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This review is to serve as a general progress report relating to the ensymatic
components of the secretory and reabsorptive transport mechanisms of the
nephron, particularly as they are influenced, stimulated or inhibited competi-
tively.

Emphasis is to be placed on what are considered to be active processes of
renal tubular secretion or reabsorption. Only such related renal physiology as is
sufficient for the development of this thesis will be discussed. Consequently
this is not to be primarily a resume of current progress in renal physiology,
although much of the information to be presented is quite recent in its develop-
ment. For reviews of collateral literature the reader is referred to the chapter on
Kidney in the Annual Review of Physiology and to other excellent reviews and
monographs (81, 127, 146, 165, 286, 330, 384, 393, 429, 430, 431, 437, 482, 495
496, 498-500, 533, 539, 585).

These active tubular mechanisms may be envisaged as complex ensymatic
systems that, in addition to having specificity, are involved in a spatial trans-
port of materials that is oriented directionally. Although this spatial transport
of an agent from the extravascular or parenchymal boundary to the luminal
border of the cell, or vice versa, involves macromolecular distances, it may be
that this transfer is accomplished without a streaming of the enzymatic ele-
ments or the cellular particles with which they are identified or associated
functionally.

DEFINITION OF TERMS

A brief review of renal physiology, as it relates to the elaboration of urine, will serve to
permit the definition of certain terms repeatedly employed in this article. Essentially three
processes are involved in the formation of urine by the kidney. They are 1) glomerular
filtration, 2) tubular secretion, and 3) tubular raabnorplm, both active and passive. These
three p have been p , in figure 1.

Glomcrular JAltration (ﬁ;m 1, A) involves the passive ultrafiltration of a portion of the
plasma water from the blood stream at the glomerular tuft. The composition of the fluid
as it passes from the glomerular capsule and is presented to the most proximal cells of the
tubule is ordinarily the same as that of the plasma from which it was filtered (427, 428,
436 548), exoept for the absence of most of the proteins and certain other materials the

of which lly do not permit their filtration. Since this is a passive

property of the b the force responsible for filtration is the algebraic sum of the
hydr: i tic and int: lar p

Glomerular filtration rate (GF) (figure 1, A) can be di ined most jently with

the aid of a compound that 1) is not bound to plasma proteins, 2) is not secreted by the
tubules, and 3) is not reabsorbed either actively or passively from the lumen of the tubule.
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If there is neither ion nor reabsorption of a pound it follows that the amount
excreted is equal t«o tho unonnt filtered. Inulin (136, 145, 153, 175, 188, 199, 438, 475, 476,
487) and less inine (66, 85, 344, 403, 421, 486), t\noaulfau (56,
59, 67, 90, 123, 170, ads,ml)mdmmmtol (zo,m I(B 149, 153, 167, 367, 505) serve this pur-
pose in man. Exog is the pound for such determinations in
dogs (265, 390, 438 439, 488), although the aforementioned compounds and others (102,
129, 158, 159, 161, 192-197, 200, 210, 301, 343, 434, 505, 541) likewise have been proposed for
this purpose. ‘Thus, if one determines the plasma concentration (P) of the agent (i.e.,
inulin) in mg./oc. and the total amount excreted per minute (UV) (where U = urmary
ooncentration in mg./cc. and V = urine volume/min.), the expression of the t of

Fre. 1. A Dugraxmatic R or THE N!
Its relation to (A) the gl lar filtration of inulin; (B) the tubular secretion of p-
aminohippurate (PAH); (C) the reabeorption of gl at low filtration loads; and (D)

the reabsorption of water. Redrawn from Beyer: Pharmacological Basis of Penicillin
Therapy, Charles C. Thomas, Springfield, IlL, 1950.

inulin excreted per unit time as a function of its plasma ion (UV/P) is equival
to the amount of plasma water that must have been filtered (ey.lOOcc /min. in example A,
figure 1). This relationship of the total tof & d per minute, UV, to

its plasma conoentration, P, is the basis of the concept of renal clearance (20, 153, 274, 290,
201, 354, 367, 428), and is illustrated for inulin in example A of figure 1.

Tubular secretion involves the active participation of the renal tubules in the elimi
of a compound, in addition to the amount filtered at the g lus. P; inohipp
(PAH) is filtered by the gl li and is ted by the tubules (89, 105, 153, 177, 212, 503).
It is not bound to plasma protein, at least in the dog (34, 378). The avidity of PAH for its
mﬂtumponmehnumuwmtthaﬂorpmtlcdpnrpo-entmybeconndemdto
be d almost letely at low ions from the blood stream by the proxi-
mal tubules (79, 105, 212, m, 229, 291, 369, 465, 466, 554). This is illustrated in example B,
figure 1, in which the difference between the Amnsl and the Venous concentration ((A-
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V)/A X 100) indicates that extraction from the blood stream was complete (100%). In
example B, figure 1, the clearance (UV/P) of PAH = 500 cc. Since extraction of the agent

from the blood stream is essentially eomplm, n may be luded for p

that the cl of PAH approzit the f I or effectsi mwlplamﬂw(m’l")

Clinically, clearance values are expressed in terms of a body surface area of 1.73 sq. M.

Diodrast, like PAH, is d by the tubules and is suitable for the of RPF

(102, 103, 118, 212-214, 250, 290, 309, 503, 504).

Active tubular reabsorption involves the participation of the renal tubules in the extrac-
tion of a substance from the glomerular filtrate and its transfer from the lumen of the tu-
bule to the blood stream. This may be illustrated classically by the almost complete
reabsorption of filtered glucose and its almost complete normal absence from the urine
(example C, figure 1).

Other useful terms may be derived from the data in figure 1. Examples A and B of that
figure will serve this purpose.

Clearance ratio (CR) is the term given to the ratio of the clunnee of one eompound to
that of another. Convenuoully, if one of the two p filtra-
tion rate, the ratio is expressed with reference to it. For example, the elwueo ratio of
PAH/Inulin is 5.0 in figure 1, B.Dopmdnuontho‘mtnudbd,:wmwbo
greater than, le-thnoroquloolo when the ref

filtration rate. As the plasma ion of a drug i  its cl ratio may de-
crease, i or remain This will be discussed in more detail in the section on
the Interrelationship of Functional Units.

Filtration Fraction (FF) is literally the fraction of the renal plasma flow that is filtered
at the glomeruli. Since PAH clearance approximates renal plasma flow (figure 1, B) and
inulin clearance equals glomerular filiration rate (figure 1, A), then inulin clearance/PAH
clearance = GF/RPF = 100/500 (cc./min.) = 0.20. This figure of 0.20 (or more precisely
0.19) is that ascribed to the filtration fraction for man (212, 213). In the dog and the rabbit
the filtration fraction is more nearly 0.30 (188, 446). This term applies only to the relation-
lhpofglomrlﬂarﬁlutﬁonhmnlphmnm It is apt to be increased by afferent
gl or iction. It is said to be decreased by

(.{ mnolu iction or eff arteriolar dilatati (103284281,288 326, 335,
425, 433, 435, 406).

Eziraction (E), or percenlage eziraction, pertains to the difference between the renal ar-

terial ud venous blood. caused by the extraction of a drug by the kidney. The amount

d is exp d as a fraction or a p ge of its arterial concentration. In the
case of inulin (figure 1, A), its extraction (A-V)/A equals 0.20-0.] 10/.2) 001/1) OM
The percentage extraction equals 020 X 100 or 20. If a
filtration rate by clearance procedures and does not diffuse from blood cells mto plasma,
the fraction extracted from the blood stream must equal the filtration fraction or E =
FF (379).

Eztraction ratio (ER) is lly used to exp the ion of one compound in
terms of that of a second substanoce, the clearance of which equals glomerular filtration rate.
The extraction ratio for PAH may be calculated from the data in figure 1, B and A as follows:
For PAH, E = (0.01 — 0)/0.01 = 1.0. The extraction of inulin, E = (02 — 0.16)/02 = 0.2.
Thnn the extraction ratio, ER = En./E_n. or 1.0/03 = 5.0. In other strictly defined

as in this the ntuolhwldoqulthscloummo,
ER = CR. This is of value when one wishes to heck experi-
ments by determining the over-all amount that left the renal blood stream. One should
nferwothum(m,&s,m,m,mmm m)fnrmoredaw.led precise
ions of this \| In this for a given compound
my be complicated by such factors as back diffusion, metsbohm adsorption on or ab-
sorption by the constituents of blood and a shift in these associations within the kidney.

Thcamounto]mkrﬂufdolﬁcgbmmh (figure 1, D)anlmﬂcmlal

not d However, its filtration rate is equiva-
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lent to the clearance of inulin, as di d in a previous p h. The reab-
sorbed by the tubules is the difference b the gl lar filtration rate for inulin
(&nnl,A)mdmvolmofmmelminMperminm(V) Most of the water is re-
bsorbed by luted tubule, although a smaller amount is returned to the
bloodmbythlwupommolthomphm (308, 483, 501, 548, 551, 566).

INTER-RELATIONSHIP OF FUNCTIONAL UNITS

The cl of a pound that glomerular filiration does not vary with its
pwmmwunﬂm,u.mmw Ftomtheproﬂomdamonn
follows that the extraction, E, of a p tant during ch in plasma

ooneenmtlonandllrmoﬂv' ub)mtotbonm.limiuumuobm for clearance. For
this relationship to exist, it follows that there is a linear relationship between plasma con-
centration and the amount filtered. Thugon.nhuﬁon(m 57, 58 86, 147, 175, 252, 354,
ﬂﬂﬂ,w.m,ﬂﬂ)unhd«ﬂylf dequate hyd: is d, if the i o{
eomponndunotmﬁmttodmmdbloodﬁaworthpermb\myoﬂhodowuln
membranes, if the agent is not metabolised rapidly, if there is no contribution of pre-
sumably bound drug to glomerular filtration, and if there is no passive back diffusion of the
hemical. It is not ,wdwellonthue" itations since there are satisf: 'y agents
ilable for the
deu«ojawmmnduauumudbyvwreultulmladocrma,mth'mmm
phmwmﬂram,womoachgbﬂwﬂwﬂualmrmuahmt,buhtdounolm

sarily change with alleraiions in urine flow. This g i uﬂl mﬁ‘\mz
chart 1. However, it should be pointed om that a d in with i
phmsmmmuonmynotbe idered a priors evid for the tubul i oh

in the of evid: that its extraction ratio and its clearance ratio

exoeed 1 0. &mth and his associates were among the first to demonstrate the above gen-
of self-d jon (504). This holds for such diverse agents as PAH, the pyri-

dones and phenol red (215, 250, 260, 336, 378, 478, 490), exogenous creatinine in m-n (477).

penicillin (14), md N3 met.hylmeohnmdo (ao, 40), which rep p
by at least two disti
ThdmmdumeoolPAH‘mh in plasma ion is due to a pro-

in the p age of drug that is extracted from the blood stream and is
mrmdbythunbnlea Chmzofﬁgmhll st that the t filtered (F) .
in a linear manner over the whole range of PAH plasma i 1

of drug ted by the tubules (T) i as the lumaeoneentntlonumned
nnul the nmtory upuny of the cells is saturated (Tm). Beyond that point there is no
in with i in plasma ration. C ly, as one
exceeds the Tm or tubul ity for a pound, the i mtheumnry
elimination (UV) of the drug as the phnu ration is el d is di ined by
its rate of filtration (figure 2, chart 2).
Chart 3 of figure 2 ill that the p of PAH extracted by the tubules (T)
ldhoﬁmnnndlythumwtdnducuonmmnryelmnuon,mth mcreuemthe
plasma concentration of the drug. The p of the total which is

by filtration (F) rises under these condmolu. Beyond the point where the secretory ca-
pacity of the tubules is ded (Tm), the px ge of the total amount of drug elimi-

nated that is extracted by the tubules d rapidly, and the percentage contributed by
filtration increases correspondingly. Tha over-all p ge of drug ext d from the
blood-tmm(E)fnllnm'.htho’ in the p xtracted by the tubules, since
it is at all times eqnsl wthem of the pereenme of the drug extracted by the combination
of tubul and gl lar filtration.

Aallnplum ionof a pound which is actively read “'byllulubulau

ially zero until the reabsorplive capacity 18 exceeded.
Beyond llm point the clearance increases with rising plasma concentration (or, more correctly,
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the amount filtered) to approach the dnﬂmee between domamhr filtration nte llld re-
absorptive capacity as a limit. This was ill d for gl Yy
Shannon (484, 485) and has been shown wobmformnnminomdl (81, 156, 157, 211,
391, 458, 587) ascorbic acid (460, 491), and certain electrolytes. However, no such elou-cut
nhnondnpomu lormnyother ompounds that are reabsorbed by the renal tubules.
The several p plasma ion, or the filtered, and the

CHART | CHART 2 CHART 3

uw

CLEARANCE, UV/P

AMOUNT EXCRETED

oF

PERCENTAGE EXTRACTED

PLASMA CONCENTRATION
Fie. 2. Caa or a C 8 BY T8E RznaL TusuLes
f'Chcrthllunnmtht.uthophm jonof a d ‘bythuul
is i d, there is a self-d ion of its over-all clear
lar filtration as a limit, but to exceed that limit by the increment of ',ln UV value contrib-
uted by tubular secretion.

Chart 2 illustrates that, as the plasma i ol a oompound d by the

i , the t filtered (F) li . The d by the
renal tubules (T) i gressively until the ity for jon (Tm) is reached
beyond which point no addltlond ncrehon takes pluo as the plasma concentration is
elevated. The total of the P d per unit time (UV) increases as the
moftheamountﬁlurednndthe t d by the tubules, to the limit of the

pacity of the tubul ('l‘m) Beyondthtpomtthamonntdoompondex-
ereted, as the plasma is i , progr as a linear function of the
amount filtered per unit time.

Chart 8. As the plasma ion of a d ted by the renal tubules in-
creases, the p of the material d by the renal tubules (T) decreases and
the pemenuge contributed by filtration (F) i increases. Beyond the limit of the functional

pacity of the tubules (Tm), the ibuted by filtration increases
rapidly as the plasma concentration rises and the p ibuted by tubular se-
eretion decreases oommmuutely The overall extraction of the d (E) d
slowly at first, vmh i g plasma ion. Beyond the Tm for tubular secretion,
the p cti rapidly to approach the p xt; d by the
glommh as a limit, but to remain in excess thereof by the increment contributed by tubu-
lar secretion.

liminati ds reab “byths"mlll ﬁgm:iAaclwwnm

ohanl ﬁsm3 the ion of gl (UV) is negligibl untllm imal rate of re-

(Tm) is ded Beyond that pomt the rate of excretion parallels the rate of

ﬁltnuon (GF) and differs from it in by the t of drug reabeorbed by the
tubules.

The over-all extraction (E, chart 2, figure 3) of such a compound from the renal blood




232 KARL H. BEYER

stream is not demonstrable until the plasma oonoontnuon is increased sufficiently so that
the amount filtered and p d to the tubul ds their mboorpuve capacity (Tm)
for it. Thereafter, the over-all p xtraction (E) of the p as its
plasma ion is el d. 8o long as reabeorption is not impaired the percentage
extraction (E) of a pound like gl can approach but cannot equal that of inulin
(GF) at any non-toxic blood level.

chondthe pacity (Tm) of the tubules to reabsorb a pound like gl , its clear-
ance to h gl lar filiration rate (GF) as the pluma ‘concentration is
elevated. The same lumuuona obtain here as for the extraction of the compound and are
illustrated in figure 3, chart 3.

GCHART | CHART 2 GHART 3

0« 0= 0=

PLASMA CONCENTRATION

Fia. 3. Cu. or a C R »Y TH® RmNaL TuBuLEs

Chart 1 illustrates that, as the plasma ion of such a pound i
the amount filtered by the gl li (GF) i in a linear . The of
the compound which appears in the urine per unit time (UV) is negligible mml the reabsorp-
tive capacity of the tubules (Tm) is ded. Beyond the Tm, the amount which appears
in the urine per unit time is a linear function of tho momt filtered at the glomeruli. -

Chart 2 illustrates that as the plasma there is a negligible over-
all difference b the of the pound which app in renal arterial and
reul venous blood. Boyond the tubul. beorptive capacity (Tm) the over-all percentage

ction of the pound rises to app h the filtration fraction (percentage extraction

of creatinine or inulin) as a limit, but remains less than that value by the increment re-
absorbed by the tubules.

Chart 3 As the plasma concentration of such a pound i , its el
mains inable until its tubul bsorptive capacity (Tm) is excooded Beyond
that point the cl of the pound i to approach glomerular filtration rate
(GF) as a limit. Both the cl and the p extraction of the compound remain
less than their limiting values (GF) by the increment contributed by tubular reabsorption.

A three-component system for the filtration, secretion and reabwrplwn ofa compound bn
been proposed. Barelay, Cooke and Kenny (8, 9) have di
(clearance) pattern of such an agent. They theorise that at low phmn levels the clearance
of such a pound may be iderably less than the glomerular filtration rate due to its

ion. As the plasma concentration of the agent is increased its clearance rises, as

is characteristic of compounds that have a imal reabeorptive capacit, ,w pproach GF.
Aprpa.nntly a8 the plumn concentration of the drug is elevated i 1! of
vid for the el value may exesod GF to a conmdenblo
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extent. At still higher ions the “‘self-d ion" of tubul. ion causes the
clunnoowhllwnldormndlybdwm’" ding on the bal. of the tubul;
beorptive and 'y cities for the agent.

Barclay and his iates cite & ber of les of ds that they believe to

fulfill theee requisites. Unfortunately, they have elocted to recalculate and reinterpret the
data of others on the clearance of urea (166, 316, 479, 481), sulfathiazole, sulfamethylthio-
diasole, p-amino-bensoic acid and acetylsulfathiasole (18, 299, 312) to support the three-
component thesis. To this they have added their own data on phmphto excretion (10).
One oould lmh for onmplel that are lu- oqulvocul ‘The conocept is attractive and it de-
serves in other ). to blish its real merit. At present, the

ion of p ium by a th system of filtration, reabsorption and (at
high levels) secretion is the most likely eumplo but it does not fulfill all the limitations of
the hypothesis (22, 271, 204, 318, 358-360, 371).

The functional capacity of the tubules to reabsorb or secrete a pound differs from one
transport system to another and for any two compounds that are handled by the same mecha-
nism. Thucmbeﬂlunutedbytha'l‘m values for PAH, penicillin and diodrast which are
secreted by the same tubul: ism, for argini mdlynuwhnhmmbmbedbyt
common mechanism, and for the reabeorption of gl by a sep ism (14, 51,
88, 212, 446, 484, 587).

The individual values for the functional capacity of the tubules to secrete or reabsord a given
compound are reproducible for a given animal, umtmalcmcorapopuhlmo!md
sndividuals within a species. Thus they are suitabl bular fune-
tion, just as creatinine and inulin are used formunm;thdoumhrﬁlmw rates of
the dog and man, reopecuvely

Such lly regarded as stress tests, wherein they apply to the esti-
mation of renal tubuhr function (212, 213, 259, 260, 200, 291, 417, 497, 500, 503, 504). Usually
thvdummfemdwuth.'l‘moltheeommnd mduexprmdinm‘/m

The ofa 'y or P pacity, as for PAH, or glucose,

of the simul of gl i} ﬁltmlon rate (GF) and the clear-
ance of the compound at a high plasma concentration. The amount of PAH or glucoee fil-
tered per minute = the plasma concentration (in mg. /ec ) times the domemhr filtration
rate (in cc./min.). The difference b the PAH d (UV) per minut:
and the amount filtered (P-GF) per minute [UV(PGF)] = the amount secreted per
minute, PAHra. The calculation of glucose Tm is simply the difference between the amount
filtered (P-GF) and that which is excreted (UV) in the urine per minute, [(P-GF)-UV].

In principle, the ement of the functional capacity of a renal transport
mechanism s tdentical with that for the assay of an enzyme in terms of its function.
Indeed, one can measure a single component of a complex system of ensymes
simply by supplying an excess of its substrate and measuring the maximal rate
of the reaction under conditions where the other components of the system are
not limiting factors. The general subject of the relationship of ensymes to sub-
strates for assay purposes has been discussed in some detail by Potter and his
associates (150, 404, 406-410) and by others (455, 535, 536).

It is the opinion of the reviewer that in the measurement of a tubular func-
tional capacity one simply defines the rate of reaction of the limiting component
of a plex enzymatic p! in terms of the t of the subst. that
can be “transported” per unit time. This parallelism between the behavior of a
renal tubular transport mechanism and a single component of an ensyme system
will be shown to obtain for many of the properties of both.
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FUNCTIONAL CHARACTERISTICS OF TUBULAR TRANBPORT SYSTEMS

The inhibition or stimulation of tubul tory or reabsorptive p:
will be discussed under the following seven headings:

1. Competition between two pounds for tion by a trans-
port mechanism.

2. Competitive inhibition of a transport hanism by a compound which is
not secreted by that mechanism.

3. Inhibition by competition between systems for a common source of energy.

4. Inhibition of the phosphorylation mechanisms essential for secretion.

5. Alteration of the endocrinologic control of a secretory or reabsorptive
function.

6. Inhibition of ion exchange mechanisms for electrolyte reabsorption.

7. Inhibition of respiratory systems essential for the over-all metabolism or
viability of the cell.

1. The competition of two or more compounds for secretion or reabsorplion by
the same transport mechanism is the best known of these several inhibitory phe-
nomena. It has been documented adequately by Smith (504), Shannon (480),
and others (38, 47, 48, 122, 415). This type of competition is analogous to that
which occurs between two compounds for oxidation by the same enzyme or
ensyme system. For present purposes the concept will be presented in parallel
for an ensyme system (figure 4) and for two renal transport systems (figure 5).

In either instance, when two compounds are presented for secretion (or oxida-
tion), there is & mutual suppression of the rate at which either agent is handled,
although the total amount of material ted (or oxidized) may in within
the functional capacity of the sy The extent of depression of the ti
(or oxidation) of one substrate by another is inversely related to the amount
(load) of each that is presented to the system, as influenced by their affinities
for the common mechanism. In other words, the more important factors that are
equated into the extent of such a competitive inhibition are: 1) the relative
amounts of the substances presented to the sy for jon (or oxidation),
and 2) the affinity of each subst for the tory (or oxidative) process.
The resultant of these factors in each instance determines the extent to which
the system is “saturated” with either agent, thus limiting the amount of each
that is secreted (or oxidized) per unit time. The term ‘“‘saturation” as used herein
bears the connotation of at least a two-component factor as it relates to a single
substrate: 1) concentration, and 2) affinity.

Inhibition in this sense, then, is actually one of mass competition for secretion or
oxidation and does not implicate any functional alteration of the transport mecha-
nism per se. Under these circumst; there actually is not ily any real
impairment of any renal function. Since there need be no alteration of function
per se, it follows that the onset, extent and reversibility of the inhibition of
secretion of one compound by another are determined by the relative saturation
of the system with the two substrates. Onset of inhibition is as rapid as is the
distribution of the inhibitor; extent of inhibition depends on the relative satura-
tion of the system by the two substrates; and reversibility of the ‘effect is de-
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SUBSTRATES FOR THE AMINE OXIDASE SYSTEM

Chart 1 illustrates the rate of oxidation of 0.0166 M epinephrine (A, AA). Itmybonou
that the amount of ensyme limits the rate of ion since its in the ex-
periment illustrated by Curve AA is twice that p in the i d by
Curve A. Curve C represents the rate of oxidative deamination of 0.0166 M B-phmothyl
amno Cu.rve B repreunu the nu of ondntlon of 0.0166 M epinephrine plus 0.0166 M

i in the p of the same amount of ensyme as

wu used in the expsnmenu ropmenud by Curves Aand C.

Chart £ represents the depression of the rate of oxidative deamination of epinephrine by
. ing ions of f-phenethylami

Chart 8 rep! the ibility of the competitive inhibition of oxidation of epineph
rine by S-phenethylamine (see text).

