Light and Electron Microscopic Studies of the
Rat Kidney After Administration of Inhibitors
of the Citric Acid Cycle In Vivo

I. Effects of Sodium Fluoroacetate on the Proximal Con-
voluted Tubule

Elizabeth M. McDowell, PhD

Light and electron microscopic studies of morphologic changes in the rat proximal
convoluted tubule after intraperitoneal injection of sodium fluoroacetate (FAc),
60, 20 and 3.5 mg kg body weight, have been made. Particular attention was di-
rected toward appreciating different changes in the first (S,) and second (S:)
segments of the proximal tubule. The earliest change was loss of mitochondrial
granules and pallor of the mitochondrial matrix, not necessarily associated with
matrix swelling. Matrix swelling was greatest at 3 hours after 3.5 mg kg and
was reversible. However, the mitochondria retained their elongate shape and
cristae persisted. At 48 hours, some mitochondria appeared normal; in others,
abnormal matrix densities of unknown nature were present. Mitochondrial changes
were similar in S, and S. at all times. Enlarged apical vacuoles, most pronounced
in S,, occurred in all rats after 20 mg kg. The change was uncommon after 3.5
mg/kg. The hypothesis proposed is that vacuoles arise during an FAc-induced
hyperglycemic phase, when pinocytotic activity is maintained but the normal path-
way of glucose catabolism is inhibited. Moderate dilatation of the rough-surfaced
endoplasmic reticulum occurred during the first 2-hour period in S, and S. tubules
after high and low doses, but between 6 and 24 hours, dilatation was extensive in
S, tubules after 3.5 mg kg. This change was reversible. Two types of abnormal
vacuolar bodies, large and small, have been described, and were unique to S,
tubules. Acid phosphatase activity was demonstrated in a proportion of the small
ones, indiciating that they were a type of lysosome. The larger ones shared features
in common with cytosomes of control cells, but acid pheosphatase activity was not
demonstrated in them and their origins and functions remain obscure. The bio-
chemical lesions induced by fluoroacetate have been discussed and a tentative
interpretation of some of the morphologic changes has ben made (Am ] Pathol
66:513-542, 1972).

A COMPARATIVE MORPHOLOGIC STUDY has been made of the
sequence of changes that occur in the kidneys of rats poisoned by single
doses of three agents that block the citric acid cvcle in vivo.! The present
paper describes morphologic changes that occurred in the proximal
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convoluted tubule during poisoning with sodium fluoroacetate (FCHo,.
COONa).

Chenoweth > summarized the toxic effects of monofluoroacetates in
many species; respiratory depression and tonic convulsive periods were
characteristic symptoms in rats. After dosing with fluoroacetate (FAc),
the citrate concentration rose in many tissues and was particularly high
in the kidneys, up to 70 times normal values; ** accumulation of citrate
preceded toxic symptoms.® A fluorotricarboxylic acid was isolated from
particle preparations of kidneys treated with FAc ® and this was inhib-
itory to aconitase.” The inhibitory substance for citrate metabolism
formed biosynthetically from FAc was considered to be fluorocitric
acid; it inhibited the disappearance of approximately 300 times its weight
of citric acid.?

Because the biochemistry of FAc poisoning has been studied ex-
tensively, it was of interest to study the morphologic effects of this
mitochondrial poison in the proximal convoluted tubule, a tissue known
to be highly dependent on oxidative respiration.

Materials and Methods

The kidneys of 50 young Hooded Lister rats of both sexes, weighing between
120 and 300 g were examined; of these, 10 served as controls (Table 1). The
rats received a standard cube diet and water ad libitum up to the start of the
experiments. Sodium fluoroacetate (fluoride-free) was given intraperitoneally, either

Table 1—Fixation Schedule

No. of rats at each time interval
(hours after dosing)

Total FAc
No. Sex Control (mg/kg) + 1 1} 2 3 6 12 24 48 72
Test
9 M 1 1 1 1 1 1 1 1 1
3.5
10 F 1 1 2 1 1 1 1 1 1
1 M 2 3 3 3
20
7 F 3 2 2 (3t
1 M
60
2 F 2
Control
5 M 1 1 1 1 1
Saline
5t F 1 1 1 1

* Rats died before 2 hours.
t One control rat received no treatment.
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as an isotonic aqueous solution (0.15 M) or in 0.5 or 1.0 ml of sterile physiologic
saline at 3.5, 20 and 60 mg kg body weight. These doses were chosen because
they are similar to doses used previously by others in biochemical studies. Control
rats received saline; 1 rat received no treatment (Table 1).

