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INTRODUCTION

General Aspecls

Glycerol is & ubiguitous substance first discovered in 1779 (29).

It is found in food products, beverages and in pharmaceutical preps-

. rations ss a solvent or vehicle (11, 20, 33). It is occasionally
used therapeutically to lower the intraocular tension in humans with
glaucoma (32). It is & substance endogenous to mammalisns and can
be synthesized or obtained from fat metabolisnm. Glycerol ig & rela-
tively non-toxic substance. Toxicity appeafs’only in the cese of
very lerge doses, or in the case of suﬁc@t&n&ous_injections (20,733).

Ethylene glycol was first synthesized in 1859 (22). When
gAycerol was in short supply during World Var I, ethylene glycol was

. studied as a replacement fér glycerol, primarily as é solveﬁt or
vehicle in pharmaceutical preparations. Toxicity sﬁudies however )
h&vé shown that it is not & safe replscement. Ethylene glycol is
a more toxic ﬁﬁbstance than glycerol and the nephrotsxicity asgociated
with iﬁs consumpbion is often the primary cause of death (1k, 20).
Ethylene glycol is most familiar for_its use in rediator antifreeze.

Glycerol and ethylene glycol are aliph&fic straight chained
saturated polyalcohols. Tsable 1 lists some physical properties of
these compounds and urea. Urea and ethylene glycol both have the

-sene approximate molecular welght which is about {wo-thirds the
molecular welght of glycerol. Ethylene glycol end glycerol are
substantislly more soluble in water thsn urea. Although partition
coefficients may vary sone between different membrenes, in general,

ethylene glycol, and urea to some extent, are slightly more lipid



TABLE 1. Physical properties cf compounds studied.

= — e —— ks o
Olive cil: Agucous
Compound Mclecular Density Solubility water Par- Diffusion
Weight ; . in Water tition Co- Coefficient
, efficient D x 105
HoCOH b g/ml : g/100m1 em=/sec
| ,
Glycerol mmom 92.1 1,26 oo 0.00007 0. 72-0.83
H-COH
Ethylene ECOH = *
Glycol g mmom 62.1 1.12 o0 0.00049 (0.93)
=
Urea hmno 60.1 : 1.34 119 0.00015 0.9k.1.18
NH

Values obtained from three scurces (10, 23, 60). #*Parenthesis indicstes possible mizprint
in magnitude as expressed in original source (10).
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soluble than glycerol. However, ail three compoundé are relatively
lipid insoluble substances., The aqueous diffusion coefficients of
all three compounds are similer and approximately proportionzl to
the square root of thelr respective molecular weights, as predicted
frem simple diffusion theory. |
Studies of the movement of glycerol and ethylené glycol across
red blood cell membranes have revealed:
a2, In maymalien cells, urea penetrates very rapidly, ethylene
--glycol penetrates less rapidly, &nd glycerol slowestrof:all (10).
25 In most species, including the dog, movement of all three
molecules is by simple passive diffusion (10).
‘3. In other species, such as the human and the rebbit, glycerol
moverent is too rapid to be accounted for by passive diffusion
and carrier mediated f&cilit&ted diffusion hes been proposed to
account :for this discrepancy (10, 55 )<
L, In the facilit&téd diffusion system, ethylenz glycol snd
some other glycols in high enough concentretions have been
shown to be competitive inhibitofs of glycerol movement BCross
the membrane (53, 54, 55). It has been proposed (52, 53, 5k)
--that the glycél and glycer@l moleculgs, rich in hydroxyl groups,
form a dimer by mesns of hydrogen bonds. In the csse of inhi—r
bition, the dimer has en increased woleculer size and weight
and 18 thought to have the same, or increosed, number of free
hydroxyl groups vhich tend to anchor the dimer in. the solvent
water and hinder its entry into the lipid mewbrane according to

this concepl. The net effect is to inhibit glycerol movement.



5. In & passive diffusion system, such as the ox red cell,
glycols in high concentrations may increase the penetration rate
of glycercl (52, 53). 1In the human red blood cell, sowme glyeols,
other than ethylene glycol, increase the penetration rate of
glycercl (53, 54). It is proposed (53, Sh) in this case that‘the
dimer formed betwaeﬁ the giycerel.&nd the glycol molecules has
less free ﬁydroxyl groups available for bydrogen bonding with
vater and can thus move across the lipid rhase of the membrane

- more rapidly then the monomers, despite the larger size and

weight of the dimer.

For passive movém@nt ecross & given uembrene, prob&blyvby nove-
ment through pores, it would be expected that ureé gnd ethylene ély-
col would be more yerueable than glycerol.

This might not necessarily be true if glycerol movement occurred
by means other than simple p&gsive diffusion. |

Aé discussed above it is possible that the presence of & glycol
night effect the movement of glycerol. In & carrier pediated system
the‘preaence of & glycol, such ag ethylené glyccl, might inhibit the
move@ent of glycerol. In a pussive diffusion system, a glycol might
increase glycerol movement. It is also possible that high concen-

- trations of glycol would be necessary to demonstrate these effects.

In the pammlian kidney (7, 21, 59), urea is gquite permesble in
the proximsl convolution es indicated by the fact that only one-half
of the urea filtered is left within the lumen towards the end of the

proxizal convolution. The amount of urea in the tubular fluld st



the tip of the loop of Henle in the papiila is about eqgual to the
amount that waé filtered. In the distal tubule & quantity in excess
of the auount of uréa filtered msy be present in the luminal fiuid.
Yet in the final urine only about 0.2 -vo.h of the filtered amount
ray be present.

These findings are considered to be & consequence of high 3
permeability to urea in the collecting duct with movement of urea into
the wedullary interstitium sand diffusion back into the.descending limb
of Henle. The distal tubule is believed to be relatively impermeable
with respect ﬁd urea, even in the pfeéencé o} antidiuretic ho:mone
(3, &, 5, 19).

Before a review of the pertinent literature, a&n outline of
symbols and terminology frequently used in renallfhysiology has been

inciuded in the following pages.
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V=

SYMBOLS AND TERMINOLOGY FREQUENTLY
USED IN RENAL PHYSIOLOGY

isban abbreviation used for ethylene glycol.

is an abbreviation used for_glycerol.b

ié an abbreviation used for inulin,

is an abbreviation used for para-aminohippurate.

The concentration of any substaﬁce X in the plasma, in mg./ml.
of plasma.

Tﬁe concentration of substance x in the urine, in mng./ml. of

urine,

The rate of urine flow, in ml./min,

Ui/?x = (U/P)x = The U/P ratio of substance X, the concentration of x

in the urine divided by the concentration of x in the

pla;ma.
If the U/P ratio is less than 1.0 it is usually interpreted
as an indication of active reabsorption of the substance
against a concentration gradient by the tubular cells as
the urine passed down the tubules. Active reabsorption
requires specific énergy expenditure by the cell to move the
substance against an electrical or chemical gradient.

A U/P ratio greater than 1.0 may be associated with

combinatipns of active transfer, passive diffusion and

secretion of the substance into the urine, so that a U/P



ratio greater than 1.0 does not indicate the ﬁech&nism
invelved. However, a substance that moves only by pagsive

diffusion rmst bhave a U/P ratio greater than 1.0.

U;§'= The amount of x excreted in the urine psr unit time, in ng./min,

Ugﬁ/PX:JHE;vThe clearance of substance x, in ml./min. A measure of
the virtual volume of plagma that isvclearad of substance
x per unit of time. The larger the vaiue is, the more
effectively the,substgnce is excreted.  If the substence
is freély filterable through the glomﬂruli and is neither
reabsorbed nor secreted byvthe tubules, then the c¢learance
of the subgt&ncé will be identic&l with the filtrati&n
rate. Tnulin meéts’theae specificatioﬁs.. .

UIn‘}/PIn: Cpp=CFR = The glomerular filtration rate, in ml./min., is

| equel to the clesrance of inulin.

GFR ¢ Py=L, = The filtered lcad of x, the smount of x that is filtered

_through the glomaruli per unit time, in mg. /min.

Cx /cIn;= The x-to-inulin clearance raﬁio, the clearance of x relstive
to the clearance eof inulin., Also therfraction of the fil-
tered lozd of x that is excreted since the amount excreted/
filtered load = Ugl/CrPx = (Usy /P)V/Cyy=Cy/Cry which in
ite simplest form becomes (UX/PK)§/(UIH/PIH)%.: (u/P) /(U/P) 1n.

If the x/In clearance ratio is greater than 1.0 it
indicates that the quantity of x that sppesrs in the urine
gxceeda the quantity of x that was filtered. In most cases

this would mean that the substence hed also been sacreted
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into the urine. If the clearence ratio is less than.l;o it
indicates that somz of the filtéred arnount has been reab-
sofbed. It cdoes not-iﬁdicate the mechenism by which it
vas regbsorbed. The smaller the clearance ratlo is, the
lérger is the;fraction of filtered x that has been reabsérbed.
Sinée the fraction of the filtered load that is excreted and
reabsorbed.must be equ&i,to 1.0 unless thefe hag been
secretion 1t follows that:

( 1 - Cx/Crn ) = the fraction of the filtered losd of

x that is resbsorbed.

Ty= The transport rate of substesnce x across the tubulér epitheliuvm,
in mg. /min. It is the difference between the total rate of

delivery of x, which is Cq,P,, and the rate of excretion, vhich

is UNV.