CHART 1 CHART 2
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F1a. 5. ILL THE CoMP) or REABSORPTION OR SECRETION BETWEEN TWO

CoMPOUNDS THAT ARE HANDLED BY THE sAME TUBULAR TRANSPORT MECHANISM IN
Errazr INsTANCE

Chart 1 ill the i inhibition of xylose tubul. b ion by i
ing plasma concentration of gl\leou It may be seen that the mblorptlon of xylose is
depreesed to the point that its cl ratio approaches 1.0, indicating that very little of

the compound is reabsorbed by the renal tubules under these conditions. Data of Shannon:
Am. J. Physiol. 123: 775, 1938.
Chart 2 illustrates the depression of phenol red secretion by the renal tubules as the

plasma iodine ion of diod 3! d. Data of 8mith, Goldring and Chasis:
J. Clin. Invest. 17: 263, 1938.
Chart 8 ill the ibility of ths d ion of penicillin secretion by the renal

tubules as the plasma hi (PAH) d
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termined by the rate at which the inhibitory agent is eliminated by excretion or

etabolism. M , When the system is saturated “completely’” by one com-
pound, inhibition of transport of the other is “complete”.! Therefore, a further
increase in the load of the inhibitory agent is without additional effect. Finally,
it should be understood that this type of inhibition holds only if two compounds
are secreted, reabsorbed or oxidized by the same system. There is no cross-
inhibition in the true sense of this term between compounds secreted, reab-
sorbed or oxidised by essentially different systems (39, 40, 51, 510-512).

Mass competition for transport (or inactivation) of this type and the several
dependent properties recited above may be illustrated for tubular secretion and
reabsorption, or for the oxidative deamination of dihydric-8-phenylethylamines.
Perhaps it would be appropriate to present first the principles of competition
between substrates for enzymatic oxidation and then to point out the similarity

of these concepts to those for petition bet gents for secretion or reab-
sorption by the kidney.

The system sel ‘fon.he peri ill d in figure 4 has been named
unmeondueor i since it acti the oxidative deamination of & b
of f-phenylethylami g to the following general equation:

Ha—(IJH, CB:—CH + NH;
NH, amine ondue @
+ H,0 + H;0,
B-phenylethylamine

The characteristics of the system have been described in some detail elsewhere (2, 29, 36,
53, 222, m, 239, 411, 518).
ﬁm4lll the character of the tion involved in the oxidati

deami " of hrine [N mthyl#-(a,d, d:.hydxoxyphenyl)-ﬁ hydroxyothylamme (A
and AA)], and -phenylethylamine (ph h (C)), and eq of the
twounmes (B).urecordedbytheoxym npt‘keofthntym (8) It may bemn that

when and p y are (B)
their additive rate of oxidation is int diate b the rates of oxidation of the two
agents presented individually to the system. Actually, the molar concentration of the two
amines in combination (B) is twice that of either amine represented by curves A, AA and
C. 8Sinoe the concentration of the amines alone or in combination is sufficient to saturate
the system (curves A and C), the amount of ensyme present limits the over-all rate of re-
action.

This was d ted in a second for when the amount of ensyme, to which
the same amount of epinephrine was added, was twice (curve AA) that contained in the
other vessel (A) it may be seen that the rate of oxidation of hrine was iderabl,

increased, as compared to curve A. Thus the individual rate of oxidation is determined by
the affinity of the amine for the system. The rate of reaction of the combination of amines
reflects both their affinities for the system, when the amount of ensyme present is the limit-
ing factor.

1 The reason for qualifying the word *‘complete’ is that th ically this i
like all the others mentioned homn th&t do not involve destruction of tissue, llteully
cannot be )| Ithough for p purp the i by which tha deprmon

is not eomplete may lie wnhm \‘,he lytical limitations of the hod: ploy
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Chart 2 of figure 4 d trates the inhibitory effect of i ing molar i
ofphonethyhmnoonthermof idative deamination of epinephri: ltmnyb“emthst

as the bylamine is d, deamination of epi p
thtouhoutt.honnpof i died. The t of hri ining at

the end of 90 minutes was calculated from the O, uptake and was cross-cheoked by a color-
imetric method which is spmﬁc for utocholethylmneu (46)

Thenvembllny of the ition by ph ine was d in the foll
P Epi hylamine and a binati ofthotwowmuldedto
amine oxid ions at a sub final i ofOOldﬁMinmhmeo,

whether alone or in combination (0.0332 M wul ooneentnhon m the latter iuhmo)
After an incubation period of one hour in an exp
chart 1, figure 4, thomlym-upennonwuremovedfmmthohh wuludﬁwolnnine
substrate and returned to clean vessels. The system was reconstituted,
added to each flask in a final concentration of 0.0166 M and its rate of oxidation wun-
corded as represented in chart 3 of figure 7.

It may be seen that the enzyme survives these drastic conditions very well and that
thnunorwdudeﬂmthnmbemnbedlpmﬁuﬂytotbphmthyhmiu Thus it

may be concluded that the inhibition of epi by p h ine is a
reversible reaction.
Figure 5 izes the analogous renal characteristics for competition between

two compounds that are secreted (p-aminohippurate and penicillin, or phenol red
and Diodrast) and two that are reabsorbed (glucose and xylose) by the same trans-
port mechanism in the particular instances. Both glucose and xylose are reab-
sorbed by the same tubular mechanism (480). Consequently, they compete for
reabsorption, as is illustrated in chart 1 of figure 5. Here it is shown that if the
plasma concentration or the amount of xylose filtered remains relatively con-
stant its reabsorption is di d progressively as the plasma level of glucose,
hence the amount filtered and p ted for reabsorption, is elevated. As the
reabeorption of xylose becomes decreased its clearance increases to approach
that of creatinine. Under these conditions the xylose/creatinine clearance ratio
approaches 1.0 as a limit.

Chart 2 of figure 5 illustrates the depression of phenol red tion by dio-
drast (407). This is indicated by the progressive decrease in the phenol red
clearance, expressed as per cent of its control value, as the plasma concentration
of diodrast (iodine) is elevated.

Chart 3 of figure 5 illustrates the rapid onset and the reversibility of the
PAH inhibition of penicillin secretion by the tubules. The depression of peni-
cillin secretion is indicated by the decrease in the penicillin/creatinine clear-
ance ratio. Insofar as can be determined, the onset of the PAH inhibition is
immediate, the inhibition is maximal at a critical concentration of the inhibitor,
and the reversibility of the inhibition is related to the rate at which PAH is
eliminated from the body, as indicated by its falling plasma concentrations.
These characteristics of the PAH-penicillin competition have been established
in the laboratory (47) and confirmed in the clinic (32).

There are at least two tubular mechanisms for the reabsorption of amino
acids (51, 587). This has been demonstrated by the competition of pairs of es-
sential amino acids for reabsorption when administered simultaneously in large
amounts.
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One reabsorptive mechanism appears to be concerned with the basic amino
acids. Competition for reabsorption could be demonstrated for arginine, histi-
dine and lysine.

A second transport system is responsible for the reabsorption of monoamino-
monocarboxylic acids, leucine and isoleucine. There is no cross-competition be-
tween the two different groups of amino acids.

A third mechanism may be concerned with glycine transport, since it was not
possible in these experiments to demonstrate that its administration in large
amounts interfered with the tubular reabsorption of amino acids of either of the
above groups. Perhaps the data on which these interpretations rest are the more
reliable since specific microbiological assays were employed for the estimation of
the essential amino acids. Previously the nonspecific a-amino nitrogen analysis
was the basis for the estimation of amino acid clearances or Tm (156, 211, 391).

This principle of competition for tubular secretion was made use of in the
early days of the penicillin therapy of subacute bacterial endocarditis. Diodrast
(415) and especially p-aminohippurate (32, 38, 47, 50) have been employed to
increase the plasma concentration of penicillin by decreasing its secretion by
the renal tubules. Because of the poor gastrointestinal absorption of PAH and
its rapid excretion it was necessary to administer it in daily dosages of 100 to
200 grams by venoclysis (5, 31, 32, 306, 307, 351). Even at this tremendous

doaage PAH did not interfere with other clinically ble renal functi
in substantiation of laborat: smd:esnhuvetoxtspharmaeologlc(&i)and
toxicologic effects.

2. Competitive snhibition of a transport hanism by a pound that is not
secreled by that system is a relatively new concept in renal physiology, but its
ensymologic counterpart has been recognised for some time. In both instances,
which may be treated as one, the inhibitor is sufficiently related to compounds
secreted (or oxidised) by the system that it has an affinity for the definitive

p t of the reacti However, the inhibitor is sufficiently different
8o that it is not secreted (or oxidized) by the mechanism involved. In other
words, the compound has an affinity for, but it is refractory to, the action of the
system (30, 35, 43, 268, 326-328).

Such a refractory compound can inhibit the tion or oxidation of a natural
substrate (t.e., one which is secreted or oxidised, as the case may be). The com-
pleteness of the inhibition depends on the extent to which the system is saturated
with the refractory agent. The saturation is the summation of the concentration
and affinity of the inhibitor as compared to that of the natural substrate. In
this inst , the refractory pound “blocks” tion by displacing the
normally secreted agent from the definitive eomponent of the mechanism.

If a refractory pound displ a natural substrate from a reaction there
nwdrwtbcanycmpmmnlofthereaawnmthumperaeorafmyoﬂmdoxly
related system. It is important to understand this di ¢ aspect of the in-
hibition for it implies no tial alteration of fi tio 8o far as the mechanism
itself is d. C quently, the onset, extent and reversibility of the
inhibition are determined by the rate at which saturation of the system is at-
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Chart 1 illustrates the rate of oxidative deamination of 0.0166 M epinephrine. Curve C

illustrates the lack of oxidation of Propadrine, and Curve B illustrates the competitive

inhibition of 0.0166 M epinephrine by 0.0166 M Prop:drme
Chart 2illustrates that, as the ion of Propadrine in combination with epineph

rine is increased, the rate of oxidative deamination ‘of the natural substrate (E) is de-

pressed.
Chart 8 illustrates the ibility of the inhibition of hrine deamination by the
refractory substrate (see text).
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Chart 1 ilk that wh i oxidized at a very rapid rate malonate is

f 'y to oxidation by the inoxidase system. Whenmmmupmenudmdl
mllom to that system the rate of ondntwn of the former sub kedly d

Chart # ill the p bition of i idation by i ing mal-
onate/succinate molar ratios.

Chart 8 ill the ibility of the inhibition of id by mal

It may be seen that, when 0.05 M malonate was added from the side arm into the reaction
chamber of the vessel ining 0.25 M plus tho idase system, there was
an 85% inhibition of the rate of of the When an additional
0.5 M mccmu was added from the other side arm of the ﬂuk tho inhibition induced by

was d in agr t with the d d i molu ratio
but was not pletely, since mal i

dasa
239
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tained, its completeness, and the rate at which the refractory compound is
metabolized or excreted. Since the compound must have a structure sufficiently
similar to those secreted by the tubules in order to have an affinity for the
mechanism concerned, the specificity of its action practically is assured. The
characteristics of this displ: t type of inhibition has been portrayed for
the amine oxidase and the succinoxidase systems, and for the secretion of peni-
cillin in figures 6, 7 and 8, respectively.

-Phenylisop: L (a-methyl-8-phenylethanolamine, Propadrine), like other
a-alkyl-8-phenylethylami is ref; 'y to oxidation by amine ondne (28, 36, 64, 411),
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Chart 1 illustrates the rapiditv of anset of the inhibition of tubul ion of penicillin

by Benemid. It may be seen that within the period allowed for distribution of the inhibi
the clearance ratio of the pomcxllm was decreased to or below 1.0, illustrating complete
inhibition of its tubul

Chart 8illustrates that, as the plasma ion of a refractory inhibitor is i d,

tlmunount of ‘penicillin "byths bules (as indicated by the penicillin/creatinine

nuo) d progressively until the cl ratio is 1.0, indicating eomyku

P of tubul i Boyond that pomt there is no further depression of peni-

cillin jon by i ,plunu of the inhibitor. The closed circles

P rperi b id was admini ‘totwodop The open circles
peri: herei inamide was admini d to the same two dogs.

Chart 8 ilk the ibility of the inhibition of penicillin secretion by the tu-

bules, as it relates to the falling plasma concentration of a single i.v. dose of carinamide.

as is illustrated by curve C, chart 1 of figure 6. However, it has sufficient affinity for the
ensyme -ysum that it can mhiblt the rate of ondxhon of epinephrine (A) when tho two are

P d to the ensyme in eq (B). If the

rine added to a series of vessels ining the ensy i ndthemohr-

ity of Propadrine is i d by definite i one can d the p

depreesion of oxidation of the 1 sub (chart 2 of figure 6). Themhlbmon of
inephri idation by tbe f: 'y sub Propadrine, is reversible as can

be d d by the ised in chart 3 of figure 6. The initial phase of

the experiment was like that represented in chart 1 of figure 6, wherein 0.0082 M epinephrine
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(A), 0.0082 M Propadrine (C), and & mixture of 0.0083 M epinephrine plus 0.0083 M Pro-
padrine (B) were incubated with the amine oxidase for one hour. Thereafter the easyme
suspension was removed from the veesels, it was washed free of the amines and then was
reconstituted in clean flasks. Epinephrine (0.0083 M, final concentration) was added to
the side arm of each veesel; it was tipped into the reaction chamber after temp
equilibration, and its rate of oxidation was recorded.

From the data in chart 3 of figure 6, it may be seen that the ensyme suspensions to which
Propadrine was added alone (C) or in combination (B) were as active after the removal of

the amines as that which had been subjected to its 1 sub alone (A), within the
limits of reproducibility of the method. mfmmmmamamm
mthuoxpenmt(ohmz)ww tisfactorily with that rep d in curve A of
chart 1 i that the ipulations of the ensyme did not notably alter it.
Similarly, it can be shown that wh lonate is ref: 'y to oxidation by the sue-
cinoxidase system, ltdoumunnﬂydecmuthenuofoﬁdlﬁmdowmwhmth
twomaddodwthe system simul 1} @l N,M,M)(ehrtlofﬁnnﬂ
. the inhibition of the oxid: d by the
nwlarnuouwhmhthcympmudmm“symm(omzofﬁnnn Finally,
the bility of this inhibition of by isp dina that

mmmmwmcy«om.mmuwmmmmmmmm asin
chart 3 of figure 7. It is shown therein that the i
Andthonvembﬂltydmdmunbodw'ednmlldwingnmhnmwtby
adjusting the molar ratios of the two compounds so as to change the relative saturation of
the system by the substrates.

The rapidity of onset, the relation of concentration of the inhibitor to its
effect and the correlation of the elimination of the agent with the reversibility
of the suppression of penicillin secretion by the tubules are presented in figure 8.
Since carinamide (30, 35, 43) and Benemid?, p-(di-n-propylsulfamyl)-bensoic
acid (41, 48, 345, 532), are used here to illustrate the renal characteristics of

titive inhibition by displas t of a natural substrate by a refractory
one, thelr chemical structures may be presented along with those of penicillin-G
and p-aminohippurate, as follows:

“Natural” Substrates

0 8
O—cn.—cfm—cé \c—(cn.).

0=C— H—COOH
Penicillin-G
0 0
O—CZN'H—CH:—C{H
p-aminohippurate

 Benemid is the trademark that has been applied to p-(di-n-propyl-sulfamyl)-bensoic
acid by Sharp and Dohme, Inc.
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“Refractory” Substrates

@—cn.—so,—mi—@—coon

Carinamide
CH,—CH,—CH,

AN
/N—so,—®—c

CH;—CH,—CH,

Benemid
The rapidity of action of such a refractory substrate is illustrated by the effect
of Benemid on the renal tubular secretion of penicillin, as represented by the
depression of the penicillin/creatinine clearance ratio in chart 1 of figure 8.
Complete inhibition of penicillin secretion occurs within the period of time al-
lowed for the distribution of the agent. The decrease in penicillin/creatinine
clearance ratio to less than 1.0 represents the effect of plasma binding of the
antibiotic agent (132) on its glomerular filtration, in such a short term experi-
ment.

‘When the concentration of penicillin is held fairly constant, it can be shown
that as the plasma concentration of the refractory substrate is raised the tubular
secretion of the antibiotic agent decreases progressively until its clearance is
equivalent to that of creatinine (CR = 1.0) (chart 2, figure 8). Beyond that
point there is no further depression of penicillin clearance regardless of the don-
centration of the refractory substrate, illustrating that its effect is on the tubu-
lar secretion of penicillin, not on its glomerular filtration. The fact that the
penicillin/creatinine clearance ratio does not fall below 1.0 in these experiments
is presumptive evidence that over a period of time the refractory substrate can
displace penicillin from its binding to plasma protein. This may be analogous
to the displacement of phenol red from its combination with plasma protein by
diodrast or hippuran, thus increasing the free and filterable form of the dye, as
was observed by Smith (506).

The reversibility of the action of the refractory substrate on the tubular se-
cretion of penicillin is illustrated in chart 3 of figure 8. Carinamide has been
selected for this demonstration for convenience, since it is eliminated much more
rapidly than Benemid. By determining the penicillin/creatinine clearance ratio
before and following a single large intravenous injection of carinamide, the in-
hibition of penicillin secretion can be demonstrated to diminish as the plasma
concentration of the drug decreases, and to return to normal when carinamide
1o longer can be determined in the blood stream.

Here again one sees the effect of plasma binding on the depression of the peni-
cillin/creatinine clearance ratio within an hour after carinamide was given. Over
the course of time, penicillin was displaced from the protein and its clearance
ratio rose to 1.0 and remained there until the plasma concentration of carin-
amide fell to a low level.

The apparent intestinal absorption and the maintenance of blood level of these

2
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compounds reflect principally their rates of metabolism and excretion, since they
are well absorbed and are distributed to a similar extent in the body. The tre-
mendous diffe that metabolism and excretion make in the appearance of
the pl curves of carinamide and B id may be illustrated by feeding
equivalent amounts of the two drugs to patients or dogs. For example, if 60
mg. of carinamide/kilo of body weight is fed to a dog the maximal concentration
of the drug may be expected to approximate 6 to 8 mg./100 cc., and a determin-
able amount may be expected to persist therein for about 4 hours. Following
oral administration of the same per kilo dosage, the peak Benemid plasma con-
centration is 18 to 20 mg./100 cc. A determinable plasma concentration of the
drug persists for well over 48 hours.

The carinamide/creatinine clearance ratio in the dog varies between 0.2 and
0.9, depending on its plasma concentration (44, 46, 379). However, the com-
pound is 8o rapidly metabolized (46, 531) that the slope of its falling plasma
concentration curve approximates that of mannitol (46), which in turn is de-
termined by the glomerular filtration rate, at least conservatively (108, 149,
153, 167, 367, 505). The reabsorption of Benemid (48, 532) by the renal tubules
is so great that the concentration of drug in the urine is insufficient for the
measurement of renal clearance. This has been confirmed by renal arterial-
venous extraction technics in the dog wherein any difference between those two
plasma concentrations is well within the error of the methods. Although it is
known that a metabolite of Benemid is excreted slowly, its rate of metabolism
is so slow that the drug persists in the blood stream for as long as two days fol-
lowing a single oral dose administered to dogs (48, 321, 532).

The ability of compounds to inhsbit differentially the mechanism for the tubul
secretion of penicillin, phenol red, the hippurates and the pyridones is not related
to their general toxicity, either between or within series of compounds. This lack of
correlation bet toxicity and ability to inhibit the tubular secretion of peni-
cillin by the dog is illustrated in figure 9 for a series of related compounds. Here
it may be seen that the toxicity increases (i.v. LDy decreases) as the length of
the alkyl chain is increased from C; to Cs. However, optimal inhibitory activity,
as it relates to the tubular secretion of penicillin by the dog, is resident in the
Cs-R structure within this series and decreases as the length of the chain is
lengthened or shortened (37).

The competitive inhibition of secretion of a natural substrate by a refractory
compound of this class has been shown to be a constant function that is independ-
ent of the molar concentration of the natural substrate (37). This has been
dem d to obtain for the tion of phenol red by frog or guinea pig
renal cortex slices as it is inhibited by carinamide. The ratio of refractory to
natural substrate was constant over the range of concentrations studied, but it
was different for the two species. Moreover, the molar ratio undoubtedly differs
for other combinations of natural and refractory substrates. In the case of peni-
cillin therapy and ordinary clearance experiments, such as is represented in
figure 8, this relationship is not seen, for technical reasons. Indeed the dosage of
carinamide has been reported to be the same whether the dosage of penicillin
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was in thousands or millions of units per day, administered orally or parenter-
ally (31).

Reduction of the fund: tal principles involved in this type of displace-
ment inhibition to clinical practice may be illustrated by the therapeutic indi-

tions for carinamide and B id (31). Cari ide has proven to be a useful
and safe agent for the enhancement of penicillin blood levels. The particular
indications for the compound are in the treatment of subacute bacterial endo-
carditis, certain types of meningitis and other instances where it is necessary or
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Within the series, the toxicity of the pounds i from C-2 to C-8, as repre-
sented by the decreasing LDy (calculated lethal dose for 50 per cent of the mice injected)
of the pounds admini d i ly to mice. It may be seen that the optimal
activity of the compounds for the ion of tubul: jon within this series is

represented by the C-5 agent. As the number of carbon atoms in the alkyl chain is less than
or greater than the C-5 compound, activity within the series diminishes. Data of Beyer,
Painter and Wiebelhaus: Am. J. Physiol. 161: 259, 1950.

desirable to increase the concentration of penicillin in the body sufficiently to
assure its diffusion into a relatively avascular area of infection. Similarly it
should be combined with penicillin therapy when the infection is multilocular
and when the direct instillation of the antibiotic agent into all parts of the in-
fected area by injection t be d. In these inst the attai t of
a very high plasma concentration of penicillin assures a more uniform distribu-
tion of the agent throughout the involved area. Also, it is of use combined with
oral penicillin therapy of diseases that are readily amenable to the action of the
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antibiotic agent. The lack of renal toxicity of carinamide has been established
by a number of studies (31, 33, 43), but none is 80 dramatic as its reported
use in the therapy of certain types of nephritis for the apparently reversible
inhibition of albuminuria, as described by Ek (164). The high rate of metabolism
of the compound ts for the ity of administering it in dosages of 2
or 4 grams every 3 or 4 hours.

Although it is too early to discuss with assurance the indications for Benemid,
the compound is unique. Apparently a daily dosage of 2 grams, divided and
administered at 6 or 12 hour intervals, suffices to maintain an adequate plasma
concentration in man. In addition to the aforementioned uses of carinamide,
Benemid enhances the apparent plasma concentration of p-aminoealicylate
(PAS), by decreasing the metabolism of the salicylate. This may constitute a
real advantage in the maintenance of high plasma concentrations of PAS in
the treatment of tuberculosis. Such concentrations are difficult to maintain, due
to the gastric irritation which accompanies the ingestion of large PAS doses
(69). It is anticipated that Benemid combined with penicillin will be a reliable
and safe intermittent form of oral therapy. Present indications are that the
drug is well tolerated and is safe for the customary duration of treatment of
infectious diseases amenable to penicillin therapy.

3. Inhibition by competition bety transport systems for a common source of
energy is at present a little recognised interpretation of a repeatedly obeerved
effect. It is difficult to approach the concept directly as it applies to renal phys-
iology so that at present its substantiation is insecure.

It is likely that in some manner there are group commitments of energy by the
cell for its several general functions. Clark and Barker (109) found no difference
in the normally very small renal oxygen utilization of man between basal renal
oxygen consumption and conditions wherein the transport mechanism for PAH
secretion was saturated (Tmp,n) or where water or mannitol diuresis was pro-
voked. The constancy of renal oxygen uptake with alteration in ‘“load” or
“stress” has been obeerved by other investigators (91, 97, 543).