After light ether anesthesia, the test or control solution was injected. Additional
anesthesia, pentobarbital sodium, was given intraperitoneally.

When sufficient volume was present, urine was withdrawn from the bladder just
before perfusion fixation. Urine pH and the presence of blood, glucose and protein
was tested with Hema-combistix reagent strips (Ames Co, United Kingdom). The
test for glucose is specific but is only semiquantitative. A “light” positive indicates
0.25% glucose or less and “dark” indicates 0.5% or more. Ketonuria was tested
with Acetest reagent tablets (Ames Co).

All kidneys were fixed by intravascular perfusion of 2.5% glutaraldehyde in
Veronal acetate buffer, pH 7.2 ° at near-physiologic blood pressure, according to
the method described by Griffith et al.1°

Light Microscopy

Portions of both kidneys were postfixed in formol saline, dehydrated in alcohols
and embedded in paraffin; 5.0-u thick sections were stained with hematoxylin and
eosin (H&E) and by the periodic acid—Schiff method (PAS). Glutaraldehyde
provides free aldehyde groups which react with Schiff’s reagent.!! To overcome this,
sections were brought to water and soaked in saturated aqueous Dimedone
(British Drug Houses, Ltd, United Kingdom) for 24 hours before staining. The
chloranilic acid method for calcium 12 was employed on sections of kidneys after
3.5 mg/kg FAc and on appropriate control sections.

Fat was demonstrated in 10-u-thick, fixed frozen sections of selected control and
test tissue by the Sudan III and IV method.

Electron Microscopy

After perfusion fixation, 1-mm cubes of cortex were postfixed in 2.5% glutar-
aldehvde for 248 hours at 4 C, followed by 2 hours in 2% OsO, in Veronal
acetate buffer. Contrast was enhanced in thin sections by soaking the blocks in
0.5% uranyl acetate in Veronal acetate buffer before dehydration; !3 tissue cubes
were soaked for 16 hours to ensure complete penetration before dehydration in
alcohol, starting at 70%. Tissue was embedded in Araldite. Thick (0.5-1.0-p
thick) and thin sections were cut with glass knives on a Huxley ultramicrotome
(Cambridge Instrument Co, Ltd, United Kingdom). Thick sections were stained
with alkaline toluidine blue solution for light microscopy.’* Thin sections were
mounted on uncoated copper grids and stained with lead citrate 1> before examina-
tion in a Siemens Elmiskop Ib electron microscope.

Acid phosphatase activity (APase) was demonstrated at light and electron
microscopic levels in kidneys of 2 rats at each time interval after receiving FAc,
20 mg /’kg, and in those of 4 control rats. For electron microscopy, 1-mm cubes
were postfixed in 3% Veronal acetate—buffered glutaraldehyde, with 5% sucrose,
for 2-3 hours at 4 C. After an overnight wash in sucrose buffer at 4 C, 50-u thick
sections were cut on a freezing microtome. Sections were incubated for 12-15
minutes at 37 C in the incubation medium,'® which was prepared 2 hours before
use. Control sections were incubated in complete medium to which 10~ M sodium
fluoride had been added. Preparation for electron microscopy was as described
above. For light microscopy, 10-u-thick frozen sections were incubated in the
medium 16 for 1 hour at 37 C and treated with dilute ammonium sulfide.
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Results

Control

Urine Tests

Blood, glucose and ketone bodies were absent. The urine of some
male rats had a moderate proteinuria, 30 mg/100 ml.

