


A R

£

\ el
ﬁ\rv N |

nﬂ“w.“ A
’

]

/-

=
o~
1% o,



Urine formation by the
Kidneys:
[ Trubular processing of:the
glomerular filtrate



Tiubular reabsorption: >
Trranscellular & paracellular <
Passive & active mechanisms =

Na, Cl; H,O; urea reabsorption >
>
Peritubular capillary reabsorption >
GER (ml/min)=K: (P; — Pg - mg + 7g) =
Reabsorption= Ks X (Pis =P, - mir + ©,) =
Pressure natriuresis >
Hormonal regulation of tubular reabserption >
Clearance study: <






Renal function
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Jl_ 1. Filtration
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, 3. Secretion

4. Excretion

Glomerular
capillaries

Bowman's
capsule

Perntubular
capillaries

Urinary excretion

Excretion = Filtration — Reabsorption + Secretion
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Urinary: excretion (U V) = glomerular filtration: — -
tubular reabsorption + tubular secretion
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Filtration = glomerular filtration rate (GFER) x plasma -

concentration
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Filtration, Reabsorption, and Excretion Rates of Different Substances by the Kidneys

Amount Amount Amount %% ol Filtered
Filtered Absorbed Excreted l.oad Reabsorbed

Glucose (g/day) 180 I 80 O 100
Bicarbonate (mEqg/day) 4,320 4 318 2 =099.9
Sodium (mEg/day) 25.560 25410 150 09 .4
Chloride (tmEg/day) 19.440 19.260 80 99.1
Potassium (mEg/day) 756 664 02 87.8
Urea (g/day) 46.8 23.4 23.4 50
Creatinine (g/day) 1.8 () 1.8 (
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_ FILTRATION
Peritubular Tubular +

capillary cells

,‘(\ Lumen

| ' Paracellular
path

Transcellular

Active

Passive
liffusi

REABSORPTION EXCRETION

v

Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright © 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.




FILTRATION

Peritubular Tubular
capillary cells {v
Lumen
_ Paracellular
Bulk path
flow Transcellular
. path
Active
Blood Ffassi_ve Nites
REABSORPTION EXCRETION

\

Hall: Guyton and Hall Textbook of Medical Physioclogy, 12th Edition
Copyright © 2011 by Saundesrs, an imprint of Elsevier, Inc. All rights reserved.
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(electrochemical gradient)

515 (ATP,...) 553 b m wiasli=
JLEs) € (25550 4 il s adiens o 4 o) :Primary active transport=
Nat+ K™-ATPase 3 b 5l asae

H*-ATPase, H*/K*-ATPase, Ca?*-ATPase pumps -

(555 B s 4y dicus g asiieus i :SECONMAry active transport-

asiu ol yan 4 aual i b S E L) €
JU Gl sl L basolateral -L_zc :Na+ K*-ATPase. | s f=

solosl gl sl sua

e Jol o Jals asn e Ble b -y ool ey o Slac=
(-70 Jslow Jats Lais 5,0 T =Y (12 & 140 MEG/L) Jss55 o)y
(electrochemical sl o i<I ol € Jgs 65 s)sae 4 ey MV)
(Joles Jals a0 J o3 65 (5 1ome 51 HLad) asans C3a 5L € gradient)




Peritubular Tubular Tubular
capillary epithelial cells lumen

<}

Brush border
‘ Basal (luminal
| channels membrane)

Interstitial Basement Intercellular space
fluid membrane

Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright © 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.
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-Secondary. active transport-

el —a 5 s (CO-transport) wi~ 5L~
o-transpor ) ) ;
(Counter-transport)

Glucose
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L ahle s e ju basolateral
faciliated diffusion

Na*

== Amino acids

Counter-transport

Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright © 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.




counter-transport € Secondary. active secretions
Na*/H* exchange-

Counter-transport

Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright © 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.
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(JED) cudyb SiSlan) 35S K Tmaxs-

375 Mg/min = S K Tmax-

Glc Fil load= GER X P, .= 125ml/minxImg/mI=125mg/min-
Glc Tmax = 3 x Glc Fil load=