There is some evidence that in the kidney allocation of energy may be specific
only in the sense of applying to a type of function, as growth, repair, specific
processes of synthesis, certain transport mechanisms, etc. Thus, as two cellular
functions, even diametrically opposite in their orientation (i.e., tubular secretion
and reabeorption) may share a common source and increment of energy, they
necessarily compete for it. So long as the energy requirement for the secretion
and reabsorption of substrates by the several systems does not exceed their
allocation of energy at a given time there need be no apparent inhibition. If the
load presented to any one transport mechanism be increased markedly, as would
obtain when one measures the functional capacity or Tm of a single system, it
follows that the function of other systems sharing the same increment of avail-
able energy would be depressed, since the sum of the commitments cannot ex-
ceed the energy momentarily available. Over the course of time the increment of
energy for a specific group of functions may increase so that the inhibition of
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collateral systems is not necessarily maintained. Inhibition by competition be-

tween sy for a of energy is illustrated in figures 10 and 11
with examples drawn from both ensymologic and renal function studies.

In figure 10 we have sel d thc rate of glyeolym of glucose and fructoee to
illustrate that when two , the h ylation of these two compounds,

compete for a limited source of mrg the maximal rate at which they can both be gly-
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Fia. 10. ILLUSTRATING THAT THB AvAlLABLE ENERGY rROM THE PaOSPHATE Crcnx Lidrs
THE RATE or ANaxmoBIC GLYCcOLYSIS OF GLUCOSE (-O-) AND FrUcTOsE (-@-)

The affinity of glucose for the mum is greater than that of fructose, as ﬂlunrned by
the Qaaw at the lowest of sub When the t b
to the mum 80 that the total molar conoentration is twice that for either lubstnte alone,
there is no increase in the rate of anserobic glycolysis (+), within the limits of error of the
method. Data of Meyerhof and Geliaskowa: Arch. Biochem. 12: 405, 1947.

Fia. 11. Iy TR D or VrramN C, aNp or GLucoss
To a limited extent by the si ion of p-aminohipp (PAH) in
an amount sufficient to d ine its imal 'y capacity (Tu).

Redrawn from Table 8 of the data of Selkurt: Am. J. Physiol., 143: 182, 1944

colysed simultaneously does not exoeed that for either studied by itself, within the error
of the experiment. The data for this illustration are t.hou of Meyerhof and Geliaskowa
(341). Presumably, under the conditions of these experiments the availability of hexoki
ase was not necessarily a limiting factor.

The tubular reabsorptive capacity for ascorbic acid is low (174, 191, 414).
Figure 11 illustrates the depression of glucose and ascorbic acid reabsorption
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that can be induced by the saturation of the functional capacity of the tubules
to inohippurate (PAH). This is a diagrammatic representation of
an expenment by Selkurt (460). The depression of ascorbic acid reabsorption by
PAH is profound at first, but it recovers partially in approximately one hour.
He also demonstrated that glucose as well as hypertonic potassium chloride and
sodium chloride could depress the reabeorption of ascorbic acid without in-
fluencing significantly the renal blood flow or glomerular filtration rate (467),
but the mechanism of action may not be the same in this instance. He was not
impressed by the depression of glucose reabsorption by PAH, for it was not
always demonstmble and others (503) had not called attention to it previously.
The mutual dep of gl and PAH tubular functional capacities when
determined simult: ;hmuneebeennotedmenwgblabomwnatoea-
tablish its reality, although the inhibition is seldom of any considerable magni-
tude (163, 226, 253, 274).

The decrease in the capacity of one system by the simultaneous determina-
tion of another functional capacity of presumably the same cells has had no
pl'at:tlcaltapphcat:olnr.\l‘L peutics. This relationship is of greatest consequence
in the diagnostic determination of renal functional capacities (70, 163, 170, 192,
226, 253, 274). Because of these known, and probably other unrecognised, in-
stances of depression of one Tm by the simultaneous determination of another
it seems hazardous to measure at one time more than a single tubular functional
capacity, when the absolute values are to be used diagnostically or interpreta-
tively.

4. Inhibition of the phosphorylati hans: that are essential for reab-
mpamwmhubemwwdbymmpleformyyeanbutnm
still poorly understood. Since the over-all relation of phosphorylation to carbo-
hydrate metabolism and to the reabsorptive or secretory transport mechanisms
is discussed in another section of this review, it will be considered anly in a gen-
eral way here.

Von Mering first described the phenomenon of “phloridsin diabetes” (546).
A few years later Minkowski (348) showed that the syndrome was primarily
due to an alteration of renal function. Bilateral nephrectomy of phloridsinised
dogs abolished the principal manifestations of the condition. This apparent
selectivity of phloridsin for the inhibition of renal carbohydrate metabolism
(549) probably is due to a concentration of the agent in the lumen of the tubules
as a result of the reabsorption of water. This would tend to increase the diffusion
of the glucoside into the tubular epithelium. Here, as in other tissues of the
body, the compound inhibits the phosphorylation of glucose and for many years
this effect has been presumed to account for the production of glycosuria, (112,
119, 120, 262, 263, 285, 313, 314, 365, 377, 508). It has no effect on glomerular
filtration (390, 569).

More recently the mode of inhibition of glucose reabsorption by phloridsin has
been reopened. Principally from the work of Shapiro (489) and of Meyerhof
and Wilson (342) it appears that the oxidation of pyruvate and citrate and the
utilization of that energy for the generation of high energy phosphate bonds
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(the transphosphorylation of ADP to ATP iated with the breakdown of
phosphopyruvate) is inhibited by one fifth to one tenth as much phloridsin as
is required to inhibit glucose phosphorylation. Since the integrity of the phos-
phorylation systems has been found to be essential to certain other renal trans-
port mechanisms one would anticipate that phloridzin should inhibit the secre-
tion or reabsorption of other substances. Actually it has been shown to decrease
the tubular secretion of diodone (569) and phenol red (37), the reabsorption of
glucose and xylose (487), and the secretion of exogenous creatinine by man (477,
486).

There is more to the relationship of inhibition of transphosphorylation to the
diminution of secretion or reabsorption than can be demonstrated with phlorid-
sin alone. Loomis and Lipmann (309) demonstrated most clearly that 2,4-
dinitrophenal “uncoupled” high energy phosphate bond generation from oxida-
tive processes without necessarily inhibiting oxygen uptake. In the example cited
by them the oxidation of glutamate served as the source of energy for the phos-
phorylation of adenosine. Handley (231), Taggart and Forster (525), Mudge
and Taggart (361, 362) and our own studies (37) have demonstrated the in-
hibitory effect of dinitrophenol on the secretion of phenol red and PAH by the
renal tubules. The former investigators have indicated that dinitrophenol does
not decrease the tubular reabeorptive capacity (Tm) for glucose (231, 362).
The explanation of the lack of an effect of dinitrophenol on glucose Tm does not
seem to be self-evident from the data available.

5. Alteration of the endocrinologic control of a secretory or reabsorplive function
introduces a regulatory type of effect that is important therapeutically and
which holds promise of future potentialities. Very little is definitely known about
this type of regulation or control, and it may be that the several aspects of the
problem to be discussed actually will be found to have associations or funda-
mental dissimilarities not evident at present. Apparently, the problem is more
difficult because not all species respond similarly with respect to the effect of
hormones on renal functions, and neither do the hormones affect different tubu-
lar mechanisms at the same rate (135, 275).

The removal or intense irradiation of one kidney results in a hypertrophy
and an increase in the various functional capacities of the contralateral organ.
This “compensatory” growth of the oppoeite kidney appears to be under the
control of the anterior pmutn.ry for if hypophysectomy is performed prior to
nephrectomy the remaining kidney fails to increase in size and functional ca-
pacity (134, 320, 564, 571-573, 575, 576, 584). In contrast, this ¢ t
hypertrophy of the contralateral kidney following nephrecbomy still occurs after
thyroidectomy or castration (320, 588).

If an anterior pituitary extract is administered to an hypophysectomized or
even to a normal dog, the kidney increases in sise and function to an extent that
cannot be reproduced by the administration of thyroid or adrenal extracts (163
241). Thus there seems to be a renotrophic action of the anterior hypophysis
that may be distinct from the adrenotrophic or the thyrotrophic factors (254,
320). This renotrophic action of anterior pituitary extract (570-576) is pro-
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nounced when measured by the subsequent increase in diodrast Tm which may
increase as much as 100 per cent. Under these circumst. the renal pl

flow and the glomerular filtration rate may not be increased very much in the
normal animal.

In addition to its renotrophic (324, 576) effect, the anterior pituitary con-
tributes to the control of water balance by exerting a diuretic influence antago-
nistic to that of the neuro- or posterior-hypophysis (12, 54, 570). Although the
means by which this action is accomplished is obscure, nevertheless it is real.
At least a portion of this effect may be mediated through the adrenotrophic
action of the anterior lobe. In the hypophysectomized rat the diuretic response
is delayed, and is similar when water or saline is administered per os. The ad-
ministration of anterior lobe extracts does not necessarily improve the condition,
but relatively small doses of adrenal cortical extract or desoxycorticosterone ace-
tate almost completely restore to the hypophysectomized rat the ability to
excrete water. Thus the altered ability to eliminate water following hypophysec-
tomy may be due, at least in part, to the atrophy of the adrenal cortex in the
absence of the adrenotrophic principle of the anterior pituitary (258, 574, 575).

It has been known for many years that the posterior pituitary elaborates an
antidiuretic hormone, the secretion of which is controlled from the region of the

praoptic nucleus of the hypothal (73, 126, 178, 179, 238, 325, 357). This
influence is mediated through the supraopticohypophyseal tract to the neuro-
hypophysis (256, 257, 325, 383, 386-388). Interruption of the pathway results
in the syndrome of diabetes insipidus. The administration of posterior pituitary
extracts counteracts the effect of interruption of the innervation of the neuro-
hypophysis or ablation of the crucial area of the supraoptic nuclei (7, 92, 95,
107, 126, 189, 237, 242, 246, 256, 300, 442, 558, 559). The antidiuretic principle
has been demonstrated to be present in the urine of normal or dehydrated animals
but not in the urine of dogs having diabetes insipidus (207, 230, 234, 235, 316).

Shannon has indicated that the diuresis of diabetes insipidus which follows
transection of the supraopticohypophyseal tract is due to an impaired reabsorp-
tion of that increment of filtered plasma water that ordinarily is returned to the
circulation by the distal tubules, together with an increase in the reabsorption of
sodium by the proximal tubules (483). As a result of the increased reabsorption
of sodium, extracellular fluid volume and glomerular filtration rate are increased
(246, 442, 501). The administration of the antidiuretic principle increases the
reabsorption of water by the distal segment of the nephron and decreases the
reabsorption of sodium by the proximal convoluted tubules (248, 305, 483),

ding to p interpretati

The antidiuretic action of morphine, certain barbiturates, acetylcholine, and
certain other compounds has been attributed to a stimulation of the release of
posterior antidiuretic principle by virtue of their action on the hypothalamus
(139, 140, 201, 372, 386-388). If the nerve fibers connecting the hypothalamus
with the neurohypophysis are intersected these agents have no effect on the
subsequent diabetes insipidus.

Apparently the antidiuretic action of the cinchoninic acid derivatives de-
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scribed by Marshall and Blanchard (332, 333) is not necessarily mediated through
the hypothalamic-neurohypophyseal liberation of the antidiuretic principle.
Certain of these compounds are effective antidiuretic agents in neurohypophysec-
tomised dogs and in cases of diabetes insipidus. They do not necessarily affect
glomerular filtration rate. The mode of action of the compounds on the kidney
has not been worked out to date. Whereas these compounds seem to increase the
reabsorption of water, they increase the excretion of uric acid (333) and de-
crease the tubular secretion of phenol red (138). It seems likely that the more
active cinchoninic acid derivatives may stimulate the liberation of the anti-
diuretic principle of the posterior pituitary. If this should obtain, they would
represent a most unusual group of compounds, for they are said to stimulate
the liberation of the adrenocorticotrophic hormone of the anterior pituitary (62.)

In adrenal cortical insufficiency of pathological or surgical etiology the water
and sodium excretion is essentially dissimilar to that noted in diabetes insipidus.
In these subjects there is primarily a decreased reabeorption of sodium (206,
227, 445, 556) attended by a secondary adjustment of electrolyte and water
balance. Inndremlectomuedammalsthlswasocmtedmthamrkedohguna
which leads to water intoxication when the administration of water is forced
(198, 203-206). Administration of adrenal cortical extracts or desoxycorti-

et to such animals and to patients with Addison’s disease increases the

bsorption of sodium and prod a concommitant readjustment of water
balance (200, 208, 255, 520-523, 527-530).

Within the past few years the reemphasis on the concept of “forward failure”
in the pathogenesis of peripheral edema of heart failure by Warren and Stead
(555), the experimental production of hyperunmve renal nephrosclerosis by
Selye and his associates (469-472) by the excessive administration of desoxy-

corticosterone acetate and sodium chloride, and the d stration of in d
sodium a.nd chlonde reabeorption by the renal tubules when normal and de-
t ise, by N and his iates (266, 366, 494),

all lnve taended to accentuate the role of the kidney in the regulation of sodium
excretion and the influence thereon of extra-renal factors, particularly the ad-
renal cortical hormones. Although a few other references (65, 240, 340, 352, 353,
529, 530) to this interrelationship of cardiac edema and sodium excretion have
been included in the bibliography, the list is incomplete. The recent report by
Sinclair-Smith, Kattus, Genest and Newman (494) is a particularly noteworthy
contribution to this subject.

The role of the pituitary and adrenal cortical hormones in renal function,
particularly water and electrolyte balance, is ,“ Y; stasis is main-
tained during adjustment to alterations in envi t. Since these hormones
apparently permit wide fluctuations in both water and salt excretion normally,
it would seem that agents could be developed that would influence the safe
alteration of sodium reabsorption or water retention, as in essential hyperten-
sion or cardiac decompensation. This might be accomplished by inhibiting mod-
erately the action of the desoxycorticosterone-like principle of the adrenal cortex
or the antidiuretic hormone of the posterior pituitary, depending on the primary
effect desired.
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In addition to the effects summarized above, the hormones of other endocrine
glands exert a renotrophic action (60, 231, 275, 276, 292, 296, 320, 375, 376, 381,
468, 562) or decrease renal function (277, 529, 530, 537), as the case may be.

6. Inhibition of ion exchange mechanisms for electrolyte reabsorption. This prin-
ciple combines certain ensymologic information with the newer knowledge of the
role of the kidney in the maintenance of electrolyte balance. Perhape these two
elements of the concept might best be considered first separately, then as a
whole.

Since plasma electrolytes are freely ultrafiltrable at the glomeruli it should be
apparent that the kidney must conserve to the body its essential elements in
order to maintain homeostasis of the internal milieu. It has been known for
some time that this is accomplished in part by the formation and secretion of
ammonia by the tubules (3, 282, 363, 542) to compensate in some measure for
the reabeorption of sodium; by the excretion of strong acids, partially as such;
and by the shift in urinary buffer, principally phosphate, from dibasic as it
leaves the glomeruli to monobasic as it leaves the nephron (26).

Associated with the reabeorption of essential metabolites and electrolytes by
the proximal convoluted tdbules there occurs an “obligatory” reabeorption of
80 to 85 per cent of the plasma water filtered at the glomeruli (501, 548, 550,
551, 566). Since the tubules are freely permeable to water, osmotic equilibrium
of proximal tubular urine with plasma is maintained during the reabeorption of
critical substances. The remaining water that is reabeorbed is returned by the
distal tubules (240, 483, 501, 566). This latter process is under the facultative
control of the pituitary and the adrenal cortex, as discussed in the previous
section and in the review by Harris (238).

It has been demonstrated that when an indicator dye such as phenol red is
filtered at the glomeruli of the frog kidney, the pH of the glomerular fluid is
the same as for plasma water. This has been confirmed by direct electrometric
determinations (389). As the dye passes down the tubule its color does not change
until the distal convoluted tubule is reached, at which point the change indicates
an acidification of the urine (169, 356). In contrast to the acidification of urine
in the distal tubules, phosphate, sulfate, bicarbonate, chloride, sodium and
potassium appear to be reabsorbed entirely or for the most part in the proximal
tubules, depending on the specific ion. Apparently phosphate and sulfate have
definite Tm characteristics (6, 137, 173, 272, 310, 317, 395, 586). Bicarbonate
and chloride are reabsorbed independently of their filtration rate but in amounts
sufficient to maintain interdependently the normal sum of their plasma con-
centrations (202, 237, 311, 394, 418). The renal elimination of sodium is com-
plicated by what may be a two-component system for reabsorption by both the
proximal and the distal convoluted tubules (144, 151, 224, 266, 565, 567). Po-
tassium is reabsorbed under most conditions but it may be secreted and re-
abeorbed under other circumstances (22, 113, 168, 271, 358-360, 371, 526, 583).
Although the excretion of sodium and chloride has been generally thought to
parallel each other, this is not necessarily the case (216) so long as ionic balance
is maintained otherwise.

Three theories have been presented to account for the acidification of urine:
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1) the phosphate reabsorption theory (26), 2) the carbonic acid filtration t.heory
473), s.nd 3) the tubular ionic exchange theory (392). In an admirable series of
papers Pltts and his associates have reported the examination of these theories
and have documented well the tubular ion(ic) exchange theory (394, 396, 397,
399, 400, 402, 448, 451). The limitations of the ion exchange theory have been
summarized by Menaker (339) and by Wesson, Anslow and Smith (566). Al-
though it may be necessary to modify the details of this latter theory in time, it
w:ll be described in principle.

++ Figure 12 p ts diagra tically the tubular ion exchange theory of the
acldlﬁeatlon of urine, as redrawn from the illustration by Pitts (392). It is con-
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ceived that by the decarboxylation of metabolites within the distal tubules
carbon dioxide (CO,) is released. The hydration of carbon dioxide to carbonic
acid is catalyzed by carbonic anhydrase, which is abundantly present in the
kidney (131). The carbonic acid dissociates to release H+ ions. Since the tubular
cell membrane is freely permeable to H* ions and presumably to Nat+ ions
(liberated by the dissociation of the principal urinary buffer, Na,HPO,) a new
equilibrium is set up resulting in an exchange of ions and an acidification of the
urine, due to the dissociation of the resulting NaH,PO,. To be consistent, it
must be supposed that this ion exchange is reciprocated at the blood vascular
boundary of the cell, whereupon there would be an over-all return of sodium to
the blood stream without a net change in the pH of the cell. The reabsorption of
potassium could occur at least in part in this manner.
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In the presence of carbonic anhydrase the reaction orientation ultimately
would necessitate the splitting of H;CO; and the diffusion of CO; into the blood
stream. Very likely the carbonic anhydrase is more intimately associated with
the membranous structure of the cell than is indicated in the diagram. In this
theory the functional integrity of carbonic anhydrase is considered to be critical
for the ion exchange. If it should be inhibited, the CO; built up would diffuse
much more slowly and the reabeorption of sodium would be impaired.

Mann and Keilin reported that sulfanilamide was a specific inhibitor of car-
bonic anhydrase (327). Krebs and others have confirmed and extended this ob-
servation (130, 131, 281, 283). Hober repeated the phenol red experimeat on the
perfused frog kidney deecribed by Montgomery and Pierce (356) and found that
when sulfanilamide or its derivatives were added to the dye the normal yellow
color of the acidic dye in the distal tubule was changed to pink, indicating that
the urine was alkaline. This inhibitory effect of sulfanilamide on the acidification
of urine, presumably by inhibiting carbonic anhydrase, was reversible (204).
Pitts and his associates demonstrated an inhibitory effect of sulfanilamide on
the acidification of urine and presented the experiments as evidence for the role
of carbonic anhydrase in the ion exchange acidification of urine (395, 400, 402).

It is attractive to postulate that this relationship of carbonic anhydrase to the
acidification of urine might be used to very practical advantage in the manage-
ment of hypertensive or cardiac patients whose sodium retention exceeds their
requirements. Thus an orally active, relatively non-toxic compound that in-
hibited renal tubular carbonic anhydrase would be a most attractive form of
therapy for the promotion of an increased excretion of sodium in cases where its
restricted intake is employed at present. The concentrating of the therapeutic
agent in the lumen of the tubules by the reabsorption of water would present
the inhibitor to those cells at a much higher concentration than would obtain
for the rest of the body. One could take advantage of this concentration effect
to attain efficacy and to minimise systemic toxicity. Schwarts has reported the
clinical substantiation of this premise (457). However, the use of sulfanilamide
for other than confirmation of this principle is contraindicated because of its
systemic toxicity (19, 331, 334, 509, 517).

In this review a discussion of the action of diuretic agents must be limited
primarily to their effects on the kidney, omitting the broader actions of many of
these compounds. The simplest of these diuretic agents, water, is the most com-
plicated from the standpoint of the interplay of many ext 1 factors. Its
effects are intimately related to the interaction of the hypothalamus and the
posterior pituitary, as has been reviewed by Pickford (385) and by Verney
(544, 545), and to the functions of the adrenal cortex, as has been reviewed by
Gaunt and others (206). These several interrelationships have been summarised
in a previous section of this review. Also, the effects of the saline and the organic
osmotic diuretic agents are especially influenced by the state of hydration of the
subject. To a slightly less degree, the relationship of the extent of hydration to
diuretic efficacy holds as well for the xanthine and the mercurial agents.

The diuresis produced by water and by alcohol is unique in that it is usually
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accompanied by a decrease in chloride cutput. This has been interpreted as being
influenced by the posterior pituitary antidiuretic principle or a closely related
hormone (125, 162). Consistent with this interp ion are the 1 observa-
tions that the injection of posterior pituitary extracts most frequently induces a
chloruresis accompanying the decrease in urine flow. (305, 385). The action of
diuretic agents of the nature of ammonium chloride, ammonium sulfate, sodium
sulfate, and ures usually is accompanied by an increase in chloride output, and
an increased urinary acidity or an increased buffering power of the urine (160,
162). In a very general way, the efficacy of electrolytes as diuretic agents re-
quires their usage in doses sufficient to increase their urinary output, thus the
withholding from reabeorption of an oemotically equivalent amount of water.
In a sense, this is the converse of the obligatory reabsorption of water with
electrolytes by the proximal tubules, as was mentioned previously. Mannitol
is an example of an organic oemotic diuretic agent which practically is not ab-
sorbed by the renal tubules. Actually it removes more than its oemotic increment
of water, for diuresis induced by mannitol frequently is accompanied by an
increased excretion of electrolytes (76, 83, 400, 424, 566). These osmotic diuretic
compounds frequently increase the efficacy of the mercurial agents (171, 474).

The state of knowledge regarding the mode of action of xanthine diuretics
still leaves much room for fundamental investigations. The majority opinion
indicates that they decrease the tubular reabsorption of water, sodium and
chloride ions, primarily.

Historically, much of the earlier evidence indicated that the action of these

pounds was to i the glomerular filtration rate due to their effects on
the lar system. H , Cushny and Lambie (128) pointed out that
xanthine diuresis outlasted any increase in renal blood flow and this position
was taken also by Walker and his iates (552). Bi di (53) reported that
in all cases of diuresis produced by theophylline the excretion of phenol red was
no greater than in the control experiments; this suggests the desirability of re-
peating these earlier studies with the use of more modern methods of determin-
ing renal blood flow, ete.

Although it has been reported that the xanthine diuretics increase glomerular
filtration rate (245, 452), the more generally accepted view is that they have no
consistent effect on that renal function (68, 129). Recent evidence indicates that
the xanthine diuretic agents inhibit the reabsorption of water, sodium and
chloride (133, 273, 494).

The mercurials are the most reliable of present diuretic agents. They are the
least specific of the compounds employed to inhibit a renal function. The diuretic
action and toxicity of these compounds are directly related to the amount of
mercury present and to its disassociation (228, 347). Reduced to elementary
considerations, HgCl, is a strong diuretic agent. These generalizations are con-
sistent with the earlier conclusions of Sollmann, Schreiber and Cole (507).