Light Microscopy

Abnormalities were not seen in control sections. Morphologic differ-
ences between the first and second segments of the proximal convoluted
tubules, S, and S.,'* were obvious in toluidine blue-stained Araldite
sections (Fig 1). Neck segments, those parts of S, in continuitv with the
glomerular capsule, and S, tubules had wide brush borders and elongate
mitochondria arranged perpendicular to the basement membrane. The
number and size of apical vacuoles were comparable in S, and S,
tubules, but S. was clearly recognizable by more numerous densely
stained cytoplasmic bodies, which were especially large in male rats.

Electron Microscopy

Detailed descriptions of the fine structure of cells of the proximal
convoluted tubule of the rat,'®*° and of the localization of APase ¢
have been made, and the appearance of control cells in this study was
comparable with that described previously. Apical tubular invagina-
tions were present between bases of microvilli and numerous apical
vesicles, and apical dense tubules were present in the aprical cvto-
plasm.’®?* Larger apical vacuoles, up to 2.0 p in diameter, were seen
below the level of apical vesicles, and, not infrequently, dense floccular
material was located towards the periphery of their translucent con-
tent (Fig 5).

Single-membrane-bound cytoplasmic bodies with APase have col-
lectively been called “cytosomes” ** and this terminology will be adopted
in the absence of precise measurements of membranes required for the
classification advocated by Maunsbach.?* Cytosomal heterogeneity was
observed, as described previously,?**¢ but cytosomes with pale matrices
were not common in S, tubules, as described in Sprague-Dawley rats
using a similar fixation procedure,'*** and many S: cytosomes appeared
dense (Fig 5); varying amounts of layered material lay within them
and small areas of increased density were often seen in the matrix
(Fig 6). APase was demonstrated in cytosomes, but reaction product
was not associated with all of them and in some, it was sparse.

The mitochondrial matrix had considerable electron density when
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stained with uranyl acetate and lead citrate; dense matrix granules were
present in control mitochondria (Fig 6). Ribosomes in polysome
groups were dispersed throughout the cytoplasm and small chains of
rough-surfaced endoplasmic reticulum (RER) lay scattered in the cyto-
plasm; the cisternae were not dilated (Figs 5and 6).

The nuclei tended to be elliptic and the perinuclear cisterna was not
dilated (Fig 5). Aggregation and margination of chromatin, a feature
of primary aldehyde fixation ** was seen in the nuclear sap and at
the periphery, except at the nuclear pores (Fig 5).

Fluoroacetate Poisoning
General Condition of Poisoned Rats

Hooded Lister rats were relatively tolerant of FAc and although very
toxic, none of the rats died before the scheduled time of killing after
receiving 3.5 mg/kg. The LDs, for FAc in Holzman rats was quoted as
1.0-2.0 mg/kg over 24 hours.”® Strain variations have been reported.
After 3.5 mg/kg, the rats huddled in cage corners, disinclined to move,
their coats were staring and their extremities felt cold to the touch. Ap-
proximately one-half of the rats had convulsions between 1 and 4 hours
after dosing. At 24 hours, the rats were brighter and by 36 hours, those
that had been very ill were playing with their cage mates. Male rats
appeared to be more resistant to 20 mg/kg than were female rats, as
none of the latter survived after 90 minutes (Table 1); tonic convulsions
occurred in 1 rat at 1 hour.

Urine Tests

Hematuria, proteinuria and ketonuria did not occur and pH values
were comparable with control values. Medium-to-dark positive glycosuria
was recorded in approximately 50% of the 1-hour samples and in all
later samples after 20 mg/kg. Glycosuria did not occur after 3.5 mg/kg,
with the exception of a light positive in one 12-hour sample.

Light Microscopy

The morphologic changes occurring in the kidneys after the high doses
of the FAc are described before those occurring after the low dose be-
cause, during the early time intervals, many changes were comparable
at all dose levels.

Paraffin and Frozen Sections. Apart from an increase in the number
and size of apical vacuoles at 1 and 2 hours after 20 mg/kg, the tubules
appeared normal. Changes in the distribution of APase were not ob-
served.
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The tubules appeared unchanged up to 6 hours after 3.5 mg/kg, but
at 12 hours the cytoplasm of the neck segments was more eosinophilic
than normal and foamy. Many tubules, presumably S,, appeared un-
changed. Fat droplets were seen at 12 and 24 hours. The tubules appeared
normal at 48 and 72 hours; calcium deposition did not occur.

