semipermeable membrane

«»Water moves across lipid bilayer and through
aquaporins (membrane gate proteins)

«*Move the water by moving the solutes!

solution: higher concentration of
solutes

solution: lower concentration of
solutes

solution: equal solute
concentrations
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Hypotonic Isotonic Hypertonic

solution solution solution

Ho WO MO H,0
/5? ™ ij. Animal |
/ cell

Lysed Normal Shriveled
e [N
iy | [ ¥
l | |
| | |
'\ /.' .
Turgid (normal) Flaccid

Water Potential (W)

« Osmotic pressure pulls water to the « Physical pressure

right. (= pressure potential [¥p]):
solution on right has potential
energy to push water to the left

« If U5 & Wy are equal but
opposite— no net flow

= U= +¥,=0

« Osmotic potential
(=solute potential [¥]):
solution on left has potential
energy to push water to the right

« |Osm—1 Wy

REVIEW: Water and Solutes - Uptake by Cells
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«*Water moves across lipid bilayer and
through aquaporins

«*Move the water by moving the solutes!

+*lons and small molecules use protein
channels and pumps

Selective permeability -

« Except for water and small nonpolar .
solutes, permeability of cell membranes
is selective and regulated.

« Permeability determined by transporter proteins.

— Channels and carriers are solute specific
— If no transporter, than that solute cannot cross membrane

Otusion
L
i eayar

 (Artificial membranes are only semipermeable
—i.e., only discriminate based upon molecular size.)

REVIEW: Water and Solutes - Uptake by Cells

Types of cellular transport

« Passive transport: driven by Brownian motion
— Simple diffusion & osmosis
— Facilitated diffusion (carrier mediated passive transport)
« Active transport: requires chemical energy (ATP)
— Carrier mediated
— Can transport against
concentration gradient

REVIEW: Homeostasis: maintaining a
constant, optimal internal environment

External environment

Internal environment

Large Small :
external .c:";:: internal
fluctuations ¥ fluctuations.
Cells of
body

ANIMAL
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ReVIEW: Conformers & Regulators

« Conformers: allow

internal environment to R T —————

conform to external

Regulators: use control g
mechanisms to maintain H
constant internal :
environment despite 3
external variations e

Largemouth bass
{bemperature contormer]

Note: an organism may
be different for different
variables

] 10 20 £ a0

Asmthent (ervironmantal) temparaties ()

— The same fish may be a
thermoconformer and
an osmoregulator

otter & bass from same stream

Osmoregulation

The exchange of water and ions between
the environment and the body fluids of an
organism to maintain a constant internal
environment (homeostasis).

» Balance between water gain & water loss
Which is related to
» Balance between electrolyte (salt) gain & loss

Osmoconformers &
Osmoregulators

Osmoconformers don’t adjust osmolarity

Osmoregulators adjust osmolarity by
— pumping water in or out

— pumping ions in or out

brine shrimp spend 30% of
metabolism on osmoregulation

Osmoregulation

Osmoconformers:
» body fluids are isotonic to their
environment

» Different solutes, but same total Osm

» Must maintain membrane potential of
cells with certain ion gradients

» do not have to actively maintain water
balance

» include most marine invertebrates

Osmoregulation

Osmoregulators:
» body fluids are not isotonic to their
environment

» have to actively maintain water
balance

» Include bony fish, marine mamms,
freshwater, & terrestrial organisms

Osmoconformers &

Osmoregulators
« Stenohaline cannot tolerate A osmolarity

* Euryhaline can tolerate A
« Estuaries, tidepools
— some are facultative osmoregulators

e %
Salinity ¥ Organism

Water

Time Ii{uu'_.: .
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Aquatic animals — most water
& salt exchange occurs in gills

+ Large, thin exposed surface area to
exchange gases

* Permeable to water

Osmoregulation: A Marine Fish

« Seawater = 3.5% NaCl (1 Osm); Body fluids = 1% (0.3 Osm)
* Across gills — salt diffuses in; water diffuses out