There can be little doubt that the kidney is the principal site of the diuretic
effect of the mercurial agents. Direct evidence was obtained by Govaerts (221),
who noted persistence of diuresis when a kidney from a mercury-intoxicated dog
was anastomosed to the cervical vessels of a normal animal. Conversely, no
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diuresis was seen when a normal kidney was anastomosed into the cervical vessels
of a dog previously injected with a mercurial diuretic agent. Bartram (16)
demonstrated unilateral diuresis when a small amount of a mercurial agent was
injected slowly into a renal artery of a dog.

The principle over-all renal effect of the mercurial diuretic agents is to de-
crease the tubular reabsorption of water, chlorides and certain other electrolytes
(27, 93, 151, 176, 219, 270, 349, 398, 444, 450). These diuretic compounds do not
increase glomerular filtration rate (68, 129, 245, 452). In general mercurial
agents combine with sulfhydryl groups, and this is responsible for their in-
hibitory effect on a number of essential cellular dehydrogenases (15, 24, 380,
557). That the diuretic effect of mercury is attributable to the inhibition of such
enzymes seems likely since its renal effects, as well as its systemic toxicity, can
be inhibited or reversed by the administration of .the thiol, BAL, 2,3-dimer-
captopropanol which has an unusually high affinity for the heavy metal (154,
172, 232, 519).

The seeming specificity of mercurial diuretic agents may be more directly
related to factors other than a peculiar sensitivity of the distal tubular epithelium
to them. Indeed, they have been shown to inhibit the proximal tubular secretion
of PAH and the reabsorption of glucose (23, 87, 319, 422). In our experience with
the secretion of phenol red by renal cortical tissue slices, the relationship between
inhibition of phenol red secretion or of renal dehydrogenases and the molar con-
centration of mercury is not essentially different from that obtained in similar
studies wherein the comparable dehydrogy of other ti are employed.
In either instance mercurial inhibition of such dehydrogenase or secretory sys-
tems is difficultly reversible.

Probably the reason for the seemingly selective effect of a mercurial compound
in producing diuresis is that it is filtered at the glomeruli and is concentrated by
the obligatory reabsorption of water by the proximal tubules. Consequently, the
agent is presented to the distal tubule at roughly eight to ten times its concen-
tration in plasma and extracellular water. Further concentration by the ad-
ditional reabsorption of water should bring the concentration of the agent up to
the point where it could decrease the function of the distal convoluted tubules,
even though the concentration presented to the proximal tubules by filtration
of plasma water might be insufficient to inhibit their functions measurably. Since
the foremost function of this distal segment of the nephron is the facultative
reabsorption of water and some electrolytes, it is understandable that the princi-
pal effect of the agent is to produce diuresis with an i in el lyte ex-
cretion (151, 225, 483, 501, 566). Indeed, it has been suggested that the increase
in urine flow follows the increased excretion of sodium (125, 151) or chloride
(444).

7. Inhibition of respiratory systems essential for the over-all metabolism or viabil-
ity of the cell. In the previous sections of this review we have dealt in general
with the physiologically reversible alteration of the rate of an enzymatic reac-
tion or the competitive inhibition by displacement of substrates from a definitive
component of a system, the function of which has not been changed.

In this section we will deal briefly with inhibition of a toxic nature (315, 322,
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364, 423, 439, 459, 580) or as it is seen in the terminal stages of disease. This
pathological impairment of function may or may not be reversible, depending on
the extent of damage. If the damage is repairable, the duration of its effect and
the extent of the recovery of function will depend on the rate and completeness
of the processes of repair.

From an ensymologic standpoint it may be stated, possibly overstated, that
any compound which inhibits preferentially an enzymatic mechanism which is
basic to the oxidative processes or the broad utilisation of energy therefrom, may
be expected to have a deleterious effect on the viability or morphology of the
cell as well as on its transport systems. Even a short period of anoxia impairs
renal transport mechanisms for organic compounds, electrolytes and water (80,
94, 97, 143, 148, 152, 280, 419, 420, 461-464). Compounds that strongly inhibit
sulfhydryl-containing systems, such as many dehydrogenases, produce degenera-
tion of the tubules and loss of function in a matter of minutes. An ple of
such an agent is tetrathionate (208). Mercurial agents inhibit sulfhydryl-con-
taining ensymes (15, 24, 380, 557). The effect of sulfhydryl inhibitors in the form
of organic mercurials can be used to advantage for the production of diuresis,
but even in ordinary dosages their effect may be more widespread on transport
mechanisms not directly related to water balance (23, 87, 176, 319, 373, 422).
“Their extrarenal toxicity is referable particularly to the heart (141, 142, 172,
233, 247, 267, 350, 519, 568). Moreover, many agents which are useful therapeu-
tically may or may not impair renal functions temporarily (111, 121, 182, 183,
243, 374, 547).

Disease and the toxic products of bacterial or viral metabolism inhibit renal
functions, nonspecifically as a rule. Thus it is well recognized that the duration of
maintenance of repository penicillin blood levels is great ng ill than g
ambulatory patients (534). In the early days of penicillin therapy it was noted
that the highest penicillin blood levels from a given dose were obtained in pa-
tients having the greatest impairment of renal function (416).

The stress tests in the differential diagnosis of the arteriolar nephritis of
hypertension, subacute and chronic glomerulonephritis, etc. define functionally
the impairment of tubular capacity in comparison with renal blood flow or
glomerular filtration (1, 11, 61, 74-78, 84, 96, 104, 106, 114, 116, lll 134 187,
190, 214, 293, 323, 328, 382, 494, 560, 563). The d in funct
may be disseminated or focal, from the standpoint of mdmdual cells or

nephrons.
ENZYMATIC ASPECTS OF A TUBULAR SECRETORY MECHANISM

In previous sections of this review the concepts of functional capacities for
secretion or reabsorption by the renal tubnles were presented together with a
consideration of how the tion or ption of pounds could thereby be
influenced. In this presentation, the belief was stated that whereas a smgle
transport mechanism may share many ensymatic components with other sys-
tems in the cell, a secretory or reabsorptive function gains singularity by the
interaction of a definitive (terminal) component in a chain of reactions.
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The purpose of this section is to examine present knowledge concerning the
ensymatic components of the transport mechanism responsible for the tubular
secretion of hippurates, penicillin, phenol red and pyridones, and to preeent a
workmg hypothesis for that over-all enzymatic transport system. The previous
review of this subject by Shannon (482) may be consulted for the earlier ap-
proaches to this problem, as summarized in his theory of tubular secretion or
reabsorphon

It was the classical work of Richards, Starling, Marshall, Chambers, Van Slyke,
and Smith, together with their collaborators, that effected the ultimate recon-
ciliation of the filtration-reabsorption theory of Ludwig with the Heidenhain
theory of urine secretion. In large measure, the initiation of that work was
stimulated by Cushny’s monograph (127). All this has given us our present
basic concepts of glomerular ultrafiltration, tubular secretion and tubular re-
absorption as they participate in the over-all clearance of compounds. The
historical development of these concepts has been presented interestingly in
several of the review articles cited in the introductory remarks of this report.

Credit for the establishment of tubular secretion as a fundamental renal
function goes to Marshall and his associates for their excellent work (329, 338,
337). Richards and Barnwell (432) noted that phenol red passed into the lumen
of the frog’s renal tubules under conditions that excluded glomerular filtration
but the observation was interpreted in a manner that did not necessarily impli-
cate tubular secretion of the dye.

Later, Chambers and his associates (98-100) maintained fragments of the
metanephric avian kidney in tissue culture and showed that these could secrete
phenol red or certain other sulfonated dyes into their lumen, in amounts sufficient
to distend the tubule and to decrease the apparent concentration of dye in the
surrounding medium. They showed that cold (see also Bickford, 55), anoxia,
cyanide, hydrogen sulfide and sodium iodoacetate inhibited the secretion of the
dye. These observations were extended to the metanephric kidney as well.
Previously, Richards and Barnwell (432) had noted that cyanide inhibited the
appearance of phenol red in the frog kidney under conditions that precluded
filtration of the dye. Starling and Verney (513) and, later, Bayliss and
Lundsgaard (17) found that the addition of cyanide to the kidney perfusion
fluid markedly increased urine flow and produced a glycosuria, the composition
of the urine being similar to that of a plasma ultrafiltrate.

Inh)slewewofrenaltublﬂu tion Sh iterated his views of tubular

in gt | terms that applied particularly to the reabsorp-
tion of glucoee (482, 485) This hypothesis may be introduced to give perspec-
tive to the considerations that are to follow. He has stated that .

“In the case of an d sub one may first, that in the sequence of
reactions that result in its transfer, the solute enters into reversible combinstion with
some cellular el which is p ina but limited , and second, that
the d ition of this ,' limits the furtherpromof tbo.olnumudtln
tubule lumen. Thus there are quired two tions, as follows,

A+B—=AB—Ts+ B
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where A is the solute at the pronmnl side of the reaction (in the interstitial fluid around
the tubule cells), B is the cellul: AB the plex formed reversibly by these
two, and T's the solute on the distal side of the limiting reaction. In order to arrive at a

i rate of excretion under these circumstances the second reaction must be a first
order procees, its rate slow in relation to the rate of attainment of equilibrium in the first.”

This statement has been presented, for in a sense it is an over-simplification of
the following discussion.

Some recent progress has been made toward the definition of the transport
mechanism for the secretion of phenol red and p-aminohippurate (PAH). In
large measure this work was stimulated by Forster’s description of a method for
studying the secretion of phenol red by frog kidney slices (185), and by Dear-
born’s use of the technic (138) in Marshall’s laboratory. Taggart and Forster
(525) have employed the isolated tubules of the flounder for the study of phenol
red transport. Mudge and Taggart (361, 362) have employed conventional
clearance technics, using diodrast and p-aminohippurate in the dog. Cross and
Taggart have studied the ability of rabbit renal slices to concentrate p-amino-
hippurate (123).

We have employed for our studies the secretion of phenol red by frog and
mammalian kidney slices (37), certain enzymologic technics, and conventional
clearance procedures plus differential analyses, using solvent extraction or
chromatographic methods for the separation of metabolites. Considering the
diversity of the methods employed in the several laboratories over the course of
time, the agreement of results and interpretation, insofar as they are comparable,
lends assurance to their general validity.

From the beginning of the use of isolated renal tissues for the study of phenol
red secretion there has been agreement that cyanide inhibits that over-all
mechanism (17, 37, 98-101, 123, 370, 432). It is well established that cyanide
blocks Fet+ = Fe+++ catalyzed systems, particularly the cytochromes, and so
inhibits oxidative respimtion (269, 516). That oxidative reactions are involved
in phenol red tion is easily d strated for none of the dye appears in the
lumen of the tubules when an atmosphere of nitrogen is substituted for oxygen
in an otherwise optimal set-up (37, 98-101, 123). We have employed 95%, 0:~5%,
CO, in a bicarbonate-phosphate buffer in the mammalian renal slice technic (37).

That oxidation is essential for phenol red or PAH secretion can be demon-
strated further by employing phenylhydrazine which blocks oxidases (25, 63),
HgCl, and quinone which block dehydrogenases (24, 408), dehydroacetic acid
which blocks the succinoxidase system (492), and other inhibitors (37, 55, 98—
101, 123), all of which depress phenol red secretion at concentrations that
materially decrease the respiration of the tissue. The sites of action of these
several inhibitors on oxid and dehydrog are well established and the
literature relating to their substantiation is cited in the above references.

Although respiration is essential to phenol red and p-aminohippurate secre-
tion, oxidation in the absence of phosphorylation is insufficient to complete the
secretory process. It has been shown that in the presence of dinitrophenol, which
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uncouples oxidation from phosphorylation (124, 223, 309), neither phenol red
nor PAH is secreted by either the amphibian or the mammalian proximal tu-
bules, although it causes no inhibition of the oxygen uptake of the tissue (37,
123, 231, 361, 362, 525).

This correlation between dinitrophenol inhibition of tubular secretion and
the coupling of oxidation-phosphorylation cycles indicated that energy-rich phos-
phate bonds somehow participated in the cellular transport of phenol red. The
prompt and complete reversibility of the dinitrophenol inhibition of secretion
indicated that phosphate bond energy was concerned with more than the main-
tenance of viability of the tubules (37, 525).

The importance of transphosphorylation reactions in phenol red and PAH
secretion was indicated also by the inhibitory effect of phloridsin thereon (37).
Although its effects are multiple it seems certain that phloridsin inhibits phos-
phorylation reactions (119, 120, 262, 263, 274, 285, 313, 314, 377, 489, 508).
Thus evidence based on this inhibitor is contributory, if not definitive. To this
point the cumulative evidence indicates that both oxidation and phosphoryla-
tion mechanisms must in intact if tion is to take place, and that high
energy phosphate bonds are essential to the secretion of phenol red and PAH.

High-energy phosphate bonds serve as a source of energy for phenol red and
PAH tion. It is possible to inhibit the utilization of that energy for secre-
tion with the aid of carinamide or Benemid. At concentrations that do not
inhibit oxygen uptake (37, 48, 49), or the coupling of oxidation with phosphoryla-
tion (524), or the utilisation of energy from the phosphate cycle for such reac-
tions as the phosphorylation of glucose (577, 578), both Benemid and carinamide
inhibit phenol red and PAH secretion. Thus it appears that these compounds
inhibit an enzyme that requires high-phosphate-bond energy for the completion
of its reaction. In this sense, then, these compounds inhibit the definitive ensyme
of a coupled system.

The nature of the definitive enzyme that is inhibited by these compounds
remains uncertain. Experiments by Cross and Taggart implicate acetate, which
has a striking stimulatory effect on PAH accumulation in the rabbit kidney
slice, as a possible rate-limiting cellular component of the PAH transport mech-
anism (123). Our own studies suggest that the definitive mechanism is a “conju-
gase”, analogous in its energy requirement to the coupled systems described
for the conjugation of p-aminobensoic acid with glycine to form PAH (110),
and the sulfate conjugation of phenols (4). In neither instance does conjugation
proceed in the absence of a source of energy from the phosphate cycle. At present
it seems quite possible that the implication of acetate and the conjugation system
may be two aspects of the same over-all reaction.

The similarity of the requirements of the phenol red secretory system to those
of the conjugation reactions just mentioned caused us to determine the effects of
carinamide and B id on the system described by Cohen and McGilvery
(110) for the conjugation of PAB with glycine to form PAH, which may be
written as follows:
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Zon /°
OH ~Ph
PAB + NH,—CH,—C ———'Conjn(m
NH. Glycim
(p-aminobensoic acid) o
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PAH
NH;
(p-aminohippuric acid)

It was observed that this reaction went essentially to completion in the presence
of liver or kidney as the source of conjugase plus the reconstituted phosphoryla-
tion system as the source of energy (~Ph).

‘We have found that carinamide and B id are potent inhibitors of this
glycine conjugation reaction (49, 578). This inhibition without a d
in the over-all oxygen uptakeof the system and without affecting the phosphoryl-
ation processes that serve as a source of energy. This latter point was confirmed
by demonstrating that these compounds did not inhibit the transphosphoryla-
tion of glucose in the presence of phosphorylase. Thus it seems evident that
carinamide and Benemid inhibit the definitive conjugase component of this
over-all synthesis of PAH.3

More recent chromatographic evidence indicates that neither carinamide nor
Benemid inhibits the conjugation of PAB to form its glucuronide when that
compound is administered to dogs (42, 71, 82, 181, 346, 579). From these studies
on glucuronide formation, plus those related to the synthesis and secretion of
PAH, a relationship between glycine conjugation and tubular secretlon sug-
gests itself. Since neither PAB reabsorption nor its gl id is
inhibited by these compounds, it is attractive to relate these two oon)ugahve
reactions with the orientation of tubular secretion and reabsorption.

Figure 13 presents a working diagram wherein conjugative reactions are cor-
related with the over-all cellular processes of PAB reabsorption and PAH se-
cretion. For schematic reasons both reactions have been illustrated as though

8 This reaction of PAB with glyeine is not strictly logous to peptide bond f i
b of the ab of the ino group adj t to the carbo lgroupwhlehuku
ﬂmintlnnﬁdelinhp.'l‘heruulﬁnx pound is not a dip id smeethaa-umno

itrogen is not rep un,ho lecule. Thus the tion is & "one,

the inactivation of PAB. The dissimilarity of this conj i cti h
has been confirmed in a very practical way, since in neither of the chtomc wnen.y -tndnu
nor in the prolonged clinical usage of either carinamide or B d has any al of
nitrogen metabolism been noted.
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they occurred in the same cell. While this may be true, it is not implicit in the
statement of the hypothesis.

This scheme for the tubular reabsorption of PAB or the secretion of PAH
rests on a triad of postulates. 1) So far as the cells are concerned both tubular
processes of secretion and reabsorption are really secretory, the secretory proc-
esses being oriented in the opposite directions within the cells. This implies that
the compounds diffuse into the cell in either instance and that energy is ex-

BLOOD PROXIMAL
ﬁET CONVOLUTED TUBULE
%‘i‘hﬂ( MEMBRANE

PANG X =P v pANX ——>

ole
/ }

Fre. 13. A di ion of the over-all reactions in the formation of
p-aminohippurate (PAB) by the eoniupnon of glycine with p-aminobensoate (PAB)
in the proximal cells of the renal tub her with the fi ion and cleavage of the
intermediary metabolites, PABG and PAHX formed in the course of the utln “‘reab-
sorption” of PAB and secretion of PAH, resp ly. Arrows indicate the 1 direc-

tion of the diffusion gradient for the uvorul compounds.

pended by the cell only in their over-all elimination therefrom. 2) In the case of
either PAB or PAH another labile conjugate is formed within the cell (PAB

—Ph—» PABG; PAH ——» PAHX) through the expenditure of high phosphate-
bond energy, wlnch permits the building up of a concentration of the interme-
dmry metabolite within the cell that will enable it to diffuse toward the cell bound-
aries under its own gradient. 3) Direction or orientation is given to the cellular

by the tration of an ensyme at the parenchymal or the
luminal border which is capable of splitting the specific conjugate (PABG or
PAHX), thus releasing the original compound (PAB or PAH) within the inter-
stices of the membrane or in close proximity thereto in sufficient concentration
to permit the diffusion of the agent into the surrounding medium.
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1) The initial step of diffusion of PAB or PAH into the cells of the proximal
convoluted tubules is easily demonstrated. Croes and Taggart (123) found that
when slices from the kidney of the rabbit were suspended in a buffered solution
of PAB the ratio of its concentrations in the medium and in the cells was 1.0,
indicating a uniform diffusion of this compound. We have found that this same
ratio holds for the distribution of PAH when its active secretion by the tubules
is inhibited by Benemid or carinamide. In each instance these data indicate
that the cell membrane is permeable to PAB and PAH and that in the first
step no energy is required for the transport of the compounds.

2) On the other hand, evidence was presented in previous paragraphs that
both the conjugation of PAB (i.e., with glycine) (110) and the secretion of
phenol red (37, 525) or PAH required high phosphate-bond energy. The prin-
cipal source of such energetic systems has been identified with the chromatin
material within the cells (250, 251, 405, 407, 453-456). Presumably, then, these
conjugative reactions occur in, on, or at the chromatin particles. At those points
within the cell the concentration of PABG and PAHX should be the greatest,
hence these agents could diffuse toward the boundaries of the cell, as determined
by their over-all gradients.

3) The orientation of the cellular “secretion” of PAB and PAH is in opposite
directions by virtue of the over-all tubular reabsorption of PAB and tubular
secretion of PAH (34, 503). Thus the cleavage of the PABG metabolite proba-
bly occurs at the interstitial border and the PAHX very likely occurs at the
luminal border of the cell. Although the nature of either intermediary metabolite
is unk , the requi ts for the synthesis of both appear to be somewhat
gimilar. It i u attractive to look for two basically similar engymes which differ in
their specificity and which are oriented at opposite borders of the cell. One does
not have to look far for two ensymes.

It has been known for some time that the renal cortex is one of the three
richest sources of phosphatases (72, 261-264, 443, 449, 581, 582). The distribu-
tion of the phosphatases was found by Gomori (217, 218) to be limited to the
proximal convoluted mbules of the nephron and t.lns is easr.ly confirmed. There
are essentially two phosphat The alkali hatase is restricted to the
Juminal membrane and the brush border of the cells. Acid phosphatase is more
diffusely represented, but it is concentrated to the greatest extent on the inter-
stitial side of the cell.

Whether or not the two phosphat are responsible for the cleavage of the
two hypothetical metabolites, they do fulfill the general requirements mentioned
for similarity, specificity and opposite spatial orientation. It would seem plausible
that the cell would make use of an over-all phosphorylation-phosphorolytic re-
action for the complex process of secretion. The first (phosphorylation) would be
an energonic one requiring a ofln@ hosphate-bond energy (264), and
the second (phosphorolysis) would require a lower expenditure of energy than
would a hydrolytic process (264). In our experience carinamide does not inhibit
either of the phosphatases of the kidney or the liver. Although it cannot be con-
sidered conclusive, this lack of an effect of carinamide on phosphatases is at
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least consistent with the impression gained from the glycine conjugation experi-
ments that both it and Benemid inhibit the secretion of PAH by decreasing the
formation of the intermediary metabolite and not by inhibiting its cleavage.

Thus carinamide and Benemid may be considered tentatively to act on the
definitive conjugase of the reaction involved in the synthesis of PAH from PAB
or of PAHX from PAH. It is probable that this is the reaction, with its full com-
plement of engymatic commitments for oxidation and phosphorylation, that
limits the over-all expression of Tm. This hypothesis, summarized in figure 13,
isp ted with the that it may need to be revised in detail as it is
examined intensively. The principle that has been presented seems attractive,
since it considers the vitalistic functions of orientation and the spatial transport
of materials in conventional terms of diffusion gradients, coupled conjugative
reactions and the hydrolysis or phosphorolysis of conjugates.

Acknowledgements
Such useful and attractive features as are presented in this review should be
credited to the many authorities to whose publications I have gone for informa-
tion and to my associates who have obtained the data presented from this
laboratory.

REFERENCES
1. Aas, K., axp Brzaex, E.: The renal blood flow and the il te i
nmmm»ﬂmu.hdmdmmdhm,nmm Beandinav. J. Clin.
& Lab. Investigation, 1:22-32, 1949.

b 4

2. Arvrs,G. A,mﬂnum.E V. ifici i idase. J. Biol. Chem., 147: 487-503, 1943.
3. A R.M.: of i 1 B-oLChw,l!‘.“l—‘“ 194,
4. Awxxorr,R.I., Mxio, R. H.: Th ion of ph of tissues in vitro.

An. Asoc. quim. argent., 30: 40, 1943.

