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INTRODUCTION

Background Information - One of the earliest studies of magnesium

.defiéiehty in the rat was fhatgof'Greenbefg et al. in 1936 (1). Histo-
1ogicai examinatioﬁs of variogs soft fiséues.revealed evidence of

marked dégenefative changés Wﬁich’inCreased>With fime, pérticu1ar1y inv
‘the kidneys, from-animalé which had been fed a magnesium deficient dief'
over a period of'iS to‘120'da§s. ‘Control animéls éhowed no eyidence of
gross or'hiétolpgical éhanges,in ﬁhe Ridne&s;

) More récentystudies have been ﬁefformed in an éﬁﬁémpt to determine
. the sequence of changeé which~lead tb’the'profOUnd degenerative state;
The earliest'aiteration observed in thé‘kidpg&vdue to magnesium defi-
ciency was mild to modetate‘swelliﬁg of the proximal'éonvoiuted tubules }
(2, 3). Using the glyoxyl reaction and micro—incinerétion.Battifora‘_
et al. (2) haﬁe demonstrated increased émounts of ionic intracellular
calcium coincident withlthe cellular swelling. Within one week; both
~intracellular éﬁd intraluﬁinal calcium deposits were qbserved near the
cortico—medullary!juﬁctiqn in the proximal and distal convolutéd tubuleé
and the loop‘of Henle. ' The intraceliular calcium deposits were.described
as eithér lying free in the‘éytoplasm or associated with 1ysosbme-1iké,
bodies.

- The intraluminal éalcium deposits’éeem to be the primary sites 6f  ;‘
extensiﬁe calcium accumulatibn (3)§ Oliver Eﬁ.ﬂl} (3) found that ét
'.earliest detection (second week of magﬁésiUm depletion)'these‘infraé,
luminal calcium deposits were sﬁheriéal laminated microliths which gave

a strong positive reaction to periodic acid Schiff (PAS) stain and a



‘,weak positiveireaction for calcium and phdsphate;v As the period of -
'deflclency was extended the 1ntensity of the PAS stain d1m1nlshed and
the calc1um and'phosphate reactlon becamevdominant._ They ‘concluded
that these microliths contained a natrlx ofimucopolysaccharide (PAS
,p051tive) substances which serve as‘a p01ntrof prec1pitation for calciﬁm»ww_
and phosphate} ”The continuedbdeposition of calcium and phosphate onto
thisvmatrix‘is-inra laminer_manner.b |

tThe mechanisn:ofafOrmation of these“intralnminal calcium deposits
is not-hnown.' There is reason to believe, however, that the induction
of kldney stoneskhy means of restriction of magnes1um 1ntake may serve
as a model for calculus disease in. the kldney - Boyce and King (4)‘have“
vproposed an active matrlx theory of kidney stone genesis, They"have L
noted that the induction of renal calculi by_adninistration of either
thiacetaaone,kexcess vitamin»D, or parathyroid hormone was‘always prg;w';
ceded byvthe appearance in the tuhular Jumen of laminated PAS‘positive
bodies Which‘subsequentlﬁ calcified. ‘They suggestedhthatvthese‘litho-:f.d
genictagents shared in common-the'ability to inflict:a specific
disturbance npon renal tubular metabolism such that an initiator_of‘

calcification, "active matrix,"

was.expelled intoothe'tuhular spacea

h They proposed:that thevinitiation of renal calculus formation reqniresf
disrnption of specific enzyme.systems within the proximal:tnhnlar cellr;
Thiszderangement orvkidney netabolism gives rise to a:PAS positive‘
matrik Which:serVes as‘the nucleus fOr‘subsequent mineralbaccretionu

‘The theory of Boyce and King fails to explain the nature and origin

of the PAS positive laminated matrix. Bunce and Bloomer (5) in 1972



have presented an hypothesis Which attempts to explain the identity of
the matrix and the method of appearance in the tﬁbular lumen. They
have suggested that the PAS—positive matrix‘may originate in the vacuo-
" lar apparatus aﬁd that intracellular imbalances in calcium and magnesium
ion concentrations may stimulate~its5egress intO‘thektubular,lumen.
Thebfollowing sequence of events has been hypothesized. Pinocytosis is
known to occur in the renal proximal tubular éells where it serves as
the means of recoyery‘of protein fromvthe glémerular filtrate. Protein
is first adsorbed onto the glycocalyx (cell coat) within the tubular
;. o : . .
lumen. The’pinﬁcytotic vesicles subsequently formed move toward the
interior of the cell Whefe they may merge either with one another,
primary lysosoﬁes,'or secondary 1ysosomes. Under normal conditions; the
‘1ngested prey molecules are first denatured and then hydrolyzed by acid
'hydrolases to their monomeric units which may then return to the cellu-
lar pooi by diffusion into the cytoplasm. TUnder conditions of magnesium
deficiency, this chain of events may be interrupted. Regurgitation,
that is, exocyfotic feturn‘of vacuolar material into the compartment of
its origin, may take pléce before dlgestlon is éomplete. This regﬁfgi-
tation may be stimulated by an increased calcium ion concentration w1th1n
the cytoplasm, or distortions in the normal Ca++/Mg++ ratio. This pro-
cess would deliver partially digested and_denatured proteins and the
glycoproteins of the glycocalyx ihto the tubular space. Crystals of
calcium phosphate, formed within the vacuole from the calciﬁm ion
present‘in‘the original vacuolar fluid and inorganic phosphate released

by the action of acid phosphatase, would be attached to this protein-



aceous mass. This proteinaceous PAS positive mass studded with clusters
of calcium phosphate would serve as a site for further precipitation

" within the tubular lumen.

Use of Evans Blﬁe - In order to study»thé possibie role of the
vacuolar apparatus in calculus disease initiated’by the éoﬁsumption of-
a low magnesiﬁm diet, it would be useful to have a harmless, non-
allergenic, persistent, and unique label which could be employed to
detect deviations of the normal flow of macromolecules. ‘The acid bi-
sazo dye Evans blﬁe, T-1824, wés‘thoﬁght to be‘suitable as such a
3
ﬁarker. The use of Evans blue offers several advantages over other
methods of labeling. When admiﬁiétéred*intravenoﬁsl& if binds prefer-
entially with serﬁm albumin'and passes into the glomerular filtrate.
The albumin-dye complex is tﬁen reabsofbed into vesicles by the renal
proximal tubular cells (6, 7, 8, 9). Since Evans blue enters the pind-
cytotic vesicles’as a complex withvcirculating albumin, there is no
intfoduction of a foreign protein with its attendanf féreign protein
reaction. ‘The dye can be detected by both hisfochemical and spectro-
ﬁhotometric techniques and persists in the tissues in detectable amounts
for several days.

The research to Be feported in this thesis has béen‘devote& to the
study of the hormél behavidf'obevans‘biUe'iﬁ ﬁhe‘vacﬁolar apparatué of
raﬁ iiver and kidney and té the determination of changes which might“bé

imposed by the feeding of a low magnesium diet.



LITERATURE REVIEW

Review of Vacuolar Apparatus - Extracellular macromolecules are

_takeﬁ into cells by a process called endocytosis, either pinoéytosis or
phagocytosis (10, 11, 12, 13). Pinocytosis is theiuptake of fluids,
soluble material, and materials foo small to be seenvwith a microscope;
whereas, phagocytdéis is uptake of larger extracellular material that
can be seen under a microscope. The ehdocytosed materials may be di-
gested, stored, or even ejected unaltered by a regurgitation tyﬁe éf
egxocytosis. In most cases the maferial becomes digested by lysosomal

‘ ehzymes. The process proceeds by an invagination of the cell membrane
resulting in thé.fqrmation of a phaéosome or vacuole’within the cell
enclosing the extracellular materials. Since these substances are in
.éomplex molecular form, they must be broken down or digested by the cell
to a simpler form which can ﬁhen be utilized for new synthesis. bThev
newly formed phagosome migrates across the cell. During this migration
it may become fragmented by budding into smaller vacuoles or associated
by fusion with other phagosomes. Its ultimate fate is to either fuse
with a vacuolar body containing hydrolytic enzymes or with the mem-
brane of the cell Wall.b The vacuolar body may be either a "primary

' a newly synthesized granule which has not yet reacted with

lysosome,'
the subsﬁrates, or a "secondary lysosome," a digestive vacuole which

. has already been the site of hydrolytic events. In either case the mem;
braneé of the two fuse to form a digestive vacuole. In this way macro- .

molecular substances from the medium surrounding the cell are exposed

to lysosomal hydrolases and are degraded to products which diffuse



through the vacuolar membrane into the cytoplasm, where they may be
used in various synthetic processes. In cases where there ére in-
digestible substances a residual body may occur which may be retained
or ejected from the cell into the external environment by a process
similar to phagocytosis in reverse known as exocytosis. It has been
proposed that some phagosomes do not fuse with vacuoles containing |
vhydrolytic enzymes But migrate to the cell membrane, fuse, and dis-
charge their conteﬁts into the extracellular compartment. This proceés
%s known as diacytosis if the phagosome moves completely across the
cell before it is ejected and regurgitation if the phagosome is ejected
into its original excellular compartment (10, 11, 12, 13).

It should be emphasized that the processes described‘above are per-
formed in a closed space made of‘vacuoles isolated from the cytoplasm
and surrounded by a membrane similar ﬁo the plasma membrane: Phagosomes
and secondary lysosomes can be considered as portions of the extra-
cellular medium enciosed in the cell, into which primary lysosomes dis-—
gorge their content of digestive enzymes. The term vacuolar apparatus
has been given to this set of vacuoles (12, 13).

Uptake of Albumin by the Kidneys — All body cells except the red

blood cells are capable of endocytosis to some degree; however, the role
of endocytosis is particularly important in the renal proximal tubular
cells of the kidney where it serves as the means of recovery of protein
from the glomerular filtrate. Several workers have shown that protein,
including serum albumin, is reabsorbed by the renal proximal tubular
;ells by means of pinocytosis and then degraded intracellularly within

lysosomes (14, 15, 16, 17, 18).



The first evidence tﬁat absorbed foreigh proteins became located
in particles having 1ysosomal properties came from tissﬁe fractionation
‘experiments by Straus (14) and Strausband Oliver (15), whovstudiedfthe
uptake'of_egg'whité and horseradish pefoxidase foliowing intravenous
injections. They demonstratedvfhatvperoXidase was firét takeﬁ up.into
apical vacuoles,>referred to as phagosomes, and subsequently transferred:
to lysosomes,’identified histochemically by their acid phosphatase
coﬁtent.

] In 1962 Straus (16) studiédvthé Changes in the éoncentration'of
ﬁorseradish peroxidase in kidney homogenates, kidﬁey subcellular
fractions, blood serum, and'urine over a period of several days follow-—
ing-administration of the protein. “As mentioned before; his earlier
cyﬁochemicalvstudies indicated that injéctéd horseradish peroxidase
first appeared in smaller phagosomes Whicﬁ subsequently merge to form
larger phagosomes (14, 15). He attempted touéhow a differential dis-

- tribution of the foreign protein‘based upon thersize‘of the vacuolér
particles.