Gain of water and salt
ions from food

and by drinking
seawater

Osmotic water loss
through gills and other
parts of body surface

Excretion of salt ions

Excretion of and small amounts
salt ions of water in scanty
from gills urine from kidneys

Osmoregulation: A Marine Fish

* Replace lost water by drinking large volumes
» Secrete salts faster than water diffuses away

Glomerulus
ar -~ =
absent / X
i Mgso, Active tubular
Stomach: { secretion
Passive reabsorption| [ A MasO, oy MgSo,
Secretion: of NaCl and water g [ T

active transport out
against conc gradient R

Food, - fa
seawater @

Chloride cells in gills: £ i
Active transport of Cl-

Na* ions follow |Gills: Kidnay:
Active wastes:
NaCl, water lusa MoSO, voided urea, littie vmter

with feces

Osmoregulation: A Freshwater Fish

« Body fluids = 1% NaCl; Freshwater <0.01%
» Across gills — water diffuses in; salt diffuses out

Osmotic water gain
through gills and other parts
of body surface
Uptake of
water and some i
ions in food

/":ﬁ-v
=

P /(\y
\\\y
Uptake of Excretion of
salt ions large amounts of
by gills water in dilute
urine from
kidneys

Osmoregulation: A Freshwater Fish

» No drinking. Consume salts & some water in food
» Dump water. Uptake salts faster than water

Osmoregulation: Euryhaline fish

« Anadromous: juveniles in

Chloride cells in gills:
pump CI- in opposite
direction than marine
fish

Large i
Active tubular
f T NaC RLNACT
,‘I t |

Food, o
fresh @
water

Excretion of
dilute urine

Gills: Uri
Active absorption Intestinal  UrINe
of NaCl, water wasles

enters osmotically

freshwater; adults at sea
— Salmon, striped bass

« Catadromous: juveniles in M s e
; - -
saltwater; adults in fresh Perc - T,
— Anguillid eels >
« Must transition gills & b
kidneys before migrating
— Chloride cells must reverse —
direction =4 = £7
— Smoltification s = a
= ey e
Life Cycle of Atlantic Salmon
http://www.nefsc.noaa. 1_2.gif
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Osmoregulation: Sharks & Rays
almost osmoconformers

+ Tissue salt concentration same as bony fish
» Make up the difference from seawater with urea
— Need carnivorous diet for sufficient organic nitrogen

— Use trimethylamine oxide (TMAO) to block toxic effect of high urea
on protein structure

« Actually overcompensate: slightly hypertonic to seawater
— Passively gain water. Do not need to drink.

Osmoregulation: Sharks & Rays
almost osmoconformers
« Kidneys retain urea
« Don’t need to worry about water, but must dump salt

« Chloride cells in gills, intestines, kidney & and rectal gland
actively secrete

Efferent
branchial
artery

A
elvic
branchial fin

artery

Osmoregulation: Seabirds

Nasal st gland

* Transport epithelia & -
counter-current salt exchange

Noatsil

with salt
secrations

.

Similar salt gland tissue in | SR,
nasal passages of marine ]
iguanas & tear glands of
sea turtles

wie 3

fow  Secretary cell
o Iranspesn
epthelium

Cantral
duct

Speaking of noses, ...

Water reclamation in mammals

Incoming air is warmed Outgoing air is cooled
‘and humidified, cooling and loses water, wetting
the nose the nose

Turbinals: tsa in nasal
passages

1. Inspired air warmed &
humidified

2. Evaporative cooling of
nasal surface

— May also cool cerebral
blood flow

3. Expired air cooled —
water reclaimed

A’ )

A Inspiration

B Expiration

Dense hair reduces evaporative

water loss from skin & ™

Water lost per day
(L/100 kg body mass)
w

Control group
{Unclipped fur)

Experimental group
(Clipped fur)

Sacrifice cooling efficiency for water retention

Terrestrial animals — most
regulation of water & salt exchange
occurs in excretory system