375mg/min or Tmax < 1Glc Fil load « ;= TPg;. or GFR-
(505155 5K) 3SK solhal xis € for Glc

¢ s—o € Glc fil load= 250mg/min € P, .= 200mg/100mi-
(threshold) S o8 Gl ) € 2,458 oK

Lo 558 5o TMaX ;o e LS - Tmax ;) i (SeK el )=

colia M) e (aad 35 gl Hlas s € S350 50 sl S 5K
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load

Excretion

|
Transport
maximum Reabsorption

Threshold

| | ) 1 1 1 1 ] '

100 200 300 400 S0C 600 700 800

Plasma glucose concentration
(mg/100 mil)




pludl W jat toia sl aslSe

(L Gues il iy electrochemical gradient :lgecwsl<o=
s electrochemical gradient < cas b ;e diewsl g cauls 4
(gradient-time transport) ;L eas

creatininge (16mg/min) & PAH € JLss a5 o Tmax-
(80mg/min)



Glucose 375 mg/min
Phosphate 010 mM/min
0.06 miW/min
Amino acids 1.5 mW/min

FPlasma protein 30 mg/min

ransport Maximums for Substances That Are Actively Secreted

Creatinine 16 mg/min
Para-aminchippuric acid 60 mg/min
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Proximal
tubule

Proximal
straight
tubule (PST)

Connecting
tubule (CNT)

Distal

4 convoluted

tubule (DCT)
N,

Thick ascending
limb of Henle's
loop (TAL)

Thin descending
limb of Henle's
loop (tDLH)

Initial collecting
tubule (ICT)

TR

Cortical
collecting
tubule (CCT)

Outer medullary
collecting duct
(OMCD)

Thin ascending
limb of Henle's
loop (tALH)

Inner medullary
collecting duct
(IMCD)




A PARACELLULAR AND TRANSCELLULAR ROUTES

The paracellular route

between tight junctions,

 Proximal
tubule cell

The transcellular route
includes transapical,
transbasal, and translateral
pathways.

B DRIVING FORCES FOR
Na* TRANSPORT

(Flow of positive charg_e. ~

J“«W '

The Na-K pump, transporters,
and ion channels behave as an
electromotive force, represented
by a battery that makes the cell

' | interior negative.

*»W.

-3mv Ny -70mV

v §
Na. :
145mM %

3
\ ;

.\w\..,."“ TR .....--4\

/

The entry of the backleak ...but the exit
Na*across | |of Na* through | |of Na* across
the apical | |the tight junction | | the basolateral
membrane | |is also downhill..| |membrane is

is downhill...

uphill




TRANSEPITHELIAL DRIVING FORCES FOR Na

LUMINAL [Na‘]

TRANSEPITHELIAL
CHEMICAL DRIVING
FORCE*}

TRANSEPITHELIAL
VOLTAGE (l.e.,
ELECTRICAL DRIVING
FORCE)t4

TRANSEPITHELIAL
ELECTROCHEMICAL
DRIVING FORCE}

Proximal tubule, S1

Proximal tubule, $3
TAL
DCT
CCT

142 mM
142 mM
100 mM

70 mM
40 mM

0 mV
0my
-9 mV
-19
-34mv

-3mV
+3mV
+15 mV
-5to +5mV
~40 mV

-3mV
+3mV
+6 mV
~24t0o 14 mV
=74 mV

CCT, cortical collecting tubule; DCT, distal convoluted tubule; TAL; thick ascending limb.
*The chemical driving force is calculated assuming a plasma [Na'] of 142 mM, and is given in mV.

t A negative value indicates that the lumen is negative with respect to the blood.

tA negative value promotes passive Na* movement from blood to lumen (ie,, backleak or secretion), whereas a positive value
promotes passive Na* movement from lumen to blood (i.e., reabsorption).
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electrochemical gradient & secondary. € IS Cis 50>
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A EARLY PROXIMAL CONVOLUTED TUBULE (S1) B LATE PROXIMAL STRAIGHT TUBULE (S3)

Interstitial space

\

(C'_]lunben [CI-]lumen
=115 mM . =135 mM

[HCO.’.—sllumen [Hcoalumen

=25 mM - =5 mM
it . Solvent drag

MOy "\

C THICK ASCENDING LIMB (TAL)

E CORTICAL COLLECTING TUBULE (CCT): F CORTICAL COLLECTING TUBULE (CCT):
PRINCIPAL CELL B INTERCALATED CELL
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Juxtamedullary
nephron

Superficial
nephron

2

C THIN DESCENDING LIMB (tDLH)

Reabsorption of free H>O from
lumen increases concentration
of urea in the lumen.