Rats were injected intravenously with horseradish peroxidase and
then sacrificed at times vafying from a few minutes to several days
post-injection.. The kidneys were homogenized and divided by fractional:

‘centrifugation into four subcellular fractions: nuclear (N) containing
nuclei, large phagosomés, and large ﬁitochondria; mitoéhondriél (M)‘
containing mitochondria and intermediaté sized phagoSomes§ microsomal
(P),containing microsomes and small phagosomes; and a final gupernatént

(S). The fractions as well as an aliquot of the original homogenate,



were analyzed for peroxidase activity at each time interval.
As is seen in Figure 1, the concentration of peroxidase at various
periods following injection was quite different for the fractions. The .

microsomal fraction (small phagosomes) was saturated with peroxidase

‘soon after administration, and its peroxidase content decreased quickly' "”'

aftér one hour. 1In the nudiear fraction (large phagosomes) the concen-
tration of peroxidase increased from 1ow>to very high levels duriﬁg the
first few>hours and then decreased slowlyvéver a peribd Qf several days.
ghe concentration of peroxidase in the mitochoﬁdrial fraction (inter-
mediate‘phagosomes)'showed behaﬁiér iﬁtefﬁediate between the‘nuclear
and microsomal fraétiops._'Straus_claimed-that these results supported
his hypothesis that small phagosomes ﬁake part in the formation of
large phagosoméé,,,qu poSsibilities‘weié offered fdt theJlarge amounﬁ
of peroxidaée found in_the suﬁernatant (S). CytocheﬁicaiboBservations'
bhéve shown that a reiétively‘larée.bSrtionbbf ﬁhé peroxidase in kidney
cells was localizea in. "canaliculi" (intercéllulér spaces), and in mem—
branes, and cytoplasmic strands adjacent to the qanaiiculi (19).» Straus
suggested that a portion of this peroxidase was released‘auring the
experimental procedureé and then’éppeared in the sﬁpernatant. He also
suggestéd that perokidase may have been reigased in vivo from the phago—f
somes due to pqgsiblé changes in thé,permeability of their membranés.
Changes in the peroxidase content of total homogenate at different J
intervals after administration were also observed. It was found that
peroxidaée activity increased to its»ﬁighest pOiﬁt'in thé first few

hours and then decreased rapidly in the following hours. -



Figure 1 - Uptake of Horseradish Peroxidase with Time by Rat Kidney

Subcellular Ffactions

Data for this figure came from the work of Straus (16).
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Straus showed that the concentration of peroxidase in blood serum -
and urine decreased exponentially. Peroxidase was cleared_froﬁ the
blood in the first five to six hours; however, small amounts of peroki—
dasévwere excreted in the urine for several dayé.

Straus later investigated the‘relationship bgtwéeh'lySosomes and
" phagosomes by cbmbining a cytochemicai_procedure for acid phosphatase,
the azo dye method, with a éytochemical reaction for peroxidase‘ﬁith
benzidine (20). By applying these reactions successively to the same
Eissue sections, theylysosomes were ;stained red, an& the'phagosomes were
;tained blue. The proéédure for injection of horseradish peroxidase and
executién of the ratsbwés_the same as béfore, but this time kidneys were
fixed, sectioned,‘and stained by-thé two reactions mentioned above for
histochemical analysis.

Three different stageévwere disfiﬁguishéd By microscopic observa-
tion in the cells of the ¢9nvolﬁfed»tubq1és aféér entry of peroxidase.
In the first stage, thé first BO minutes following the injéctioh, phago-
somes (peroxidase-pqsitiﬁé gfanulés)‘wére seen at the base of the brusﬁ
 border or close to the plasma membrane. They were separate from pre-
ekisting lysosomes (acid phqsphatase—positivg granules) which were
located in the apical and intermediate zones of the cells. In the
second stage, 30 minuﬁes to»three‘days after administration, the color
.reactions'fof acid phosphatase and peroxidase were observed in‘the same
granules. Straus termed these "phago-lysosomes." A third‘stage ﬁasrr

distinguished when no peroxidase was detected in the lysosomes. This

occurred three days after injection; however, the reaction for acid
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phosphatase remained positive. Since the lysosomes contain cathepsin,
it was assumed that the peroxidase was digested gradually within the
phago-lysosomes.

Straus's work demonstrates that a foreign protein, horseradish

peroxidase, is taken up by kidney convoluted tubular cells. Direct evi-

dence has been presented which Suggests that serum albumin is normally
filtered in the glomerulus and reabsorbed by the kidney proximal tubular
cells from the glomerular filtrate (17).

Maunsbach (17) has shown that radioactive labeled albumin enters
7 : -

1257 1abeled homologous

the proximalltubular cells. 1In his studies
albumin ﬁas injected directly into single proximal tubules with micro-
pipettes. After different fime intervals the albumin—péffused tubules
were analyzed by electron microscopic autéradiography.

The results from this experiment using labeled albumin were similar
to the results obtained by Straus (20) using horseradish peroxidase.
Five to ten minutes after its injection albumin was iocatéd in both
large and small apical vacuoles and apical cell membrane invaginations.
Maunsbach suggested that the albumin was téken into apical cell mém—

brane iﬁvaginations, which then pinched off to form Sméll apical
vacuoles. These then either fused with one another to form large apical
vacuoles or fused with preexisting large apical wvacuoles. After 30
minutes from the start of absorption the albumin was located in large
cytoplasmic bodies which were acid phosphatase-positiﬁe and, therefore,
identified as heterolysosomes by Maunsbach.

It is noteworthy that ultrastructural changes did not occur in the
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tubular cells during the absorption of albumin. This strongly suggests
that the labeled protein entered, but did not interrupt, a normélly
occﬁrring pathway for prbtéin absorption and digestion by tubular lumen

cells.

Maunsbach further concluded that aiBumin is reabsorbed and concen-

trated at discrete sites in kidney cells by a fractionation eiperiﬁent'
an. Ahimals Wére injectéd intravenously with 12§I—labéléd homologous’
albumin. Following fractional centrifugation of a kidney homogenate he
- found high albumin concenfration in a purified lysosomal fraction.

A ‘ :

In addition Maunsbach conducted basic studiéé on the‘capacity of
the kidney to catabolize albumin (17). He isolated differentISub— |
lysosomal components and incubated them:ig vitro with labeled albumin;
The results suggested that the’lysbsoﬁal matrix contained one or'more;
-albumip—degréding enzymes. |

A more recentAstudy of.albumin uﬁtake-and ﬁigestion by kidney -
renal tubulér célls was undertaken by Bourdeau et al. (18). Isolated
~ single nephrons from rabbit kidney were dividedvintovpro#imal convoluted;v
pfoXiméi straight, and cdf;igal éollecting tubular segments. These
were perfused for varying lengths of time With 1257 1abeled rabbit
sefum albumin (RSA). After perfusion the segments ﬁere‘either embedded
'inlﬁﬁon, where they Were counted with a gamma spectrometer to quantitate
prbtein accumulation, or fixed and analyzed by eleétron microscopici
autoradiography to determine\sequential localization of radioactivity.
The protein accumulation data show  that proximél convoluted and prokimal"

straight segments accdmulated RSA-'2°T in an almost linear fashion as
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a function of time; whereas, cortical collecting segments did not
accumulate meaSurable‘amOUnts of protein. The rate of accumulation of .
RSA-12°I in the proximal convoluted tubule is 2.6 times as great as

that in the proximal Straight tubule. Therefore, the accumulation rate

is greatest in the convoluted segment, and there appears to be a pro- -~ = - -

 ‘gfessive decrease along the pephron,_’

The elecﬁroﬁ microscopic autoradiogréphy data‘showed the uptake :
and concentration of RSA-2°I in proximal tubuiar cells over a ﬁerib&
of fime. Aftér 10;minutes ofﬁpérfuaion radioaéti?ity was 1ocatea in
i . _ ‘ o
‘the base of the brush bbrdér, in apical tubular invaginations, and
- small and medium sized apical vacuolés; By 45vminutes cyfqplasmic
:vacuoleé containéd'the radidéctiﬁity, andithese‘could now be detected
:in thé middle third of the cell. After 90 minutes the number ofAcyto-
plasmic structures in which-rédioéétiVity hﬁé been concentrated was
-increased. vCombipedielgctron miéiosddéié autoradiogréphy and hisfo;."
.chemiStfy showed‘that some radioactivity was concentrated iﬁ'acid
~phosphatase-poSifive¥boaiés, preSuméEly:secdﬁdaryvlysdsoﬁes.' From
fhgsevdata 6ne>§an éee the movemént'ovaSAriZSI from tubu1ar iﬁvagina-
tions to larger éytoflésﬁiqfvécuoleé,and‘fihally to concentrated membrane-
bound structufes, ;ome of wﬁich are écid phosphaﬁéée‘positive.

The fesulfs‘from Maunsbééh (l7)lan& Bdufdeéu gg_gi, (18) clearly
demohstraté:that serum albuﬁin is reabéorbed from ;he giomérulaf
filtrate by kidney proximal tubular cells. Their data str@ngly.suggest
that the albumin‘is reabsorbed by pinocytosis and that the resultiﬁg

phagosomes fuse with vacuolar bodies containing hydrolytic énzymes
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(either primary or seeondefy lysqsomes)'whefe digestien of-;he-albuﬁin
‘ ﬁay take place; - |

Evans Blue - Evens blue is a member of a group ef acid blsazo dyes.'
It has a molecular Welght of 960 and a maximum absorptlon at A 605.
Its StrUCture and that'of‘trypap'blpe, a structural analogue, are eeen -
on the following page.

FRaWSQH (6) in 1943 was the‘first to indicate that Evens blue, try=- -
pan blue, and other:bisazo dyes biﬁd serqngly;to the aleumin fraction
3f eefum. "She ascertained by several different methode'(electrophore—g”'
eis, ulfrecentrifugation5 effects of plaema proteins upep epectral
absorption of dye; éeilophane—stainihé)‘that.at pﬂb7.4 ih'eolutions_of:
" human albumin.ﬁb to 14 molecules of Evans blue are linked to one mole-
eculevof-plasma‘aibumin; The greatestbstability of'the dye—protein
eomﬁlek is attained up to ratioerof 8‘molecules of Evans blue pef mole-
ZCule{of:plasﬁa albuﬁin. At'egch,concentratiqnsuthe dye is wholly and:j .
preferentielly beund'by the albumineffection. If the dye'coqcentration
is increased‘sufficiently the dye.may'elso be bound by the globﬁlin_
'V‘frectlon, Preferentlally the o globullns.”.Shejalebtehewed that in  the
' equlllbrlum ystem between the proteln—dye complex and the free dye and
plasma protein, the concentration of free Evans blue is infinitesimal,
- This'wes demonst;eted by ultracentrifugation of a solution bf dYe—preteinl-

complex in which a Blue—staieed.layer‘éedimented leaviné‘an unstained
supernatant. Therefore, at a ratie ef 8 melecules of Evans blue to 1

molecule of plasma protein,ball the dye is bound to the plasma pro-.

tein.
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Trypan blue also binds to plasma protein, but this complex is more
unstable than the Evans blue-protein complex. When the trypan blue-
protein complex is dialyzed in a.cellophane bag some of the trypan blue
is dissociated and stains the ccllophane; whereas, the Evans blue-
protein complex under same circumstances leaves the dialyzing membrane
colorless (6).

As a consequence of the binding of Evans blue to serum albumin,
its complete elimination from the bloodstream takes sevcral days. Only
2egligible quantities of Evans blue appear in the urine; therefore, the
érimary ratc for clearance of the dye from circulation is presumably by
uﬁtake into the tissues. Evans blue remains within an animal's tissue
for many weeks after administration. It is taken up by the cells of
the reticulo-endothelial system as well as by certain eﬁithelial cells,
such as those of the kidney proximal convoluted tubules and the liver
parenchyma. Once in the cells Evans blce appears as distinct blue
- granules, which is evidence of both active concentration from more
dilute solutions in thc blood plasma and separation from the remainder
of the cytoplasm (21).