Araldite Sections Stained with Alkaline Toluidine Blue Solution. 20
MG/KG. Between 30 minutes and 1 hour, enlarged unstained apical
vacuoles were seen in neck and S, tubules (Fig 2). At 90 minutes, many
measured 6.0 p in diameter and by 2 hours they lay two and three deep
(Fig 3). Vacuolar bodies, 1.0-2.0 i in diameter, distinct from the apical
vacuoles and characterized by a pale blue-stained periphery and a cen-
tral densely stained “nucleoid,” were seen midcell in S, tubules from 1
hour onward (Fig 2). Normal dense cytoplasmic bodies persisted in the
cells and enlarged pale-staining cytoplasmic bodies were not seen. The
same changes were observed at 1 hour after 60 mg/kg.

Apical vacuoles increased in size in S,, but to a lesser extent, their
diameter not exceeding 3.0 p. They remained in the apical regions
even at 2 hours (Fig 3). Vacuolar bodies with “nucleoids” were not
seen in S..

Cell volume, cytoplasmic density, nuclei and mitochondria appeared
unchanged in both segments. Sex differences were not observed.

3.5 Mc/kc. With the exception of 2 rats during the first 3 hours, a
marked increase in the size of apical vacuoles did not occur, although
a slight increase was seen in all rats during the first 24 hours. Some
midcell vacuolar bodies with “nucleoids” were seen in S, tubules be-
tween 1 and 2 hours and at 12 hours, when they were numerous, the
number of dense cytoplasmic bodies appeared to be reduced. Cytoplas-
mic pallor and moderate cell swelling occurred in 2 rats at 2 hours, but
this change was atypical. At 3 and 6 hours, the cytoplasm of some tubules
appeared white-flecked and at 12 hours, focal areas of marked vacuola-
tion were confined to neck and S, tubules (Fig 4), corresponding to the
foamy neck segments seen in H&E-stained sections. Vacuolation was also
marked in distal tubules and the media of small arteries ! but was absent
from S, tubules. The extent of the vacuolation had decreased by 24
hours, nuclear changes were not seen and necrosis did not occur. Ab-
normalities were not seen at 48 and 72 hours.

Electron Microscopy
20 MG/xG. The changes are summarized in Table 2. At 30 minutes,

mitochondrial matrix density was reduced in some cells and matrix
granules were absent. At 1 and 2 hours, all mitochondria were affected;
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Table 2—Changes in the First (S;) and Second (S;) Segments of the Proximal Convoluted
Tubules During Fluoroacetate Poisoning (20 mg/kg)*

Time Increase in size and Dilatation of
(hr)  No. of apical vacuoles Mitochondria ASMBV# RER Ring forms
S S, S;and S, S S S and S, S S:
3 + + '] Matrix palior,
1 ++ + + + +
1 4+ + 1 absence of + + +
2 +++ + _| matrix granules + + +

* Blanks indicate no abnormality. Changes were not seen in cytosomes, microbodies,
nuclei or cell volume.
t Abnormal single-membrane-bound vacuoles, small and large.

in some cells they were a little swollen but matrix pallor was not neces-
sarily associated with swelling (Fig 7). Mitochondrial changes were
similar in S, and S, at all times and abnormal matrix densities were not
seen during the 2-hour period. Normal cristal architecture was largely
retained but some cristae appeared angulated (Fig 7).

At 1 hour the number and size of apical vacuoles had markedly in-
creased in S, cells (Fig 8); they enlarged by fusion (Fig 8, 10 and 17)
and at 2 hours often lay three-deep (Fig 17). APase was not demon-
strated within them (Figs 11 and 12). Single-membrane-bound bodies
containing a few vesicles lay near to and possibly fusing with the
vacuoles (Fig 8); APase was not demonstrated within these bodies (Fig
12). Normal cytosomes were retained in S, cells (Fig 8, 9, 11, 12 and
17) and conclusive evidence of fusion with apical vacuoles was lacking.
An obvious reduction in the numbers of cytosomes was not apparent.