8. Avzry,N.L.,Jn., Mason, M.C., Marxe, 0. B., AND Nzvaox, R. C.: Massive doses of penicillin in the treatment
of subacute bacterial endocarditis. Ann. Int. Med., um—m IM

6. Arxs,J. L., Scarzss, W. A., axp Prers, R.F.:
in the dog. Am. J. Physiol., 151: 168-173, 1947.

7. Batxy, P., awp Bazuzs, F.: Experimental. dabmhnpﬂm.hnh nmm 28: T73-808, l”‘l

8. Banctar, J. A., Cooxe, W. T., awp Kmwzy, R. A
Acta med. mv 128: 500-508, 1947.

9. Bancray, J. A., Cooxz, W. T., a¥p Kxwwzy, R. A.: Concept of renal thresholds. Acta med. Scandinav., 128:

1947,

4 )

1 excreti

10. Barciar,J. A, Cooxz, W. T., axp Kmnnzy, R. A.: Th 1 ion of ic phosphate in man and dog.
Acta med. Scandinav., 134: 107-116, 149,

1. Bna.u.A.E Dawmim, P., Frawxu, K. J., Pacaarn, M. M. L., awp Tuwra,J.: Records and findings ob-
tained d dies of the renal ci ion in the rabbit with special refe to vascular short-circuitis
and functional cortical ischaemis. J. Physiol., I“ m-m’.lm

13. Banwzs, B.O., Rzaax, J. F., axo Buzxo, J. G.: Isth retic b i ior pil Am.J.
Physiol., 105: 550-861, 1933.

13, Bmm.ll L.,HAn,K. McNasasza, H,, axp Haze, R.: of . ion rate in pre-

J. Clin. 27: 601-009, 148.

14, Baxwerr, H. L., McNaxaza, H., Scavias, 8., awp Tourserr, R.: Renal clearances of sodium penicillin G,
penicillin G and inulin in infants and children. Pediatrics, 3: 418-423, 1049.
18. Baxzox, E. 8. G., axp Stxazs, T. P.: Studies on biological oxidations; sulfhydryl ensymes in carbohydrate
metabolism. J. BbLChu'n. lﬂ.ﬂl-m,l’“
16. B. E.A.: effect of various diuretics when injected directly into one renal
artery of dog. J. Clin. Investigation, 11: 11971319, 1933,
17. Bavuise, L. E., s¥p Luxpeaaan, E.: Action of cyanide on isolated mammalian kidoey. J. Physiol., 74: 270-293,

1983,
18. Brcxxe-Caxterzasex, P., A¥p Scmovu, P.: Experimental studies on the exoretion of sulfathiasole by the kid-
Deys with normal and greatly incressed diuresis (sulphate diuresis). Acta Pharmacol., 1: 357-308, 1945.
" W.W., E.C,P R. B., axp Bavzs, W.: Study of effects of sulfanilamide on
id-base ism. J. Clin. 19: 635-644, 1940.




264 nm.n.m»:iu

2. Bxnoxz, E. Y., Faxaza, 8. J., a0 Eams, D. P.: Comparieon of the constant infusion and urine collection
for the messurement of renal funetios. J. Clin. Investigation, 27: 710-716, 1048.
n. Bnm.“t“:t.lmn.s.l..mmb.r.z Renal exaretion of mannitol. Proe. 8oc. Exper. Biol. & Med.,
147,

3. Bxxuauss, R. W., axp Kxuwzoy, T.J., Ja.: Renal tubular secretion of potassium in the normal dog. Proc. Soc.
Exper. Biol. & Med., 67: 343-545, 1948.

2. Bamunes, B, W., Exnorsoy, T. J., Ja., axp Hurow, J. G.: Salyrgan and renal tubular secretion of para-ami-
nohippurate in dogand man. Am. J. Physiol., 154: §37-541, 1048.

o, nm.r.:mhmdwmwmh_hma )l.inn-pol- 1946,

35. Bexxmzy, F.: Note oo the action of copper and phenylbyd: J. Biol. Chem.,
133: 485480, 1940.

28. Baer, C. H., 230 Tavron, N. B.: The Physiological Basia of Medical Practise. pp. 639-633, The Williame &
‘Wilkine Co., Baltimore, 1930.

21. Bxurwza, R., Laxpay, J., oo Lizsxmuaw, A.: Evidence for local effect of mercurial diuretics. Proc. Soe.
Exper. Blol. & Med., uxm-m.m)

28. Bavza, K. H.: Therel 8, i b { deami
aminess. J. Pharmacol. & Exper. Therap., 79: 85-05, 1943.

3. Barza, K. H.: Sympathomimetic amines: the relstion of structure to their action and inactivation. Physiol.
Rev., 26 100-197, 1948

0. Barza, K. H.: New concept of competitive inhibition of the renal tubular excretion of penicillin. Science, 105:

94-96, 1047
31. Bavzx, K. H.: Pharmacological Basis of Penicillin Therapy. Chapter VII, Charles C. Thomas, Springfield,

33. Bayza, K. H,, Furmin, H,, Vazwzy, W. F., Axp Woopwazp, R.: The effect of para-aminobippuric acid on
‘concentration of penicillin in man. J. Am. M. A., 126 1007-1000, 1044.

s, Bnn.x.ﬂ..w'n.s.l,m.nx..m(}nn.c.l. 4'-Carb b

& Exper. Thersp., 91z 263-371, 1047.

u. lnn,l.n..lhm P.A., Pnc-»k A., a0 Rumeo, H. F.: Pu ic acid; ite ph:

actions. J. Pharmacol. & Exper. Therap., 84: 136-146, 1945,

% Bnn.!.ﬂ..lun.&!..nmlr Parcs,E. A., awp Verwszy, W. F.: The inhibitory effect of caron-
amide on the renal elimination of penicillin. Am. J. Physiol., uo;ub-uv U7,

36. Bsrzs, K. H, a0 H.8.: Relation b ines. Indust.
& Engin. Chem. (Indust. Ed.), 57: 143-148, 1945,

n. Bmll.?ml!..m'mmm.v. D.: Ensymatic factors in the renal tubular secretion of
phenol red. Am. J. Physiol., 161: 309-367, 1980,

38. Bysa, K. H., Prreas, L., Woopwano, R., men.'.t..ThEnhmtdthMm
omy of pesicillin in dogs by the t of par acid. J. Ph &
Exper. Therap., 82: 310-323, 1944.

3. Bxyza, K. H., Rosso, H. F., Gase, 8. R., Mnurxx, K. B., A¥D Auax, A. A.: The renal tubular excretion of N-
methyinicotinamide by the dog. Am. Physiol. Soc. (Proc.), 155: 426437, 1048.

40. Bavzz, K. H,, Russo, H. F., Gass, 8. R., WiLmovrs, K. M., AxD Prrz, A. A.: The renal tubular elimination of
Nimethyinicotinamide. Am. J. Physiol., 168: 311-330, 1980,

. lnn.lLB.. llv-o.!.l'.. Gass, 8. R., x? AL.: m(v(a»mwmmﬁ»mm) its effect

of the dog. To be

43. Bxyma, K. H,, Romo, H. F., Parcs, E. A., Parzas, L., axp 822 K.L.: The and ion of
scetylated sulfonamides. J. Lab. & Clin. Med., 31: 65-71, 1946.

. Bnn.x.ﬂ..km.ﬂ ! Parca,E. A, Trizaon, E.K. Axp Smawxs, G.: Certain pharmacologic properties
of 4 ing its effect on the renal clearance of com-
‘pounds other than penicillin. J. Pharmacol. & Exper. Therap., 91: $72-287, 1047.

“. !nn.x.n..lv-o.ll..'hunu E.K.,Gnn.s. R., awp Scuvcnaror, G. 8.: Carinamide (4’-carboxy-

ilide): its renal cle and binding on plasma protein. Am. J. Physiol., 159: 181~
103, 1040,

48. Bryza, K. H., axp Snartno, 8. H.: The ion of hrine related ds. Am. J.
Physiol., 144: 331-3%0, 1945,

“.Bnn.x.ﬂ.,‘h!-uol.n.x Ru-o.l!.!‘ Scavcmanor, G.s mGA-.S.B. The absorption and elimina-
tion of (¢ J.P & Exper. Therap., ™: 167-177,

148,

47, Bsvxa, K. H.,, Veawzy, W.F. 'mm.l..m-.l‘..mlhfm,l’.& ‘The enbhancement of the plasma
concentration of penicillin in dogs by the of par acid. Am. J.
M. Bc., 2091 008621, 1045,

B.Bnn.x.l.'n-mm,v D., Roseo, H. F., h:x.!.ll awp McKnoeey, 8. E.: Boumd (p-(di-n-

Proc., 9: 358~

299, 1080,
#. Bryza, K. H..Wlnluun.v D., Tnirsoxn, B.l,kv-o, HF, m'luom. E. M.: Bepemid (p-(di-n-
ﬂu reactions. Proc. 8oc. Exper. Biol. & Med,,

In press.



RENAL TRANSPORT MECHANISMS 265

8. Barzz, K. H., Woopwazo, B., Pxrans, L., Vsawxy, W. F., axp Marrs, P. A.: The proloagation of peniaillin
retention in the body by means of pera-aminohippurie scid. Sciencs, 108: 107-108, 1944
8. Blrn.x.K..Wn-r,l..D..Gno-,n‘.L,Bv-o,!.?..msul-,(}.A.:l-ld-n-d—ﬁﬂ
amino acids: their competition for reabeorption by the renal tubules. Am. J. Physiol., 151: 303-310, 1947.
83. Baaavor, K., Buascaxo, H., oxp Ricarzz, D.: Amine oxidase. Biochem. J., 33: 1338-1341, 1630,
83. Biawcazot, 8.: Further studies on the diuretic mechanism of theophyiline. Boll. Soc. ital. biol. sper., 11 673~

84. Brasorr, A.: T et action de l'extrait b ire. Abstr., Compt. read. Soc. de blol.,
115: 320-330, 1934.

8. Bamom,n.O..meol,F.n.:Tluinﬂmnd he isolated kidney of the dog. J. Physiol.,
: 198-319, 1937,

8. Brea, J., awD ive tests of the thi d inine cl in rabbits and cate.
Acta physiol. Sunﬁnv.. l.l:!l-lu. 1948,

87. Brzmawe, T.: M rate. i J.Clin. & Lab. Investigation, 1: 343, 1049,

88. Bysaawa, T.: Renal exoretion of ures. J.Clin. & Lab. ion, 13 343, 1940,

B M., D, » A¥D Raascuou, F.: Does the filtration (thiosulfate clearance)

dﬂcudﬂm&n!vﬂmhhnﬂu?wur J. Clin. & Lab. Investigation, 1: 347, 1000.
00. Bacxuax, 8. 8., Jn., TroMAS, C. B., anp Howanp, J. E.: The effoct of testosterons propionate om the arterial
bloodu—no.kﬂun urinary bladder and livers of growing dogs. Bull. Johns Hopkine Hosp., 74: 331-334,

&.u.l W..Wluu.k..llmn:o.l.,me.l Effect of increased renal venous pressure oa renal funo-
tion. Am. J. Physiol., 157: 1-13, 1049,
€. Buawcaaxo, K. C., Daaxsosy, E. H.. Mazzx, T. H,, awp Mansuary, E. K., Ja.: Stimulation of the anterior

p-mmbymw derivatives. Bull. Johns Hopkine Hosp., 96: 8388, 1960.

63. B H.: The of oatalase Biocbem. J., 29: 33032313, 1635.

64. Brascuxo, H., Ricarzz, D., awp Scavosssax, H.: The oxidation of adrenaline and other amines. Biochem. J.,
ll'!lﬂ-llﬂ.lﬂ‘l

65. Buzoxw, E.: muyhminh-r\hnmmv J.Clm. &hb hmlxm.

68. Buzsaxw, E., Havaxx, H. N, awp Ass, K.: E: Jah.thb.

Investigation, 1: 191-300, 1949.
7. Bunoxx, E., Pawino, K., axp Aas, K.: The renal cl of thi in man, J. Clin. & Lab.

Investigation, 1: 103-108, 1949.
08. Buomoase, H. L., Gruutaax, D. R., Levy, R.C., Brows, M. G., a0 Voux, M. C.: Action of diuretics: aotion of
diuretics in normal persons. Arch. Int. Med., S4: 40-81, 1934.
. Boazn, W. P, Garuacass, M. E., awp Prers, F. W.: The effect of s new bensoic acid derivative on penioiilin
and para-aminosalieylic acid (PAS). J. Phila. Gen. Hosp., 1: 51-57, 1950.
70. Bowswmes, R. W., D1y, L. V., awp Daxa, E. 8.: The effect of diodrast on the normal uric acid olearance. J.
Clin. Investigation, 23: 776-T83, 1044.
71. Boxasrzdu, B.: Detaxifioation of bensoic acid by glucuronic acid under normal conditions and in liver dissass.
Acta med. Scendinav., 133: 7-18, 1949,
B.Bom:,(} The distril of alkaline phosph in various tissues. Quart. J. Exper. Physiol., 33: 1-19,

n. Domm.l Stadies on diabetes insipidus. Am. J. Physiol., %: 66-77, 1931.
74. Braviay, 8. E.: Medical progress; modern conospts of reaal structure and function in chronic Bright's diseass.
New England J. Med., 231: 431-436, 453458, 1944.
75. Branisy, 8. E.: Medical progress; the pathogenesis of renal insufficiency. New England J. Med., 233: 408-804,
1485,

530-535,
76. Braoisy, 8. E.: Management of patient with chronic diffuse glomerulonephritis. M. Clin. North Americs, 29:

1184-1190, 1945.

771. Bravusy, 8. E.: Medical progress; ical abr ies during renal New England J. Med.
235: 785-T88, 791-708, 1946.

78. Baanrzy, 8. E., A¥p Buaxs, W. D.: of renal during ive heart failure. Am. J.

Med., 6: 470480, 1049.
79. Braouzy, 8. E., Cuazy, J., anp Baanrzy, G. P.: Unpublished data. Cited by Beadley, 8. E. in ref. 74.
80. Brawor, J. L., awp Gaunx, J. G.: Effect of reain on proteinuria and PAH clearance at low plasma levels. Am.
J. Physiol., 153: 458463, 19048.
81. BraoUx Mxwnwvas, E.: Kidoey. Ana. Rev. Physiol., 6: 265-294, 1944.
83. Brav, H. G., Rruax, B. E., awp Troxes, W. V.: Fate of certain organic acids snd smides in the rabbit; o- aad
m-hydroxybensoic acids and amides. Biochem. J., a:ux-umus

8. Baxoome, C.E., 8.B., C C.W.,D. J.T., awp Lirrus, J. W.: The diuretic effect
of gelatin solutions. Am. I.Phyiol. 142: 46-382, l.“
M.Bnou,A.P Fowmwr, D. M., H, W.F., J.W., W N.C., awp Wi J. A

and cireulatory factors in the edema formation of congestive heart failure. J. Clin. Investigation, 27:
llﬂ-ﬂ'l 1948,
ll.B-on,J,’ 8 J. H.: The reaal ck of end. inine” in maan. J. Clin. Investigation, 37:

645-854, 1048.
88. Baon, C.: The influence of renal function tests on the function of the kidney. Scandinav. J. Clin. & Lab. In-
vestigation, 1: 344, 1949



266 KARL H. BEYER

. Bw&!un,‘l‘..mlumv.!..m&“duﬂluhmwmm
3 1-13, I
88. Barumn, 8., CLaxx, W. H., Rawpats, E., awp Rawrs, L. A.: Renal tubular excretory capacity for peaicillin in
uauhmnmumm.a.u.am—m.lm
8. Bucar, H.: hnh?ﬁtdﬁ?l—lmhwmdmmlwwkuﬂ (PAH) using one in-

J. Clin. & Lab. I i 12 196-130, 1949.
0. Bocer, H.: On the tabuk tiom of this 1 " Aer the infiuence of i 3
J.Clin. & Lab. Investigation, 1:370-378, 1846.
91. Bucwr, H., Wexx3, L., axp Joszrmsox, B.: Th ion of the b kidney during b tabu-
ezeretory work. J. Qlin. & Lab. Is |~m-ao.m0
$3. Bunames, W. W., Haxvey, A. M., a0 Mansmary, E. K., Jn.: Biteof ion of pituitary J.

Pharmaeol. & Exper. Therap., 49: 237-340, 1933,

3. Canzw, n.l.'o-gum-uma.-mmmm

J. Am. Pbarm. A. (Bcient. Ed.), 36: 130-144, 1047,

. Carowm, ¥. T., Rowr, D., axp Warrz, H. L.: Effects of acute hypozia on renal circulation in man. J. Appl.
Physiol., h.'l-ll).l’..

9. Caxvramis, J. R., a0 H. L: of diabetes i with pituitary posterior lobe extraot

applied intranasally. Am.J. M. 8., 176: 708-782, 1938.

98, Cananii, W. H.: The messurement of glomerular and tubular plasma flow in the normal and diseased human
kidoey. J. Clin. Investigation, 28: 533-538, 1940.

97. Cananra, W, H., axp Hicxan, J. B.: The oxygen consumption of the norroal and the diseased human kidnay.
J. Clin. Investigation, 28: 536-533, 1949.

98. Cmauszas, R., Bacx, L. V., axp Bxuxaw, M.: 8¢ don in ti Itures; inhibition of phenol red
in chick kidney. J. Call. &Onnp.m 6: 435430, 1935.
90. Cnaxsaas, R., axp Causzon, G hydrion the secreting cells of the mesonephros
hthldl&.J.Cdl. & Comp. Pb,lbl hﬂ-lm 1033,
100. Cn. R.T.: of function of the chick mesonephros in tissue culture with
phnolnd J.C‘eu. & Comp. Physiol., 3: 131-167, 1933,
101. Ca R., axp R. T.: Elimination of neutral red by frog’s kidney. J. Cell. & Comp. Physiol.
10: 199-231, 1987,
mm D.'..m?m-.! - itute for inulin in ining the
J.Clin. &llﬂ,llﬂ.

108. Cuass, H., Ranass, H. A, GoLomwne, W., awp Surrs, H. W.: The control of renal blood flow and glomerular
filtration in normal man. J. Clin. Investigation, 17; 683-097, 1938.

m&a-.n..mnnu- J.: Effective renal blood flow in the separate kidneys of subjects with essential hypere

J. Qlin. Investigation, 20: 655-861, 1941.
nu.o-.-.n..n-—,:.oﬂmw..mm lummlw..mudmmmm-m
the functional evaluation of the human kidsey. J. Clin. Investigation, 24: $83-588, 1945,

108. e--m.nc..mmx..o.-n.s.u,m.v.D..mou- C.8.: The diodrast clearance and
remal blood flow J.Clin. ion, 191 319-224, 1040,

107. MC.D.M&WA&,O.N..Md of diabetes insipidus with special ref to de-
toction of changes in blood when water is taken or withheld. Areh. Int. Med., 29: 555-568, 1923.

108. Oun.J.K..mBuxn,H.O.. Is mannitol metabolised? Proc. 8oc. Exper. Biol. & Med., 69: 153-153, 1948,
160. Craxx, J. K., awp Banxes, H. undwkn'—dmmrmm $: 26, 1949.
110. Couzx, P. P., mﬁcOn.rur.BW Peptide boad hesis; the f¢ ol p acid by rat

liver slioss. J. Biol. Chem., 166: 361-373, 1946.
111. Cotaxn,F. A, Rxzs, V. L., Caxrsms, K. N., Ios, V. L., awp Movza, C. A.: Effects of ether and oyclopropane
anesthesia upos the remal function in man. Ann. Surg., 118: 717-737, 143.
1. Cawvlct.s.l’..W-a.l.s awp Coxmz, C. F.: Phosphorylation of glucose in kidney extract. J. Biol. Chem.,

133: 380-373, 1M40.
18. Cowwar, E.J., Frrzaxaarp, 0., ap M. T.C.: i in the proximal
tabules of the frog's kidney. J. Gen. Physiol., 29: 305-334, 1046.
114. Coorxa, A. M., Ecxuaner, R. K., Faroow, W. W., awp D. C.8.: i of the aminoaciduria in
Wileon's discase (b 2 o of = defect i 14 J. Clin. Investi

tion, 29: 265-278, 1080.
115. Concorax, A. C., Massox, G., Rsuring, R., awD Pacs, 1. H.: Measurement of renal functions in rats. Am. J.
Physiol., 154: 170-173, 1948,
116. Concomaw, A. C., awp Paar, I. H.: Renal blood flow in experimental renal hypertension. Am. J. Physiol., 135¢
-$71, 1943,

117. Conconax, A. C., awp Paas, I. H.: Diffe ial diagnosis of terminal hri d hyper-
tension; renal aspects. Ann. Int. Med., 21: 747-764, 1944.

118. Conconan, A. C., Surrs, H. W., axp Paox, 1. H.: The removal of diodrast from blood by the dog’s explanted
kidney. Am. J. Physiol., 134: 333-337, 1041,

119. Com, G. T., CoLowxcx, 8. P., awp Comt, C. F.: The sctivity of the ph i in i ot.
J. Biol. Chem., 127: 771783, 1939.

120. Com1, G. T., awp Coms, C. F.: Kinetica of ensymatic syntbesia of glycogen from glucose-1-phosphate. J. Biol.
Chem., 135: 733-786, 1940.




RENAL TRANSPORT MECHANISMS 267

131. Caa1g, F. N., Visscuza, F. E., 30 Hovex, R.: Renal function in dogs under ether or
Am. J. Physiol., 163¢ 106-118, 1945.
Ca B.: De of th finuli in man by diodrast

and p-aminobippurie acid. J. Clin. Investigation, 27: 171-175, 148.

133. Cnoes, R.J., a¥p TaGaART,J. V.:
slioes. Am. J. Physiol., 161: 181-190, 1980.

124. Cnoes, R.J., TaGaaxr,J. V., Oovo,ﬂ A G ,D.E.: di thy

of oxidation and J. Biol. Chem., ITI"“-‘W 1949,

135, Curcarimy, A. J., awp WooD, J. E.: Urine volume and total renal sodium during waser diuresis. Ann. Int
Med., 28: 2840, 1948.

136, Cunrs, G. M.: Production of disbetes insipi Arch. Int. Med., 34: 801-8326, 1924.

137. Cusawy, A. R.: The Becretion of the Urine. Longmans, Green, & Co., New York, 1917.

138. Cusuxy, A. R., oD Launiz, C. G.: The action of diuretics. J. Physiol., 55: 276-386, 1931.

129. Davewrozr, L. F., Fuurox, M. N., VaxAuxzx, H. A., axp Pansoxs, R. J.: The creatinine clearance as s mess-
mdmmu&-mmmwmamddmmma Physiol.,
I..ﬂ-lﬂ. 194

HW.: ition of carbonic by 2-sulfc ide and sulf ide. J. Biol.
Chem., 158: 567-571, 1045.
131, D, H.W., arp A.E.: Renal carbonic anhydrase. Proc. Soc. Exper. Biol. & Med., 48: 8-

56, 1941.

132. Davis, B. D.: The binding of sulfonamide drugs by plasma proteins; a factor in determining the distribution of
drugs in the body. J. Clin. Investigation, 22: 753-763, 1943.

183. Davs, J. O., ap 8rocx, N. W.: mmdwmﬁmm»wmhuﬁub
jects and in patients with igation, 28: 1450-1408, 1949,

184. Drax, A. L., aWD Asx1s,J.C.: swdybythmnmlmmdnumd of hypertension fol-
lowing irradiation of one kidney and the relief of the patient by nephrectomy. J. Urol., 53: 497-501, 1044.

135. Daax, A. L., Asxis, J. C., awp Tavron, H. C.: The effecta of certain hormones on the renal function of maa.
J. Urol., 53: 647-851, 1945.

138. Dxax, R. F. A., awp McCaxcs, R. A.: Inulin, diodane, creatinine and ures clearances in newborn infants. J.
Physiol., 106: 431439, 1947.

187. Deax, R. F. A., anp McCaxcr, R. A.: Phosphate clearances in infants and adults. J. Physiol., 107; 183-188,
1948,

138. D E. H.: Inhibition of th of phenol red in frog kidney tubules i» vitro. Proc. S8oc. Exper.
Biol. & Med., 70'!”-106,19.

139. o= Bono, R. C.: Th otion of hine and its mechanism. J. Ph & Exper. Therap., 83:
74-85, 1944.

140. o= Bopo, R. C., awp Przscorr, K. F.: The sntidiuretic action of barbiturates (phenobarbital, amytal, peato-
barbital) and the mechanism involved in this action. J. Pharmacol. & Exper. Therap., 86: 233-233, 1045.
141. Dz Grarr, A. C., axp Lzauaxw, R. A.: The acute toxicity of merourial diuretice. J. Am. M. A., 119: 998-1001,

1943,

143, Dz Grawy, A. C., axp Naoues, J. E.: A review of the toxic manifestations of merourial diuretics in mea. J.
Am. M. A, 119: 1006-1011, l“’

143. D L., Di H A., axp Lz Barrox: L'intoxication par le dinitrophénol 1:2:4
(W).d%wﬁqu(l“m) Ann. de méd. 16g., 29: 363208, 1948.