Gilson (7) in 1949 was one of the first workers to employ the use
of Evans blue in studying the renal reabsorption of plasma proteins. He
labeled certain cf the plasma proceins in vivo by intracardiac injec-—
tions of Evans blue and found the dye concentrated in the cells of the
proximal convoluted tubules. Rats were injected with 0.5 ml of a 5%
Evans blue solution (12.5 mg/100 g body wt) and killed at 10 minutes,

3 hours, and 24 hours after injection. It was calculated that in the
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dose adminiétered all the dye combined with the plasma protein. On
macroscopic examiﬁation of injected animals all tissues were to a greater
or lesserbdegree blue. Unstained frozen kidney sections were studied
from each of the_three time peribds. In animals killed 10 minuteé
vaftef injection blue granules were observed all superficiélly distri- .
buted in tﬁe cytoplasm of proximal tubular cells towafd the tubulaf
‘lumgn. In the 3 hour animals blue granules were observed more deeply
thrbughout fhe cytoplasm. The tissues of the 24 hour animals showed
Ehe most dense éggregationé of blue particles in the éytoplasm of proxi-
éal tubular cells. Gilson interpreted these findings’as evidence of
_ glomerulér filtration and £Ubular reabsorption‘of plasma protein and
protein;Evans blue complexes (7). |

In a more recent study Wilde et al. (9) has followed the path of
reabsorptioﬁ into tubular cells. By electron migrographs'he has shown
tﬁe uptake or reabsorption of an albumin—Evans Blué Complex by proxi-
" mal tubular cells. He injected rats with a 3.5Z-éolution éf Evansbblue
in saline (12.6 mg/100 g_body‘wt.) and foilowea the ﬁptaké for six dayé.’
First hour. After Srﬁinutés 6f'mixing'in therciréulation system no
visible dyejentered the proximal epithelium. At 1 hour small dark blueb
- granules Weré scattered évenly just ﬁndéf‘thé:brush Bofdef.
First déz; After 1 day Blue granules ﬁere larger and migrated Complétély_t-
‘away from the brush border, mostly towatd thé ﬁiddie ofvthe cells.
Third day. -Blué,granﬁles were clumped into special clusters located"
abéve and aroﬁﬁd‘the nucleus near the Golgi after 3'days. ‘These granules

had achieved their maximum size at this time, and the zone just below

the brush border was now clear.
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Sixth day. vClustérs of granules Seeme& smaller, diérupted into strands
aﬁd'faded. ‘Ihe’faded appearance may indiéate thét the Evéns blue is nbl
‘longgr bound‘to the albumiﬁ which had accompénied it intb the ceils.
Wilde gg_gl, concluded that reabsbrptioﬁvof filtered blood albu-
:,min-Evans blue across proximal tubular cells takes pléce via the -
membfanoﬁs vacuoles rathervthan as free mplécuies through the cytoplasm. 
Any free albumin~Evans blﬁé“would appear as a blue screen, aﬁd all
- cellular blue waé'séeﬁ in fine or coarse dots which’représeﬁt protein-
v"dyé Béund or contained wiﬁhin ﬁeﬁbranous vacuoies‘(é).
7 The wofks cited ébdve demonstfate that Evans blue binds to‘plaSma
albuﬁin, and this piasma’albumin?Evéhs‘blﬁe complex is filtefed‘out qf‘
thé,blodd stream by the gloﬁerulus and then reabsorbed as membraﬁdﬁs

vacuoles by the cells of the proximalbtubules;

Wo;k with Trypan Blue - Lloyd et al. (21) havé employéd,ﬁrypan
.kbiue, a sfructural analogﬁevof Evans>blue, in axdifferent fashion than
the autﬁors cited above. ‘Iﬁvattempting_tb‘éxplain terétogeneéis,vtheﬁk
ﬁere interested in the_possiﬁility‘éf.inhibition of lysosomal enzyﬁes -
bj ﬁhe aye. Trypan blﬁe Was‘localizéd in‘subcgllulér fractions of
'livé: froﬁ dyé-treated-fats; ahd‘each fractioﬁ wés analyzed forvécid
phosphatase aCtiVi£Y-.ﬂRéfS Wereninjééted:subcutaneousiy_with trypan
blue and their iivers,weré removed 16 ﬁours later. éuccessivé éehtri; 
fugation yielded»nuclear‘(N),.heévy ﬁit&chdndrial o™, lighf mito-
chondrial (L), and miérosomal (P) pelléts and a final supernatant (S}.
‘Figufe 2 illustrates the disfribution of trypan blue and acid phosphéf

tase in liver fractions from an injected rat and the distribution of
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Figure 2 - Distribution of Acid Phosphatase in Rat Liver of an
Uninjected Rat and Distribution of Acid Phosphatase and

Trypan Blue in Rat Liver of a 16 Hour Injected Rat

~Data are expressed in bar graphs in which subcellular
fractions going from left to right are:

N = Nuclear

M - Heavy Mitochondrial
L - Light Mitochondrial
P - Microsomal
S - Supernatant

Data for this figure came from the work of Lloyd et al. (21).
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acid phosphatase in liver fractions from an uninjected rat. As seen,
the trypan blue does not significantiy alter the distribution péttern
of acid phosphatase, which indicates that the 1ysosoma1.enzyme was not
inhibited by trypan blue. The distribufion of the dye itself is similar .
to that of acid phosphatase, with the highest specific activity being
in the light mitochondrial fraction.

Having demonstrated the effect of trypan blue in liver, Lloyd et
al. (21) turned to the organ of primary interest, rat visceral yolk—sac
gstrongly phagocytic), and investigated the intracellular distribution
of trypan blue in this tissue after injection. Rats were injected
subcutaneously with the dye and»killed at different time periods after-
wards. Within 8 hours both light and electron microscopy revealed

- accumulation of trypan blue in large membrane-bound vacuoles in the

. supranuclear region of the cells. It was suggested that the dye first
appeared in pinocytotic vesicles‘which migrated deeper into the cell
where they fused to form larger vacuoleé. It was clearly demonstrated
that these trypan blue containing vacuoles were acid phosphatase posi-
tive,which would indicate that they were heterolysosomes.

The yolk-sacs from injected animals were also homogenized and
fractionated by differential centrifugation as Previously done with the
liver with the exception that no microsomal fraction was isolated (21).
Assays for trypan blue, acid phosphatase, and protein were performed on
animals killed 24, 48, and 72 hours after injection. As seen in Figure
3, the distribution of trypan blue is unequal, and the highest specific

activity is found in the nuclear fraction. Coupled with the microscopic
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Figure 3 - Distribution of Trypan Blue in Rat Visceral Yolk-Sac at

Various Times Following Injection

Data are expressed in bar graphs in which subcellular
fractions going from left to right are:
N - Nuclear

M

- Heavy Mitochondrial
L - Light Mitochondrial
- § = Supernatant

Data for this figure came from the work of Lloyd et al. (21).
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observations this implies that large heterolysosomes containing trypan.
blue sediment in the nuclear fraition. The distributidn of écid
phosphatase also shows large quantitiés in the nuclear and heavy miio—
chondrial fractions. Comﬁarison of these results with those obtained
for liver homogenat%s shows a diversity of size among the elements éf'
the vacuolar system (apparatus) in the liver as compared to the yolk-
sac. |

Lloyd.ggrﬁl. (21) concluded from these and other observations that
when trypan blue was bound to protein it did not significantly inhibit
J .
lysosomal enzymes. However,‘wheﬁrlarge amounts of trypan blue were
incubated in vitro with lysosoﬁal enzymes significant inhibition of

these enzymes was seen.

From the literafure survey juét concluded, it appears that the dye
Evans blue when injected into the circulatory system of the rét will
bind to serum albumin and enter renal proximal tubular cells by piné—
cytosis. The rate of entry and size distribution of the dye containing
vacuoles can be estimated by analysis for Evans blue following separa-

tion by fractional centrifugation.



EXPERIMENTAL PROCEDURES

In the experiments to be diScussed in this thesis rats were in-
jectéd intravenously with Evans blue and then sacrificed at designated
time periods afterwards. The tissue of intefest (either 1iver or
kidney) was removed, homégenized, and divided by fractional'centrifuga—
tion into five sﬁbcellular fractionsﬁ nuclear (N), heavy mitochondrial
'(M), light mitochondrial (L), microsémal (P), and supefnatant (s). Each
fraction was analyzed for Evans blue, prétein, and acid phosphatase

detivity.

Animal Maﬁagement - Male Sprague-Dawley rats, individuéily housed
in single, étainless steel rat qages;‘were used in all expefiments.
Rats used for both liver and control kidney studies were allowed to
consume ad libitum a normal rat pelletvratiqn for at least five dayé
-prior to injection'with Evans blue. The rats usedvfor magnesium defi-
.cient kidney studies were meal fed (5:00-9:00 p.m.) a magnesium supple—‘
mented basal diet (700 ppm of magnesium) for seven days’ and then offéred
‘a‘basal loﬁ magnesium diet (20 ppm of magnesium), Table I, for three
days before inféction with Evans blue. |

One rat weighing approximately 275 g was used for the liver Study.
It was injécted intravenously with 6.5 mngvans blue per 100 g body wt.
of a 3.5% Evans blue solution in 0.9% séline. Either three or four |
- approximately 220 g rats‘(200-2401g) were used for each kidney experi-
ment. They were injected intravenouslylwith 12.6 mg Evans blue per lOOv
" g body wt. of a 3.57% Evans blue solution in saline. Wilde et al. (9)

injected this same amount into their rats and claimed that all the Evans

26
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. Table I

Diet Composition

Ingrediénts ‘ Percent of biet by Weight
Casein (vitamin-free NBvC*). - | 20

‘Sucrose | . ' 26.6
Corn.starch o ' 33.2

Alphacel ' ‘ ‘ : 5

Vitamin mix (complete NBC¥) _ R 2.2

Wesson oil o | - 8

Mineral mix*# (Mg omitted) : 5

*Nutritional Biochemical Company

*%For contents see reference 5
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blue-was bound fo seruﬁ albumin. It.was éalculéted thét'12.6_mg7Evaﬁs  '
biue/lOO g Body-wt. injécted'infravénously-WOuld‘give approximately é
‘8:1 ratio of Evans blue to serum aibumin; therefofe, it:was assumed
that all thevaéné blue injeéted in both the liver sfudy‘and tﬁé kidney S
expe:imenis‘was Bound to serum albumin; |

A specially made.rét réstraining device which exposes the rat's
tail was used for;ali injeétions.  By the use of a 26'gauge disposable
needle and a 1‘ml'disposable syringe; Evans blue wés injected diréctly
%nto one of the‘tailryeins. ‘Immediately the eyes, ears, and nose.of
éhe animal turned blue. This was an indication that Evéné blue entered;
the aniﬁal's circulatory System‘immediately. Animals that did not turn
blue within seconds weré not used. At the deéignatéd time period after

injection the animals were sacrificed by decapitation.