Abnormal single-membrane-bound vacuolar bodies were seen at mid-
cell level in S, tubules from 1 hour onward; they were classified according
to size. Those measuring 0.6-2.0 p in diameter were called large (Fig
9, 10 and 13). They were characterized by a central dense area, the
“nucleoid,” which was surrounded by an outer zone of looser floccular
material. A translucent peripheral zone separated the latter from the
membrane. Focal areas of increased density within the nucleoid (Fig
9) and varying amounts of layered material (Fig 10) were features in
common with normal cytosomes, but APase was not demonstrated within
them (Fig 11). Close association between a large vacuolar body and
enlarged apical vacuoles is shown in Figure 10, indicating that fusion
was imminent. Abnormal vacuoles, measuring 100 to 600 my in diameter
were called small; they appeared in groups near the Golgi apparatus.
Their matrix had moderate electron density and was surrounded by a
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translucent zone of varving width (Fig 13); APase was demonstrated in
a proportion of them (Fig 14). Morphologically similar bodies were
rarelv seen near the Golgi apparatus of control S, cells. Small vacuolar
bodies were also seen in the apical cvtoplasm, close to the enlarged
apical vacuoles (Fig 8).

Apical vacuoles were increased in size and number in S, tubules but
thev rarely exceeded 2.5 p in diameter. Abnormal vacuolar bodies were
not seen in S, cells.

Moderate dilatation of the RER occurred at 1 hour in S, and S. cells
and the density of the cisternal content was reduced but ribosomes
remained attached to the membrane (Fig 8 and 9). Polvsome groups
tended to disperse bv 90 minutes (Fig 10). The Golgi cisternae ap-
peared unaltered, but spatially associated with the Golgi area of S,
cells were ring forms consisting of double membranes separated by a
narrow cisternal space of moderate electron density (Fig 9). Cvto-
plasm containing ribosomes was enclosed within the rings but mito-
chondria were not. APase was demonstrated in their cisternae (Fig 15)
and similar ring forms were also seen in the apical cvtoplasm (Fig 16).

Abnormalities were not seen in microbodies or nuclei apart from dila-
tation of the perinuclear cisternae. Normal cvtoplasmic volume was
maintained throughout the 2-hour period.

3.5 MG/kG. The changes are summarized in Table 3. Mitochondrial
changes during the first 2 hours were similar to those after 20 mg/kg but
at 3 and 6 hours, mitochondrial width had increased up to threefold in
some cells (Fig 18). Although grosslv enlarged apical vacuoles occurred
in S, tubules of onlv 2 rats during the initial 3 hours, the distribution of
abnormal midcell vacuolar bodies, large and small, was similar to the 20
mg/kg dose (Fig 18), and both types were seen to varving degrees in
S, cells during the first 24 hours.

Between 1 and 6 hours, dilatation of the ER had occurred and was
most marked in S, cells. The ribosomes had dislocated from the mem-
branes and polysome groups had dispersed (Fig 18). The dilatation was
extensive in S, cells at 12 and 24 hours (Fig 19 and inset ), corresponding
to the vacuolation seen in toluidine blue-stained sections (Fig 4). The
mitochondria were not swollen and cvtoplasmic volume was maintained.
Fat droplets were seen at the bases of many cells (Fig 19). Dilatation
of the ER was reversible, necrosis did not occur and at 24 hours many
S, cells appeared normal, except for the absence of mitochondrial
granules (Fig 20). In some cells, matrix granules had returned at 48 and
72 hours; in others, the matrix had low density, and irregular dense bodies
were seen within it, displacing the cristae (Fig 21). Abnormalities in
other organelles did not accompany this mitochondrial alteration.
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Table 3—Changes in the First (S;) and Second (S.) Segments of the Proximal Convoluted
Tubules During Fluoroacetate Poisoning (3.5 mg 'kg)*