* 1Osm —
drink water &
concentrate urine

* |Osm —
dilute urine

Pituitary
gland

STIMULUS : Blood oama-
larity Incresses sbove set
point {e.g., due to dehydra-
#ion o esting salty food)
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Excretory Systems
“Conditioning” the body fluids

» Water & electrolyte balance

» Maintain extracellular fluid volume (ECF)
— Including blood plasma volume & Pg

* Remove waste products
— esp., nitrogenous wastes

* Retain nutrients

Nitrogenous wastes

« Waste by-products of metabolism
Degradation of organic nitrogen most toxic

Proteins -= Aming acids-»= —HH, = Nilrogenous < Nuclelc
Aming grow bases aclds
- Y — &

e

n r‘—:j.‘
= AL et Y
= by e
= = L e

.
Most aquatic animals Mlmmils.lmphlbllnn:haﬁ:! BI. Insects, ropliles

2 ﬁ_f;;,i:_t."""

0 |
T H
Y N ~Co
v e N oMy
HH Q=c | C=0
2 " HH, 2O B
Ammonia Urea o

“Water soluble *Water soluble
*Toxic *Much less toxic
*Energetically cheap <Expensive

“Water insoluble - soli
*Minimally toxic
*Very expensive

Excretory System Components

* Filtered fluids enter tubule

» Tubule reabsorbs water & nutrients
back into circulatory fluids

» Concentrated wastes excreted

-

tubule

Concentrated
wastes

Nutrients and
most water return
to circulation

capillary

Protonephridial Excretory System

e PR o
Platyhelmintes (Planaria) Cilia ——
~FR7
Freshwater flatworm T e 1
« Flame bulb: cap cell o rnaighars LOF
(flame cell) interdigitates | | | [i’
with tube cell o

« Cap cell cilia beat
> draw body fluid
through slits a
> solutes reabsorbed
> excess water excreted \\

b
Tubuiles Tl 1

Metanephridial Excretory System

_'rg:'\‘—;/'-‘\

= i

« Ciliated nephrostome
draws interstitial fluid
into tubule

« Tubule reabsorbs
nutrients, most salt &
water into capillary bed

Capillary
. Concer)trated wastes_ A _TRIRE Canle
collect in bladder until
excreted Bidder
Annelid worm Collscting
tubule

Pair of metanephridia

in each segment
Nephrostome draws from
adjacent segment
Excretion via nephropore

Nephrostome Neghridiopore

Genital pore
Anterior aorta
Digestive gland Posterior aorta
Rectum
Stomach

Anterior adductor.

Mouth{

B "f

i s Right gill pair
Foot Gonad Intestine

Mantle

Mollusc (clam)
* Hemolymph drawn into tubules consolidated into kidney
« Excretion via one common nephropore




Osmoregulation & Excretion

Heyer

Malpighian Tubule Excretory System

Salt, water, and

o nitrogenous "’;h_ P
wastes “z 5

Feces and urine  Anus

Terrestrial
arthropods el Reabsarption of H,0, ions, and
(Insects) Midgut valuable organic molecules

« Wastes secreted from hemolymph into tubules.
Water follows > flushes into gut

< Nitrogenous waste precipitated as uric acid.
Water & salts reabsorbed in hind gut

« Almost solid feces+wastes excreted

supplemental Excretory System

CephaIPthorax Abdomen
[Eve Brain Stomach Hearll'
Antenna Rostrum syicardlum

Aquatic Digestive Copulatory Te/s0M
arthropods gland smpmmerg
(Crustaceans)

* Most water/salt balance and ammonia excretion in gills
< Additional excretion from antennal gland

Vertebrate Renal Excretory System

Nephron: functional unit of the
vertebrate kidney

— Tubule + associated capillary beds

FILTRATION

.

Filtration: Py pushes plasma water &
small (non-protein) solutes from first

capillary bed into tubule " Excratory

tubule

.

Reabsorption: vital components (nutrients,
most salt & water) actively/specifically
transported back into second capillary bed

- — MDA =T

REABSORPTION

.