Fractionation Scheme - After sacrifice, the tissue of intereét
(either liver or kidney) was removed; perfused thoroughly with 0.25 M
sucrose, and homogenized. The homogenization for liver was accomplished
in a Potter—Elvehjem Aomogeﬁizer wifh 0.25 M sucrose.  The tissue was |
hoﬁogenized,three separate timeé, each time being ohevup and down paés‘ 
of the homogenizer,,énd the homogenate‘was fiitéred dncé through glass‘
wool to'remove 1érge cell debris. Kidne&s, 6n the other Hahd, Wéré homo-_
genized by hand ﬁith a Dounce hdmégenizer and O.ZSlesudrose., They tdb -
were hdmogeniéed three separgte tiﬁes;ronée-with five up and down passés
with a loose pestle, and twice with'two1up and down passes with a'tight S
pestle. Both liver and kidnéy»homogenafes were/fhen.gubjeéted_tp frac;

tional centrifugation.
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The proéédure for'frac£i§nal Qeﬁtrifuéation was taken from-fEBé
Summer Coufse, 1965;7ﬂniﬁersity of Louvain (22);>.ThisAproqeduré was
originally perfected for liver but has:been employed also for kidney.
Tissue was separated into five subcellular.fractioﬁé by.wéight; naﬁely,
nuclear (N),vheévy’ﬁitochondrial‘(M), light mitochondri51 (L); mic:dév
somél (P),vand soiuble of»s;perﬁatant‘(s) (Table II).:‘Egch fraction ﬁas"l
washed with 0;25 M sﬁéfose; Since the fractionation was quantitative,
: the washing fluids were always éombinedeith the‘preVioﬁé sﬁpérnatants
_?ffore proégedi@g with thebsediméntatioh of the next ffaption. The =
§olumes of thé fractions and the combined sﬁperﬁatants were carefully
‘méasutedlor adjusted inrsuch a way that'the'éongen;ratibn of eéchwéréc_
tion was always known. Centrifugations to remove nuclear and Cell;f
debris were carried out'in é Sorvali cgntrifuge,(ss—34 rotor) at 121
X 8. Thevremaiﬁing centrifugations wéfe‘performéd in ;-Béckman48pinco
u1fracentringe, modél L, (rotor 40) at the designaté& spéeds. The
whole fractionation was performed nearv0°.C, usihg ice—éold solutions

and equipment.

Anaiytical Techniqﬁes f Sellers et al. (8)’in his work déveloped
a p?dcedute for.extréction of Evans blué from tissuesf This procedﬁfé
‘was adaptéd,for extractioﬁ of Evans)biue from the subcellular fractions.v
| To an aliquot of ééch fraction was added 2% aedeol.OT (dip¢tyl
. sulfosuééinate sodium Salt).._Thié mixture was allowéd tdgstand with
frequent mixing for 30 miqutés. ‘Aeroéol OoT reieaseé Evaﬁs blug from
the tissue. Pure acetbne was added to preciﬁitate the proteins, and

this mixture was allowed to stand for 15 minutes with frequent agitationms.
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Table II

Procedure for Fractional Centrifugation

Homogenized tissue in 0.25 M sucrose

Centrifuged at 121 x g for 10
minutes. Resuspended pellet in
0.25 M sucrose, rehomogenized, and
recentrifuged at 121 x g for 8
minutes. Repeated once. '

| l
N E

Nuclear fraction Cytoplasmic fraction
Centrifuged at

11,000 x g for 3
minutes. Washed

twice.
| |
Supernatant M
Céntrifuged at Heavy Mitochondrial
42,500 x g for ' fraction
6 minutes, 45 C
seconds. Washed
twice. -
| [
Supernatant _ L
Centrifuged at 90,000 x g Light Mitochondrial
for 33 minutes. Washed once. ' fraction
| |

S P

Supernatant Microsomal fraction
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The mixture was then centrifuged at 30,900 x g for 30 minutes in a
Sorvall centrifuge (SS-34 rotor). The supernatant which contaihed all
Lhe Evans blue originally"in the fraction was taken for spectrophoto-.
metric analysis at 605 mM. Using an Evans Elue standard‘cqrve the mg

- of Evans blue per g of kidney were.galculated for each Suﬁcellulér
fraction.

The widely used Lowry method (23) with the Folin—CiOcalteu phenol
reagent Waé used for protein éstimation. The mg of protein per g of
E;dney were estimated for each fracﬁion.

“ Acid-phosphatase‘activity was determined by'thé amount of inorganic
phosphate hydrolyzed frbmv84glyderophosphate in a 10 minute period.
The'asséy procedure waé taken from FEBS Summer Course, 19@5, Universify
of Louvain (22). An aliquot of each subcellular fraction was incubated
for 10 minutes at 37° C in the presence of so&ium B—giycerophosphate

. N ’

(0.5 M pH 5), sodium aéetate—acetic aéid buffer pH 5 (l M), sucrose

1 ﬁ), triton X-100 (0,2%),‘and water. Thelﬁriton X-100 was added to
‘release enzyme from vacuoles. Thevreaction was stdpped at 10 minute§
by adding ice-cold trichloro—écetic,acid,‘TCA (8%) . The denatured pro-
teins were eliminatéd by filtration, and inorganic phosfhate was deter-
miqed in each filtrate. Blanks wére‘run by incubating an aiiqUotrwith
_ all fhe‘compohents'of the assay mixtﬁré except thé substrate, sodium

B-glycefophosphate, which was added after the TCA. |
- Inorganic‘phosphate‘was détermined by thé_Fiske and Subbafow’methbd
(24). To‘an aliquot of filtrate was ad&ed aﬁmoniﬁﬁ molybdate solution |

(in 5 N HS04), Elon solution (1% Elon and 3% NaHSO3), and water. The
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contents of each test tube were mixed thoroughly ahd allowed to turﬁ
blue for approximately twovhours, after which‘the.O. D. was read by a
spectrophotometer at 660 mu; A standard containing 1 mM phosphate

instead of filtrate was included in each series of determinations.

The units of acid phosphatase activity per g of,kidney were calcu-

lated for each fraction. One unit of acid phosphatase'activity
corresponds to a rate of hydrolysis of 1 umolé sodium B-glycerophosphate

per minute.



- RESULTS

General Introduction - Thé data to be preSented in this thesis
are divided inﬁo three phases:v 1iver studies, kidney studies, and low
magﬁesium studies. |

Rat liver was used to standardize fhe technings of fractional |
centrifugation, Evans blue administration, and Evans blue recoveryifrom
the different fractions. Also it was of‘interést'to obtainva distribu~
tion pattern for Evans blue in rat liver subcellulai frécinné and ‘to
eompare this pattérn to;thé distributipn pattern for trypan biue in rét
liver subcellular fractions obtainéd by Lloyd et al. (21); discussedvin
the LITERATURE REVIEW. o

- Only one complete‘exberiment was performed with fat liver. The
animal was eXecﬁte&‘24ihours‘afteriinjection of Evans.blue.

It was fhevintent.of’the kidney experiments toAascertainvthe dyna-
mic behavior in kidney aftér injectioﬁ of Evaﬁs blﬁé., The'éccumulation_‘i
of Evans'biue_by the total kidneyréﬁd the distribﬁtion of Evans blue in
the subcellqiar fractions were obtained at differentAtime'périods aftet
injection.l E#periments were performed at 1/2 hour, 1 hoﬁr, 3 hours,
and 12 hoﬁrs pbst—injectionf

Serum .was also collected atbeach time iﬁterval, and the:Evans blﬁe.

..present was‘éxtractéd. ‘The 12 hour-injected animéls Weré:placed in"
;'metaboliém cages imnmediately after administration of Evans blue, and
urine was collected for thelfirst 6 hours after’injéétién and the 1as£
6 hours.before saérifice. AEvans blue Wasfe#traCted irom the Urine

COllected.

.33,



34

Once the patterns for accumulationbof Evans blue by total kidney
and distribution of Evans blue in subcellular kidney fractions had been
'established, the same experiments were repeated with three day magnesium
deficient rats to determine the influence of a low magnesium intake on
the rate of accumulation and distribution of Evans blue'in rat kidney.ﬁ'”
Bunce and Bloomer (5) found significant drops in serum and urine mag-
nesium and urine calcium within 24 to 48 hours after offering of first
deficient diet and increases in kidney calcium within three days. They
suggested that calcification was underway by day three. From these ob-
¥ . .
serQations it was decided that if changes did occur in kidney éells as .

a result of magnesium deficiency, they would be initiated by day three.

Liver Studies ~ The distribution of Evans blue obtained for rat

liver subcellulér fractions 24 hours post-injection is presented iniFig—
ure 4, The plot expresses the amount of Evans blue in each fraction
relative to the amount of protein in each fraction. The largest amount
of Evans blue was found in the supernatant, and the next iargest was in
the heavy mitochondrial fraction. However, the highest relative speci-
fic concentration. for Eﬁans blue was found in ihe light mitochondrial
fraction, which has also been shown to contain the highest relative
specific activity of acid phosphatase. No measurable amount of Evans |
blue was- found in the nuclear fraction.

Kidney Studies - As stated earlier the accumulation of Evans blue

by rat kidney was studied at 1/2 hour, 1 hour, 3 hours, and 12 hours
after injection of Evans blue. Table III shows the means of the total

Evans blue extracted at each time period, as well as the amount



35

Figure 4 - Distribution of Evans Blue in Rat Liver Subcellular Fractionms

24 Hours Post-injection

Data are expressed in a bar graph in which subcellular-,>
fractions going from left to right are:
N - Nuclear

M Héavy Mitochondrial

Light Mitochondrial -

(nnd
X

P - Microsomal -

S - Supernafant.
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Table III

Extraction of Evans Blue from

Rat Kidney Fractions and Serum at each Time Interval

mg Evans blue/g Kidney

4

Fraction _ 1/2 Hour 1 Hour 3 Hours 12 Hours
“total 0.265  0.288 0.348 0.568
N | 0.086 0.120 0.168 0.255

M 0.043 0.052 ©0.054 ~0.083

L ~0.010 0.008 0.009 0.017

P 0.014 0.013 0.013 0.026

S 0.112 0.095 ~0.106  0.187
Serum® 1.904 1.655 1.290 0.690

*mg Evans blue/ml serum
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‘extracted from each sﬁbcellular fractionvat each time period. All
values are the mean of at least two experimental determinationé and are -
expressedvin mg Evans blue/g kidney. The individual values are seen in 7
Table IV and Table V. Also appéaxing in Table III are the mg Evané‘
blue/ml serum extracted at each time interval. |

As seen, the total amount of Evans blue extracted increased with
time. Thisbcan be expresséd‘as the net uptake of Evans blue by Wﬁole'
rat kidney with time andICan be seen graphicaliy in Figure 5. Table
IIi also shows an increase in Evéns=blue in the nuclear fraction with
F .
time. The other fractions remained rather constant for the first 3
hours and increased at different degrees in the next 9 hours. The
light.mitochondrial'and microsomal ffaétions show only a slight in-
crease,kand the heavy'mitochondrial fraction shows a little gteater
increase; however;ithe supernatant shows a very substantial increasé
over these 9 hours. The net uptake of Evans blue with time by the sub-

vcellular fractions is seen graphiéally.in Figure 6.

The percentage of the total Evané blue in each subcellular fraction
at each time intervalbwas calculated and is presented‘in TableFVI. The
data show that in the first 3 houfs after injection the percentage of
Evans blue in the nuclear fractionvincreaéed while the percentage in
the supernatant decreased. It isvinterésting that in the next_9 hours

\the percentage of Evans blue in the nuclear fraction decreased while
,thevpercentage in the superﬁatant increased; The percentage of Evans.
.blue in the other three fractions Wés virtually uhchangéd throughouf

the 12 hours.