D THIN ASCENDING LIMB (tALH)




Na* reabsorption

!

H,0 reabsorption

v

Lumen Luminal

* negative L”;“igﬁ: Ct|'. A f urea
potential VSIS0 concentration

b l

Passive Cl- Passive urea
reabsorption reabsorption




F DISTAL CONVOLUTED
G CONNECTING TUBULE

PROXIMAL H INITIAL COLLECTING

CONVOLUTED
TUBULE

PROXIMAL
STRAIGHT TUBULE

D ASCENDING
THIN LIMB

K

%—/
Duct of Bellini
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Proximal tubule

a*, Cr, HEOQ'. K,
H,0, glucose, amino acids

% Isosmotic’ @ 2

A \/—\ H*, organic acids, bases
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Paracellular

Loop diuretics
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Early distal tubule

7 Nat, CI-, Ca*, Mg+

Late distal tubule
and collecting tubule
Principal
cells g

Intercalated
cells
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Henal
interstitial
fluid

Aldosterone antagonists Na® channel blockers
» Spironolactone * Amiloride
« Eplerenone * Triamterene
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A EARLY PROXIMAL CONVOLUTED TUBULE (S1) B LATE PROXIMAL STRAIGHT TUBULE (S3)

Tubule lumen . \
Tubule

lumen

D «INTERCALATED AND MEDULLARY
COLLECTING-DUCT CELLS

C THICK ASCENDING LIMB (TAL)

Tubul Wi, ool Interstltla! . o y :
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A HANDLING OF INULIN

Afferent

capillary

Amount of inulin
filtered is Py, * GFR.

Because inulin is not
reabsorbed...

[...and not secreted...

...the amount
excreted in the urine
(Up, * V) is the same
as the amount filtered.

Efferent
arteriole

B DEPENDENCE OF INULIN EXCRETION ON
PLASMA [INULIN]

2500

The slope is the
2000 clearance of inulin. g
Up, ® v 1500
(mg/min) 1000

500

0

0 8 12
Pin (mg/ml)

C DEPENDENCE OF INULIN CLEARANCE ON
PLASMA [INULIN]

250

200
Uy, ® V/P,, 150

ml/min
( ) 100

50
0

0 8 12
Pin (mg/mi)

D DEPENDENCE OF INULIN CLEARANCE ON
URINE FLOW

200

150

Uy, * V/P,
(mmin) 190

50

0
3. 4 5 6

V (ml/min)
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A DEPENDENCE OF Na®* REABSORPTION ON LOAD
30

+ Na™" reabsorbed by
Flow of Na proximal tubule
(mmole/min)

Na* exiting
proximal tubule

10 20
Filtered Na* load
(mmole/min)

Renal artery B NORMAL GFR

Proximal tubule : Peritubular

cell capillary

glomerulus

Lumen of
proximal

~intercellular |

Proximal Peritubular
tubule capillary

Peritubular
capillary

Lumen of
proximal
tubule
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Filtration= K¢ [P, + i — Pie - ] =

Reabsorption= K: X net reabsorptlve force@
Reabsorption= KX (Pif —P. - i + )=

Net reabsorptive force= (6 -13 -15 +32)= 10~

99% € 124 ml/min ;¥ & 65 s S 50 i3l ol sae
GFR (125 ml/min)

Reabsorption= K X (P —P; - e + 7.) = 124=K:Xx10 =
= K=12.4
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Factors That Can Influence Peritubular Capillary Reabsorption
I P.— | Reabsorption