Tme= The maximum transport rate of x, in mg./min. Demonstration of
& Tm is considered evidence that the substance is actively
transported. A substance that moves by passive diffusion will

not exhibit a Tm (sce Appendix B).



REVIEW OF PERTINENT LITERATURE

Glycerol

Several studies have dealt with various sspects of glyeerol
excretion { 15, 18, 30, 35, 45, 63). However, due to the experimental
-design, -these studies do not a&llow intérpret&tions as to the possible
mechanisms or areas 6f the nephron involved, .

Schmengler and Hober (L) in 1933 studied the rate of appearance,
- in frog urine, of ceft&in org&hic moleq@lea including glycerol and -
ethylene glycol. The compounds vere berfused to the proximsl tubules
via the renal portdl gystem, The renél erterisl fluid, from\which
the glomerular filtrate is formed, admixes with the portal fluid at
the level of the peritubular capillaries, so fh&t the bleod containing
the compounds is not filtered but does perfuse the prozimal tubule.
They observed that glycerol and eth,liene glycol moved from the bleod
into the tubular lumen along their concentration gradients end in accor-
dance with their molecular size. That is, ethylene glycol penetrated
more rapidly than glyéérol. The permeability of ethylene glycol was
about twice that bf glycerol.‘»The compounds were not studied simal-
tanecusly. There was no evidence that active participation of the
tubular epithelivm was invelved. This was baged on the‘finding that
& narcotic, such &s phenylurethanc; would substentially reduce active
transport of phenol red, but not affect glycerol or ethylene glycol
movement.

In 19%5, on the basis of.clearance gtudies, Sveinasson (57), repor-

ted that the percentage of the filtered glycerol that is excreted by

°
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the humsn kidney is independent of urine flow end pleswa concentration,

if the plesma concentration is greater than 0.30 mg./ml.l At lover
plasma levels the percent excreted decreased as the plesma concen-
tration decressed. In one experi@ent with & very low plasma concen-
tration he obtsined U/P ratios for glycerol that were‘less than 1.0.
" He believed that gl&cerol was a threshold substance whigh had
8 low renal Tm. The renal threshold was estimated to be 0.10 mg./ml.
of plasma.e At the low levels glycerol reabsorpﬁién was believed to
be primarily by en sctive mechanism. At levels high@rbthan<this the
percentage excretion was‘believed to be primarily influenced byvpa&sive
reabsorption. Prom his experiments, which uﬁfortun&tely did not in-
clude determination of the GFR, it was éstim&ted that aépfoxim§tely
k5% of the filtered glycerol was excreted when piasma éoncentrafigns
exceaded 0.30 mg./ml.

Pena and Malvin (37) in 1962 reported studies deeling with the
movemgnt of certain compounds, inclu&ingblhc-glycerol and lhc-urea,
from the blood of degs, across the tubular cells end into the tubulsr
Jumen., The procedure was to establi&hva diuresis and then clamp
the ureter for 12 minutes. The labeled substance to bes studlied wasg
then injected intravenously slong with PAH and creatinine. After
2-h minutes the clemp was released and the stop flow samples were

collected. Midway during the collection a2 blood semple was drawn.

see Appendix B. Svelnsson (57) elso relates that E. Holst
(Diss. Kobenhavn, 1943) studied rabbits and found that the percen-
tage of filtered glycerol that was excreted wos constesnt in the same
enimal irrespsctive of plasms levels, bubt that the percentage
excreted varied from a smrall percent up to 60% from animal to aniral.

“This corresponds to tbe value reported for rabbits (56).
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TABLE 2. Average vroximal

and distel U/P ratios for Cit-labeled compounds ,

Compound Average P Average P No. of |
Digtal’ Proxinal Exps.
U/p u/p
Ures 0.068% 0,037 | 0.001 |0.300%0.18 0.001 L
Glycerol 0.0176%0,0026 | 0.001 0.107 £ 0.0011 0.001 3
Inulin 0.0042*0,0037 0.01k2%0.008 7

#Data from Table 1

?

of Pena and Mzlvin (37).

See text for additional details.

Values

are means ¥ S.D.
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If the labeled compound éppeared before (i.e. distal to) the
sppearanca of PAH 1t wvas conaidered tc be evidence for diffusion
across the distal tubular cells.- If it sppeared with PAH it was
consldered evidence for diffusion across only-the proximl tubular
cells., If it appeared with the crestinine it was considered that
the labeled compound entered by filtration only.

In one series of exPeriments,lhc-glycerﬁl &nd lhc-urea were
‘studied by the above procedure. In another séries, th»inulin wag
injected simmltanecusly wiﬁh the creatinine.

The dats are presented by the éuthors aézshown in t&ble 2. The
P column gives the probability that the average U/P ratic of the'
labeled conpound found in one group of dogs differs only by chance
from the average inuliﬁ U/P retios obtained in &‘ﬁifferent series of
dogs. The column labeled distal gives the aversge activity in countﬁ/
min.ﬁdl. of all sexples obtained before PAK appenred, divided by the
activity found in the plasma, elso in counﬁs/min./ml. The colummn
labeled proximal glves these ratios fcr all senples obtained after
the appearance of FPAH but before the appearance of creatinine.

They conclude that both glycerol and urec vere able to move
across the tubular cells into the distal tubular urine, and, to a
greater degree, into the proximal tubular urine. The rate of urea
moverent vasg greater than thst for glycerol. The conclusions with
regard to uree are supported by the only stop flow pattern published
vhich indicates thet urea did appear in the samples vhead of PAH and
creatinine.

When interpreting the glycerol data however, three considerations
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are necessary.
Firast, glycerol has been shown to be metebolized, in the rat,
rather rapidly, especially with administration of small doses (12, r L8
It may be that some of the radicactivity found in the urine was due
to metabolites of glycerol, such as luCOQ, rather than lhc-glycerol.
Second, presentation of data in the form of U/P ratios obtained -
in non-steady state conditioné nay not allow uéeful interpretations
of the data. This is due to the fact that the plaswa concentretions
of glycerol and inulin will be decreasing immediately after injection.
The plasma samgle will contain glycerol and ipulin st concenﬁr&tions
lover than the sctual values that were»pr@sent during the time when
transtubular movement was presumably occurring. This would arti-
factually elevate the U/P ratios of both, Thié would not be &n impor-
tant consideration if the plasma concentrations of glycercl and inulin
decrezsed at the same rate. However, if the plaswa concentration of
glycerol fell at a greater rate than inulin, then the U/P ratio for
glycerol would be falsely elevated and to & grester extent than the
U/P ratio for inulin to which it is compared.
Inulin is e large molecule and it would be expected that whenever
it left the plasma compartment that the smaller glycerol molecules
would &lso leave and at & greater rate. It would slso be expected
that glycerol would readily leave the plasma compartment when inulin
would be unéble to do so. Glycerol, for instance, would enter the
red blood cells, an appreciable rass, in addition to being metebolized.
The plasma concentration of glycercl would accordingly fell more rapidly

then the inulin concentration. This might well Jead to o falsely signi-
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- ficant difference betwveen the U/P ratios for glycerol and inulin.

Third, &s the authors themselves point ocut, the analytical method
for detection of %0 is quite sensitive and 1% which wes only f£il-
tered could be detected before chemicelly detected creatinine. Since
it is not likély that the tubular epithelium would be completely
impermseble to &ll molecules of a substance such as glycerol, it
would be expected that a sufficiently sengitive method would indicate
that the tubular cells were permesble, to some extent, to the glycerol
molecule. It is possible that this may not represent'quantitatively
appreciable movement of the compound, however, so that for most pﬁr~
poses the tubuiar epitheliumiwouié be conéid;red impermgable to the
compound.

The suthores also state that glycerol was shown to be actively
redbgsorbad from the proximal tubule. Unfortun&teiy they do not
provide the dats that are the basis for tﬁis statement and make no
additional statenents concerning it.

They conclude that glycerol movemént from the blood into the
tubular lumen was by means of paszgive movement across the distal
tubular cells, and across the proximal tubular cells msy have been
in part passive, and in part leskage backwards ascross en active
transport systemn,

Kruhgffer and Nissen (28), working with cats, reported in 1963
that with low filtered losds of glycerol there wag ezsentislly com-
plete resbsorption of glycerol with U/P ratios lesg then 1.0, With
increasing filtered loads, there ves an increasing rate of reab-

sorption (i.e. no Tu), and the frection of the filtered lced
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reabsorbed approached 0.40, This is in sgreement with Sveinsson's
(57) interpretation of his data (sece Appendix B).

A few stop flow studies were done and interpreted as showing a
low distal permeability to glycercl, with glycerol reabsorption
occuring in the proximal tubule to the extent tha£ th? U/P ratios
vere less than 1.0. In the single stop flow experiment published,
with the exception of the first few distal samples, all U/P ratios
of glycerol were less than 1.0 and the minimum glyceroi concentration
was found in the proximzl tubule ssmples. The plasma glycerol
concentration was 0.22 mg./ml. during the experiment.