Table IV | ~

Extraction ofrEVans Blue from

Rat Kidney Fractions and Serum

mg.Evans>b1ue/g Kidney

Fraction 1

3 - 4 » Méan : o 1 B 2

1/2 Hour Trials* = I | Hour Trials*

Mean

Ctotal . 0.304

N 0.098

M 0.049

L. 0.009

P - 0.016

s 0132

. Serum** L 1.880

0.222

0.078

0.029

0.008

0.013

0.094

~1.730

0.201  0.242  0.265 . 0.283  0.293

 '.0{087 .»'0.083 -,,'b.déef-‘ o 0.120 0.120
0.054  0.040  0.043  0.05  0.054
0.011  0.010  0.010 0.009  0.007
0,014 0011 0.014 . 0.014  0.012

0.125  0.098  0.112 0.090  0.100

2,185  1.820  1.904 1670 1.640

0.288

0.120
| 0;052
- 0.008
© 0.013

0.095

1.655

*%either three or four rats were used for eaéhvtrial._v

%*mg Evans blue/ml serum.

- 6€




Extraction of Evans Blue from

Table V

Rat Kidney Fractions and Serum

mg Evans blue/g Kidney

3 Hour Trdials®

12 Hour Trials®

Fraction 1 2 Mean = 1 Mean
total 0.337 0.334 . 0.372 0.348 0.563 - 0.573 0;568
N 0.173 0.160 0.170 0.168 0.255 0.256 0.255
M 0.053 0;040 0.068 0.054 0.071 0.095 0.083
L 0.006v | 0.009 0.011 0.009 0.019 ,0‘014 0.017
P 0.009 ,0;017 ~0.013 0-013 0.028 0.023- 0.026v
S : 0;096 0.108 0.110 0.104 '0.190 :0.185f - 0.187
. Serumts ——  1.250  1.330  1.290 0.640

0.740

0.690

%either three or four rats were used for each trial

**mg Evans blue/ml serum

oY
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Figure 5 f-Net Uptake of Evans Blue by Rat Kidney
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Figure 6 - Net Uptake of Evahs‘Blue,by Rat Kidney Subcellular Fractioﬁs :
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Table VI

Percent of Total Evans Blue in each Subéellular

Fraction at each Time Interval

7% Evans blue

P

.Fraction 1/2 Hour l‘Hour ‘_ 3 Hours 12 Hours
N S 42 48 45
Mo 16 TR 15 .15
L | 4 "S_j . 3 3

P 5 4 &
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In Tablé»ViI is pfesenfed the mg Evang blue/g ﬁrotein for total.
rat kidney énd for the subcéliular fractions at ééch time period aftér a
injection. These déta are véfy similar to the extractioﬁjdata pre;
sented:ih TabléiiII. The total amount, as well as thé‘aﬁdﬁht in'tﬁe'
nucléar fra¢ti6h increased with time. The other ffactionS'remaiﬁed'
ratﬁér»stableAduring-the.first 3 hours and theﬁrinéreasedvover fhe-neXt
9 hoursf | |

The reCoﬁeryiqf'EVans blue from serum is ﬁreseﬁted in'TableVIII
%?d,Eigure 7. ‘As seén, £he mg‘Evaﬁs-bluélﬁl éerum dgcfease with time.
o Table VIII Shéws the Zvacid phos?hatase activity, relative
specific activitY-oflécid phésphatase (% acid phosphétase/% protein),
- and tﬁe‘% protein in the subcéllular fractions at,eaéh time-intérvél
‘after iﬁjection of‘Evansvbiue.- The‘slight variability:between values
for the same ffaction at different time periods is not significant.'
since as much as a 5% diffefence has been obéefved for the supefnatént‘
with'upinjected\rats.‘r |

Gilson (7) and Wilde g_g;_ al. *(_9) have c‘la’iined that Evans bluev
accumuléted,in vééubles; héweﬁéf; the appearaﬁceiof'Evansvblue>in thg
Varioﬁs fractioﬁé:déeévnot of:itseif prove thét Evané blue waS'ﬁfesénﬁ
within membrane bbuﬁd‘ﬁaéﬁblés. :Supégfiéial binding to surface siﬁeé
or brotein aggrégates was also possible. Control expepiments were
designed to deterﬁine the distribution of the dye in avhomogenate frdm
a non-injected fat andkto test the latency of the dye.in the nuclear

fraction from an injected animal.
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Table VII

mg Evans Blue/g Protein for Rat Kidney

Subcellular Fréctions at each Time Period

mg Evans blue/g Protein
g

Fraction 1/2 Hour 1 Hour 3 Hours - 12 Hours
total o 1.88 1.88 2.30 ‘ 3.61
N 1,73 2.19 3,21 4.91
Mo ' 1.63 .70 1.80 2.34
L 2.38 2.07 2.26 3.88

P v 0.86 - 0.72 - 0.73 1.38

S 2.53 2.05 2,20 4,01
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'Figure 7 - Evans Blue in Rat Serum at Various Times Following Injection
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Percent Acid Phosphatase Activity, Relative Specific Activity, and Percent Protein

Table VIII

~in Rat Kidney Subcellular FréqtiOné at Various Times after Evans Blue Injection

© 1 Hour

: 3 Hours

~ 1/2 Hour

% Ac. P. % Prot.

% Ac. P. % Prot.

% Ac. P. % Prot.

IZ‘Héurs '

% Ac. P. % Prot.

40.62 [1.15]
24.53 [1.31]

8.06 [2.70]

13.81 [1.19]

12.99 [0.41]

35.30

18.74

2.98
11.56

31,42

39.88 [1.12]

21.86 [1.09]

7.63 [3.03]

1418 [1.21]

16.46 [0.55]

35.69

_19.97.'

2.52

11.70

30.13

42.73 [1.24]
19.69 [0.99]

6.67 [2.53]

' 14.58 [1.24]

16.32 [0.52]

34.58
19.85 |
2.64

11.72

37.88 [1.15]

'19.64 [0.87]

6.43 [2.30]

- 17.62 [1.47]

18.44 [0.62]

33,02
22.54

2.79

11.98

29.68

[ 1= Relative Specific Activity, % Acid Phbsphatase/z Protein

0s
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To lObg of kidney from a non-injected rat was adde& 2.5 mg of .
Evans blue iﬁ a 0.25 M sucrose solution (0.25 mg Evans blue/g kidney).
The tissue was homogenized and fractionéted by the procedureé pre-
viously used, and Evans‘blué was extracted from each subcellﬁlar
fraction. Table IX shows the mg Evans blue/g kidney recovered in each -
fraction and the 7 Evans blue and relative specific ggnéénfration in
each fraction. Values are from one e%pefimental déﬁé;ﬁination. As
seen, the largest_amount of‘Evans blue was recoverediin the supernatant;
3nly slight amounts were found in thé other fractions. Figure é shows
this distribution in bar graph form, and Figﬁre 9 shows the distribution
of Evans blue in a 12 hour injeéted rat.

The latency of Evans blue in the nuclear fréction was determined’
b& adding 2% triton X-100, which is known to disrupt vacuolar membranes
and release the substances inside, to an aliqﬁot of kidney nuciear'
fraction from 3 hour'injected rats. This solution was mixed thoroughly
and allowed to staﬁd in ice fof 30 minutes. ‘It was then centrifﬁged at
121 x g for 10 minutes in a Sofvall centrifuge (SS-34 rotor) to yield a
pellet and a soluble supernatant. Evans blué was extracted from both |
pellet and supernatant, and acid phosphatase activity was analyzed in
both. The mg Evans blué/g kidhey extracted from each fraction, as well
as the 7% Evans blue, 7 acid phosphatase, and % protein in each fraction
are presented in Table X. Two experiments were performed iﬁ this study.
The databshow that after treatment with triton X;IOO almost 84% of the
Evans blue originally located in the nuclear fraction was found in the

soluble fraction.  The total Evans blue extracted (pellet + supernatant)
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Table IX

Distribution»of Evans Blue after Addition of Free

Evans Blue to Homogenate of a Non-injected Rat

Fraction mg Evans blue/g Kidney % Evans blue
Jbtotal 0.238 | 95,20
N 0.022 ' 9.25 [0.24]
M 0.008 3.36 [0.22]
L ©0.001 0.42 [0.25]
P 0.009 3.78 [0.42]
S 0.198

83.19 [2.34]

I ] = Relative Specific Cbncentration,.% Evans blue/% Protein
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' Figure 8 —VDistributioﬁ of Evans Blue in Rat Kidﬁey'Subcellﬁlar
Fractions_aftef Addition of Free Evans Blue to Homogenate

, éﬁ of a Non—injéctedzRat'

Data are expressed in a béﬁ graph in Which'sdbceiluiar'

fractions:going frdm’left tqzright;are:{‘f

N . Nuclear

oM Heavy Mifochﬁndrial 7

e
I

Light Mitochondrial =

+d
1

Microsomal

.
I

- Supernatant
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Figure 9 - Distribution of Evans Blue in Rat Kidney Subcellular

Fractions at 12 Hours after Injection

5 Data are expressed in a bar graph in which subcellular
fractions going from left to right are:

N - Nuclear

M - Heavy Mitochondrial

[l
i

Light Mitochondrial
P - Microsomal

S - Supernatant
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Table X

‘xDistributionvof'Evans,Blue, Acid Phosphatase, and Protein in .

~Rat Kidney Nuclear Fraction after Treatment with Tritonm X-100

. Fractions

- fOfiéihéiqu Pé11é£ "Sgpernatant‘ P +jS_
- mg Evans blue/gvKiqhey  ‘?} id.légf* o ‘. o ' .
 Trial T : ‘ "'_ I r,vo;ozs 0137 0.165
Tetal2 0,025 0.135  0.160
Mean . 0.027  0.13 0.163

% Bvans Blue 1630 8370 9702
 Units Ac. Pase./g Kidney = 1.707 o 0.386   - 1.586 . 1.977
% Acid fhosphatase - © 1o.57 80.42  115.50
mg Protein/g Kidney 42.09 1.0 35.13 36.53

% Protein 38 9618 86.80
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was 97.02% of that originally found in the nuclear fraction. Also SOZ"j
of the acid phosphatase activity and 967 of the p;oteinfwas:fouﬁd_ih ﬂf:f;"

the soluble fraction.;