144. Dicxzz, 8. E.: Renal excretion of sodium and potassium in rats. J. Physiol., 107: 8-13, 1948.

148. Dicxzz, 8. E., awp Hrzrzs, H.: The mechanism of water diuresis in normal rats and rabbits as analysed by

and .

147, Dot.:.V.P Mmdmn&mkﬂm Am. J. Physiol., 129: 504-513, 1943.

148. Doz, V. P., Exzasox, K., Paruures, R. A, Hauaurox, P., awp Vax 8urxs, D. D.: The renal extraction of
oxygen in experimental shock. Am. J. Physiol., 145: 337-345, 1946.

149. Doaawaues, R., Concosax, A. C., axp Paaz, I. H.: Mannitol: kinetics of distribution, excretion and utilisa-
tion in human beings. J. Lab. & Clin. Med., 32: 1193-1202, 1947.

180. DuBois, K. P., oxp Porrzs, V. R.: The assay of animal tissues f
tase. J. Biol. Chem., 150: 185-195, 1943.

181. Du“u,l. ,ml’n-n,n.l’ Studi i ite of action of mercurial diuretics. J. Clin. Investiga-

tion, 29: 365-371, I

183, Duqvmon,l’.. Amhxdabyonlh—tumoﬂ l-d.hihvphmd ma.nu.u‘,.a-mx 194,

183. Eanuz, D. P., axp for filtration
rate and renal plasma flow. le &n.Elw Biol. cm.,n:m—m 1946,

154. Eaxiz, D. P., Ja., a¥p Benutwxa, R. W.: Effect of 3,3-dimercaptopropano! on diuresis. Am. J. Physiol., 151:

215-220, 1047.
185. Eaxux, D. P..Jl.. Taacawr, J. V., awp J. Az itis; a survey of the functional or-
ganisation of the kidney in various stages of diffuse hritis. J. Clin. ion, 23: 119-137,

194,
186. Enon.A.G Fxaousow, F. P., awp Brzs, F. T.: The renal reabsorption of amino acids in dogs: valine, leu-
isoleacine. Am. J. Physiol., 145: 491-499, 1946.



KARL H, BEYER

R.D, C. 8.: Urinary exeretion of amino acids following the rapid injection of a
dﬂ&-dubnddlhul.ah.mrxm#lt.lw
P.: C of the creatinine and th ! in kittens.

J.Clin. tl‘hhmll’“.l..
P.: into the inulin, crestinine and thiosulfate clearances of rabbits after

L dium bensoate. Scandinav. J. Qlin. & Lab. 1: 343, 1049,

100. E M.G.: cidity of urine in man. J. Physiol., 106 456465, 1047.

161. Eoausrox, M. G., axp Haxs, Y. A.: Sodium thicsulfate clearance in the cat. J. Physiol., 110: $8-100, 1049.

18. Eaauzrox, M. G., axp Surrm, I. G.: The effect of ethyl aloohol and some other diuretics on chloride excretion in
man. J. Physiol., 104: 435443, 1048

163. Exuan,J.J., Aurnavenx, T. L., oxp 8rocxmota, M.: The effect of thyroxin on the maximum rate of tranefer of
giueose and diodrast by the renal tubules. Am. J. Physiol., 140: 000-707, 1944.

164. Ex, J.: Is urinary protein excreted by the reaal tubular epithelium? Scandinav. J. Clin. & Lab. Investigation,
2 73-73, 1980, ‘-Jﬂh‘.&ﬂ‘»k M&Iﬂlﬂ

168, G.: di Bupp. 2 1-717,1631.

108. Exxxonw, G.: mammmwmwa.ﬂm»w&u
functions. Acta med. Bondiuv.. 122: m-uv. 1048,

FEE g

1. J. B.: The vol of the volume of Suid, with
s stady of the mannitol method. J.ah.mnxmm,lm
108. Ezxoerow,J. R, Tazan, R., axp Perans, J. P.: linsuffici J. Clia.
tiom, 28: $78-388, 1949
1. P.: Bit difica ti -‘wi-hhv“lnldmlﬂw QMJ Ezn-' Physiol., »ms-m,un.

170. Evzzor,8. R., IT, awp S8core, H. W., Ja.: Effe
in renal clearance studies. Bull. Johns Hopkine Hosp., 83: 213-334, 1048.
171. Evamaoes, C. B., Myuns, D. B., awp Fouron, M. N.: The modifying effect of various inorganic salts on the
setion of

diuretio -lymn-AnL.ht.lhd 57:714-738, 1986,
n. !‘ml.A..mmn-.G.. ds on diuresis and renal and cardiac circulatory
J. Ph & Exper. Therap., 93: 73-83, 1948.
1m. B.Bwl‘l b dwﬂmhmubm:ﬂmmﬂﬁ
tial jon. J. Clin. 25: 997-905,

174, Favixwsz,J. M., awp Tarron, F. H. L.: Mm«-m:—nwmm.«hmam
Investigation, 17: 00-75, 1938.
175. Faacusox, M. H., OLsxice, 0., Roseon, J. 8., awp Srswaxr, C. P.: The use of inulin clearance as a measure of
fitration. Quart. J. Exper. Physiol., 35: 351280, 1950.
176. Faznammui, A., axp Fowraxa, G.: Action of mercurial diuretics on the elimination of uric scid in normal
persons and in those with liver disease. Boll. soe. ital. biol. sper., 14: 557-858, 1629.
177. Foexzsrean, N., ALnawosa, L. M., axp Sarrs, H. W.: The renal clearances of hippuric acid and pyridone
derivatives. Am. J. Physiol., 153: P376-P377,1941.
17, hun.c AwD Imanau, W. R.: Effect of { b i pressor
sctivity of posterior lobe of hypophysis. Endocrinology, 20: 763-768, 1936.
h-n.c..bln.nl W. R., a¥p Ransoxn, 8. W.: Diabetes Insipidus and the Neuro-bormonal Control of Water
Balance: Ammummmmumnmmwsm Edwards
Bros., Ann Arbor, 1038,

1%0. Frsaxs, 8. H, Twoase, L., A J.A.: Therelation between chemical d
disposition of & series of sub allied to de. J. Ph & Exper. Therap.,
:M.u#-duumld-n the increase in S-glucuronidase activity of mammalian tissues

induced by b J. Biol. Chem., 136: 239-336, 1940.

lﬂ.h-inl,w H., axp Govizz, W. H.: The changes in rat kidney b iated with injurious effects
of dl-eerine. Bolence, 101: 377-379, 1945,

183. Fuoex, E. B.: Blood studies; th = inemia and of the pH of the urine to renal
mwluhm«lmuuﬁuhn“lhb. & Clin. Med., 32: 233-281, 1947.

184. Forsraz, R. P.: An examination of some factors which alter glomerular activity in the rabbit kidney. Am. J.
Physiol., 150: $33-833, 1947.

188. Foneraa, R. P.: Useof thin kidney sl d isolated renal tubules for di dy of cellular transport kinetics.

ienoe, 108: 65-67, 1948,

186. Fonsrax, R. P.: The use of inulin and inine as g Siltrate i b in the frog. J.
Cell. & Comp. Physiol., 13: 313-233, 1938.

187. Foxsraz, R. P., awp Mams, J. P.: Effect of i ] i ion on renal blood flow

and glomerular filtration rates ia intact d kidneys of rabbits with adrenal glands

demedullated.
188, Po-ru.ll.l’ mmJ.&.MmhmnWtuMbythdmmmdm.
tics and diuretics. Proc., 5: 29, 146,
m. anA.ll Action of axytocic bormone of pituitary gland on urine secretion. J. Physiol., 101: 236-251, 1943,
L., awp Maxzvs, J.: Unilateral renal disease and renal vascular changes in rela-
w:nml Urol., 48: 5-15, 1043,
. PM.O.J Susuxy, 8., Awd Rarus, E. P.: Mechanism of exeretion of vitamin C by buman kidney at low
and normal plasma levels of ascorbic acid. J. Clin. Investigation, 19: 685-689, 1940.




RENAL TRANSPORT MECHANISMS 289

193. Frasouaw, M.: Observations concerning the effects of (1) sodium salicylate and of (3) sodium salicyiate and
mnmmmmumumm.umummms.mmm.

193, F-unu- M., a¥p Brzss, 8.0.: b of the exeess excretion of urio acld in the
dedo‘.J.BhLG-. 175: 737-T35, 1948.

194 hnnul.l..mhnl.s 0.: Effect of sodiu: pon the uric acid ck of the dog.

J. Physiol., 154: 167-169, 148.
mm M., axp Brxss, 8.0.: Ck of allastoin in th d dogas s
Am. J. Physiol., 151: 103-107, 147,
198, an.l.Bnu.S 0., axp Asnamu, P. M.: Allantoin ol -s
man. Proe. 8oc. Exper. Biol. & Med., 66: 523-533, 1047.

197. Fuazoaaw, M., Bysas, 8. 0., Axp Asnamu, P. M.: Renal ok of allantoin

tion rate. Am. J. Physiol., 155: 378-381, 1848,
98. Faievaax, 8. M., MacKmrus, K. R., awp Parzouaw, C. L.: Renal function in the sdrenalectomised ras.

of Slerati

of Sitration in

sure,

301. Fveo, N. W.: The aotion of Ea 42 143-148, 1944,

3. G . L.: Chloride excretion during in patients with diabetes. J. Clin. Investigation, 26¢
356-200, 1948.

203. Gaupwo, M., awp Lxvrre, M. F.: Influence of the adrenal cortex on body water. J. Clin. Investigation, 28:
1487-1497, 1049,

304. Gauwr, R.: Water diuresis and water intoxication in relation to the adrenal cortex. Endoerinology, 34: 400415,
194,

30. Gavnr, R.: Endocrine s in water diuresis snd water Tr. New York Acad. Se., 6 179-187, 1944.

208. Gaunr, R. (Ed.): The sdrenal cortex. Ann. New York Acad. Be., 50: 500-878, 1049.

207. GrLsaw, A., AwD Goopuan, L.: Seeretory response of posterior pituitary to need for water conservation. J.
Physiol., 9%: 113-134, 1037,

308. Gnaax, A., Pmuos, F. 8, Koxws, E. s..Au.nl.R.P.. Awp Br. Jvn. E.: The metabolie M
and setion of tetrathionate in tos Am,

J. Physiol., 147: 115-136, 146,
300, Gruax, A., Punuies, F. 8., awp Komis, E. 8.: The renal dearance of thiosulfate with observations oa its vol-
ume distribution. Am. J. Physiol., 146 343-357, 1946.
0. Grimaw, A., Punirs, F. 8., awp Kox1as, E. 8.: The renal clearance of thiosulfate in the dog. Federation Proe.,

5: 33, 1946.

211. Gowrrecs, E., Lyrris, J. D., Gaa, W. M., 230 Duwsaz, P.: Th l amino acid ol inthy 1 d
Am. J. Physiol., 140: 653-008, 1044.

313. Govomino, W., awp Crasts, H.: ion and H; ive Disease. C lth Pund, New York,

1944,

213, Govomwe, W., Cxasts, H., Raxoxs, H. A., axp Saxrs, H. W.: Relstions of effective renal blood flow aad
slomeruler iltration to tubular exaretory mass in normal man. J. Clis. Investigation, 19: 750-709, 1948,

4. Goroxwa, W., cnn.ﬂ..nuu-.B.A Awp Sy, H. W.: Effective renal blood Sow in subjects with es-
sential 29: 637-683, 1941.

215. Govomiwe, '.,c:.u:.k.' awp Surrs, H. W.: The pbenol red clearance in normal mas. J. Clin. Investiga-
tion, 15: 321-228, 1936.

316. Gorosrewza, J. W., awp Sroxs, C. H.: The relative independence of sodium and chioride excretion. J. Clia.
Endocrinol., 9: 308-371, 1M49.

217. Gomons, G.: Distribution of acid pbosphatase in tissues under normal and under pathologie conditions. Arch.
Path,, &l.—ln,lul

318. Gowmons, G.: Mi 1 of ph ase in tisue sections. Proc. Soc. Exper. Biol. & Med.,
43: 2326, 1930,

219. Goopmax, L., awp Grumax, A.: The Ph logical Basis of Tt The MacMillan Co., New York,
1941,

2%0. Gooowix, W. E., S8roaw, R. D., axp 8corr, W. W.: The “trueta” renal vascular “shunt”’; an experimental
demonstration of neurovascular control of the real circulation in the rabbit, dog, and moakey. J. Urol., 613
1010-1037, 1949.

231. Govaxars, P.: Origine rénale ou tissulaire de la diurdee par un composé ique. Compt. rend. 8oc.

de biol., 99: 647-849, 1928.
223, Gonn.w M., G-n.u,!l E..Yuu.N.s.,mBnn,K.B..smdi-onmwnhaduﬁadmw
of ine by rat liver J. Ph 1. & Exper. Therap., 87

149-158, 146,

233. Gazzw, D.E., Loours, W. F., a¥p A V. H.: Stadi b b b lete oxids
tion of pyruvic acid to carbon dioxide and water. J. Biol. Chem., 172: 399408, 1048.

234. Gazxx, D. M., awp Fanax, A.: Influence of sodium load on sodium exeretion. Am. J. Physiol., 158: 444486,
1949,




270 KARL H. BEYER

228. Gmieas, D. E., awp Jorws, V. J.: Influence of mereurial diuretics on the excretion of sodium, potassium and
ehlorides. California Med., 69: 133-137, 1948,
236. Groumuas, L. J., Caxzrack, M. M., Rawrra, H. L., Kzwoxick, A. B., awp Forazsr, R. A.: Effect of hyper-
Slycemia o the clearances of inulin and pars-aminohippuric acid. Proc. Central Soc. Clin. Research, 21: 64, 1048.
237. Groriaaw, A.: The Adrenals. The Williame & Wilkine Co., Baltimore, 1936.
diuretics.

238. Haas, H. T. A.: Mercarial Pharmasie, 2: 1-8, 1947.

229. Hagmmxw, N. R., Kxoiwa, R., awp Scaror, V.: Ch £ \| of para-
hippurio scid. Scandinav. J. Clin. & Lab. hmuon.zm-u.mo

230. Haxy, C. A., Fraue, B., axp Dany, V. A.: Renal water i i i h
Mdnm.ummamnnwmw«Jw.mo

231. Hawowzy, C. A.: Effect of on renal Proc., 9: 281-383, 1950.

232. Hawousy, C. A, axp LaFonas, M.: Effects of thiols on mercury diuresis. Proc. 8oc. Exper. Biol. & Med., 65:
T4-75, 1947,

w C. A, 816ar00s, R. B., Tmron, J., awp LaFozos, M.: Effect of chronic administration of mer-
ourial diuretics on glomerular filtration in the dog. Proc. S8oc. Exper. Biol. CM 72:201-203, 1949.
334. Hazs, K., Hicxsy, R. C., awp Hazus, R. 8.: The renal excretion of an anti by the dog. Am.

J. Physiol., 134: 340-344, 1941.
:u.nu-.x.,u-.mr. V., Cuaxsxzs, G. H., awo Hazx, R. 8.: Assay of antidiuretic material in blood and
urine. Endocrinology, 2: 333-331, 1945.
236, Hazz, M. L. C.: Tyramine oxidase; new ensyme system in liver. Biochem. J., 22: 988-979, 1928,
237. Hazs, R. 8., Hasx, K., awp Patiutres, D. M.: The reaal excretion of chloride by the normal and by the dia-
betes insipidus dog. Am. J. Physiol., 140: 334-348, 1043.
238. Hazats, G. W.: Nauﬂmtnldthphu-rydud.l’w Rev., 28: 139-179, 148.
9. H. W.H.: and of pressor amines. Aon. Rev. Biochem., 15: 503-816, 1948.
340. Haruan,J. M., Bavawar, N. P., Duxxs, P., awp Mouuxz, M.: mﬂhmm.v.mhm
gation, 18: 195-312, 1930.
241. Hesscxsa, P., Rowr, D., axp Warrs, H. L.: Effects of extracts of hypophysis, thyroid, and adrenal cortex on
‘some real functions. Am. J. Physiol., 129: 543-549, 1943.
243. Huazs, H.: Action of antidiuretio principle of mpmmum“wmdw
animals. J. Physiol., 98: 405-418, 1940.
343. Hxzuin, R. C.: Factors affecting the tests of kidney function. Physiol. Rev., 21: 520-563, 1941.
34. Harmix, R. C., awp Nicmorzs, H. J.: The influence of vitamin A upon urea and inulin clearance in the dog.
Am. J. Physiol., 125: 786-801, 1939.
8. Bnm,G..mDum,G.l.. Further studies on the mechanism of diuresis with special reference to
of newer diuretics. J. Lab. & Clin. Med., 22: 767-779, 1937.
6. Hicxxy, R.C., awp Hazz, K.: The renal excretion of chloride and water in diabetes insipidus. J. Clin. Investi-
gation, 23: 768-775, 1944.
347. Hrwms, L. E.: The effect of diuresis by mercurials on the clinioal course of congestive heart failure. J. Am. M. A,
110: 203-306, 1938.
248. Hyomt, A. M.: Antidiuretic effect of pituitary oxytocic and pressor principles on water diuresis in man. Endo-
erinology, 12: 496-500, 1928.
240. Honsx, R.: Effects of some sulfonamides on renal secretion. Proc. S80c. Exper. Biol. & Med., 49: 87-90, 1943.
280. Hoaxsoou, G. Succinic debydrogenase of mammalian liver. J. B-nl.chnn 162: 10-70, mo
251. Hoexnoou, G. H., Cuaupk, A., ap R. D.: The di
dase in the cytoplasm of the mammalian liver cell. J. Biol. Cbn..lm.ll—c’.lm
283. Houoxw, R. F., Ju., axp Burasz, H. A.: The nature of volume effects in renal clearances. Am. J. Physiol.,
145: 633-645, 1946.
283, Houcx, C. R.: Mutual depression of resbeorption and excretory maxima in renal tubules. Proc. S8oc. Exper.
Biol. & Med., &M\.l’“
284. Incrx, D.J.: ions of the ine system. Ann. Rev. Physiol., 7: §27-866, 1945.
“-ll".b., Awp Suxrrand, R.: Effect of two adrenal steroids and insulin on the excretion of sodium and chlo-
Federation Proc.,3:21, 1944.
386, Inorax, W. R., Frsuizx, C., e Rawsox, 8. W.: Experimental diabetes insipidus in monkey. Arch. Int. Med.,
57: 1067-1080, 1936.
257. Inamax, W. R., Laop, L., awp Bewsow, J. T.: i i by d its relation to bypothal-
mmmh J. Physiol., I-‘V’b«-“l 1939,
238. Josxrm, 8., Scawrisxe, M., ULuza, N. Z., axp Gaunz, R.: The anterior pituitary and its relation to the adrenal
mmmmww.wm-m 1944,
350. Josxrmsox, B.: The saturation of the diodrast excretion of the renal tubular cells. Acta med. Scandinav., Supp.

200. Joszrmson, B.: Examination of “‘diodrast’’ clearance and tubular excretory capacity in man by means of two
ions of “‘diodrast” budil). Acta med. di 128: 515837, 147,
: I’hmpha'ylltaonmhdnqt-n Euymobu.hu—“ 1937.
di Arch. . Physiol., 77: 4647, 1937.
Kavcxas, H. wndphupm-mlmdhhdmm Biochem. J., 33: 631-641, 1929,
384. Karcxaz, H. M.: The nature of energetic coupling in biological synthesis. Chem. Rev., 28: 71-178, 1941




RENAL TRANSPORT MECHANISMS 271

265. Karrax, B. I, axp Surrs, H. W.: of inulin, H xyk d ures in the normal rabbit. Am. J.
Physiol., 113: 354-300, 1935,
268. Eatrus, A. A., Sucramn-8urrn, B, Guarmer, J., axp Nswnax, E. V.: The effect of exarcise on the renal mech-
mdwmmhwnmmmw-nq..wmm
3¢7. Eavruaw, R.E.: diuretics. Ann. Int. Med., 28: 1040-1047, 1948,
268, Kxiuw, D., mHAnl.n.EJ‘.: sini of cells; intrs
of

system inic acid. Proc. Roy. Soc., m,.n..mm«t.u
’.xmnb.mllul T..Mmmnddmmkq , Londos, . B., 122: 119-133,

370. K-ﬂ N. M.: The action and use of diuretics with especial reference to merourial compounds. J. Am. M. A.,
107: 2047-201, 1936.
271. Kmrn, N. M., axp O: A.E:Th tion of by the kidney. Am. J. Physiol., 129: 305-306,

1940.
373. Knurnsa, W., Lesnews, J. M., Nxwaona, B., axp Wmicxxa, C. F.: Sulfate and phosphate exeretion in urine of
patients on rice diet. Am. J. M. 8c., 216: 687-638, 1948.

378. Kinsrmiw, L.: Studies on the diuretic effect of b hi Acta. med. Seandi %
123-137, 147,
274. Kvorr, C., Youna, N. F., awp Tarros, H. C.: Probabl insis kid:
. Clin. 24: 117-131, 1945,
8. an C Yw'n. N. F., axp Tavros, H. C.: Effects of d of reaal
J.Clin. 24: 189-191, l“l.

of with activity of various stercide. Am. J. Physiol.,

m. Kmuv.c D‘.Hmd-m“hwwmwhﬂhmndw.d
“acid” pbosphatases of the liver and kidney of castrated male mice. Am. J. Physiol., 151: 126-139, 1047.
278. K C. D., awd P.: Ensyme studies on the “endocrine kidney.” Proc. 8oc. Exper. Biol.
& Med., 67: 61-43, 1948.
. Koﬂmu.c. D., awp Van, V. N.: umdm adrenal cortex extract, and adrenal cortex ex-
of rat tissues. J. Biol. Chem., 156: 779-780, 1944.
m.xu.mns A¥D Gusrarson, G. E.: The effects of temporary cessation of renal blood flow im rats. J. Clin.,

Inhibition of earbonic anhydrase by sulfonamides. Biochem. J., 43: 535-538, 1048.
383, Knxss, H. A.: Metabolism of amino-acide; synthesis of glutamic acid and ammoania, and ensymie hydrolysis
in animal tissues. Bioohem. J., 29: l“l-l’.. 1938,

P.J. W.: Carbonic anh 100l in studying the meshaniem of recti
hwﬁumm,mwuwunm J., 43: 580-8585, 148,
384. Kxes, J. P., Forcusa, P. H., a0 Gt M. L.: o nerve

Tresection and homolateral renal function. Am. J. Physiol., 154: 229-340, 1948.
285. Launrzcars, A.: Phlorhisin et muscles du chien in vivo et in vitro. Compt. rend. Sce. de biol., 138¢ 1348-1280,
1935.

288. ].AIH;B, H.: Kidney. Ann. Rev. Physiol., 7: 331-364, 1945.
287. Lauront, H.: The relative changes in afferent and efferent arteriolar resistance in the normal humaa kidsey.

388, Laxroxr, H.: F lae for aff d off the hu: Tido .y
effects of spinal anesthesia. J. Clin. hv*ﬁu.l‘ﬂ‘-“‘.l“l.