They postulsted that, at low filtgred loads of glycerol lesding
to low uvrine concentrations, reabsorption took place by diffusion
from the lumen into the proximal tubular cell becsuse of metabolic
conversion of glycercl within the cell which gave rise to a concen-
tration gradient between lumen and cell. This was designated
"econveraion reabsorption” énd allowed interpretstion of U/P ratios
less than 1.0 without postulsting esctive reabscrption across the
cell membrane. The “"conversion reabsorption" hypothesis wes based
on measurements that indicated that, at low plasma concentraﬁioﬁs,
there was & greater rate of removal of glycerol from the blood
(erterial-vencus concentration @ifference timea rensl blood flow)
than was excroted in the urine, However, discreﬁamcies in the
peasurenent of renal bleood flow were occagionally quite large (up
to 20%) and the concentration differcnce between arteriel and
venous él&ﬁmu wes quite srall (about 0.05 mg./ml.) so that there is

the peseibility of error and low sccuracy in the mepsuvrenents used
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in the calculations.

At high filtered loads, leading to high urine concentrations,
the glycerol converting enzymes vere considered to be saturated and
reabsorption then was primarily by the mechsnism of transcellulsr

back diffusion of glycerol into the blood, according to the authors.

e

Etbylene Glycol

With the exception of the work of Schmengler and Wober (k)
previously discussed, studies on the possible mechanisms or sites
involved in reabsorption of.ethylene glycol by the remsl tubules
have ﬁot been published. Previous stﬁdies of ethylene glycol have

been limited to consideration of its toxic effects or metabolism (16).

Purpose of Present Experiments

The present studies were done in an attempt to define how the
.kidney deals with glycerol, and with the chemically similar compound
ethylene glycol; specifically to determine;

1. the smount of the substance thet is execreted in terms of

the amount filtered;

2 at what sites the reabsorption occurred, and if possible,

the mechanisms involved;

3 if e relatively low concentration of ethylene glycol

affects glycerol movement.

The studies were done almost exclusively on the dog, which had
not been studied previously with respect to the above considerations.
Rabbits were used in one series since, as menticned &bove, the

rabbit red bleed cell handles glycerol, and glycerol with ethylene
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glycol present, differently than the dog red blood cell. Thus the
possibility that the kidney of different species might handle
glycerol, with or without ethylene glycel present, differently, led
originelly to the plan to study the dog, the rabbit, and possibly
other specles. However the interesting results thst wére found
early in the dog studies which seemed to require further study,
end due to time limitations, it was necessary to limit the study,

esgentially, to the one speciles.



METHODS

General

The animals were enesthetized with an intravenous injection of
0.5 ml./kg. of a solution conteining 6.0 gn. of powdered sodium

" pentobarbital diluted to 100 ml. with saline. The commercial

preparations of pentobarbitel contain 20% propylene glycol which
could possibly interfere with glycerol or ethylene éiycol moverent
across membranes (55), end to & minor extent might interfere with
deternination of glycerol (see Chemical Determinations). Supple~
ment&ry injections of anesthetic were given &s necessary o main-
tain adequ&te'levels of‘anésthesia (absence of cornesl reflex).

Intratracheal tubes were inserted. All enimzls were hydrated
with 200-500 ml. of saline, given ?hiie the surgical procedures
were carried out. Arterial blcod pressure (carctid artery) was
continuously recorded by means of e Stathem strain gauge and
Grass Polygraph. Sodium sulfate vas used to promote & diuresis.
Mannitol was not used ss & diuretic agent since its presence would
interfere with the colorimetric determination of ethylene glycol

“—and glycerol (see Chemical Determinetions). All priming solutions

were given by intravenous injection. The sust&inipg sclution
containing the sulfate was given by lntravenous drip iﬁto g femoral
vein throughout the experiment. The sustaining soluticn containing
the substance to be studled vas given by mesns of & constant infusion
pump (Herverd Apparatus Co.), elso into a femoral vein.

Urine was collected from polyethylene cstheters inserted into
both ureters to the renal pelvig. Rensl pelvic pressure ves

recordcdiduring urateral clamp in the gtop flow studies. The
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distal end of the ureteral catheter was attached to a three«w&y stop-
cock and Stathesm strain geauge which was éonnected to the Grass Poly-
graph. By the appropriste turn of the stopcock urine flcv could be
stopped, and in effect "the ureter was clamped.”

The eppropriate blocd samples were withdrawn from the carotid
polyethylene cotheter. Blocod samples were obtained midway during
urine collections, and before and after ureteral clamp in the stop
flow studies, Heparin (Lipo—Hepin, Riker) was used &8 an anti-
coagulant. | |

Commerciaily available glycerocl and ethylene glycol were used

without further purification (Merck, or Matheson Colemsa and Bell).

Clearance Studies

(2

Preliminary investigntions using the cledrence technigue were
carried out on six mongrel male and female dogs weighing 13-25 kg.
The composition of the soluticns conteining the test Subst&nces.is
indicate& below:

1. Priming solution (3.0 ml./kg.)

glycerol: 6.3 - 25,2 gu. of glycerol
diluted to 100 ml. with ssline,

ethylene glycol: 5.6 - 22.3 gn. of ethylene glycol
diluted to 100 ml. with seline.

2. Sustaining solution (0.78 ml./min.)

glycerol: 1.9 - 7.6 gm. of glycerol
diluted to 100 ml. with saline,

ethylene glyecol plus glyecerol: 1.7 - 5.6 ga. of ethylene
glycol plus 1.9 - 7.6 gm.
of glycerol diluted to
100 ml. with saline.
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Prining soluticns of sulfate (0.9 osmolar), inulin,'&nd PAH were
given, followed by continuous infusion of a sulfate (0.3 - 1.0 osmolar)
sustaining solution which also contained inulin snd ?AH. 'After e
diuresis was established the glycerol priming and sustéining golutions
were administered. At least cne-hslf hour was elloved for a stead&
state to be attained, 2-3 clearance periqu were then carried out.
The priming solution of ethylene glycol and the sustaining sclution
of ethylene glycol plus glycerol was ﬁhgn sdninistered. After st
least one-half hour, 2-3 clearance perio@s were again carried out.

It was foﬁnd tﬁat‘if the priming injection wés givén as concen-
trated glycercl that an Immediate drop‘in blood pressure, primarily
disstolic, occurred, followed by return of the blocd pressﬁre to

values sbove those before injection.

Stop Flow Studies

Dogs. Stop flow studies, es described by Malvin, Wilde end
Sulliven (31), were carried oul on three male mongrel dogs welghing
16-22 kg. The composition of the‘tegﬁ solutions is given below:

1. Priming solution (3.0 ml./kg.)

glycerol: 25.2 - 34,0 gm. of glycerol
diluted to 100 ml. with saline.

ethylene glycol: 22.3 - 30.2 gm. of ethylene glycol
diluted to 100 ml. with saline.

2. Sustaining solution (0.78 ml./min.)

glycerol: 6.3 - 8.3 gu. of glycercl
diluted to 200 ml. with seline.

ethylene glycol plus glycerol: 5.6 - 7.# gn. of ethylene
glycol plus 6.3 - 8.3 gn. of
glycerol diluted Lo 100 ml.
with saline.
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The procedure was the same as in the clearance studies with the
exception that one-helf hour after the test substence was administered,
& stop flow procedure, rather than & clearance procedure, wes carried
out. In one experiment, ethylene glycol was administered first instead
of glycerol The second pericd wes with ethylene glycol and glycerol.
In all cases the ureter was clamped for 5-6 minutes., 2

Rabbits. Stop flow studies were carried out on two rabbits, s
4.0 kg. male and & 4.3 kg. female. The only chenge in procedure
vas to administer the sustainlng golutlon with the test Jubutance at

a rate of 0.20 nml. /min. The ureter was cl&mped for five minutes.

Postocclusive Injection Studies

In these studies one male and six female mcﬁgrel dogs welghing
15-21 kg. were used. The coxposition of thevtestrsolutiéns is given
below:

1. Injection sclution (1.5 ml./kg.)

glycerol: 25.2 gu. of glycerol plus

5.0 gm., of inulin
diluted to 100 ml. with esaline,

ethylene glycol: 22.3 gm. of ethylene glycol plus
5.0 gn., of inulin
diluted to 100 wl., with saline.

2. Sustsining solution for & 15 kg. dog (0.73 ml./min.)
glycerol: 6.3 gm. of glycerol plus
.1 gw, of inulin
diluted to 100 ml. with saline.
ethylene glycol: 5.6 gm. of ethylene glycol plus

L.l gm. of inulin
diluted to 100 nl, with saline.

The procedure was essentially the seme as in the stop flow studies
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with the exception that creatinine was uSQd in place of inulin for
estimation of the GFR. The ureter was occluded as in the stop flow
studies. After occlusion for 3-6 minutes, one of the injection
solutions was given intravenously over a 50-G0 second interval. Fopr
mimites after the injection solution‘was started, the occlusion was
released and the urine samples collected.

In some cases, to obtain additional stop flow date, the same
amount of the injection solution was egein injectéd and the appropriate
sustaining solution infused. After one-half héur a stop fla%'study
was done as deécribed previcusly. The ﬁretef was occiuded for five

minutes in these instances.