The percentage of Evans blue taken up by rat kidney in relation to€: i Q'

the other body tissues was determined from balance célculations. The» ’”“”"”'”

cifculating blood volume of a 200 g rat is about 15 ml, and the heﬁa—'v
tocrit value'is‘ébout,60% (85. From,this ipféfmaﬁioﬁ it was calcﬁléféd ”a
thaf“the'total voiume‘of sefum inva‘220 g rat>was_6.6 ml: " By the ﬁse‘
3f Figure 7 (decfeaSe of EVané biue’iﬁ'fatpsérum) thébamount of Eﬁaﬁs '
Elue iﬁ the blood at 1/2 hour after injectioniwasvdetérminéd to be .
.12.54‘mg;-andyfhe amoupt at 6 hours was found‘to‘be }.26ﬁmg., Theref§re,
in this.5 1/2 hoﬁr»pefiqd 5.28 mg: Evans blué were eiiminated;from the - =
blood étreém. vlf ﬁés‘éStimatedxthatkthe tWo kidneys of a 220 g rat
wéigh approximately 1.6 g. This infOrmatibn”and thé data‘in Figufe 5
(uptake'of Evans blue by rat kidney) were used to calcﬁlatefthe mg‘of 
Evans blue takén up byvtwb kidneys at l/2'hpﬁrl(0{424'mg)‘and 6 hours
(0.675 mg)'aftér injection. The neﬁbamount of Evans blueltéken ub bj :
two kidﬁeys inrtﬁis 5 1/2 hour period ﬁas'O;éSl mg. Tabie XVI (tb bé‘f
discussed later) shows that 0.138 mg-of'Evéns Blue were 1Qst thqugh:
the urine in thebfirst 6 hoﬁxs. No fecal déterminétions wefe.made, viﬁ‘-
the 5 1/2 hour period 5.280 mg of Evans‘ﬁlue were eiimiﬁated from thé_’
blood s;ream, and onlyv0.138 mg were iost thrﬁﬁgh‘the‘urine; theréf0re;’*
5.142 mg‘of Evans blue were taken up by the different’bodj-tiésues.
 Knowing that tWo'kidneys took up 0.251 mg of Evans blué inbthié ﬁime .
period, it was calculated that two kidneys éccounfed fOf 4.75%:of‘£he

total uptake of Evans blue by rat tiséues{»
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Low Magnesium Studies - The total amount of Evans blue extracted

from three day magnesium deficientbrats af 1/2 hour, 1 hour, 3.hours,
and 12 hours after injection is présentedvin Table XI. Also, the amount
of'Evans'blue extracted from each sﬁBcellular fraction at each time
_interVal is stated in this table. For comparéfive purposes.the Evans
blue extracted ffom’the cogtrol rats, Table IIT, was added‘to Table Xi.
All values are the mean of at leaSt.tWO experimental determinations and -
are expressed in'mg Evans Biue/g kidnéy. Tablé XIIiand Table XIII show
Eheiindividual values for Evans Blue extracted in each magnesium defi-
éient éﬁperiﬁént; “The mg EVans'blue/ml.Serum_exfraéted at each time
interval.for both,mégnesium'déficienﬁ rats_and control rats also apﬁear
in Table XI. | |

The accumulation of Evans blue by thféevday magnesium deficient
rat kidney increased‘with time. The net uptake appeafs to be similar:
for control and deficient rats for the first hour; however, there is a
Qery‘distinct difference at 3 hours with thefdeficient'kidneys contain—
ing more’Evansbblué. The net uptake at 12 hdufs appears to be similar
again.: This differende'ih uptake of Evans blue at 3 hours can be seen
gréphically in Figure lO,va»plot of the net ubtake of Evans blue Wiéh,
time for both céntroi and deficient rat kidney. Table XI also shows an’
incréase in Evans blue with time in‘thé nuclear fraction of defigient
réf kidney.‘ This uptake seems ﬁo be’very,similar to the uptake found -
in the control fats. ‘The light mitochondrial andlmicrosomal frécfioné
for the deficient rats remained rathér-constanﬁ for the first 3 hours

and then rose slightly in the next 9 hours, which is similar to the



Table XI

Extraction of Evans Blue frdm,Cohtrol and Three Day Magnesium

~Deficient Rat»Kidney Fractions and Serum ét_eéch Time Interval

mg Evans blue/g Kidney

| 1/2 Hour

12 Hours

1 Hour 3 Hours

. Fractién" Cohtroi Def. = Control Def. Control S. E M Def.[‘S.E,M; F'P* vControl Def.
total 0.265  0.234 0.288 0.296  0.348 ip.012‘ 0.463 +0.003  0.001  0.568 0.574
N 0.08 0.068 0.120  0.115 0.168 +0.004  0.172 +0.007  n.s. 0.255 0.261
M 0.043  0.044  0.052  0.056 0.054 +0.008 ~ 0.106 +0.019 0.100  0.083 ~ 0.079
'L 0.010 0.012  0.008 0.008  0.009 +0.001  0.013 +0.001  n.s. 0.017  0.020

P 0.014 0.014  0.013 0.012 'vo.013’ip.002‘-‘0 015 +0.001  m.s. . 0.026 0.026
s 0.112 0.096  0.095 0.105  0.104 +0.004 0. 157 #0015 0.050 0.187 0.188
Serum* 1,904 2.300 1.655 ,_1}990 - 1.290 1.530 10.690  0.795

*p value for control compared to def1c1ent.'
n.s. = not. 51gn1f1cant , .

‘**mg Evans blue/ml serum

Ap Value of 0.05 or less was considered significant;

09



Table XII. -

. Extraction of Evans Blue from Three Day Magnesium Deficient

‘Rat Kidney Fractions and Serum

mg EVané blue/g Kidney

1/2 Hour Trials* ':f o : .1 Hour Trials*

Fraction . 1 - 2 Mean - ",v' 1 2 ‘ Mean

total 0.237  0.230 0.23% . 0.290  0.302  0.296

N | - 0.068 0.068 0.068 - . 0.118  0.112  0.115

o © 0.044  0.043  0.044 . . .. 0.053  0.059  0.056

L . 0.013  0.010 = 0.012 . 0.009  0.008  0.008
P . 0.016 ~ 0.013  0.014 . . 0,010  0.013  0.012

s . 0.09%  0.09  0.09 - 0.100  0.110  0.105

Serumtr 2.3,0  2.260  2.300 ~ 1.880  2.100  1.990

~*either three.or'four rats.wefe'used for each trial

kimg Evaﬁs’blué/g Kidheyw’

T9



Table XIII

Extraction of Evans Blue from Three Day Magnesium Deficient

Rat Kidney Fractions and Serum

Fraction

.mg Evans blue/g Kiduney |

3 Hour Trials*

12 Hour Trials#*

1 2 3 Mean 1 2 Mean

total 0.468  0.458  0.461  0.463 0.554  0.594  0.574
N 0.185  0.160  0.170  0.172 - 0.272  0.250  0.261

M 0.07L - 0.135  0.111  0.106 0.066  0.092  0.079

L 0.012 0,014  0.012  0.013 0.018  0.023  0.020
P 0.016 ~ 0.015 ~ 0.014  0.015 0.022  0.029  0.026

S 0.184  .0.134 0.154 0.157 ©.0.176.  0.200 ~ 0.188
Serum#* 1.525 ©1.530 0.815 0.775  0.795

1.500

1.560

*either three or four rats were used for each trial

‘f**mngvans blue/g Kidney

29
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Figure 10 - Net Uptake of Evans Blue by Three Day Magnesium Deficient

Rat Kidney and Control Rat Kidney
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control data for these fractioms. The heavy mitochondrial fraction . o
was the most variable of the deficient rat kidney subcellular fractions.
The'amount of Evans blue ektracted.at_lvhour was slightly higher than

at 1/2 hour; however, the amount'extracted at 3 hours was substantially

higher. This large increase in Evans blue in the héavy"mitochohdrial B

fraction of defiéight ratSTat 3 hours after injection was not ‘seen with
the control rats. . At 12 hours the amount dropped to aﬁproximately thé i
same as was found in'the\héavy mifocﬂﬁﬁdriél fraction of control rats
?t this time. The Evans blue extracted froﬁ thé supernatanf of defi;
cienf rat kidney was simiiar to‘that‘of'the contro1 for the fifst héur;‘
- however, it too incfeased_mérkedly‘af 3 hours while the amount of Evans
-blue extracﬁed from the control at 3 h,oursiiremained the same. "]_.‘1‘1e
amount of Evans blue‘found'ét 12 hoﬁrs>was the same foé both the.defi-
cieht and confrol supernataﬁts. The net ﬁptake 6f Evans blue with time'
by.the‘suﬁcelluiar fractioné-of magnesium deficient rats can be sééﬁ 3
graphically in Figure 11. If this figure is compar¢d to>Figure 6, ﬁhe
net uptake of Evans>blﬁe by control rat kidney subcellular fracﬁions,
one can compare the uptake of'Evans blue by deficieﬁt rat‘kidney Sub;
cellular‘fraptioﬁs to the uptake ébtained by control rat kidney
vsubcellular fractions._‘The greatest difference-seems‘to be inbthe heavy'
mitoéﬁondrial fraCtion and-thé’supernatant. | |

The_percentage of.the fqtal Evéﬁs‘blﬁe in each subcellular fractidn
at each time intgrval for thevdeficiént rats was calculated an& is pre-
sented iﬁ‘Table X1V along with fhe percentages from the ;ontrolvraﬁs.:

Differences are again seen at 3 hours after injection. The percentage
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Figure 11 - Net Uptake of Evans Blue by Three Day Magnesium Deficient

Rat Kidney Subcellular Fractions
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- “Table XIV

‘Perceht of'EVahs Blue in eéCh Subcellular Fraction at_each Time .

vinterval:forubbth,cdntrol”and'ThreévDay”MagnQSium,Deficient Rats

A%tEvans biue 

Y'AI/Z'Hdur¢' u 1 Hour . ;3 Hours‘ " . 12 Hours

F;actioh :Controi.,Def.,g‘Céntrol, Def,i iCOntrél-;ﬁef,'f Cbhtréi,‘Defrii-“'
N 33 29 42 390 48 3 45 46
M 16 }19"‘,“"' "18» B CE 15 23 15 |
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ofvaans blue inithe nuclgar fraction ffom deficiént ra£s‘wasvmuch',,f
1oweruthaﬁ that of thé'coﬁt;o1;fats;  Howéve;,i£he PerqentaéeS o£ Evans:;
blﬁe.foﬁhd in fhéiheaﬁyimitochondfiéi'ffééﬁiﬁh;ahdigqpéfna;én; Were .
higherffbrftheVAéfiéient rafé{ Af£e£>12 Houfsltﬁe diétribﬁtionhwaéf
_aimoétnidentical:

| : TablevXI énd Figufé 12 sﬁ6w a‘decrease:iﬁ‘EVané'blue Qith.time in
- serum of’maénesiﬁm deficient rats. The ambunt bf‘ﬁVans‘biué éxtratted:
at eaéhatimevperiéd was higher f&r the dgfiéient rats‘ﬁhan for»tﬁe
-gontrol rats;‘ | " o |
o The % aéid‘pﬁosphatase‘aétivity, the'relatiﬁeisPécific:activity of-
aqid.phosphatase,réhd fhe Z'prdtein.fOundJin’eaéhrsuﬁcéllular;fraéﬁibn‘”’
from deficiéhtbrats at eaChiti@; interval afterlinjédtioﬁfof Evanslblue fL“
'aré'seen in,TaBie XV. The‘ﬁarigﬁility'bééween;ﬁaers‘fdr‘fhe same »

fraction is not significant.

' Urine was collected from both control and deficient rats at the; S

‘end of the first 6 hours after injectidh of Ev;nsibiué-and at the‘end'5?
of lZVHou;siafier injection;, Tablé XVI shows the mg Evans blue; 
extracted at each time.periodbfor‘both cont;oilana.dgficiéntffétsm  As
seen, the deficient ratsvéxqreted alﬁcsf threé-timeé as much Evans blﬁe
ih'the_firsfk6 hours as did thé cont%ol‘ratét‘lHowéﬁer; in thé‘next 6
hour ﬁefidd the»amouﬁtbof Eﬁans blué;eﬁéreféd‘by‘tﬁe ﬁéficient.rats isl.‘

similar to the amount excreted by the control rats.
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Figure 12 - Evans Blue in Three Day Magnesium Deficient Rat Serum and

Control Rat Serum at Various‘Times’Following Injection
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Percent Acid Phosphatase Activity, Relative Specific Activity, and Percent Protein in Three Day =

Table XV

Magneéium Deficient'Rat'Kidney Subcellular Fractions at Various Timés after Evans Blue InjectionV'i

Fraction

1/2 Hour

‘1 Hour

3 ‘Hours

_Z'Ac. P.'-%'Prot;

. 12 Hours

.\N

M

% Ac. P. % Prot.