Secretion: specific wastes or salt
actively/specifically transported from
second capillary bed into tubule filtrate

» 1Fand/or 1S — texcretion

SECRETION

EXCRETION

- U -—

~ TR — |excretion

Mammal Renal Excretory System

Nephron: functional unit of the
vertebrate kidney

— Tubule + associated capillary beds

FILTRATION

e Excratory
tubule

- — MDA =T

REABSORPTION

SECRETION

EXCRETION

- U -—

Human Renal Excretory System

20% of systemic blood circulation flows through kidney
Urine flows via ureter from each kidney to bladder
Bladder voids urine via urethra

.

.

.

‘;,, Kidney \ 3

¥ Renal vein 7 %,.L_‘ Renal capsule
Renal F s .
artery Ay o R Renal pelvis

7 A Renal medulla
| 4 7 E Renal cortex

Ureter — 1§ - Mo
Urinai Ureter
bladdrgr ~
Urethra

Proximal
convoluted
tubule

Bowman’s
capsule

Distal
convoluted
tubule

Loop of
Henle
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The nephron: vascular structure

Efferen Glomerulus
arteriole
Afferen
arteriole
Peritubular
capillary
Vasa recta bed

Filtration, Reabsorption & Secretion
in Tubule

Ultrafiltrate from glomerulus to
Bowman'’s capsule

Prosimal tubule Diatal tubula
eapals WL "T..Z‘:’J" HaCl) HCO, ]
Proximal Tubule

Reabsorb nutrients Blmﬁ 'I‘
(Glucose, aa’s)

+ most water & salt °°"°"’
Cortex

Descending Loop of Henle
Get back more Water

Ascending Loop of Henle
Pump back more Salt

Distal Tubule
Secrete Drugs Into Urine

Reabsorb more Salts

Collecting Duct
Get Back Additional Water

4 s Mo renal pstvis

Glomerular Ultrafiltrate

* Fluid in glomerular capsule is called ultrafiltrate.
— Glomerular filtration:

* Mechanism of producing ultrafiltrate under hydrostatic pressure of
the blood.

— Process similar to the formation of tissue fluid by other capillary beds.
+ Glomerular filtration
rate (GFR): Glomerular Afferent artericle
. (Bowman's) .
— Volume of filtrate ocepsule
produced by both
kidneys each minute. f

« Averages ~120ml/min “.
(115 ml/min. in women;
125 ml/min. in men.)

- Othar
solutes

Glomerular
ultrafiltrate

EHerent
arterioke:

Salt and Water Reabsorption in

65% of Na*, Proximal Tubule
c|—‘ &H.,0 oy g € " M 8 e P et b SR o B
reabsorf:ed Reabsorption Filtration
Glomerular
CI‘ Na* /(Bowman's)
transport transport fcﬁlows / capsule
(passive) (active) salt by

'\I/‘

'Fluid reduced to
's original volume,
but sfill isosmotic

Glomerular Filtration
_>99%

> o el A by ahanrhad

20% of plasma that enters glomerulus is filtered
into nephron

+ Kidneys filter 180 liters of fluid per day, but
produce only ~1.5 liter of urine

* Minimum of 400 ml/day urine necessary to
excrete metabolic wastes (obligatory water loss).

Reabsorption of Circulating Energy
Substrates in Proximal Tubule

Lumen of kidney
tubule

-Glucose "
Na* .~ Apical membrane

' " " t
l { ( "13‘Cotransport

/", |Basolateral
Proximal - . membrane
tbule 'A1AP \ |
o K+ | Facilitated
‘H 1 diffusion
L}

active transport - |
Capillary

'

Normally, 100%
ucose | of glucose,

R\' < amino acids, &
‘Simple | other nutrients

diffusion | reabsorbed
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Loop of Henle — countercurrent multiplier

=
Loop of
S Hegle 'ngm*

[=]