Chemical Determinations ' . o e

1. Chloride (9), creatinine (13), glucose (L3), imulin (42), PAN (50),
and urea (6) were determined according to standard methods.
2. Glycercl and Ethylene Glycol. Two meﬁhods were used:
A. Titration method.
To determine glycerol in the presence of ethylene glycol, &
modification of the methods of Shupe (46), and of Hewburger
and Bruening (36) was developed which allowed the determination
of small concentrations in bioclogical fluids. The complete
details sre given in Appendix A.
B. Colorimetric method.,
The method of West and Repoport (61) for the determination of
mannitcl was used to determine the amount of glycerol, the

emount of ethylene glycol, or the tobal smount of ethylene
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glycol plus.glycerol wvhen both were present,in the sample.

Additional details are given in Appendix A.

It was possible to determiﬁe glycerol by either the titration
method, or by the colorimetric method if ethylene glycol was not
present. Ethylene glycol was determined by the colorimétric methodg

When ethylene glycol and glycerol were both present in fhe sample,‘
the colorimetric method was used to measure the glycerol plus ethylene
—-glycol- concentration. The glycerol.concentration, &s determined on

an aliquot of the sawe sample by .the titration method, was then

subtracted to obtain the ethylene glycol concentration.



RESULTS

Clearance Stndies (See protocol Appendix C)

Dogs. Table 3 lists the mean value + standard error of the meén
(S.E.) and the range of the clearance ratios obtained under the various
‘condltlons. N is the number of kidneys from which values were obtained
and used to calculate the mean value. Also listed is n, the number of
dogs in each group, which is not equal to N since both kidneys of some
dogs were utilized. Row I gives the mean glycerol/inulin clearance
ratio for all dogs studied with only glycerol presenf. Row IX givés
the mean glycerol/inulin and endogenousburea/lnulin clearance ratios
found before ethylene glycol was added and found in the presence of
ethylene glycol when the.individual ratios were obtained in the same
_animal. Row III gives the mean ethylene glycol/inulin clearance ratlos
found with and wuthout glycerol present. The mean + S.E. and range of
‘the plasma concentrations are listed in a corresponding manner. The
P value is the probability that the two mean values preceding it in
that row differ only by chance and was determined by use of the t-test
(paired or correlated measures used only for data in row II) (51).

When the plasma glycerol concentrataon was hlgh usually greater
than 0.30 mg./ml., the mean free flow glycerol/lnulln clearance ratio
was 0.75 for all dogs in which glycerol alone was studied, It was
0.73 durlng the first (ethylene glycol free) period in the series
in which the glycerol/lnulln ratios in a given dog before and after
addltion of ethylene glycol were determined. 'The mean free flow
ethylene glycol/inulin clearance ratio on the other hand wasvsigni—

ficantly less, 0.53. Excretion of a larger fraction of the filtered
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TAELE 3.

Mean clearance ratios and plasma concentrztions of glycerol, ethylene glycol
and urea in the dog under variocus conditicrs.

Corpound Clearance Ratio P Pilasma Concentration P
munv AOH\QHWVV g, \E.H
i
Glycerol 0.75% 0.0l 0.94% *0.15
(0.37-0.96) (0.32-2.11)
N=15 . a=10 =10 n= 10
: i
) Ethylene Glycol m" Ethylene Glycol |
i1 not oregsent present | not present present “
1 i ]
Glycerol 0.73% 0.05%% 0.61X0.06} 1<0.001 0.96% 0.22 | 1,13%0.49| >o0.2 |
{0.37-0.96) {0.18-0.80) (0.32-2.11) (0.36-k.01)
N=12 n=7 N=12 n=7 I N=T7 n=T7T|{N=T7 n=T7 _
Urea 0.71% c.05 0.70%0.03 >0.2 0.15%0.02 | 0.16%0.02 | >0.2
(0.54-0.85) (0.47-0.88) (0.11-0.22)] (0.11-0.23)
K=9 n=5 N=9 n=5 N=5 n=% |{K=5 n=5
1T Giycerol Glycerol
not present present not present present
Ethylene .0.53%0.05t o.kxto.okt [>o.2 1.17%0.17 1.22%0.20| >o0.2
Glycol (0.46-0.62) (0.17-0.71) (0.86-1.57) | (0.72-2.54)
N=3 n=2 N=1% n=8 =2 n=2 =8 n=8

Values are mean I S,.E. with range given in parentheces.
valiuves, n is the nurber of dogs.
statistically different (P<0.01).

+

N is the number of experimental
*Values statistically not different ( P>0.2),t# Values
See text for additional details.
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load of glycerol, i.e. glycerol/inulin clearance ratio, was also found
on the average (0,61 vs. O.kk; table 3, rows II end ITI), and with
one exception, in the individuasl experiments, when simultaneous
glycercl/inulin and ethylene glycol/inulin clearance ratios vere
determined. Accordingly, with comparable filtered loads, the tubulsr
reabsorption rates for ethylene glycol were greater than the rates
for glycerol (see figures 1 and 2). However, neither the fr&ngport
rates for glyéerol nor for ethyleﬁa giycol appeared to reach a
transport maxima, Tm, as ghown“in figﬁres 1 and 2. The transport
rates of both efhylege glycol and gl&ceroi sppeared to increase

as the filtered loads of each increased, ovér the ranges studied.

With & very low plessma glycerol concentration hoﬁever, éuch &8s
0.09 mg./ml., U/P ratios for giycerol vere observed in one study that
were less than 1.0, suggesting movement against & concentration
gradient.

Also indicated in table 3, row II, is the fact that, to a signi-
ficant degree, less of thg filteredvélycerol vas excreted when ethylene
glycol was also present. On the avefage, 73% of the filtered glycerol
wvas excreted by these dogs before ethylene glycol vas added. With
ethylene glycol present, only 61% of the filtered glycerol wasg
excreted by these smme animals, In the individual enimals, the
average glycerol/inulin clearance‘ratio wes never grecter after
ethylene glycel than beforehand. Comparison of the mean urea/inulin
clearsnce ratios before (0.71) end efter (0,70) ethylene glycol dees
not reveal any change in these values that is asssociasted with the

presence of ethylene glycol (table 3, row II).
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This is also indicated in figure 3 in which the mean clearance
ratios obtained after the addition of ethylene glycol are plotted
egainst the mean ratios obtailned before ethylene glyeol was added.

If there were no differences in the frection of filtered glycerol
excreted before and after addition of ethylene glycol, then the |
points would f2ll along the 4S5 degree line. This is found to be the
case when the ures/inulin clearance ratios before end after ethylene
glycol are plotted in this mamner. It is not the case when the
glyéérol/inulin ratios are plotted. 4A11,§oints except one lie below
the line indicéﬁimg‘that the average glycerol/inulinVclearance ratios
wvere less in the presence of ethylene giyc§l in all experimental kid-
neys except one in which there was no chenge.

The mean ethylene glycal/inulin cle&r&ncg ratic found vwhen only
ethylene glycol was studied wasv0.53. When éthylené glycol wasg
studied in the presence of glycerol, the ethylene glycol/inulih
clearance ratio was 0.hkl, Statisticzl anslysis inﬁicates that this
difference was not significant (table 3, row III). 1In the one study
done on the same animal, the averagé-ethylene glycol/inulin ratios
' obtained after addition of glycerol (0.5k and 0.47) were actually
slightly grester than those obtsined before glycerol was added (0.50
and 0.46). |

The plasma values for glycerol, ethylene glycol and urea are
gloo tabulated in tsble 3. The meon plasma concentrations of glycerol,
and of ethylene glycol, and of urea, were not significantly different
during comparable clearance pericds,

Rabbits. Teble 4 lists, in & panner similer to table 3, the
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TABLE L, Mean clearance ratios and plesma concentrati
ethylene glycol in two rabbits under various condition

I ————————— S

ong of glycerol and
5.

—— . ———
Compound Clearance ratio w Plasza Concentration
(x) (Ce/Crp) mg. /.
Ethylene Glycol Ethylene Glycol
not present present not present present
Glycerol 0.79% 0.02* o.mmwo.ou* 1. 3% Dol 1.24%0.09
(0.72-0.93) (0.77-0.94) {1.213-1.5¢) (1.16-1.33)
N=k4 N= L N 2 N=2
Glycerol present Glycerol present
Ethylene 0.66%0.034# 1.26% 0,28
Glycol (0.51-0.91) {0.98-1.54)
N=h N=2

Values are meen =

experimental values,
different at P< 0,05.

m.w.ﬁwdwwmnmmg@mwmawummmm.z
% Statistically not different (P>0.

is the number of
2). # Statistically
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values obtained in the rebbits. At high plesms concentrations, the
glycerol/inulin clearance ratio was 0.79, & value Just slightly greater
than that found in the dog. The mean ethylene glycel/inulin clearance
ratio, in the presence of glycerol, was 0.66, & higher value thsn
occurred in the dogs (0.44) vhen glycerol wes present. As occurred
in the dog, the fraction of the filtered glycerol excreted, i.e. the
glyéerol/inulin clearance ratio, 0.79, was statistically greater
(P<0.05) than the fraction of ethylene glycol excreteé (0.65).