35.87 [1.23]
21.99 [1.02]
9.10 [2.82]

15.34 [1.08]

17.71 [0.56]

29,25
21.48

3.23
14.22

31.83

% Ac. P. % Prot.

39.94 [1.23]
23.19 [1.15]

6.48 [2.47]

14.00 [1.11]

16.40 [0.51]

32.52
20.18

2,62

- 12.65

32.03

37.85 [1.25]

21.03 [1.00]

6244 [2.29]

15.49 [1.15]

©19.19 [0.59]

-30.20

21,03

2.81

13.45

32.51

%'Ac.‘P;“Z'RrSE:
38.00 [1.21] 31
19.40 [1.00]

6;99'[2,28]v

| 18.46 [1.46]

17.15 [0.51]

31.39

119.35
3.06
12é65-'

33.55

[ ] = Relative Specific Activity,’% Acid Phosphatasé/Z Protein

[44
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Table XVI

Evans Blue Extracted from Control and Three

Day Magnesium Deficient Rat Urine

mg Evans blue Extracted

#

Hours of Collection Control ) ‘ _ Deficient
-6 ’ ©0.138 .0.396

6-12 | 0.043 | 0.054

\




DISCUSSION

DifferencesiandiSimilarities in Liver; Kidnev5'and Yolk-Sac Usingdj'

‘BisaZO Dyes - Theidistribution'pattern obtained‘tdr”Evans'blue‘invrat
liver subcellular fractions;(Figure 4) showsVtherhlghestlrelative»‘ _1
‘specific concentration of Evans blue in the light:ﬁitochondrial ffac-f
~ tion, In comparison, the distr1but10n pattern for trypan blue in llver
‘fractlons obtalned by Lloyd et al. (21), Flgure 2, shows the hlghest
'relatlve speclfic.concentratlon of‘trypanvblue ln-the light mlto-
dhondrialvfraction also.e These dlstributlon'patterns'brobably reflect':g
the accumulat1on of b1sazo dye in small vacuoles wh1ch sedlment in the
‘light mltochondrlal fractlon. In contrast, the dlstrlbutlon pattern

‘ obtalned for Evans blue in rat kldney subcellular fractlons (Flgure 9)
‘shows the highest relative‘specific concentratlon of the dye no longerg.
in theflight‘mitochondrial‘fraction‘(as with liver)'buthinbthelnuclear_
v.‘fraction.i This pattern for kidney 1nd1cates an accumulatlon of Evans
‘blue by larger vacuoles whlch sedlment more rapldly 1n a centrlfugal
'field. ‘It was cOncluded from these data that differences exist betweenad
,these two tissues in the varlous steps 1nvolved in the . handllng of
macromolecules. The data suggest a greater d1vers1ty of s1ze among thehi’f
vacuoles.in the kldney'than‘ln the lrver. ThendlfferenCe may be a
.function of the quantity ofjnaterial’presented £§’thé_¢¢1is and/or,en-u
. gulfed by the cells."More Evans blue may'have been preSented tovthe‘ .
kldney cells than the liver cells whlch resulted in the uptake of
greater quantltles of Evans blue into 1arge vacuoles. ‘It is also

possible that the"ratevof pinocytosis'was more rapid in the kidnevv_ o

74
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cells than in the liver cells. Lloyd et al. (21) dsiﬁg visceral yolk—_'
sac which is known to be a strongly pinocytic tissue found a different
distribution pattern for uptake of trypan blue (Figure 3) than that

\

observed in liver (Figure 2). The highest‘relativeISPecific concentra-

tion for trypan blue was found in the nuclear fraction as was found for

‘Evans blue in kidney. They: also suggésted a greater diversity of size
amoﬁg.the vacuoles ih the yolk—saé thaﬁ in the 1iVer..

A ¢omparison can also be made of the qptake of horsefadish peroxi¥
%@se in liver'and kidney. Jacques (25) in studying the ﬁptake of
ﬁorseradish peroxidase by rat liver has obtained a_diStributién pattern
for peroxidase similar to the distribution pattern obtained fdr trypan
blue in liver fracfions by Lloyd et al. (21), Eigure 2. The highest
~relative specific concentration of peréxidase activity was in the iight
mitochondrial fraétioh just as with_trYpénvblue.andjEvans blue. Straus
(16), however, in studies of uptakévby tat kidney, has found an éccumu;
latién of‘horseradish peroxidase in the‘nuéleér and heavy’mitochondrial ,
fractioﬁs (Figure 1) juét'as'was found With»Ev#né blﬁe in kidney and -
trypan blue in yblk;saé.v | | |

| From theSe observations it waSIQOnClude&‘thét the»vécudlar appara-
tus in rat kidney behaves differently than in liver. “Tﬁe'uptake of
Evans blue in_kidﬁey celis is‘By large vacuoleé'ﬁhich sedimént in the
nuclear5and heavy mitochondrial fréctions; wheteés, thé uptake in'livér
~cells is by smaller vacuoles which sediment in the light,ﬁitochondrial

fraction.

Uptake of Evans Blue by Rat Kidney — In Table III is presented the



76

uptake of Euanslblue hy rat kidney inbng Evans blue/gvkidney, and in
Table VII is»preSented‘the uotake in mg Evans blue/g protein. Both
'sets:of datavarefvery similartin relation to aecumulationeof Evans blue
in‘total'kidne§ andwin'the suhcellular fraotions;‘-They both indioate
a gradual accumulation of Evans hlue in total kidneyfandfnuolear
fraction. Figure 5 and Flgure‘6 present these findings graphlcally forl
mg Evans blue/g kidney. 1In comparlson, Straus (16) has shown an 1nf
vcrea31ng accumulation of horseradlsh peroxidase act1v1ty 1n'total
%idney and nuclear fraction during the first few hOursvfollOWing injee—‘>
tionb(Figure l).' These results‘are similar to thevaceumulation.obtained_
for‘Evans blue in thaththe&‘both‘reveal an accunulation of'injeeted
material.in the nuclear fraction of‘ratukidney; it is suggested that
the same-sequenee of events uhich resulted in the accunulation‘of
'horseradish peroxidase’in the nuclear fraction of rat'kidney took plaeev
fortEvans'blue inirat kidney‘ |

| The'untake of Evans blue in rat‘kidney_hasfbeen studied micro-
scopically by Gilson K7) and Wilde ét‘gl, (9); however; no one has
described the seduence‘ofbevents'following'injection of Evans blue.n
For this reason the followingbhypothesis is suggested. Eyans hluee
albumin complexesAenter kidney cells‘by pinocytosis uhich results in
©  the formation ofvsmall:Evans bluercontaining phagosomes; These small
phagosomes either merge Wlth other phagosomes to form 1ntermed1ate
' 51zed phagosomes which then merge to form large phagosomes or uacuoles,'
or fuse dlrectly With preex1st1ng 1arge ‘vacuoles. These large phago—

somes or vacuoles are of such size that they sedlment in the nuclear



fraction. Abpfoximately 40% of the tofal acid phosphatase activity;Was
found iﬁvthe nuclear fraction (Table VIII); thérefore, these 1érge
phagosomés 6r vacuoleé probably cqﬁtained lysosbmal”eﬁZymes and should
be termed largevheterolysbsomes.l Lloyd gg'é;. (21) in their work With
yolk-sac have élaimed that frypan_blue acdumulated'in'large hetero—“
1ysos§mes'whicﬁ-sediﬁenfed in the nuclear fraction. it is assumeﬂ‘tﬁét
the incfeasebin Evans'blﬁé in'thevnuélear fraction was dﬁe tovan aécﬁ—v’
 mulation wi£hin large heterolysosomes.
s One might argue thatvthe increa$e>of Evans blqe in the nuclear
fraction‘was nét“due to accumulation within large heterolysosomes but
. due to increased biﬁding of Evans blue to nuclear prﬁteins. Howéver,
the results in Table IX (distribution.of Evans blue after addition_dfk
free Evans Blue‘to'homogenate of a'nén—injected_fat) and Table X_v
(distributipﬁ of Evans blue and acid phosbhatase ig nucleéf fraction
'éfter treatment With_triton X-100) disprove this poésibility aﬁd‘
strongly sugéest that tﬁéaEvans blue presént iﬁ the_nuCléér fraction
was‘contained withiﬁ vacuolar bbdies; |
The amount of Evans blue recovered from the supernatant for the
- first 3 hours after injection was canstant but rgthef high (Figure‘6),
Ruptureiof Evaﬁs blue’éontaining phégosomes énd/or Eﬁaﬁs=blue cohtainf
ing large heterdiysbéomes_during_tisSue pféparaﬁionS»is a:possible
source of this Evarms blﬁe.‘ Apéroximétely 16% of the tdﬁal acidbphos;T
‘phatase activity was found in the suﬁerﬁatéﬁt (Tablé ViiI);-accordingiy,_
rupture of vacuoles gontaining acia.ﬁhosphatase and Eﬁans blue could be;
a sburce of Evans blue in'fhe sﬁpérnaﬁant fdr tﬁe first 3 hours after»,

‘injection.
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At 12 hours after injéction the amount of Evané blue extracted .
from the supernatant increased substantialiy (Table.III and‘Figure 6);7
however, the-quantityvof Eﬁans'biue in the serum‘deqlined with timé‘
(Figure,7). ‘This indicates that less Evansvblue was éﬁailable for
pinocytosis at 12 hours after injection,'so the increased Evans blue in
the supernatant was not_due to increésed pinoéytbsié of Evans blue.
‘Also the percent of acid phosphatase activity in the supernatént didn
not iﬁcrease.at 12 hours.(Table VIII), which indicates that inéreased:
Eupture of Evans blue containing vécuoles was noﬁ a source qf'thevin—
v éreased Evans blue'in the sﬁpernatant; The;efqre, it is suggested‘that
the elevafion of Evénsbblue in the Supérnataht.at lZ:hoﬁfs after in-
jection was the result of digestibn‘wifhin large heterolySosomés.
Pinocytosed Evans blue was originally Bodnd to serum albumin; however;
hydrolytic.enzymesvwithin large hétefolysosomeé degradEd_the albumin
,énd released free Evans blue Which then diffused thtoughjéhe vacuolar

membrane into the cytoplasm.