: l R"\ — T l)t

v L Re=> TP

o 1 Arterial Pressure — T P,

\

I 7 — 1 Reabsorption

A

* ‘ “T.‘\ - T T"L

o TFF— 1 m

? K,— 1 Reabsorption

P, peritubular capillary hydrostatic pressure; Ry, and Ry, afferent and effer
ent antestolar resistances, respectively: ., peritabular capillary colloid osmotic
pressure; 7y, arterial plasma colloid osmotic pressure; FF, fltration Traction; K.
peritubular capillary hltration coefficient.
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Peritubular Interstitial Tubular
capillary fluid cells

P
TCp,

reabsorption

------- » Backieak
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reabsorption
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Pressure-natriuresis, & pressure diuresiss

Goa slid Gal 58l 31 s (NAtriuresls) Sas g (diuresis) ol ass=
autoregulatory zone (75-160) ss guns 4o

8500 el ] € e slas] s GER pmine]~

€ (Lo b Sl el slplan) caliii-gon (lpanlSe 5o JYEA)
GER & urine output was ol yuas

oS °333—3)~JYJ—?J3 St S 5o Slics s aua J‘-JﬁT € - JL‘-:‘:‘-éTC@
S o 5ol Jsms oiasld € Lus . ul o (medullary vasa recta
Y30 s5lb-5,ms] €

cdlail € Jhws 4 (tubular load) e LT € o a lasl-
Y a5 0T Can sl € (i alT Gl 53T— 0 5wt



oS ol (Ssessa JASH

Jo=S — A Bias ol s (el g a8 ) JBo p88 5 A5l

ans 3u8u LIS 0 S 06 S5 culi5 € a8y 5 Lds | e 5

(S 5 o) Sbusas) Jsl ools wls S350
us_g_).mc_SJJUJAJ.Q.LmAJJA.Sé Lu\_s‘;.sda.ud_)_ua.o/r

Sse S0 Slugan (59, J-‘-’L‘ O paesliy b asis )

Hormone Site of Action Effects

Aldosterone Cellecting tubule and duct t MaCl, H.O reabzorption, 1 K
zecretion

Angiotensin Il Proximal tubule, thick azcending leop of Henle/distal tubule, + MaCl, HzO reabzorption, t H

collecting tubule zecretion

Antidiuretic hermene Diztal tubule/collecting tubule and duct t H:zO reabzorption

Atrial natriuretic Diztal tubule/collecting tubule and duct | HaCl reab=orption

peptide

Parathyroid hormone | Proximal tubule, thick azcending loop of Henle/diztal tubule

POT reabzorption, t Ca~
reab=orption
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Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright © 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.




Renal effects of Angiotensin I
Target Action Mechanism'™
Renal artery &

afferent arterioles

vasoconstriction VDCCs — Ca” influx

(probably) activate Angiotensin receptor 1 — Activation of Gy — *PLC activity — +IP:

~, s

efferent arteriole  |vasoconstnction o o o _ ,
and DAG — activation of [Pz receptor in SR — tintracellular Ca

ract e activation of G; — *PLC activity — *IP: and DAG — activation of [P receptor in
contraction — - . oy
mesangial cells , SR — tintracellular Ca*™
[filtration area
¢ VDCCs — Ca™ influx

Tubuloglomerular L . : :
Increase in afferent arteriole responsiveness to signals from macula densa

feedback

medullary blood flow |Reduction

Increazed sensitivity
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Hall: Guyton and Hall Textbook of Medical Physiology, 12th Edition
Copyright @ 2011 by Saunders, an imprint of Elsevier, Inc. All rights reserved.