Glycerol U/P ratios less than 1.0 were not observed &t these
high plasns 1évels and no experiments were cerried out at low plasems
concentrations,

In contrast to the dog, the meen free flow glycerol/imulin clear-
ance ratio after the addition of ethylene glycol, 0.85, was actually
slightly greater thsn before, 0.79, but was not statisticslly different
(P>0.2), as indicated in table Lk, fThe presence of ethylene glycol
was &associated with an increase in the sverage glycerol/inulin clear-

ance ratio in one animal, and with & decrease in the other,

Stop Flow Studies

‘Dogs. Figures I and S are representstive stop flow patterns
obtained from tvo different anlmals and ere typical of the data
obtained during the stop flow studies (8 dogs, 14 glycercl and
ethylene glycol stop flow pstterns.) The clearance ratios are
plotted on the vertical exis and the accusmulated vrine volumes
on the horizontal axis. Fluld that was trapped in the distisl seg-

went during thevperici of the uretersl clamp pay be identifled by
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Figure 4. Stop flov patterns of glycercl, ethylens glycol, endo-
genous vrea and inulin in the dog. The clearance ratios of glycerol
(G), ethylene glycol (EZ), and urea (U), and the U/P ratics of inulin
(In), are plotted on the vertical axis, The accumulaeted urine volumes
are plotted on the horizontal axis. Ul and U2 represent, respectively,
the pre- and postocclusive free flow samples. The arrows indicate
the sceunulated urine volumes at which the minimum chloride/inuiin
and maximum PAH/inulin ratios occurred. Glycerol was present Quring
period I, glycerol and ethylene glycol during period II.  The pluasma
glycercol concentration during the experiment was about 0.7 and 0.k
mg./ml., the plasus ethylene glycol concentration about 1.0 mg./ml.
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Figure 5. Stop flow patterns of glycerol (G), ethylene glycol (EG),
endogenovs ures (U) and inulin (In) in the dog, plotted as in figure
L, TEthylene glycol (plesma coucentration about 0.9 mg./ml.) present
during period I, ethylene glycol (plasma concentration sbout 1.0

ng. /ml) and glycerol (plasma concentration sbout 0.9 mg./ml.) during
period I1.
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the low chloride concentr&tion of the samples collected éfter release
of the clamp. Similarily, fluld trapped in the proximal segment during
this period may be identified by the high PAH concentration in the
semples collected after release of the clamp; The accumulated urine
volumes at which the minimum chloride/inulin and maximum PAH/inulin
clearance ratios oceurred, are indicated by arrows.

The minimum glycerol/inulin clearance ratios,'indicating reab-
sorption, were observed in the tubuler fluid samples containing the
maxX i PﬁH/inulin values. Reabsorption of glycerol in the pfbximal
tubule during tﬁe reriod of ureteral clamp is.shown by the deéline of
the stop flow pattern above the arrows indicating maxinum PAH/inulin
ratios. Reabsorption of glycegol in the proximal tubﬁle w&s'fodnd in
all dogs studied. The stop fléw patterns did not indicate that ’
there was eny appreciable glycerol réabsérption‘in the distal nephron
during the period of clamp (figures b and S).

In one stop flow study, with & plasima élycerol concentration’of
0.05 mg./ml., the proximsl fluid samples contained glycerol>concen-
trations that were less than the plasmé concentration, This suggests
that glycerol was sble to move egainst a concentration gradient in
the proximal tubule. |

Figures 4 snd 5 also show thet, in contrast to glycerol, the
ninimim ethylene glycol/inulin clearance ratios occurred in the
samples with the minimum chloride/inulin ratios, indicating that
ethylene glycol was reabsorbed in the distal nephron during the periocd
of ureteral clemp. Of particular interest is that fact that in the

proximal tubule, where the larger glycerol molecule wes reabsorbed,



36
there did not appesr to be any appreciablé reabsorption of the smsller,
chemically similar, ethylene glycol molecule.

Figure 4 shows the typicsl stop flow patterns for glycerol
obtained.before and after ethylene glycol was edded. In both cases
reabsorpfion of glycerol occurred in the proximal tubule, Howevef,
vhen ethylene glycol was present less of the filtered glycerol was
excreted as indicated by the generalized depression of the glycerol
stop flow pattern during peried II. kThis was a cansistént finding
in the stop flow studies and at no time did the two curves overlap.
This decrease 1h the stop flow pa%tefn (glycefol/inulin clearance
ratios) occurred despite the fact that the U/P inulin retios
usually decreased (figufes L ang 5), and urine flow rates inereased,
during period II. This would indiéate that less wﬁter ¥as resbsorbed
during period II and imply & decresse invthe average urinary glycerol
concentration. This would appear to indicate that the average concen-
tration grodient for any possible passive diffusion of glycerol wag
actually lower during pericd IT, than during pericd I,

Again, as indicated by the clearance studies, no consistent
effect on endogenoug urez excretiqn essocisted with the presence of
ethylene glycol was seen in the stop flow patterns (figure b end 5).
Hor were there chsnges in the stop flow patterns of PAH and chloride.

Figure 5 shows the ztop flow patterns for ethylene glycol obtuined
before and after glycercl was added. In this instance, &3 in the clear-
ance studies, an effect on ethylane glycol excretion associated with
the presence of glycerol was not evident in the stop flow patterns.

An interesting finding in o few cases was that the endogenous
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urea/inulin clearence ratio in some of the distal nephron samples
vas greater than 1.0.

Rabbits. The stop flow samples obtained from the two rabbits
studies showed only small and iﬁconsistent decreases in the glycerol/
inulin clearance ratics in the tubular fluid samples to Indicate the
area where glycerol reabsorption took rlace. In one, the ratios dig
decrease slightly in the proximal fluid sampleé to show a slight
fall in the stop flow pattern (figure 6). In the other, the PAY/
inulin clesrance ratio was reaéhing a méximum value while the cbloriﬁe/
inulin ratio was reaching arminimum value, indicating that filtration
had continued Quring fhe period of ureteral clanp éhich’n@y have
obscured sny reabsorption that occurred in the prozimal tubule,

In both animals the ethylene glycol/inulin clearance ratias
decreased in the distal fluid ssmples indicating that reabsorption
had occurred in the distal nephron. This is shown in the ethylene
glycol stop flow pattern in figure 6. The ethylene glycol clearance
ratios in the proxinsl fluid sazmples wefe obscured, in one case, by
the continuing filtration mentioned above. In the other case, the
clearance ratios in the proximal fluid semples remained at about the
value found in the distal fluid sémples (figure 6) end wes possibly
due to the low urine flow and subaequent'removal of ethylene glycol
frem the proximal fluid semples &s they s8lowly moved through the
distal nephrong. On the other hand, it w2y indiecate thel ethylens
glycol is also reabsorbed in the proximal tubule of the rabbit.

As indicated by the clearance studies, the presence of ecthylene

glycol was not essociated with a decresse in the glycerol/inulin
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clearance ratios in the rabbit, This was also indicated in the stop
flow patterns. In one animsl, the stop flow pattern for glycerol,
obtained in the presence of ethylene glycol, was consistently higher
than the pattern obtained before addition of ethylene glycol., In
the other animel (figure 6), there was no consistent difference
between the two glycerol sﬁop flow patterns. 3

The rabbit studies may suggest similarities, and differences, be-
tveen the rabbit and canine kidney with regard to the excretion of
these substances. However, these studies, based on only two rabbits,
and low grine flows in one éase, and rgplacement filtration in the
other,'do not provide an adeguate basis for Justifisble conclusions

in this respect. Consequently discussion of results will be limited

almost exclusively to the findings in the dog.

Postocclusivi Injection Studies

Doga. Figure 7 represents the dats obtained from a study in which
glycerol and inulin were injected after the ureter was clamped. Simi-
lar results were obtained in 3 other dogs.

Accumulated urine volumes are plotted on the horizontal axis,

The urinary glycerol and inulin concentrations, expressed a8s 8
percentoge of the final free flow urinary glycerol or inulin concen-
trations, are plotted on the vertical axis. It was predicted that if
the tubular cells have an apprecisble permeability to glycerol that
it should appear in the tubular fluid samples ahead of inulin under
these conditions.

Figﬁre T ghowa that glycerol was not detected in the tubular

fluid ssmples before inulin the glowrrular marker and indlcotes that



Lo

) *EINUTE g
gea doeTo Jo porasd Tw105 *TEAIDTUT PUCDRE 06 B I08a0 Dsjoalfur
aJe4 UTTNUT puz [OILTE ‘sojnurx 4 pedmeTd uesq peBY I9%8In Y%
J23JY °ST¥e TeoTlIss ousl uo pPejqoTd edw ‘SUCTILeIsUsSOucd UITnU 0
ToxeoklTd Axsutan #OTF S2xf sATsnToo0280d 88Uy Jo sdvjuvodsd v 9=
peggaxdxs ¢ (soTO0ITO usdc) UITNUT pPUT (SSTOITO PesSTd) TOISOLATI

JO SUOT3BIjUSOUOD 8UY3 3eU3 woTjdodXe U4 y3Ta 4 oaIndiJ Ul se
pogsoTd BIBE UOTSNTOOO0 TBIVGSIN BUTIND ATENOCUSABIGUT Poj0sfuT
UTTNUT puw TOIodATS Jo seTdwes #0TF do3s uyp sousxsaddy °), aandig



2N
| 62
|

(lW) dWNn|OA dulin pRLID|NWNOOY

G

- 0¢ - Gl Ol
I ! :

vl 90d

0¢

l
O
q-

o
w

o
0.0

00!