' Effects of Low Magnésium Dietb— As seen inrthe‘RESULTS,ufive méjof
:differencés from control kidney studies wefe prominent in:thermagnesiuﬁ
'deficiéﬁcy studies: 'incréésed_total kidney Evans blue at 3 hours after
injection, increased heavy'mitoéhdndrial'Evans blue‘at 3 hours, in-
creased supernatant Evans blue af 3_hoﬁrs, elevated serum Evans blue;
and increased urine Evans blue at 6 héurs after'injéction;“ It is
suggested that magﬁeSium &eficiencyfcausedbcertain changes'in rat
kidney cells which resulted in the accumulation of Evans Blue intol

intermediate sized phagosomes which sedimented in the heavy mitochondrial



fraction. rThis could be thersourceﬂof the increased>Evans blue‘in :v:
7 total kldney and heavy mltochondrlal fractlon at 3 hours ‘after 1nJec-<7;:f
tion. The 1ncrease in supernatant Evans blue 1nd1cates an 1ncreased
release ofrEvans blue into the cytoplasm'by some manner, possibly froml
1ntermed1atevphagosomes. A difflculty‘ln 1nterpretat10n ofvthese data‘b
is posed by thellack'of.information‘concerning the fornvot Evans blue.
in the'supernatant; vItfwould be very,helpfuliinlexplaining these data
if it'nere knownbwhether the Evans bluevwasufree7or boundbto‘albumin or
some'othervprotein. ,Houever; bossible eXplanations:of_thejdata will’be ’
suggested. |

| - One suggestlon 1s that the- effect of a magne31um def1c1ency caused
an 1ncreasev1n the rate of plnocyt031s in kidney cellst This assump-l

7 tlonvmight not-seen plausible'on first glance sincevan“elevation in‘,n'
_serum EvanswblueHWas alsohobserVed uithimagnesium deficlent‘rats (Flgure
v 12). Nevertheless; it is suggested that thevVariousiratltissues re—. |
acted'differently.to~the deficiency; sonebdeéreasedltheirhrate'of‘
bplnocyt031s whlch caused the elevatlon in serum Evans blue, ‘and others'
such as the kldney cells 1ncreased thelr rate of‘plnocyt051s. This is:
entlrelyVPOSslble-since the kidney only accounts for 4.75% of the total’

uptake of Evans blue in the first 6 hours. The increased rate of pino-

Cytosis increased the number of Small'Evans blue containing phagoSomes.V'"”

As stated earlier these normally fuse W1th large heterolysosomes thus
'dlsgorglng Evans blue into these large vacuoles.r However,»the rate of
fusion of Small phagosomes Withilarge vaCuoles'may be‘the'rate:limiting-f:ﬂ“

'step in- the vacuolar apparatus. It iszpoStulated that the increased‘
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intake overcame the capacity of the rate limiting step and thusbproduced
a surplus of small Evans blue containing pﬁagosomes._ In order to re-
leave the cell of this surplus the small phagosomes merged with each

other to form an increased number of intermediate sized phagoSomes.

Many small Evans blue containing'phagosomes probably fused with primary e

lysosomes forming intermediate hetefolysosomes (which sediment in the
heavy mitochOndrial»fraction). |

As mentioned earlier thé increase in Evans blﬁe inbthé supernatant
%ndicates releaée of Evans blue into the cytoplasm. Digestion of él—
bumin within intermediate heterolysosomes could Have released frée Evans‘ "
blue which_difosed.thrqugh’thexvacuolar membrane into thé cytoplasm.
Anothér possibility is that the intermediate.phagosbmes.fOrmed éé,a
result of the magnesium deficiency'weré more fragile than normal
vacuoles, and upon tissue préparatioﬁs many rupture& réleasing;Evans
blue, probably bound to albumin, into the cytoplasm.‘

The increasedvamount of Evans blue in the supernétaﬂt at 3 hours
after injection.could be a sourcé of the increased amount of Ev;ns blué
~ found in‘fhe urine during fhe first 6 houfs postQihjéction; Cyto- |
plasmic Evahs blue coﬁld héve been reieaséd fr0m the cells by diffusion
acfoss thé plasmé meﬁbrane; The released Evahs blue waS»either»takén
up by thé biood comﬁartment or emptied -into the renal tubules where it~
was removedeith urine. Regurgitation of‘intermediate sized phagosomes
Cdntaiging Evans blue into the’tubularvlumenrwaé énother fossible
source of the increased\Evans blue in the urine. Thé kidney.beils not

being‘able to cope with the increased population of Qhagosomes might
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héve, ﬁheréfofe, turned to regufgitatibn as a méchanism’of’eqﬁiiibraé”'
tion. | | |
.'Tﬂe &iffereﬁces iﬁ the‘kidney'cellS’were‘seen aﬁ 3 hours fqiloﬁing ‘
injection; however, at 12 hours po_s‘t-‘-ﬁ'.njﬂecti‘on‘data for t:bntrol. and
deficiéncy studies were very similar (Table XI). By 12 hoursvthe"
amount of Evans blue in thé-blood stream had decreased greatly; there-
fore, muchvless Evans blue was being pinocytosea, and acéofdingiy, much
less Evans blue was accﬂmulating iﬁ ihtermediate phagosomés. The
‘%ccumulation of Evans blue in the nﬁClear’fragtion persisted due to
continued fusion of preexistiﬁg intermediate Evans blue laden phago=
somes with large heterolysosomes. |
Further expériments[are necessafy in order to explain the dif-

ferences observed With a gfeater degrée of confidence. Fractionations
at 2, 4, 6, an& 9‘hours ppst—injection:of‘Evans blue td deficient rats
should reveal the sequéhtial formation of the intermediate Evans blue
containingbvacuOles. An isolation of intermediate vacuoles is necessary
in order to>determiné if they contain hydrolytic enzymeé. This would
indi.cate whether they’héd.fhsed with lysosomes. Another experimeht
would be fo determine the form of the Evané blﬁe (free, bound to albu-
min, etc.) in the cytoplasm and.urine.. This would enable one to

suggest with ﬁore accufaéy from where‘the EVané‘blue evolved. . Also
cyfochémical studies GSingvbdth 1ight and élecfron»microécopy of
deficient rat kidﬁey would aid in identifying the‘intermediate phago-

somes.



SUMMARY

It has been suggested‘that a matrix for kidney Stone formation may

doriginate in the vacuolar apparatus of kldney cells and that 1mbalances‘

in 1ntracellular ca1c1um and magne31um concentratlons may stimulate 1ts,xi,"

egress'into.the‘tubular lumen., It Was the.purposerof-this thesis'to =
study the normal‘behav1or of‘Evans blue in the vacuolar apparatus of
rat kidney and to determlne changes 1n thlS normal behav1or 1mposed by d:
a magnesium deficiency. Since EVans-blue binds tlghtly‘to serum albu-
_ ﬁln, and since Evans blue-albumin complexes are reabsorbed'from the B
- glomerular filtrate by. pinocyt031s by the cells of the renal prox1mal
tubules, Evans‘blue served as a suitable marker of the vacuolar appa—
ratus fOrbthese Studiesr]_t' |

PinothOsis of Evansfhlue-alhumin compleres by'rat kidney cellsdd
resulted in the formation,of‘small Evans blue contalning phagosomes.i
In normal rat kidney these small phagosomes either fused with each
.other to form 1ntermed1ate phagosomes Which then fused w1th large
.Vvheterolysosomes, or fused d1rectly Wlth large heterolysosomes. 'In"
’either case, however, the Evans blue—albumin complexes in the small
phagosomes Werevdisgorged 1nto large heterolysosomes Where digestlon
 could take place. - By fractional centrifugations at dlfferent time/
periods post—lnjection, the net uptake of Evans blue by the total kld“l‘
- ney and each subcellular fraction'was observed. ‘The'amount of Evans
blue taken. up by the total kldney was shown to 1ncrease with time. 'A'
‘gradual 1ncrease in the- amount of Evans blue in . the nuclear fraction

with time was also seen. 'This-was interpreted;as an aCcumulationpof‘

82
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Evans blue in large heterolysosomes. The other fractionsvremained’
. rather unchanged thrqughoﬁt the 12 hour test peripd except the super-
natant which fose sharply at 12 hours post-injection; This was
believed due to a‘releasé éf Evans blue from larger hete;olySosomesbb
after digestion of the albumin in the Evans blue-albumin éomplexes. A
decline in the EVans'blue@in the serum was also noted. These patterns
of uptake of Evans blue by,the total kidney and each éubcellular frac-
tion répresént the n0rmal‘behavior ofvaans blue in the vécuolar éppg—
ratus of rat kidney. | |
3 :
The same experiments were‘applied to three day magnesium deficient
rats. The net gptake of Evans Blué by deficient rat kidney was Higher
than the net uptake by control rat kidney only ‘at 3 hours’posﬁe
injection.b The net uptake of Evans blue by the ﬁuclear, lighf mito-
chondrial, and micrﬁsomal fractions Were‘simiiar'for béth the deficient
and control rat‘kidﬁeys; Much more Evans blue was extracfed from the
heavy mitochondrial fraction and the supernatant of the deficient rat
’kidnéy at 3‘houfs post-injection than‘the control heavy.mitochondrial
fraction and supernatant at this time period. However, at 12 hours
post—injection the amount of Evans blue extfécted fromvthe heavy ﬁito—
chondrial fraction of both deficient and contfol rat kidney was similar,
and the amount extracted from the supefnatants of both was similar.
Therefofé, magnésium deficieﬁcy caused certain changes in the ﬁormél
uptake of Evans blue which were apparent at 3 hours post-injection.
The large increase Qf Evans blue in fhe heavy ﬁitochondfial fractionfat‘

3 hours after injection is suggested to be due to the accumulation of
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Evans blue in an increased number of intermediate phagosomés. The in-
crease in the supernatant may be due to either release of Evans.blueb
after digeétiqn of the albumin within the intermédiate heterolysosomes
or rupture of intermediate phagosomes due to experimental procedures.
Much Evans blue was also found in the urine of déficient rats at 6
hours after injection. This increasebmay have resulted from diffusion
of Evans blue into the tubular lumen from the cytoplasm or regufgitation
of intermediate Evans blue containing phagosomes back intO’thé tubular
%umen. The resﬁlts are not‘inconsistent‘withIthe pqssibility that
regufgitated phagosbmeévcould serve as the matrix for kidney stone

~ genesis.
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THE ACCUMULATION AND DISTRIBUTION OF EVANS BLUE IN THE
KIDNEY OF RATS FED NORMAL OR LOW MAGNESIUM DIETS
by

George Williams Seignious, IV
(ABSTRACT)

The normal behavior of Evans blue in the vacuolar apparatus of rat
kidney and the changes in this normal behavior imposed by a magnesium
éeficiency were investigated. Since Evans blue binds tightly to serum
albumin, and since Evans‘blue-albumin complexes are reabsorbed from the
»glomerulér fiitréte by pinocytosis by the cells of the renal proximal

tubules, Evans blue served as a suitable marker of the vacuolar appara-

tus for these studies.

Rats were injected intravenously with Evans biue and sacrificed at
either 1/2, 1, 3, or 12 hours post—injection.' Kidneys were removed and
homogenized. ABy fractionél centrifugations at the aifferent time peri-
ods post-injection, the net uptake of Evans blue by the total kidney and
each subcellularvfractioh was observed. The amount of Evans blﬁe taken
~ up by the total kidney waé shown to‘increase‘With time. Also a gradual vf
increase in the amount”of:Evans blue in fhe nuclear fraction Wifh time
. was seen. This was interpreted.as an accuﬁulatidn ofvaans blue in

large heterolysosomes.




'The same experiments were applied to three day magnesium defipient
rats. Differenceé observed from control kidney studies were: increaséd
total kidney Evans blue at 3 houfs after injection, increased heavyri
mitochondrial Evans blue at 3 hours, iﬁcreased supernatanf Evans Blue
at 3 hours, elevated serum Evané‘blqe, and increased urine Evans blue
at 6 hours after injection. Pﬁssibie explanatioﬁs of these differences

are discussed in the thesis.
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