Decending | Cortex = Ascending
Limb g .| Limb
LLLLL 4 _go LLLLL 4

¢ 1Osm of *5"& w gz.w ¢ |Osm of

Loop of Henle & the Vasa Recta

— countercurrent exchange

Proximal tubule

filtrate in N&‘CI’« 33 @ -Na*CH filtrate in
tubule ':lzz%', Na*Cl- & 5 @ -Na‘CF|  tubule
+ }volume of i g + $Osm of
filtrate in pillary § @ medulla
tubule
IJesoendin Iinb 1'aomen
!+
CI-follows rasaively,
|mpermeable to saltimpermeable to water

Ascending Decending
Vessel Vessel

« Collects . C

| ollects

H,0 from 77 \!’u‘:‘:.', NaCl from
Decending = Ascending
Limb /™| Limb

. l Osm & Loop Descending I ! . TOSI‘" of
T volume Heme{l_\scendmg 7 -.h 3 plasma
of plasma limb -

| After PCT & LoH, 90% of NaCl & 85% of H,O reabsorbed |

Osmolality of Different Regions of
the Kidney

Y I S S ————

Proximal tu bule Distal tubll Collecting
duct

300, _
) © . ) Cortex
— == Ltew
300 {
100
Vasa recta -~ 200 H,0
400 40!]400 'l o Outer
) 5001 W 500 oo H2C@  medulla
pescending g4 (go0 L H,0
:’“P di il a P Inner
fimbof 0 1200{1200 | 190g°H2°  medulla
loop 1 001400,

Distal Convoluted Tubule
& cortical region of Collecting Duct

« Filtrate hypotonic from LoH ‘

Bowman’s
capsule

« Continue active
Na* transport &
CI- cotransport

* 98-100% of filtered
NaCl now reabsorbed

Proximal
convoluted
tubule

Distal
convoluted

— Actual amount tubule

regulated by
aldosterone hormone

Loop of
. Henle
Collecting

duct

Collecting Duct

DCTs of several nephrons converge on each collecting duct

« Filtrate travels through
osmoarityof collecting duct back
. - interstitial
> 300 ( fluid through medulla
o 300 oo f N3 | (mosmil) R .
. - 100" Yool HS00 « Becomes isotonic to
CoRTEX MO+t " Nack~ | o medulla by losing water
= 400 200 400 400 « Some urea diffuses out

F H0 NaCl+ < H0
anshe) ' — adds to medulla Osm

{=nepclCEio NaCl+— HO 4
i + Rate of water
OUTER HO | NaCl- H,0 N
MEDULLA 600 " laoo | 600 600 reabsorption depends
S S P e on # of aquaporins in
HO 0 NaCl 709 H:0 | 1 | a0 tubule membrane
1 .
e i pec! |'| fhcchl | « # of aquaporins
_MEDULLA 1200 | 1200 lated b
— \mo/ i regulated by
== g antidiuretic hormone
- s (ADH)

Water Reabsorption
_>99%

J’!,vhumvé%m U_ hared

Remander
of nephron

vﬁull‘ml
finers

's

Bowman'
Glomeruus e

100%

Kidneys filter 180 liters of fluid per day, ...
* No ADH — 99.2% of filtered H20 reabsorbed
— ... but produce only ~1.5 liter of urine
* Maximum ADH — 99.8% of filtered H20 reabsorbed

— Minimum of 400 ml/day urine necessary to excrete metabolic wastes
(obligatory water loss).
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Regulation of plasma osmolarity

Increased water intake >

Dehydration
and/or
Decreased water intake,

Plasma osmolality

i

Plasma osmolality

i

Retain
water

Increased
reabsorbtion
of water

urine output

Adjusting the Urine [] Adjusting the Blood

...... atsmiss Thew
[re— 3 =
e 1,0 s
rivking reducea| |5 e T
b pphepera U=
1 1 s
Sormasmty spparanis 34 respond
Pititary [
e Abdosiens e presaurs (such ma dus
12 omngaration 2 owe of
mhood)
st
et Arnariin
consiricno
u Joe—r—
0 s
: " povant furthar
T retease of 8DH I
wher semo ]
recepior cells B | Cotectng duct
Incrasss in the oaalanty &
i e bhcos o
Momsostsmi: c
ia0d oanalarty