MOf ) 884 ONISNJIVOISOL [USI1E



by

*geognutw J, sem dwsTO JO porasd

T80l ‘TReAISJUT pUCDSS (G € I8AC peiloslul 8Jsa UTThUT pus
TOOATE susTiyse ‘psdusd stM J995I0 oYz JI53J8 sejuutw £ )
2INBTI UT £v PajaoTd vyed USTISNTOO0 TEISFLIR BUTIND ATINOUsA
~BIUT Pagoalur (83ToITO usdo) UTTNUT puw (SOTOIXTO PIsOTD)
TooL8 susTAY3e Jo sorduss #0TJ dojs uf souelwsddy ‘@ sandig



¢ N

("|W) dWNJOA BUII PAID|INWNIDY

G 0¢

i |

Gl . 0l g 0
I 1

A

XDW HYd uiw _[9J P
1}
]
]
I
!
[
!
]
74
]
109419” |
uilnuy quajfy 37!
/
!
1
i
P
\\
\\
\6\
4
\\\
S e “‘0\
@‘

¢l 90d

—

O¢

0}~

09

08

00|

MO[f 884 AISNJIIOISO {UBIL1I



ko
the glycerol found in the samples was probably filtered at the glomer-
ulus together with inulin and was not transported across proximsl or
distel tubular cells, from the peritubular espillaries, in sufficient
guantity during the pericd of ureteral clemp to be detected.

Figure 8 shows the typical results obtained when ethylene glycoi
and inulin were injected postocclusively. Similar results were
obteined in all 3 dogs studied. In these cases ethylene élycal was
detected in substantial quantitieé before inulin in the tubular fluid
samples, Figure 8 shows that the sample which conﬁéined 86%‘of the
final free flow ethylene glycol loncentr&ﬁion contained only 6% of
the finel inulin concentration. These studies indicated that éthyl~
ene glycol moved from the blood into the lumen 6f the distal nephron
along its concentration gradient during the period of ureteral clamp.
It ves not possible to determine from this type of study if ethyl-

ene glycol moved &cross the proximal tubvlar cells from blccdrto Tumen.



DIBCUSSION
Glycerol

The resulis of the clearance studies indicate that glyceroi is
‘renbsorbed by the rensl tubules of both the dog end rabbii (cle&raﬁce
ratios less than )1.0)., This has béen shown or implied by the findings
of others working with the rabbit* (56), cat (28), dog (37) and inan
(57). However studies on the fractions of the filtered load of gly-
cerol actuslly excreted or reabsorbsd by the dog or rabbit have nét
been previously reported or aveilsble.¥ In the esat (28) end in the
human (57) it has bsen found thet the fraétion of fiitered glycerol
excreted, the élycerol/inulin clearance ratio, &t no tinme exceeded
0.60. This was not found to be true in the species studied in the
present experiments. The sverage fraction of the filtered glycerol
that vas excreted by the rabbit (0.79) and dog (0.75) was similer ond
exceeded the upper velues reported for the cat and hwman.

With the wide overall (0.37 tc§ 0.96, Table 3) and individuazl
(0.65 to 0.92, figure k) ranges cbteined in the dogs at the higher
plasmz concentrations, it is not poseible to state that the fraction
of filtered glycerol excreted reaches s constant value with increases
in the plasma glycercl concentration, or filtered load, sz hes been
stated to occur in other species (28, 57).' Such a relstion would
hold for & substance subject to only passive reabsorption (see Appen-~
dix B).

In the dog, the tubular transport rate of glycerol increased as
the filtered load incressed, over the ranges studied (figure 1). This
* As pointed out under Review of the Literature, Sveinason (57) indi-

cated that Holst had found the glycerol clearsnce ratio to be less
than 0.60 in the rabbit. '
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has slso been reported to occur in the cet (28) and is evident in the
data available in humsn subjects (57).

The stop flow patterns seem to iIndicate in the dog that glycerol
is reabsorbed in the proximal tubule end is relatively impermeable
distelly. This 1s in agreement with the single stop flow experiment
data from the cat published by Kruhgffer and Nissen {28). Stop flow
patterna have not been publishea previously for the éog;

In the frog, the proximal tubuler cells are passively perweable
to glycerol presented to the tubules via the peritubular capillaries
(44).  The interpretation given the data of previous postocclusive
injéction studies done on dogs (37) might seem, at first, to be at
variance with the present injecfioﬁ sﬁudies. These suthors believed
the date showed that glycerol nmoved from the blood into the proximsl
tubular lumen and also, to a lesser extent, intd the lumen of the dis-
tal nephron. Mention has already been made in the Review of the
Literature concerning the possible éifficulties in interpretation of
their data in the form presented. Mention wss slso made that use of
very sensitive analytical methods might indicate that movement
occurred but this might not represent appreclable movement in & quan-
titative sense, The present studies indicated that neither the cells
of the proximal or distsl nephron were sufficiently permeable to gly-
cerol to allow its detection before inulin in ﬁhe tubular fluld sam-
ples (figure 6), whereas appreciable permeability to ethylene glycol
in the distal neprhron could be detected (figure 8). This is inter-
preted as indicating that quantitatively‘ap reciable permesbility to

glycerol present in the blooé is not present in either the distal or
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proximal cells end is in agreement with the stop flow studies‘which
indicated that glycerol was nct reabsorbed in the distal neph?on.

It has been ststed that glycercol is actively reabsorbed by the
kidnéy of the human, (57) and the dog (37), although the.ﬁasis for the
statement in the 1&ttér.case is not cléar; The data available on ﬁhe
cat (28) are also compatible with active reabserption of glycerol.

In fhe present studies active resbsorption of glycerol in the
proximal tubule of the dog is suggested by the follqwing:

1. Glycerol U/P ratios less than 1.0 were observed in &
clearance study &nd.in the proximsl fluid somples in & stop flow ‘
study. This indicates that glycérol vas tf&nsported agalnat a
concentration gradient. Glycerol U/P ratios less than 1.0 have been
reportea in the cat (28) and in the human (57) and probably occur in
the rabbit (56). The concept of Hetaboliﬁ‘co;verﬁion of glycerol (28)
has been used to account for reébsorption‘&t léw, but not high, f11~ |
tered lozds of glycercl. This possibility hes not been ruled out by
the present experiments. However, it is unlikely‘to be tﬁe mechanism
involved at high filtered lcads (28).

2. Yailure to deﬁ@natrate ﬁovément of glycerol from the blood
into the proximal tubuwlar lumen (postocclusive injection studies).
This movement would be expected to occur if the proximal tubularA
cells were passively permzable to glycercl. The wesk secretory
moverment of creatinine in male dogs (58) and rpovement éf ures from
blood to proximal tubuler luzen in dogs (1, 37) can be detected by
this type of study, and the procedure daés not prevent blood flow

from reaching all parts of the nephron.
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3 Failure to demonstrate ra&bscrption of ethylene glycol in
the proximsl tubule (stop flow studies). If the proximsl tubuler cells
were passively permesble to glycerol then the sraller, chemically simi-
lar molecule, éthylene glycol, would be expected to be passively per-
meable in this area. In & membrane that was rassively perneable to
both ethylene glycol end glycerol, it would also be predicteﬁ that the
spaller ethylene glycel molecule would penetrate at a faster rate
than the larger glycerol molecule, Such weré the findings in the
proximal tubule of the perfused frog kidney (bh). Since the proximal
tubular cells of the dog did not appear to be even rassively permeéble
to ethylene glycol, let alone allow fasﬁer pﬁnetr&ﬁian éf ethylene
glycel, it is not 1ikely that glycerol was resbsorbed by passive

mechanisgms in the proximal tubule.

It has also been stated in the literature (28, 37, 57) that the
cells of the canine distal nephron sare pussively permesble to glycerol
and that s pessive component to glycerol reabsorpbion exists in the
proxiral tubule of other animals at high coﬁcentrations. The present
studies do not indicete that cells in either the proximal or distal
nephron of the dog are passively permeable to glycerol over the wide
range of concentrations employed in these studies. The stop flow
patterns (figures b and 5) and postocclusive injection studies (figure
7) 4id not indicate that there was any apprecisble movenent of glycerol
across cells of the distel nephron. In the proximal tubule, the
reabsorption of glycerol which occurred is not believed to be a
sirmple passive process for the rescons mentioned ebove. This would

be true irrespective of the glycerol concentration since if under any
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conditions glycerol was passively permenble, ethylene glycol should
also Ee passively permeable.

It is also interesting to note that urea, which is passively
permeable in the distal nephron (collecting duct) and is able to
accumulate in the renal medulla, is able to enhance fhe rensl concen-
trating ability, but that glycerol, which the presenékstudieg indi-
cete is not permeable in any part of the distel nephron, is not able

to enhance the renal concentrating ability of dogs (L1).

Ethylene Glycal

Cléarance and stop flow studies of-ethylene glycol excretion
have not previously been reported. Schmengler and Hdber (&%) nave
presanted‘evidencc that the proximal tubular cells of the frog are
passively permeable to ethylene glycol present in the peritubular
capillaries.