Time Increase in size and Dilatation of Lipid
(hr)  No. of apical vacuoles Mitochondria ASMBV+ RER droplets
S, S, S,and S, S, S, S: S, S,and S,
1 + + Matrix palior,
1 +1 + absence of + + +
2 + + matrix granules + + +
3 +1 + Matrix pallor and + ++ +
6 + + swelling, absence + ++4+ +
of matrix granules
12 <+ + Matrix density + +++4+ + ++
24 + + retained, not + +++ ++

swollen, absence
of matrix ganules
48 Normal in some
72 cells, abnormal
matrix densities
present in others

* Blanks indicate no abnormality, changes were not seen in microbodies, nuclei or cell
volume.

t Abnormal single-membrane-bound vacuoles, small and large.

1 Apical vacuoles markedly increased in 1 rat (see text).

Discussion

Control

Segmental variations between S, and S. deviated slightlv from those
described by Maunsbach,'” in that there was no appreciable difference
between the size and number of apical vacuoles in S, and S. tubules and
the cvtoplasmic bodies of S, tubules were not predominately of the pale
matrix tvpe. This may represent a strain difference.

The Biochemical Lesion

The biochemical studies of previous investigators will be discussed
and, where relevant, a tentative interpretation of morphologic changes
will be made.

Accumulation of citrate in the kidneys is well established during FAc
poisoning in vivo,>****¢ resulting from an inhibition of aconitase,” due
to the biosynthetic formation of fluorocitrate (FC).5* The inhibition
of aconitase by biosynthetic FC was found to be competitive with
citrate.’” The fluoroacetates themselves have virtually no effect upon
enzvmes.*® During FAc poisoning, citrate accumulates within the
mitochondrial fraction,® citrate may leak into the cvtoplasm to some
extent but FC, formed by enzymic synthesis, is thought to remain
bound within mitochondria.*®
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Potter et al ** found that citrate concentrations in rat kidney rose with
increasing dose and reached maximum levels between 3 and 6 hours
after 3.5 mg/kg. Citrate levels were raised for up to 40 hours after a
single low dose.*

Competitive inhibition of aconitase by FC is well established, but this
probably represents only one factor responsible for the toxic effects.
Seven labeled components were described in rat urine after a single dose
of “C FAc.** High concentrations of the label were found in kidney
mitochondria. The activity recovered as FC was similar after high
and low doses of FAc, indicating that there is a limit to the amount of
FC that can be produced. Only 32% of the label was excreted over 24
davs, and radioactivity remained high in the kidneys. Label was in-
corporated into lower and higher fatty acids and indications were that
fluorine was present.®* Corsi and Granata *! found that kidnev mito-
chondrial oxygen consumption was lowered with citrate, pyruvate, f-
oxobutyrate and L-glutamate as substrates, at 1 hour after 20 mg/kg
FAc; succinate oxidation was reduced only at low substrate levels.
Phosphorvlation was not appreciably uncoupled, in agreement with
studies made on liver and muscle,'*** but the respiratorv control index
was lowered.

It is clear that secondary changes in metabolism occur in the wake of
the initial lesion. Hyperglycemia ** together with ketonemia,** have been
described. Phosphofructokinase (PFK) was inhibited in FAc-poisoned
heart preparations,*® simultaneous with an increased citrate concentra-
tion. Glucose uptake was decreased and the intracellular concentration
of free glucose rose. Similar observations were made on heart poisoned
in vivo.*”** The important regulatorv role of citrate in cell metabolism
is now well recognized.**

Mitochondrial Changes

Mitochondrial changes were similar after high and low doses. This is
not surprising if mitochondrial conversion of FAc to FC is limited.?
Loss of matrix granules, simultaneous with pallor of the matrix was the
earliest change seen, followed by varying degrees of matrix swelling. It
is generally accepted that the citric acid cycle enzvmes are located in
the matrix while succinic dehvdrogenase is an integral part of the inner
mitochondrial membrane.”® When the cycle is inhibited bv FC, citrate
will accumulate, presumably within the matrix. Expansion of the matrix
is associated with water uptake,”’ and water influx would be expected
through the inner membrane to equilibrate osmotic pressures of the
matrix and cvtoplasmic compartments.**
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Mitochondrial matrix granules may represent binding sites for cations,*
Mg+ being the major cation.** Early loss of granules may be associated
with solubilization of the cations, forming undissociable complexes
with citrate. The significance of the change is not understood.*