289. Laxos, E. M., Ersow, K. A., Borr, P. A., awp Sutms, E. H.: Simultanedus plesma clearances of ereatinine
Mwhhumﬁmmdbdiuhnhﬁmwhn—lwmlmhm&
397-400, 1938.

mml.mum.L&.Ammd b cifi 1] of

and “effective blood flow’’), using a single injection of &
wnmmmmaun—m 18: 5-6, 1945

. hm'n.ll mumxs..A-udmwwumdmm

tion, blood Sow”” using a single injection of  single
substance. J. hb. cau lcd lhﬂl-.ﬂ. I“1.
2 mdmmuummmanu.mwus.um.n

8. E., awp C A.: Renal in sbock. J. Clin. Investigation, 23:

294. Lzar, A, Canana, A. A., awp ALazxteow, B.: Renal tubular secretion of potassium ia man. J. Clin. Investiga~
tion, 28: 1526-1533, 1949,

295. Lxun, D., Tanzawova, R., awp Borp, L.J.: Th ion of ] Pater
salyrgan diuresis (an experimental study). Urol. & Cutan. Rev., cmn-co.lm
396. Levzoam., B, H., awp Sanvmas, L. T.: The effect of and om idoncoti

w,«u».u«mummm:.mcm lﬂxl’hﬂl,lul.
297. Lxvvy, G. A, axp Stoney, I. D. E.: The
Biochem. J., 44: 205-299, 1049,




272 KARL H. BEYER

“.Ll'-.LA..TIOII.0.'..‘0.'.0.'.,me5.& Role of adrenal cortex in soute anoxia. J.

umo..m:w,n:mmu_u of some sulfs idy
Aocta med. Scandinav., 120: 106-338, 1945.
0. L G. A.: Beoty bei eil Fall voa Diabetes insipidus et mellitus. Deuteches Areh. f. kiin.
Med., 175: 74-89, 1933,
201. Larenaw, R. W.: Ends d in ‘h rat. Am, J. Physiol., 151: 311-314, 1047,
303, Levsourrs, W. L., awp E.: M lem of biok io acids. J. Biol.

208 lm'.l...mw Z.: Amides, amines and related compounds as diuretics. J. Pharmacol. &
Exper. Therap., 81: 84-84, 1944,
304, Lavecurys, W. L., Haneotax, Z., axp Kxnrecas, A.: Bicassay of diuretics. J. Pharmacol. & Exper. Therap., 79:
97-110, 1943.
308, Lerrus,J. M., Wartacs, 8. L., Waansy, E. C., awp Awozzsox, G. A.: Effect of pitressia on the urinary exere-
tioa of chloride and waser in the humaa. Am. J. Physiol., 151: 174-188, 1047.
308. Losws, L., Rosmrarary, P., anp Aurvas-Wasnsss, E.: A refractory oase of subacute endocarditis due to Veil-
gasogenes clinically arrested by a combination of il sodium pars-aminohippurate and beparin.
A-.H-tl..ﬂ:lﬂ-ul.lm.
7. Losws, L., R Wi E., awp Kozax, M.: The prolonging action of peaicillia by
nu.l’nn.ﬂu.&n: Nd.tlad. .:uuuo 1948,
308. Loos, T. A., Kozer, G. F., awp R.8.: ide and i by
the human kidney. Am. J.Pbalhl. 141: 158-163, 1044
300. Loous, W.E., awo L of the coupling between phosphorylation and oxidation.
J.MM—.I?RW-”.M
310. Lorermon, W. D.: Remal tubular reabsorption of inarganic sulfate in the normal dog. Am. J. Physiol,, 151:
311-818, 1M47.
1. Lorersic, W. D., 8wax, R. C., awp Prrrs, R. F.: The renal tubular reabsorption of chioride. Am. J. Physiol.,
M8s 445448,

ml.m.l..l-lnhhrmd and p acid. Acta ph: L. ot toxicol.
13 307-334, 1945.

313. Luwpsaaano, E.: Die Wirkung voa Phlorrhisin suf die Biochem. Ztechr., 264: 221-223,
1933,

314. Luspeaaas, E.: o ifioati a8 the cause of the phiorhizin action. Biochem. Ztachr.,
264: 300-330, 1933.

315, Lruaw, C. L., awp Gusuaw Bazzox, E. 8.: Studies on idati i and

in nephritic kidney slices. J. Biol. Cheen., 132; 293-308, 1040.
316. MoCawcs, R. A.: The esaretion of ures, salts and waser during periods of hydropaenis in mas. J. Physiol., 104:
196-300, 1945.
uecmn.a..mmmn.x.mmm pH, ammonia and phosphates in the urines of
young infants. Arch. Dis. Childhood, 22: 300-300, 1947.
n&m&& AwD Wippowsow, E. M.: Alkalosis with disordered kidney functions; obeervations on case.
23 UT-309, 1937,
319. McDowawo, R. K., awp Mrures, J. H.: Effect of mercury on renal tubular transfer of p-aminohippurate and
glucoes in man. Proc. 8oc. Exper. Biol. & Med., ﬂ“—‘le.l”

3%0. MacKay, E. M.: Degree of resal h infiu of
Sestosterome propionats. Proc. S8os. Exper. nu.tla.,mnnn.tw

331. McKnorsy, B.l.m?ﬂ.ll.'u’ (di bensoic acid): and patho-
logie studies. To be published.

323, MacNeomm, W. Dz B., Taorr, J. C., awp Bavcs, M. D.: Concsrning the inability of 3,3 dithiopropanol (BAL)
40 prevent or $0 modify the acute resal injury induced by uranium nitrate. J. Pharmacol. & Exper. Therap.,
93¢ 303-373, 1048,

3. Mvml,mzmn.l.l.: in oly of patients with nephrotic sya-
drome. Postgrad. Med., 6 381-391, 1049.

MoQuzy-\ M., axp Tuoureow, K. W.: Effect of ablation of hypophysis upon weight of kidney of rat.
YaleJ. Biol. & Med., 12: 531-841, 1940.
335. Macouw, H. W., Frsaxs, C., x> Raxsow, 8. W.: Neurohypophysis and water exchange in monkey. Eado-
erinology, 26: 161-174, 1699,
33¢6. Mavor, N. 8.R: Role of renal innervation in renal tubular function. Am. J. Physiol., 139: 103108, 143.
337. Mawx, T., aw» Kxruzw, D.: Sulfanilamide as a specific inhibitor of carbonic anhydrase. Nature, 146: 164-165,

1940.
338, Mansmars, D., awp Horvaax, W. 8.: The nature of the altered renal function in lower nephron nephrosis. J.
Lab. & Clin. Med., 33: 1408, 1948.
$39. Mansmars, E. K., Ju.: The seeretion of pbenol red by the mammalian kidoey. Am. J. Physiol., 99: 77-86, 1931.
$30. Mansmars, E. K., Ja.: The comparative physiology of the kidney in relation to theories of renal secre-
tion. Physiol. Rev., 14: l“-l-.lm
331, Mansmary, E. K., Jn.: Bacterial b h b logy of ilamide. Physiol. Rev., 19: 240-209,
1939




v LR R N AR T

RENAL TRANSPORT MECHANISMS 273
Ball
J.

m.h-.au..&l..h.'hn&‘ ions on the offost of cinchominie acid derivati:
Johns Hopkine Hosp., 86: 88-101, 1950.
. M E.K.,Ja., axp Be K.C.: Antid oost of 3-hyd: oninie said darivats

Pharmacol. & Exper. Therap., 95: 185-190, 1949.
334. Massuars, B. K., Ja., Corniwe, W. C., awp Exzasox, K.: Toxieity of sulfanilamide. J. Am. M. A., 110: 353~
357, 1938,
u.m-'nu..: l,mMLC..&dﬁ-ummﬂdHﬂuyhnﬂn»d&u&nﬂm
Am. J. Physiol., #9: 303-343, 1919.
m.n.—m.,x. K., J=., awp Craws, M. M.: Searetory function of renal tubules. Am. J. Physiol., 2: 465488,

87, m!.x..h..mﬂenn.l.l.."l‘h shanism of th of phenolsulphoneph in by
the kidnay; proof of MMNMMMWB@.,W!—QII’

338. Masox, M. F., Buavocx, A., awp Haxamow, T. R.: The direst determination of the reaal bicod Sow and reaal
oxygen consumption of mwum:.mu llhﬂ-ﬂ!.lﬂ

330, M W.: Buffer sod of urisary acidity. Am. J. Physiol., 154
174-184, 1048.

0. lln-m.,AJ.. Edema and decreased renal blood flow in chroak beart fs evid

lmhﬂw"umwﬂm: Gh.llmlt“.loﬂ.
1 M N.: Therateof tins

MM..!&M,
343. Marzanor, O., awp Wisox, J. l.!ndi-umdh‘humu&‘—.mll-l..

1948,
$43. Mouxs, B. F., awp Wi A.: Th ' in man.J. Giin. 15: £50-403, 1938,
l«.ln:.n,B.E.qun.n.A.'..M ion of end, th in man; ‘with exo-
genous d inulin. J. Clin. iy 17 il-ﬂ. lﬂ.
. Ixu.n.c.l.,nun.c‘. Sen. J.M.: Th (di bensole scid (Bene-

8. In.u,ﬁ.‘l‘.. The glucuronidase content of animal tissues and the role of the splesn in the metabolism of com-

Jugated gluouromic scids. Bioohem. J., 49: 253-385, 1946.
347. Mruwon, P., Buacs, R., Rav, T., 8., awp G.: Ce of remal, hepatic and
diff in ion of radi ofs diaretic. J. Clin. Investi-

gation, 29: 72-86, 1980.
348, Mixxowsxi, O.: Untersuchuagen Gber Diabetes Mellitus nach Extirpation des Pankress. Aroh. {. exper. Path.
u. Pharmakol., 31: 85, 1883.
M. Ion-a..' Awp Goud, H.: Comparison of the diuretic setion of sodium dehydrocholate and mercupurin in
man. J. Clin. Investigation, 2 384-387, 1945.
350. Moomy, W., awp Knoe, 8.: Acute toxicity of mercurial diuretics. Proc. 8ce. Exper. Biol. & Med., 55: 80-83,

1044,
351. Moxorory, R., Baaus, W., Katz, L. N., awp Howzty, K. M.: The treatment of bacterial eadoearditis with
penicillin; results of 17 consscutive unselected eases. Am. J. M. Sc., 2111 306416, 1946.
382, Moxorory, R., awp Roses, G.: Renal blood fiow and sodium exeretion studies in congestive beart failure. J.
Clin. Investightion, 26: 1190-1191, 1947,
383. Moxorors, R., Ross, G., awp Luzvss, L.: Renal plasma flow and sodinm d exeretion in
tive beart failure. J. Clin. Investigation, 27: 1-9, 1M48.
354. MOeixa, E., Mclaross, J. ¥., axp Vax S8urxs, D. D.: Studies of urea exeretion; relationship betwesn urise
wlmudthonhdm wwuuu:.aunmum—u,m
H: studies of of

urine; resction of glomerular urine of

frogs and Neoturi. J. Biol. Chem., 110: 749-761, 1935.

388. Moarroouszay, H., awp Przacs, J. A.: 8ite of acidification of urine within remal tubule ia Amphibia. Am. J.
Physiol., 118: 144-183, 1937.

357. Morzrzor, K.: Experimental studies oa the relation of the pituitary body to rems! fusctica. J. Exper. Med.
252 153188, 1917.

358. Muvas, G. H., Auss, A, ITI, Foouss, J., (el A.: Effect of ds l secretion of potessium ia the
dog. Am. J. Physiol., 161: 151-188, 1980.

3%. Monas, G. H., Fourxs, J., awp Gruaaw, A.: The renal excretion of potessium. Proc. 8oe. Exper. Biol. & Med.,
67: S45-847, 1948.

308. Mupez, G. H., Fourxs, J., axo Gruatan, A.: Renal secretion of potassium in the dog during ocsllular dehydre-
tion. Am. J. Physiol., 161: 159-166, 1950.

361. Muvax, G. H., awp Tacaast, J. V.: Effect of acetate oa the reaal exoretion of p-aminohippurate in the dog.
Am. J. Physiol., 161: 191-197, 1080.

383. Mupox, G. H., axp Taaaant, J. V.: Effect of 3,4-dini oa renal hanisme i the dog. Am.
J. Physiol., 161: 173180, 1950.

363. Mrrow,E., awp Hmuun, J. H.: Renal glutaminass. Am. J. Physiol., 154: 543-848, 1043.

364. M1r0M, E., A¥D Surrs, E. R.: Mechanisme concerned in necrosis effected by unssturated fatty acid. Areh.
Path., 45: 21-34, 1048.

A65. Nass, T. P., Ju.: Phlochisin diabetes. Physiol. Bn..h:u—m.mr

366. Nxwauaw, E V.: Funetion of the kidney and bolic changes in cardiac failure. Am. J. Med., 7: 400404, 1940,




274 KARL H. BEYER

367. Ni E. V., J., I, awp : The sonshipe of filtration rate
(mm).mmmmw._ammummnmdm
tol; of fiuid ek ined by following plasma concentration after single injeo-
tion of mannitol. Bull. Johne Hopkins Hosp., 75: 353-268, 1044.

368. Nswaaw, E. V., Graax, A., axp Paruirs, F. 8.: The renal o i in man. Bull. Johns Hopkins

0. E.,Earrus, A, A., Gzwzer, J., CaLxins, E., Axp MUxraY, J.: Observations on the clear-
ance method of determining renal MMMWWMGAB)MM

aoetylaminohippuric acid (PACA). Bull, Johuﬂopﬁmﬂmp.,u.lsblﬂ. 1949

370. Nrcnowsow, T. F.: Renal funetion as affected by experimental teral kidney lesions; the effect of cyanide.
Biochem. J., 45: 113-115, 1949.

371. Noxx, M.: Untersuchungen Gber das Ve des Kaliums i i ueber Schwank der Kalium-
salsen und bei h Di und ihre Besi i i Harn. Skandin.
Arch. {. Physiol., 55: 311-389, 1920,

373. O’Cowmon, W. J.: The effect of section of the ico-h hyseal tracts on the i ion of water-di
mwwmmam‘ Physiol., uxm-m lm

37, Oxo, T.: C¢ iureti well as of gout remedies
on urine and uric acid elimination. Tohoku J. Exper. I.d I&”b-m.lﬂt

374. Onrm, 0. 8., a0 J. W.: C of urea in dogs following surgical ins with

Proe. Boc. Exper. Bbl &Iul .Dx“—“ 1938.
u&mnx-mu.mwhm of the kidney hronised with the
estrous cycle in the rat. Endoerinology, “.M 1945.
376. Oull.K-A-.m“— 1 G.. a_ on the tissue aldehyde shift in the rat kidney

& Exper. Therap., 87: 306-312, 1046.
. o-rnu P.,Ounx.n.: A, m'l‘n-uov-c.l Ohdhlﬂdmdanmmhpm
und dessen lll ester im Muskel. Ztochr. {. pbysiol. Chem., 243: 9-37

1938,
378. Pucx, H. M.: Therenal ion and d d. To be published
. Pn.ﬂ I. 'l‘lu.lot E.K, Wawrzz, W. s.mnmx.m The renal extraction and excretion of carin-
J. Lab. & Clin. Med., 35: 87-98,1950.
380. P-n-.B.A,.Bncll L. A., awp Tmomrsox, R. H. 8.: British antilewisite (BAL). Nature, 156: 616-619,

P'Mn.C.A..Bn-..V M., Awp Gazrorsz, W. U.: Repal in mi i and an-

drogens. Yale J. Biol. & Med., 13: 43-501, 1940,
P'-nn,J.B.,mkwur x.s M—ux&dmduwd flow and glomerular filtration during varia-
in blood d life situstion. J. Clin. Investigation, 26: 1193,

383. Pamuaars, D. M., awp Haxs, K.: Antidiuretic potency of the bhypophysis of the cat following pituitary
ssotion.

385. Prcxyoxo, M.: Control of the secretion of antidiuretic hormone from the pars nervoes of the pituitary gland.

386. P M.: The inhil action of h on water diuresis in the dog. J. Physiol., 92: 16P-17P,

387, 1938, W Th ol " h water diuresis in the dogand i
J. Physiol., 95: 326-338, 169.

388. Pxcxroxp, M., Awp Rrrcurs, A. E.: Experi: on the h io-pituif control of water excretion in
“J.Plvlid.,l.lxl“—l..l.“.

380, Prancs,J. A., AD ita ioation to of pH of

mdm:.mm,nmo—m.:m

2390. Prres, R. F.: The ol dog. Am. J. Physiol., 109: 543-549, 1934.

391. Prrrs, R.F: A of the renal for several amino acids. Am. J. Pbysiol., 148:
535-547, 194,

393. Pml. F.: Therenal regulation of scid-base balance with special to the ism for acidifyi

urine. Science, 162: 43-54, 81-85, 19048
3. Pﬂn.n.!..ﬁdnvm&v Physiol., u»—ao 1946.

304. Prrre, R.F.: Th i by the normal human kidoey. J. Clin. Investiga-
tion, 26: 1163-1194, 1047.
395. Prrms, R. F., awp R. 8.: Renal reab ism for i ic phosphate in normal and

acidotio dogs. Am. J. Physiol., 142: 648863, 1944.
306. Prrrs, R. F., awp ALxxawpzn, R. 8.: Nature of renal tubular mechanism for acidifying urine. Am. J. Physiol.,

144: 230-384, 1948
397 Pnn.l!.!’..Anl.J.L. mﬂm-.w A Thu-lmnl-mdaod ‘base balance in man; the reabeorp-
hvm 28:35-44, 1940
398. Prers, R. P, awp Ducaas,J. J.: Studi di ip between ion rate, prox-

imal tubular absorption of sodium and diuretic eff of ials. J. Clin. i 29:372-379, 1980




RENAL TRANSPORT MECHANISMS 275

9. Prrms, R. F., axv Lorerxics, W. D.: Bi d th \] ks of acid base balance. Am. J. Physiol.,
147: 138-184, 1048,

400. Prrrs, R.F., awp L W.D.: Py i ble acid in the dog. Am. J.
Physiol., 147: 451-43, 1948,

401. Prers, R. F., awp Lorerxca, W. D.: Use of a8 & meagure of filtration rate in
acidotic dogs. Proc. S8oc. Exper. Biol. & Med., 64: 334-237, 1947,

403. Prrrs, R. F., Lorerxice, W. D..Sm-,W.A.,mAmJ.L. of acid-base bals in man;
the nature of the mechanism for acidifying the urine. J. Clin. Investigation, 27: 48-56, 1048,

408. Porrxa, H.: ineu und tabulire Klin, 36: 1454-1400, 1937

404. Porras, V. R.: Studies on the mechanism of hydrogea transport in animal tissues; the succinoxidese

408. Porrsa, V. R.: Coupling phosphorylation and oxidation of the 4-carboa acids in ras kidsey homogen-
ates. Biochem., é: £39-483, 1048,

408. Porrax, V. R.: The assay of animal tissues for the malie system. J. Biol.
Chem., 165: 311-334, 1948.

407. Porrxx, V. R.: The asay of animal tia fi furth di
tion. J. Chem., 169: 17-37, 1947.

408. Porrzs, V. R., axp DuBoss, K. P.: Studies on mecbanism of hydrogen trassport in animal tissues; inhibitor
studies with succinic dehydrogenass. J. Gea. Physiol., 26: 301- 1048,

400. Porrza, V. R,, axp Evvemsax, C. A.: A modified method for the study of tissue oxidations. J. Biol. Chem.,
114: 405-504, 1936.

410. Porren, V. R., awp Evvemszu, C. A.: The effect of inhibitors on sucoinoxidass. J. Biol. Chem., 1173 341-349,
1987,
411. Poax,C.E. X., mQuurn..J H.: mum»mmm&.mm 1987,

413. Quastmy, J. H., axp Wi M.D.: d by resting bacteris. Bloockem. J., 19: §30-
831, 1935,

413. Quastzy, J. H,, awp Wazatiay, A. H. M.: Biclogioal oxidations in the suceinie acid series. Biochem. J., 285:
117-128, 1931

414. Rawwy, E. P, Faisouax, G. J., awo Rusix, 8. H.: The mechanism of the exaretion of vitamia C by the humea
kidney. J. Clin. Investigation, 17: 765-770, 1938.

418. R. C. H., s B 8.E.: of penicillin in man. Proe. Scc. Exper. Biol. & Med.,
53: 30-33, 1943.

416. Raxusrxane, C. H., awp Kxzrza, C.8.: A eretion, and of peaiaillin. J. Clin. Investi-
eation, 23: 425437, 1943

417. Ranoxs, H. A., Cuasts, H., GoLoatwo, W., awp Surrm, H. W.: The functional messurersent of the number of
active glomeruli and tubules in the kidneys of normal and hypertensive subjects. Am. J. Physiol., 12¢: 608,

1939.
418, R»mn.s..klomr.w A., axp Waer,C. D.: d esmotic work of the ‘resting’ kidney
of bydropenic man. Am. J. Physiol., 157: 357-363, 1040.

9. Rasxa, 8. B.: Thmhnl-mo(dhkidm renal b ion; the of eyto-
chrome C and the activities of th id: 4.of th debwd in the kid:
of dogs with renal ion; the inhibitory effect of reain and of kidney tissue preparations
from doge oa the J. Exper. Med., §3: 237-340, 1945.

4%0. Rasxa, 8. B..‘l‘hn‘bnl—oﬂhwkuuy the respiration and the oxidese activity of the ischemis
kidney. J. Exper. Med., 78: 75-89, 1943.

4321. Reaszxo, P. B.: Studies on kidney function; the rate of filtration and reabsarptioa in the buman kidsey.
Biocbem. J., 20: 447400, 1936.

&,ml .nm.o o.mnm.n.a..mammmu-m

of the kidoey. Am. J. Physiol., 151 196-301, 1947.

4. le.l.&ndm%n%dwhh“ﬂ-ﬂ.muh
Biol. & Med., 63: 81-84, 1946.

4%. Rziuax, A. 8., A.V.N.,, awp P , E. R.: Effect of manaitol o salt exaretion during water

001-008, 1949,

, H. A.: Can vascular shunting be induoced in the kidaey by vascacsive drugs?
J. Clin. Investigation, 28: 114-133, 1940.

at.Rloun.C P., Auviwg, A. 8., Hiuzs, A., A¥p Vax Scrxs, D. D..mlumﬂdmdMou
hduyndr-nwhﬂhdh- Am.J. Physiol., 109:329-335, 1634.

437. Ricmanvs, A. N.: m-ylmms.l.u,mn-u.ms.

438 R A.N.: Th d mode of reg: ion. Am. J. M. Se., 170: 781-802, 1938.
. of uri inthe kidaey. Harvey Leotures, 30: $3-118, 1934-35.
Physiology of the kidney. Bull. New York Acad. Med., 14: 5-30, 1988.
of . Soc., London, s. B., 126: $98-433, 1038,

433. Ricuanve, A. N, awp Banwwere, J. B.:
lanbynulmbul' Proe. ch 8oc., London, s. B., 162: 73-01, 1937,

433. Rycu. B J.B., awp B R. C.: The effect of small amounts of sdresalin upon the
mmmv—udmm.wma-mmul.w 79: 410-418, 1927,




276 KARL H. BEYER
434. Rxcmaxvs, A. N., Bore, P. A., anp B.B.: i tbe possibility that inulin is
seoreted by the resal tubules. Am. J. Physiol., 123 381-308, 1838,
438, Racmazve, A. N., axp Scnaor, C.F.: A of the gl lar ci in the frog’s kidney and ob-
ibe action of ad: and vark by b upon it. Am. J. Physiol., 71: 178~
208, 1924.
436. Rxcmanvs, A, N., awp Warxsz, A, M.: i dies of the i of phenol red and in-

digo carmine in frogs. J. Biol. Chem., 87: 470-488, 1930,
437. Racmaxne, A, N., axp Warxzs, A. M.: Urine formation in the amphibian kidney. Am. J. M. Sc., 198: 727-748,

1935,

438. Rxcmaxve, A. N., Wasrvazz, B. B., axp Bory, P. A.: Renal exoretion of inulin, ereatinine and xylose in normal
dogs. Proc. 8cc. Exper. Biol. & Med., 33: 73-75, 1934.