The clearance studies show that ethylene glycol 1s reabsorbed
by the rensl tubvules of both the dog and rabbit. The dogs, on the
average, excreted sbout S0% of the ethylene‘glycol that was filtered.
At high plasmsa levels in the dog, ethylene glycol was less efficlently
excreted (0.53) than glycerol (0.75) and accordingly, &t comparable
filtered lcads the tubular trensport rates for ethylene glycol were
greater than the retes for glycerol (figures 1 end 2). As vas the
case with glycerol, the {tubular resbsorption rate of athylene glycol
increased &8 the filtered lozd increased, over the ranges studied,

The_stop flow studies indicated thot ethylene glycol wag resb-
sorbed in the dictal nephron.. However, resbsorpbtion was net found to

take place in the proximal tubule during ureteral closwy in the dog.
P (] e g
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This is in contrest to glycerol which was reabsorbed in the proximal
tubule but not the distal,

The postocclusive injection studies in the dog showed, in con-
trast to the results obtained with glycerol, that the cells of the
distal nephron are highly permeable to ethylene glycol so that it |
moves rapidly from the blood into the lumen of the distal nephron
in quantit&éively appreciable emounts, Ures, & molecule of similar
size, has also been shown to move from the blood into the tubular
lumen after postocclusive injection (1, 37). Movement of tritiuu-
labeled water from biood into the diétal ﬁephron océufs in a similar
manner (62). |

The results of the ethylene glycol studies are iﬁ acccrd with
reabsorption by paszsive moveméﬁt of ethylene glycol along its concén-
tration gradient in the distal, but not the proximal, nephron.
Glycercl, cn the other hand, is reabsorbed in the proximal, buﬁ>nqt

the distal, nephron, probably by an sctive transport process.

Glycercl and Ethylene Glycol

The clearance and stop flow studies in the dog d@id not indicate
thet ethylene glycol inhibited reabsorption of glycercl. They did
indicate that the presence of ethylene glycol waes sssociated with a
decrease in the fraction of the filtered glycerol that was excreted
(table 3, figure k). That is, more of the filtered glycerol was
reahbsorbed wﬁen ethylene glycol was pregsent. Statisticzl analysis
indicates that this was not likely & chance observation.

To explain the effect of ethylene glycol on glyceroi penetration
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across the red blood cell membrane Stein (52, 53, S4) has proposed
that glycerol and ethylene glycol form a dimer. The concéntrations
used in Stein's experiments &re in substantial excess of the concen-
trations used in the present experiments., Also, it was only in the
red bloed cell without a glycerol carrier that an increase in glycerol
penetration was noted when a glycol was present. The indications
from the present study are that glycerol penetrates the renal tubular
epitheliﬁm by an active process. Movement of gly¢erol by facilitated
d;ffusion in the red blood cell is inhibited by ethylené glycol. Even
if in the presént experinments, ethylene glycol formed & dimer with‘
glycercol which led to an incfeased reabsorption ofrglycerol, then it
would be expected that ethylene glycol would also be reahsorbed at
the same time, However, there was no indication from the stop flow
studies that this took place.

The doses of ethylene glycol used in the preaentbinveﬁtigatisns
vere substantislly below amounts essocisted with known toxicity (16,
2k, 25, 34). fThe presence of eth&l@ne glycol vas not associsted with
changes in the clearance ratios, or stop flow patterns, of PAH,
chloride or urea so that it seems unlikely that ethylene glycbl had
& nonspecific toxic effect on the renal tubules. Even if ethylene
glycol were toxic to the tubular epithelium &t these concentrations
it might be expected that the fraction of filtered glycerol excreted
wvould increase rather than decrease, if glycerol reabsorption is an
active process., If ethylene glycol led to en inerease in glycerol
reabsorption by passive meang, then evidence of ethylene glycol

reabsorption, and inereased urea resbsorption, would be expected.
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However,Ain these experiments neithér of these phenomens were observed.

It is concelvable that a decrcese in the filtered load of glycerol,
coupled with a continuation of & relatively constent glycerol transport
rate, during the periods when ethylene glycol was present, could lead
to 8 decrease in thé glycarol/inulin clearance ratio. This was not
felt to be the mechenism by which the glycerol/inuliﬁ;clearance ratio
decreased in the presence of ethylene glycol since the filtered load
of glycerol actually was greater Guring the period when ethylene gly-
col wes present in alwost half the cases. Supporting this was the
finding that the mean filtered lozd (in rg./min.) of glycerol before,
13.8% 2.k (8.E.) was not significsntly @ifferent (P> 0.2) than the
mean filtered loed efter, 12.3%5 3.4, the addition'of_ethylene glycol.

In any event there is insufficlient evidence from the present
studies to elucidate the mechanism vhich causes the decresse in the
Traction of filtered glycerol exereted when ethylene glycol is present.
It is suggested that none of the possibilities previcusly mentioned
(i.e. ethylene glycol - glycercl dimer formation, ethylene glycol
toxicity, or & fall in the filtered loczd of glycerol with & constant

transport of glycercl) play & major role.

Urea
Urea/inulin or urea/creatinine clearsnce retios greater than 1.0
have been cbserved by others (1, 2, 8, 26, 27, 40). With the exception

of errors in the chemical determination, or secretion, s posgible
explanation is that during the stop flow pericd, urea, to vhich the

collecting duct is highly permesble, sccumulates in the medulle, with
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release of the stop flow, tubular fiuid samples with lower ures concen-
trations arrive in thé collecting ducts and the direction of the
gradient is reversed so that urea woves from the interstitium into

the collecting duct containing these semples which may then contsin

urea in amounts grester than vas filtered (1, 26).



SURMARY AND CONCLUSICH

The renal tubular reabsorption of glycerol, and the chemically
.similar compound, ethylene glycocl, was studied in dogé,>&nd in two
rabbits, by means of clesronce and stop flow methods. Localization
of movement from blood to tubular lumen was also studied in the dog
by intravenous injectign of glycerel or ethyleme glycol midway during
& period of ureteral clsmp. 3

L. Glycerol was reabsorbed in the proximal tubule of the dog
and possibly the rabbit. Reabsorption of glycerol was not apparent
in the distal nsphron. ' | |

2. Ethylene glycocl, in contrast, was resbsorbed in the distal
nephron of the dog and rabbit.. It‘was not resbsorbed in the canine
proximzl tubule.

3. At low plasys glycerol concentrations evidence was oﬁt&ineﬁ
that glycerol wes reabgorbed against e concentration gradient.

h, At high plesma levels, more of the filtered glycerol, than
ethylenc glycol, was excreted.

5 fovement of glycerol from peritubular capillaries into the
proximal or distal tubular lumen in quantitatively spprecisable amounts
vas not detected.

6. A relatively large movermznt of ethylene glycel from peri-
tubular capilleries into the lumen of the distal nevhron wza detected.

T. Tubular transport rzyima were not observed for either gly-
cerol or ethylene glycol over the range of filtered lcads present.

8. The presence of ethylene glycol was associated with a

decrease in the fraction of filtered glycerol excreted.
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The results indicate that two similar nonelectrolytes, glycerol
and ethylene glycol, are handled differently by the dog kidney.
Glycerol, but not ethylene glycol, is reabsorbed in the proximzl tub-
ule, probably by an active transport mechanism. In contrast, ethyl-
ene glycol, but not glycérol, is passively reabsorbed in the distel
nephron. A mechanism to account for the decrease in glycerol excretion
vaen ethylene glycol was present iz not suggested‘by the fresent

studies.
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APPENDIX A

- Chemical Determination of Glycerol and Ethylene Glycol.
1. Titration Method

This method is a modification of semimicro volumetric methods
outlined by Shupe (46) end by Newburger and Bruening (36) and allows
determination of glycerol when ethylene glycol is present in the sam-
ple. Their methods were designed for analyéisAof cosmetic ingredients
and required a period greater than one hour to perform. Modifications
vere developed which permitted the rapid determination of small\concen-
trations in biological fluids. The chemical reactionz involved corres-
pond t$ the following equations: |

Potagsium . Potassium Formlc
Glycerol Periodate  Formaldehyde Icdate Acid

HpCOH
HCOn <+ 2Kloy > 2HCED -+ 2K103 +  Hp0 - HCOOH
HoCCH

Ethylene
Glycol

HpCOM 4+ K1Oy  —> 2HCHO + K103 + Hy0
HeéOH

Propylene

Glycol Acetaldehyde

HACOH |
HCOH 4+  Klop —> HCHO + K103 =+ CHsCHO

o

The feormlc acid, which is formed only when glycerol is oxidized
by the pericdste, is determined with sodive hydroxide sfter the excess
pericdate iz utilized by sddition of propylens glycol., The pH is

monitored vith & Radicmoter pH Heter.
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Known emounts of glycercl ere added to the sample blanks to
: obt&in a standard curve from which the concentration in the experimental
samples can be read; |

The urine sawmples can be analyzed for glycerﬁl directly. Glycerol
can be determined directly in the plasma, or as was most often>£he
cagse, in & perchloric ecid (HCth) filtrate of plaswa. The advantages

of a perchloric acid filtrate are discussed below.

Reagents:
0.02 M K10y h.on H,50
0.02 ¥ NeOU 6.7 N KoH
0.02 M Hasou . 0.8 ¥ HCIOA
concentrated propylene glycol
Procedure:
11 Transfer sppropriate sample, in duplicatc, to & 10 ml. besker,

2. Dilute with 0.9% saline to en adequate volume,

3. Place magnetic stirring red in beaker.

k,  Place besker on stirfing platfarm, insert M electrode

into selution oend stir continucusly.