Loss of respiratory control and loose coupling in FAc-poisoned kid-
nev mitochondria has been discussed.*' Angulated cristae, similar to those
seen in some FAc-poisoned mitochondria, were described in heart
mitochondria from a patient with hypermetabolism of nonthyroid ori-
gin.** These mitochondria had partial loss of respiratory control, matrix
granules were absent and the matrix had low electron density.

The greatest degree of mitochondrial swelling occurred at 3 hours after
3.5 mg/kg, corresponding in time with the maximum citrate concentra-
txon reported by others.?® The change was reversible. Abnormal matrix

inclusions were not seen before 48 hours, were not associated with
cristae and their significance and nature are unknown. It is possible
that the inclusions represented FC, or a product thereof, perhaps in or-
ganic complex, as a high percentage of FC was retained in FAc-poisoned
kidnevys.??

Comments on Other Cell Components

Cell Sap

Swelling of the cytoplasm did not occur, with two exceptions, when
swelling was moderate, indicating that energy levels were sufficient to
maintain active transport essential for maintenance of normal cell vol-
ume.” In this regard, it is interesting to note that normal electrolvte
composition with respect to K~ and Na® concentrations was main-
tained in FAc-poisoned rabbit kidnev slices.”

Apical Structures

There was no morphologic evidence to suggest that pinocytotic activity
was impaired throughout poisoning in vito. Some focal losses of brush
border occurred in S, tubules where the RER was grossly vacuolated but
apical dense tubules and pinocytotic invaginations were maintained.

Grossly enlarged apical vacuoles, especially marked in S, tubules, oc-
curred early after 20 mg/kg and their size increased over a 2-hour period,
but comparable vacuolation occurred in onlv 2 of the rats given 3.5
mg/kg. Blood glucose levels were measured in a second series of rats
after dosing with 3.5 mg/kg and 20 mg/kg and a marked hvperglvcemia,
with rises between 200 and 400%, was recorded in all rats during the
2-hour period after receiving 20 mg/kg, whereas significant rises dur-
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ing the first 3 hours occurred in only 2 of the 8 rats that received
3.5 mg/kg. These experiments are described in detail elsewhere.’
The results provide evidence that the enlarged apical vacuoles were
related to an FAc-induced hyvperglycemic phase. Indirect evidence
suggests that some glucose is absorbed by pinocytosis in the proxi-
mal tubule.” Injection of large volumes of hypertonic glucose does
increase the size and number of apical vacuoles, especiallv in S,
tubules,* posing the question as to whether or not the enlarged apical
vacuoles in FAc-poisoned cells were merelv a physiologic expression of
an hyperglycemic episode. However, administration of hvpertonic glu-
cose solutions to control rats by intraperitoneal, intravenous and sub-
cutaneous routes, to raise blood glucose levels to approximate levels that
occurred during FAc poisoning, did not result in grosslv enlarged
apical vacuoles, although some increase in size and number did occur in
S, tubules.! It is probable that during FAc-induced hyperglycemia, re-
sulting from PFK inhibition, glucose is reabsorbed in excessive amounts
from the tubular lumen by pinocytosis and an increase in the size and
number of apical vacuoles would be an expression of a physiologic
process and would be most marked in S, tubules. If PFK is inhibited in
the kidnev during the FAc-induced hyvperglvcemic phase, glucose
catabolism may be decreased and the normal transport of glucose from
vacuoles, as described in the ameba,*' may be inhibited.

The hvpothesis proposed is that the increased apical vacuolation in
S, tubules during FAc-poisoning resulted from an increased glucose
load in the glomerular filtrate, simultaneous with a decreased rate of
glucose catabolism.