ADH (vasopressin.hormone)>
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Atrial natriuretic peptide (ANP)>
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Afferent
rteriole

Glomerular
capillary

Bowman’'s
space

[Amount filtered

G=i

[Amount reabsorbed

5 M

[ AAamount secrc—:teclJ

[Heat

Efferent
arteriole

Tubule
Iumen

Renal

Equation 32 —11




- aulS o Slac ey (Clearance study), sl ulS aallisgs
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A= oiasl (UgV) ulse 50 a3 GFR (s 0 i sa oLn €
J‘J.o

P=1mg/ml, UVV=1mg/min=>» C=1ml/min : JE.=
C.xP=UxV = C=U\V/P.~

>

adc e dogi i asbil e iSan e o dg e K T G sl jilié =
U. V= filtered load or GFR X Py € ) ool o5

GFR= U, V/P;

inulin inulin ™

radioactive iothalamate & creatinine : <o o) g0

S65




P

=1 mg/mi .g

inulin

Amount filtered = Amount excreted

GFR X P - Uinulin X V

217 (3]

GFR = Ujnutin X V

inulin

GFR = 125 mi/min

Umulin -

125 mg/mi

V =1 mi/min
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Glomerular filtration rate
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o cfifectiverenaliplasmaflowW(ERRE) cRAK sl udS>

Cm € K ,3(S) suls S 51 JalS phas Lardly o SLs

s92 total renal plasma flow (TRPF)

=90 (15 =(RPEXP, L sul s sa3) suls (55555 ¢)l5ae

RPE="UVIP; € (UV L suds asy) suls

sale J o 65 e 3+ (GER= 1/SRPF) ssls g 50 58
extraction ratio for ) 7a. :PAH 5 Lo db o SG 5l5ae

TRPF € ERPF € . s RPF € (PAH or Eqp = 90%
(RPF)= ERPF/E, A= ERPF/0.9= 585/0.9= 650 ml/min

PAH pis o K 261 s € (05 ol lau

Total renal blood flow (RBF)= RRE/I-Hct= 650/1==
0:45= 1182 ml/min
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Renal plasma flow
Uppy x V

Pean

Renal venous
PAH =
0.001 mg/ml

V=1ml/min




Filtration fraction (FF)>

GFR/RPF— ed\ﬁ‘).o\ﬁ_‘sd_s‘).‘o‘)‘uuy.séwé‘)ﬂ.\swm
125/650= 0.19

(A s 5 oyl
€ g oiasL € U V< GER X P, or filtered load=
reabsorption rate= filteredioad- U.\/

€ a5 € U V> GER X P, or filtered load=
secretion rate="U.\/- filtered'load

C ratio :(GFR) sl Ll ol as ceids sle il S5
iy 4 wodasl o € C= G = Cratio= 1+

“me_u.nt;::s c"&ﬁé.t.u LS'JJ?J: ;3.393\% 6 CS< Cinul 9 C rat|0< 1‘@

PAH : J oo a5 € C>C, = Cratio> 1



Comparisons of Inulin Clearance with Clearances of Different Solutes

Substance Clearance Rate (ml/min)
Glucoze

Sodium

Chloride

Potazzium

Pho=sphate

Inulin

Creatinine




Use of Clearance to Quantify Kidney Function

Term ) 7 Equation : Units

U, X V

Clearance rate (C) C = > mi/min
\ . ' Ve ' L'umlm X V
Glomerular filtration rate (GFR) GFR = ———

intthin

. 4 .
Clearance ratio Clearance ratio = —— None

il iy

Uy X V ,
Effective renal plasma flow (ERPF) ERPF = Cppyy = —“)"— ml/min

PAN
Cpan e (Upa X VIPuy)

['ﬂu (Pl'«\ll VI'\H)/PI'.\H

Renal plasma flow (RPF) RPF = ml/min

Upsit X Virn
PP-\n & Vr,\n
: 2 RPF :
Renal blood flow (RBF) RBF = . ml/min
| = Hematoerit
Excretion rate Excretion rate = U, X V mg/min, mmol/min, or mEq/min

Reabsoption rate Reabsorption rate = Filtered load = Excretion rate mg/min, mmol/min, or mEq/min
= (GFR X P,) = (U, X V)

Secretion rate Secretion rate = Excretion rate — Filtered load mg/min, mmol/min, or mEq/min

S, @ substance; U, urine concentration; V. urine flow rae: P, plasma concentration; PAH, para-aminohippuric acids Py, renal arterial PAH concentration: E

PAIY
extraction rtio; V., renal venous PAH concentration.
