ADH Insufficiency

Good

> y Normal
w/l & & | water > C £
2/ 8 3 | eabs production o
E 3 X : normal urine
5
foie
¥ ;
oor
T\3 ? ot Increased
water .
> 5 b - o duction of
& | reabs. dilute urine

Diabetes insipidus

Glucose handling by nephron

g% Filtration rate
§5 .*  Reabsorption
L= PN
£s £ s / rate
i | Transport
g ® ,g 375 1 *maximum
g5 _
o g Excretion
T (in urine)
T T T T T
100 300 500
Plasma glucose
(mg/100mL plasma)

Glucosuria: glucose in urine

* Glucose completely reabsorbed under normal
conditions

» Diabetes mellitis: insulin deficiency causes
blood glucose levels to exceed renal
threshold (more than can be reabsorbed)

* Excess glucose excreted in urine

* Glucose in urine osmotically holds more
water in urine

“‘Diabetes” = increased urine output

Type Etiology |Primary |Symptom |Urine Osm
effect

Diabetes |insufficient [renal tubule |increased dilute;

insipidus | ADH water urine output |“bland urine”
action permeability
impaired
Diabetes |insufficient |elevated increased high [glucose];
mellitus |insulin osmotic urine output | “sweet urine”
action pressure of

renal filtrate

10
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Two kinds of nephrons

Jmu;;fl]lary s"”,:':;'_l > ~85% of nephrons in
nephron i human kidney are cortical

nephrons.
Renalcortex - Short Loops of Henle

» Cortical nephrons use the
osmotic gradient created by
juxtamedullary nephrons.

| || | —Collecting
|| duet

Renal medulla

| To
. renal
il pelvis

Living in extreme environments
— no fresh water

Desert Mammals — Kangaroo Rat

« Forage at night;
hide in humid burrow in daytime

« Extensive nasal turbinates

« Large kidney with higher proportion of : "
juxtamedullary nephrons with very long Loops of Henle
— 10Osm of renal medulla — 1Osm of urine

« Does not drink! — Metabolic water

< Eats almost exclusively seeds with high oil content
e {fat — twater & energy yield
¢ | |protein — | | nitrogenous wastes
¢ .. no need to produce much urine

Avian Renal Excretory System

Drink little — Cannot afford the

weight of excess water

Juxtamedullary nephrons only

have short Loops

% + .. urine only slightly hypertonic to
tissues

+ But since nitrogenous wastes
excreted as solid paste of uric
acid, .. no need to produce much
urine

d « Water reabsorbed in cloaca

— Transport epithelia

Living in extreme environments
— no fresh water

Marine Mammals
« Higher proportion of juxtamedullary
nephrons with very long Loops of Henle
— 10Osm of renal medulla — 1Osm of urine
« Can drink seawater and dump salt for net
water gain
« Human would take 135 ml of urine to dump salt
from 100 ml seawater — net water loss
« Dolphin takes only 65 ml urine to dump salt
from 100 ml seawater — net water gain

Water Water
balancs in & balance in
Water peascinyir pieds
{2 miLiday "f {2,500 mLiday
Budgets . (&
udgets -
Ingesied Ingesied
in food (0.2) in food (750)
Ingested
in liquid
Water (1.500)
gain
Derlved from Derived from
motabolism (1.8) matabolism (250)
Feces (0.9) Fecos (100)
Water  Uring. Urine
s (045) (1,500)
Evaporation (1.46) Evaporation (900)

Reptilian Renal Excretory System

» Ectothermic — hot habitats
Cortical nephrons only!

— no Loops of Henle

— (only in mamms & birds)

.. urine only isotonic to tissues
But since nitrogenous wastes

excreted as solid paste of uric
acid, .. no need to produce much

urine
Water reabsorbed in cloaca
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