4%. Rxcmaxvs,A. N., Wasrvars,B. B., s3> Borr, P. A.: Inulinand ini; in dogs, with
lste effocts of uranium poisoning. J. Biol. Chem., 116: 740-785, 1836.

440, Rxcmaxeosr, B.L,I—-r.l.c..m'-.l.&' Dh-&adoﬁtduhdhhmnﬂhlnd

sucrose; removal of edema fluid by the bined action of these nd salyrgan. Med.,
42: 80-83, 1943,
441, Rioes, T. R., awp Hi D. M.: Some fa fecting th ion of p b id in the rat. J.
Biol. Chem., 178 000-675, 1040.
443, Roszzr, F.: Uber die Einwis von H; und seinen Frakti auf den Wi
Aﬁ.l.-ur Path. u. Pharmakol., 164: 367-383, 1633.
lm R.: The of Ph Esters in New York U ity Press, New York,
Ju.konc.Cm C.: Relativei in chloride exeretion in dog aft duated doses of al

diuretics. Am. J. Physiol., 135: 801-504, 1943,

445. Romomizr, J. C., 8axrontus, 0., Awp Prevs, R. F.: Exeretion and reabsorption of sodium and water in the
adrenalectomised dog. Am. J. Physiol., 199: 134-136, 1049.

448. Rowso, H. F., Cnawzza, J., Gass, 8. R., axp Bryaz, K. H.: A statistical study of normal renal functions of
the dog. To be published.

447. Roeso, H. F., Gass, 8. R., Scwocmanor, G. 8., Truson, E. K., awp Bzyzs, K. H.: Benemid (p-(di-n-propyl-
sulfamyl)-bensoio acid): its absorption and elimination by the dog. To be published.

448. Sanromvus, O. W., Romauxur, J, C., awp Prrrs, R. 7.: The reval regulation of acid-base balance in man; the

in

pature of the renal com smmonium acidosis. J. Clin. Investigation, 28 ) 1049,

449. Bcuarxs, O., awp Mawx, G. E.: Reversible inactivation of alkaline phosphbatase. J. Biol. Chem., 178:
487-488, 148,

¢ 0., awp Scuuroz, L.: Uber die Besinflussung der voa und Vasopressin auf die

.Am:.l..m'.b..mhrn.k.r.. 'l'hu-lnnlnk.duid -base balance in
eid by the normal human subject. J. Clin. Investigation, 27:

57-04, 1948,
483, !cnm.sﬂ.lu Studies on the action of diuretics; the effect of euphyllin and salyrgan upon glomerular filtra-
tion and umm& Clin. ll'-ﬁnﬁun, n: IW&-IM. 1933,
2 J. Biol. Chem., 164: 241-247, 1946.

b d phosph de in normal rat tissues. J. Biol. Chem., 165: 585~

488. Bcuwmosn, W. C., axp Porrxa, V. R.: The assay of animal tissues for i inic deby
and eytochrome oxidess. J. Biol. Chem., 149: 317-237, 1943.

488. Scmonz, W. C., awp Porras, V. R.: Biooatalysts in caneer tissue; succinic debydrogenase and cytochrome
oxidase. Cancer Research, 3: 353-357, 1043.

457. Scawanys, W. B.: The effect of sulfanilamide on salt and water excretion in congestive heart failure.
New England J. Med., 208: 173-177, 1949.

488. Scawmiemar, B. 8.: Urinary excretion of amino acids by the rat. Proc. Soc. Exper. Biol. & Med., 66: 315-319,
1947,

480. Scorr, J. K.: Pathologic anatomy of acute experimental beryilium poisoning. Arch. Path.,, 45: 354-350, 1948.

400. su.xm.E E.: Thinlmoldmuulhhhmhwm p-aminobippurie acid tubular exere-
tion on th bie acid. Am. J. Physiol., 142: 182190, 1944.

461, Srixunr, E. E.: The changes in renal clearance following complete ischemia of the kidney. Am. J. Physiol.,

144: 305403, 1045.

4. E.E.: C ison of renal o ith blood flow under control conditions and follow-
ing remal ischemis. Am. J. Physiol., 145: 376-386, 1046,

463. Szmuxvunr, E. E.: Renal blood Sow and renal ck during b ie shock. Am. J. Physiol., 145: 609700,
1946,

464. Sm.xunr, E. E.: The relation of renal blood flow to effective arteriol pressure in the intact kidney of the dog.
Am. J. Physiol., 147: 537-549, 148,
E.E., Haw,P.W,, -2 M.P.: R of renal blood flow and clearance to graded partial
obstruction of the renal vein. Am. J. Physiol., 157: 40-48, 1049.
468. Sxixunr, E. E., Hawy, P. W., awp Srxwcxz, M. P.: Influence of graded arterial pressure decrement on renal
clearance. Am. J. Physiol., 159: 360-378, 1949,




RENAL TRANSPORT MECHANISMB 277

467. 8muxuzt, E. E,, Tausor, L. J., axp Hovex, C. R.: The effect of the sdministration of estrogen on the meshe-
nism of ascorbio acid exaretion in the dog. Am. J. Physiol., 140: 300-368, 1043,

468, Smvs, H.: umdmukﬂw J. Urol., 42: 637-641, 1508,

4%, 8xuys, H.: ook of End. of Montreal, Montreal, 1047,

470. s-mn.‘mmmmm“ammmmnMIu

471, 8mys, H,, Haw, C.E., axp Rownar,E. M.:
costerone acetate and sodium chloride. Canad. M. A. J., 49: 88-02, 1943.

472, Bmrx, H., Srows, H., Nixzaxx, K., awp L C. P.: Studies ing the effects of various hormones
upon renal structure. Canad. M. A. J., 83: §71-583, 1945.

478, 8mupRoY, J., Jn., 83m10, 8 , AWD Vax Suyxs, D. D.: Studies of acidosis; carbon dioxide tension and acid-base
balance of human urine. J. Biol. Chem., 106: 479-500, 1934.

4. mc.r..mdhu&“dm&-&;mmghmhww

J. Am. M. A., 124: 700-781, 1944.
478, w J. A.: The exaretion of inulin by the dogfish, 8qualus acanthiss. J. Cell. & Comp. Physiol., & 301-310,

478, m J A Tbmdhnlhbym“h J.Ph,ﬂ. 112: 405413, 1835.

477, Bmaxwon, J. A.: The renal excretion of lkll-no.l.t.

478. Smaxwow, J. A.: Th-ﬁ-dph-llndbyﬁ-du.hl.m 113: 603610,

. m.l.a:munﬁ-ﬂn-mhlﬁﬁnhnhhhﬁh“h J. Physiol.,
117; 206-238, 1986,

490. J. A.: The tubuk b of xylose in the aormal dog. Am. J. Physiol., 122 775-781, 1988.

481. Bmaxwon, J. A.: Ummhthu-ddumhddh* J. Physiol., 122: 783-787, 1988.

483, Buawwox, J. A.: Renal tubular excretion. Physiol. Rev., 19: 63-83, 1909

4. J.A: C«muld l exaretion of water; effect of variations in stats of hydration on water exaretion
in dogs with of lib of posterior pituitary antidiuretic hormone in dog. J. Exper.
Med., 76: 371-300, 1943,

484. Buaxmow, J. A., Faxaxz, 8., awp Tnoasr, L.: The measurement of glucose Tm in the mormal dog.

. Physiol., 133 753-761, 141,
485, Buaxmox, J. A., awp Frsuxs, 8.: The renal tubular reabsorption of giucoss in the normal dog. Am. J. Physiol.,

vestigation, 20 100-176, 1941.
487, hm J. A., axp Saxrm, H, W.: The exeretion of inulin, xylose and ures by normal and phlorisinised man.
J. Qlin. Investigation, 14: 363-401, 1838,
438, Smawwon, J. A., Axp Worerowt, F. R.: The resal excretion of inulin and creatinine by the anssthetised dog and
the

mﬂhm&m 98: 97-108, 1940.
489, Smarino, B.: The ria. Biochem. J., 413 181-184, 1047.
%0. H.L.: Reoal o of pbenol red in dog. J. Physiol., §7: 337-383, 1986.

491, SBuznxy, 8., Fmasoaax, G.J., PaLsy, K., Baxuax, J., aup Rawis, E. P.: The mechanism of the ezaretion of
vitamin C by the dog kidaey. Am. J. Physiol., I&MM

3. Sxiomuan, ¥. E., Woons, L. A., M. H.: Deb otio scid (DHA); L
renal To be published.
3. Sns,B. A H. 8, D.W.: Resbsorption of ereati 4 jeoacetioacid by th Am. ]

Physiol., 187: 14-30, 1940,
. w&ml.l.. hﬂn.A.L Glnu.l mN-m-.B.V.: ‘l\n—d-nhﬁ-dm-

eretion and th
cise, rest, mmmhﬁ-h 04: 300-394, 1040,
405, Surrm, H. W.: The Physiology of the Kidney. Oxford University Press, New York, 1637.
406. Saarm, H. W.: The physiology of the renal circulation. Harvey Leot., 35 106-213, 1000-40.
497. Surrm, H, W.: Note on the interpretations of clearance methods in the dissased kidney. J. Clin. Investigaticn,

499, Saorw, H. W.: Renal physiology between two wars. J. Mt. Sinai Hosp., 10: 41-88, 1943.

800, Sarrm, H, W.: The application of saturation methods to the study of glomerular and tubular function in the
human kidoey. J. Mt. Sinai Hosp., 10: 50-108, 1943.

H.W.: Exoretion of waser. Ball. New York Aoad. Med., mm—m,m'l.

H. W., Cuasts, H., Gorontwe, W., swp Ranans, H. A.; Glomerular dynamics in the aormal buman

Hd.y.l.ah.llm&" , 1900,
Swrrn, H. W, N. L.,Cn. B., Gi M.: The renal clearanoes of sub-
stituted hippuric acid derivatives and otber aromatic acids in dog and man. J. Clin. Investigation, 24: 358404,

1948.
$04. Saars, H. W., Goromawa, W., axp Cuams, H.: The measurement of the tubular exaretory mass, effective blood
flow and filtration rate in the normal buman kidoey. J. Clin. Investigation, 17: 363-378, 1938.
806, Surrm, W. W., Frwxxserxix, N., axp Surrs, H. W.: Renal excretion of “WMNM
tol) and MMMWMM)M‘ n
dog and man. J. Biol. Chem., 138: 231250, 1940.




278 KARL H. BEYER

508. Sarem, W. W., axp Surrs, H. W.: Protein binding of phenol red, diodrast and other substances in plasma. J.
Biol. Chem., 14: 107-113, 1838.

507. Sotumaw, T., Scantsszs, N. E., awp Cors, H. N.: C ive diureti %o clinioal injeotions of vari-
ous mercurials. Arch. Int. Med., 58: 1067-1088, 1938.

508. Bo-.ws..l-lnn.l..m' W.: of carbohydrate by the inised dog. Proc. Soo.
Exper. Biol. & Med., 2: 443447, 1938.

500. H.: Acidosis with admini ion of par ino-ben:
Proe. 8oc. Exper. Biol. & Mad., %: 88-81, 1937,

510, L: The exaretion of i bases and some phenols and phenol derivati " 3.Clin.
& Lab. Investigation, 1:345-348, 1049.

s, L: The tion of and N inamide fn the

products’ in the chicken. Abstr. 17th In-

of urine as studied on the isolated kidney. Proc. Roy. Soc,.

um ml.uxxh.
c ida lex. J. Biol. Chem.,

517. 8rnaves, M. B., awp Sourawoxrs, H.: Urinary changes due to sulfanilamide sdministration. Bull. Johns
Hopkine Hosp., 63: 4145, 1938

518. Suuwan, J. B., a¥p Sousas, G. F.: Chemistry and Methods of Ensymes. Academic Press, Inc., New York,
1943

19. Svsesaw, R. M., awp Scaack, J. A.: BAL inhib of diuresis in congestive b il Proe. Soc.
Exper. Biol. & Med., 66: 347-248, 1047.

530, 8wiwars, W. W., Parxtws, W. M., Taviom, A. R., awp Havs, H. W.: Astudy of water intoxication in the intact
and adrenalectomised dog and the influence of adrenal cortical h upon fluid and olyte distribu-
tion. Am. J. Physiol., 119: 867-868, 1937.

& W.W., amp 3.3 i with an active extract of suprarenal cortex. Anat. Rec.,
4: 225-336, 1929.

522. Bwiwcrs, W. W., awp Rmurxarow, J. W.: Role of adrenal cortex in physiological processes. Physiol. Rev., 4:
89-127, 1944.

3. Swiwass, W. W., anmn.l w., mn.ﬂ W., awp CoLLwas, W. D.: Effectiveness of primary doses of

against water intoxication. Endocrinol-

ogy, 28: 531-534, l“l

524. Tacaasr, J. V.: Unpublished data. Personal communieation. Also cited by Mudge, G. H., and Taggart,J. V.,
in ref. 363.

525. Tacaaxr, J. V., axp Foasrzx, R. P.: Renal tubular effect of 2,4-dini and related com-
mn&onphmolndmbm%:ﬂmhhd&hm.m.l.?hyﬁol..lﬂ: 167-178,

536. TAIAIL.B AND J.R.: P i and the role of the kidney in its production. J. Clin.
Investigation, 28: 99-113, 1949.

537. Trozw, G. W.: Clinical use of extracts from adrenal cortex and of synthetic products baving similar actions.
J. Am. M. A., 128: 10-15, 1944.

§38. Taorw, G. W.: The Diagnosis and Tr of Adrenal Charles C. Thomas, Springfield, IIl.,
1949,

829. Troax, G. W., awo Exxxsox, J. K.: The role of gonadal and adrenal cortical hormones on the production of
edemsa. Ann. Int. Med., 14: 767-709, 1940.

830. Taoxw, G. W., Exaxw, L. L., awp Lawzs, R. A.: Effect of 17-hydroxycorticosterone and related adrenal cortical
steroids on sodium and chloride exoretion. Science, 94: 343-349, 1941,

831. Trzsonw, B.x..w G.8., Prre, A. A, awp Bayaz, K. H.: The isolation and characterisation of the

Am. Chem. Soc., Abstr. Fall Meeting, p.

31L, 1940.
’hun' B.K..Sam G.8, hrr A.A. OA-.R.W..mBnln.K.B Benemid (p-(di-n-propyl-
in body fluids. ion Proc., 9: 320, 1950,

833. Tausra,J.: Kidney. Ann. Rev. Physiol., 12: 309-398, mo

834. Tucxss, H.A., mhou.ﬂ..ﬂ-n— in G in man i injection
in luti d in il-b Am.J. l.d 4: 343354, 1048.

535. Unsamrr, W. W., Burms, R. H., awp J.F.: Mo and Related Methods for the
Study of Tissue ism. Burgess Publis Co., 1048,

838. Urrxs, M. F., Rxuaz, J. M., Awp Woop, H. G.: M of b is in brain as related to

poliomyelitie. J. Exper. Med., 83: 317-238, 1945.

537. Vam, V. N., awp Kocaaxiaw, C. D.: Effect of adrenalectomy, adrenal cortical hormones, and testosterone
propionate plus adrenal cortical extract on the “alkaline’” and “‘acid’’ phosphatases of the liver and kidney of
the rat. Am. J. Physiol., 158: 580-587, 1947.

838. Vaw8uyxe, D. D.: The effect of urine vol ion. J. Clin. I igation, 26: 1150-1167, 1047,




RENAL TRANSPORT MECHANISMS 279

§39. Vaw Surxs, D. D.: Btudies of Normal and Pathological Physiology of the Kidney. Thirtieth Mellon Lecture,
Edwards Bros., Inc., Ann Arbor, 1049.

840, Vu&.ru.D.D..Bun,L.mlnt.l‘..'l‘h i and the estimated
Siltration of sodium in the 3 ison with inulin, creatinine and ures. Am.
J. Physiol., 113: 611-638, 1936.

541, Vax Surxs, D. D., Huuxs, A., axp Mnuzs, B. F.: The on of fe de, inulin, inine and

mhmuwdnﬂihdmuthmawmmml Physiol., 113: 630-841,

1038,
$43. Vaw Surxe, D. D., Panuuses, R. A, Hauavrow, P. B., Acarsavp, R. M., Forcazs, P. H., awp Hnuzs, A.:
Glutamine as source material of urinary ammonis. J. Biol. Chem., uo:m-cu.ml

843. VaxSurxs, D. D., Ruoavs, C. P., Hnzxs, A., awp ALving, A.8.: Relati cretion, renal
blood flow, renal oxygen consumption and diuresis; the mechanism of ures excretion. Am. J. Physiol., 109:
336-374, 1934,

544. Venwer, E. B.: A and excretion of water; bormone. Lancet, 2: 730-744, 781-783, 1946.

545. VEawzy, E. B.: Antidiuretio hormone and factars which determine its release. Proe. Roy. Soe., Londos, s. B.,
135: 35-106, 1047,

846. Vo-llma.l.. und i d. Kong. {. inn. Med., p. 349, 1887.

B47. W, hosph in choline Arch. Path., 28: 207-304, 1944.

548. WAun.A.I. Bm,P.A. Ouxvas, J., awp MacDowmws, M. C.: Collection and analysis of fiuid from single
nephrons of mammalian kidney. Am. J. Physiol., 134: 530-505, 1941.
549, Wu.:n.A.ll. awp Hupsox, C. Wuummmmmmmmmwd
upon it. Am. J. Physiol., 118: 130-143, 1987.
850. Warxxs, A. M., Huoeow, C. L., Fiowsy, T., Jx., awp R: A. N.: The total molecul
the chloride concentration of fluid from different segments of the renal tubule of Amphibia; nhdd:hido
mms.m Ill-ltl-lﬂ.lm
551, Warxss, A. M., ion of fluid from singl d tubules of
. Am. J. Physiol., m.m-m 1941,
583. Warxes, A. M., Scmapr, C. F., Eusox, K. A., axp Joxwerox, C. G.: Renal blood flow of unanestbetised rab-
bits and dogs in diuresis and antidiuresis. Am. J. Pbysiol., 118: 95-110, 1037
583, Wannzw, C. O.: Role of bicarbonate in action of serum in supporting tissue respiration. J. Biol. Chem., 156:
550-500, 1944,
854. Wannxw,J. V., Braxwox, E. 8., awp Mzanivy, A. J.: Method of
mﬁ&omﬁmumdmwmwsﬁﬂ,lﬂlﬂdlm
1044,
568 Wamnzw, J. V..ernn E. A, Jn: Pluldyumamahmmmhnm interpretation of
d plasma d elevated venous pressure in certain patients with

prolonged congestive failure. Arch. Int. Med., 73: 138147, 1944.

886. Warsanouse, C., awp Kzuruawn, E. H.: Kidney function studies in adrenal insufficiency. J. Clin. Investiga-
tion, 26: 1199-1200, 19047,

857. Warans, L. L., oxp 8rocx, C.: BAL (British anti-lewisite). Science, 162: 601-808, 1945.

558. Wi, J. F.: Influence of pituitary extract on metabolism in diabetes insipidus. Arch. Int. Med., 32: 617-634,

1933,

550. Warn, J. F., Lanson, E. E., axp Rowwrass, L. G.: Studies in diab ‘water bal d water in-
toxication. Arch. Int. Med., 29: 306-330, 1932.

560. WeLLmx, I., Wrsw, C. A., Tavion, H. C.,mnumA..mﬂmmdoeﬁnmdhbodm,
tubular excretory mass and phenol red clearance in specific toxemia J. Clin.
63-70, 1943,

561. Wxzaxn, J. M.: Histochemical changes in the kidney during diuresis and dehydration. Am. J. Physiol., 42:

443451, 1944.

$63. Wmas, C. A., Roszraay, A, Duscaw, M. T., awp Tavrez, H. C.,Jx.: The effects of testosterone propicoate
on renal function in the dog, as measured by the creatinine and diodrast clearance and diodrast Tm. Am. J.
Physiol., 137: 338-347, 1043.

563. Wn-,QA. Wun.L.TAmB.C..mnumL~ The filtration rate, effective renal blood flow,

] clearance in normal pregnanay. J. Clin, Investigation, 21: 57-81, 1943.

564 Wn-,c.A..W“.L,mTAmB.C..JL. mu-mm-lhuduumm«hmhmy

23: T80-784, 1044.

uw-o..x..o In .AnA-.cv W.P.,Jn..!b-ﬂ-dndlmndmm_uhmhﬁ-
dog. Am. J. Physiol., 153: 465-474, 148.

Be6. w-o-.LG..JL.Al-ov.W. P., Ja., awp Suars, H. W.: The excretion of strong electrolytes. Bull. New
York Acad. Med., 24: 586-008, 1948.

$67. Waar, J. R., Surrm, H. W., axp Catasts, H.: Glomerular filtration rate, effective renal blood flow, and maximal

tubular excretory Mi.inﬁ.v J.Mt. nuo-u.ua.
568. WaxLzR, J., awp ELuts, L. B.: to ion of diuretics. Am. Heart J.,
27: 86-95, 1944.

860. Warrs, H. L.: The effect of phlorhisin on renal plasma flow, on glomerulsr filtration and on the tubular exare-
tion of diodrast in the dog. Am. J. Physiol., uo-w-m 1940.

570. Warrs, H. L., awp P.: Pituitary shange in d d monkey. Am. J. Physiol.
118: 376-284, 1937,




« B

280 KARL H. BEYER

871, Wares, H. L., Huwsscxaz, P., axp Rotr, D.: Effect of b on some renal ions. Proc. 800
Exper. Biol. & Med., 46 44-47, 1941,

878, Wxres, H. L., Huxsucxzs, P., awv Rows, D.: Hy d fi Am.J. Phynl. 133: 489, 1941,

§73. Warrn, H. L., Hurxsncxus, P., awp Rowy, D.: Effects of Jof ior lobe of by l

fumetions.
. Tln.mr..mkeu.b.z 8 d in and cardi
J.

§75. Warrs, H. L., Hmusncxas, P., oo Rotr, D.: Further obssrvations on the depression of renal function follow-
ing hypophysectomy. Am. J. Physiol., 156 67-78, 1040.

§78. Warrs, H. L., Haowsacxas, P., awo Rowr, D.: flects of growth b retal function. Am. J.
Physiol., 187: 47-81,1949.

§77. Wimsmxave, V. D., axp Lasoy, H. A.: Phospborylation of hexoses by brain hexokinase. Arch. Biochem., 21:

$31-329, 1940,
V. D.: Benemid (p-(di beasolc acid): its effect on certain glycine-conjugation

reactions. To be pubjished.

m. R.T.: The of Drugs and Allied Organio Compounds. John
Wiley & Sons, Inc., New York, 1947.

ﬂ,'lu‘.l.!..mm,l mmuwmmmmwmam«munu J.
Physiol., 154; 330-338, 1948.

881, Wramz, H. A.: The of phosph from the ic kidoey. J. Exper. Med., 78: 235-

230, 1943,
583, Wrianz, H. A.: Remal phosphatass; the correlation between the functional activity of the renal tubule and its
phosphatese

A.W., axp Sarrm, P. K.: Renal exaretion of “-An-'l’hyﬂol..lxzu-lﬂ.uﬂ.
mlm.l,c,nowﬂn-.kh Effect of b h hy in
dogs. YaleJ. Biol. & Med., 123 706-700, 1940.
588. Woerow, F. R.: Physical factors involved in the activities of the mammalian kidney. Physiol. Rev., 17: 408~
a8,

888. 'aJ.A.V.,mBAu..B. M.: Bffect of intravenous calcium salts on renal excretion in the dog. Am. J. Physiol.,
158: ', 1940,

887, an.L.D..Bn-o,B P..Bml!.k,.?uu.l.&.msmk.ﬂ ‘The renal clearance of essential

UImLT..MMthMnMMh&Mn&
Am. J. Physiol., 145: 681-684, 1048.