5. Adjust plaswa samples to pH & or less end allow 2 minutes for
002 to be driven off. This step iz not necessary with the plaswa

perchloric acid filtrate samples.

6. Adjust 8ll samples to pH 6.000 with the 0.02 M H 80, or

2
0.02 1 NoOH respgents.
T. Add 2.0 ml. of 0.02 M Kloh. Weit 90 seconds.

8. Add twe drops of concehtrated rropylene glycol to stop the
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reaction.
9. Titrate back to pH 6.000 with 0.02 K FKeOH by meens of &

Syrinée microburet.

Preparation of Perchloric Acid Filtrate:
1. To k.0 ml. of 0.8 M Héioh and 1.0 ml. of vater, add 1.0 ml.
of plasma, '
2. Centrifuge and rembve supernatant.
3. Add 0.5 ml. of 6.7 N KOH to 5.0 ml. of supernatant.
L, Chill in refrigef&tcr‘for 1 hour and centrifuge to precipitate
KC10y. |
5. Add one drop of L.O W H,80;, to supernatant of step i to obtain

acid pH.

Use of the perchloric acid filtrate of plaﬁmé provided fhree
edvantages over direct use of plasmz. The titration end poinf'waﬁ
more sensitive with the buffering proteins removed, 002 from the samples
was driven off due to the scidity of the filtrate. The plasra blenk
velue determined on the perchloric acid filtrate was usually 30-k0%
lower than the value obtained by direct titration of plasma,

Preliminary investigation revealed that 95-100% of the glycerol
in an aqﬁeous perchloric filtrate cﬁuld be recovered. The equecus
filtrate blank value was zero.

92.109% {mean 100%) of the glycerol in plasma perchloric acid
filtrates w&é,recovered. The mean plasme blank value determined on
perchloric scid filtrates of plasms from 12 doge wes 0.20 mg./ml.

It was found that glucose contributed significantly to this plasma

blank valve. Glucose however is oxidized more slowly than glycerol.
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Stopping the reaction with propylene glycol 1.5 minutes after adding
Kloh, when only 50% of the glucose present hes been oxidized, decreases
the plasma blank velue by 20-ho%. 98% of the glycerol is oxidized in
1.5 minutes.

The experimental plasms filfrate blank value, uncorrected for
glucose (meen 6.09 mg. /ml. in 8 dogs), wes subtracted from the value
found in the experimentsl samples containing glycerol. This makes 1t
unnecesgary to correct for the glucose present in the ekﬁerimental
sarples unless the plasma glucose concentration changes during the
experiment. Plesms glucose determinations were ddneASO thaet corrections
could be made if necessary.

Glucose is not usually detect;d in the urine samples of the dog
50 that a glucose correctlon was not necessary. It was found however
that glucose was present in rebbit urine and it was necesgary to make
corrections for the verying glucose concentrations in the stoé flow
urine samples from the rabbits.‘

95-98% of the glycerol added to urihe semples was recovered. The
blank urine value varies with the urine flow rate. With flov rates
less then 1.0 mg./min., the blank value wés ususlly greater than
0.40 mg./ml. in the dog. Flow retes above 2.0 ml./min. usuelly were
associated with blank values less then 0.40 mg. /ml. (meen 0.23 mg./ml.
in 9 samples) and flows greater than 3.0 ml./min. vere associsted
with values less than 0.20 mg./ml. (mean 0.10 mg./ml. in 9 semples).
The blank velue continues to decrecase as flow increaées, so that with
flows greater than 6.0 ml./min. the value often was zero.

The presence of ures, PAY, heparin, ethylene glycol and formslde-

hyde dld not effect the determinstion of glycerol. The presence of
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creatinine may give a falsely low value, and inulin a falsely high
value, with this procedure. However if the aliquot used for the
determination has less than 0.20 mg. of creatinine, and less than 1.0

mg. of inulin, their presence does not affect the glycerol determina-

tion.

2. Colorimetric Method (61).

This method makes use of the fact thet compounds with adjacent
partially oxidized carbon atoms at the end of & chain are further
oxidized with periocdate to yield form&ldehyde. The formzldehyde
is then measured colorimetriecally. Both glycerol and ethylene glycél
yield formaldehyde uﬁder these conditions (see chemical equations
unéer Titration Methed above). The mesn recovery of known amounts
in the plesms filtrate ves 99% (98-103%).

Glycerol was determined by eitherAthe titration or colorimetric
method. Ethylene glycol was determined with the colorimetric methed.
When both glycerol and ethylene glycel were present in the sample,
thé colorimetric method wasg ugsed to determine the {total ethylene
glycol plus glycerol concentration. ~The glycerol concentration, as
determined on an aliquot of the sane sample by the titration method,
.was then subtracted to obtaelin the ethylene glycol concenﬁration.

Agfeement béﬁwe@n the colorimetric and titration methods was
good. The mean difference between the plesma values obtained by the
two methods éas 3.4%% 0.8 (S.%,), the mean differcnce between the

urine concentrations was 3.Whto.k (8.8.).



" APPENDIX B‘

Certain authors (28, 57) have observed thak:

1) the transport rate of glycerol incresses as the plasrs concen-
tratién, or filtered load, of glycerol increases;

2)  the fraétion of the filtered glycerol excreted (of reabsorbed)
tends to become_constdnt and independent of the filtered load or |
pl&sﬁ& concentration of glycerol;

These obzervations are considered to be an indication that élycerol
is reabsorbed by simple passive‘diffuaion. This segtion considers the

above observations in terms of active and passive transport.

1. Transport
&, Pagaive
The tubular transport rate, Tg, of & substance that is
passively permeable to the tubuler cells should be Propor-
tional to the concentration difference between the tubular
fluid and plasma.
To= K (TP «F) T. is the transport rate of a
d X X d
A passively diffusing subsitsnce x.
K is a permesbility constant.
T—= KP TF/P). -1 ] TFy 1is the tubular fluid concen-
o 3 L (zx/ )x tration. P, is the plasma concen-
tration. (TF/P), is greater than
1.0 for a passively reabsorbed
substance. .
In general, en increase in the filtered loczd of x is
acconmplished by increesing the plasms concentration of x.
As the sbove equatlon indicates, Td should increase &g the

plasma concentration of x increasses if the substance is

pasgslively reabsorbed and water reshsorption remzings constant



(vhich implies a constant (TF/P), ratio). ?
b. Active

The transport rate of an actively rezbsorbed subsitance
(e.g; carrier medinted tr&nsport) will also increase with
increases‘in thé plasma concentration, or filtered load,
until the point is reached &t which the carrier is "saturatéd".
Once this point of saturation is reached, as reflecﬁed by the
Tm, further increases in the plasma levels will not result
in further increases in the transport rate.

However, transport maxima have not been demonstrated
for all substances knowﬁ'to be aétively transported, (39).

In such & case, the transport rate continues to increasé 53
the plasms levels increase, Also, if the transport rate
approaches the maximum rate graduslly, &5 is the case with
a titration curve ('”.i‘x v, Px) which shows a high‘degree of
"splay", carrier mediated trensport incresses over a wide
range of plasma concentrations (38, 48, L9).

Thus evidence thét the transport rate incresses with
incregses in the plasma concentration or filtered losd can
be consistent with either setive or p&ssive'transport.
Fraction of Filtered Load Excreted
&. Passive

The fraction of the filtered losd that is exereted is
given by the clearance ratio: |

C,/Cy,= UV/GFR « P = (u/P), /(U/P) 1,

One minus thils guantity is the frection of the Tiltered lesd
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that is reabsorbed.

For o passively reabsorbed substence, the (_U/P)x ratio is
& functien of water reabsorption end Tx: The degree to which
water is reabsorbed is indicated by the (U/P)1y rstio. For
a given (U/P)y, ratio, ffactional water reabsorption is con-
stant end the (U/P)x retio is rlso spproximately constant.
The clearance ratio, (U/P)./(U/P)y,, would G EATHEAT b
constant and independent of ﬁhe plasma concentration of &

substance thet is resbsorbed by simple pasesive mechanisms,
Y it ba :

b. Active

In the case of a substancé reabsorbed_by-active mechanisns,
once the transport maximum is resched, the fraction of the
filtered load that is excreted will rise with incresses in
the plesps concentrations. This can be seen from the following
equations which state that fhe rate at which the substance
is filtered (C1,°Py) is equal to the rate at which it is
removed from the tubulaf finia (Tx) plus the rate at which
it sppears in the urine (Ug@):

— m v
C = LxﬁvUiv

In'Fx
Crp = T, /P +UV/P = T [P +C,

ItAis clear that when transport is sl & maximum value
(me), Tx/Px will approach zero 8s Py Increases and Cyx will
approach C;  at high P values. The ¢, /Cy, retio would not
remain constant es P, is increased, until a value of 1.0 is
reached. I however the transport rate did not reach a

maxinum velue at any P achieved in the experiment {see 1 b
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above), then Tx would increase with increasing plasma levels
and the Cx/cIﬁ ratio might be relatively constent for a
substance that is actively transported (47, 48, h9).

Thus evidence that the clearance r&{io is constant
with increasing plasma concentrations or filtered leads can

be consistent with elther active or paséive transport.

w
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