Endoplasmic Reticulum

Mitochondrial changes preceded dilatation of the RER. Moderate
dilatation of the RER occurred earlv but the extensive dilatation that
occurred at 12 and 24 hours was confined within the proximal tubule to
S,. The dilatation, which was progressive, was independent of cvto-
plasmic volume expansion and may not have resulted from the primary
enzvmic inhibition. The same change occurred in the RER of the thick
ascendmg limb of Henle, the distal convoluted tubules and in the media
of small arteries (interlobular) and arterioles.’ With the exception of the
vasculature, one function in common to the affected areas is active Na™
transport,’ and the cells are morphologically specialized for this func-
tion. Incorporation of abnormal fluorinated fatty acids derived from the
metabolism of FAc * into the endoplasmic reticulum membrane may be
involved, altering membrane function in some way and decreasing the
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efficiency of a membrane-bound Na~ pump. If this were so, accumula-
tion of \a* together with water within the ER cisternae would be great-
est in those cells specialized for Na* transport. The expansive property of
the RER was quite remarkable, and the change appeared to be totallv
reversible. Extensive vacuolation of the RER was described in mvo-
cardial cultures during FAc poisoning.®*

The Golgi Apparatus and Related Structures

The significance of the smooth-membrane ring forms with APase-
positive cisternal contents is unknown. Morphologically similar forms
were seen in S, cells during fluorocitrate and malonate poisoning.! The
ring forms were quite common in FAc-poisoned S, cells but their absence
from S, cells may have been a failure to observe them. Similar ring forms
have been described near to the Golgi apparatus of normal cells.*®

Autophagy of organelles ** did not occur above the control level in
poisoned cells. The demonstration of APase in small vacuolar bodies,
spatially related to the Golgi apparatus, indicated that some, at least,
were a type of lvsosome but their site of origin was not confirmed.
Hyvpertrophy of Golgi cisternae has been described in FAc-poisoned
myocardial cultures ®® and, although hvpertrophy was not observed in
poisoned kidney cells, production of small vacuolar bodies mayv reflect
increased Golgi activity. The Golgi apparatus represents at least one
site of production of primaryv lvsosomes.®

Cytosomes and Large Vacuolar Bodies

Despite a marked increase in the size of apical vacuoles in S, cells
after 20 mg/kg, enlargement of cvtosomes did not occur. When car-
bohydrates and other nonprotein substances are given in high doses,
vacuolar changes occur in renal tubules. The ultrastructural features of
this change, called “osmotic nephrosis,” have recently been reviewed.*
There is an increase in the number and size of apical vacuoles, a gradual
accumulation of large pale cytoplasmic bodies and a simultaneous
decrease in the number of dense cytoplasmic bodies. Superficially,
tubular changes after 20 mg/kg (Fig 17) appeared similar to those oc-
curring in “osmotic nephrosis,” induced by intravenous injection of man-
nitol,** when the large vacuoles were thought to be altered cvtosomes
but those occurring during FAc poisoning were apical vacuoles.

It was clear that some cytosomes remained unchanged during poison-
ing, but the origin and nature of the large vacuolar bodies with dense
“nucleoids,” seen midcell in S, tubules, was not confirmed. The bodies
shared features in common with dense cvtosomes of normal cells and
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thev may have been derived from them (Fig 9 and 10). However, at
1 hour after 20 mg/kg, large numbers of vacuolar bodies and normal
cvtosomes were seen in the same cells, and it was impossible to know if
thev were altered cvtosomes without labeling the cytosomes with a
marker * before poisoning. Some of them may have arisen de noro,
perhaps related to and derived from the small vacuolar bodies found
near the Golgi apparatus. APase was not demonstrated in the large
vacuolar bodies, but absence of activity does not confirm a nonlysosomal
origin. APase was not demonstrated in all cvtosomes in control cells,
and if the matrix contents had been diluted, as suggested by their ap-
pearance, enzvme activity may have been below the threshold of sensi-
tivitv of the method used.

If the large vacuolar bodies were altered cvtosomes, resulting from
fusion with apical vacuoles, it is not clear why they did not enlarge to a
size comparable with that of the apical vacuoles, as occurs during
osmotic nephrosis. The significance of the bodies is not understood.
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Legends for All Figures

Fig 1-4 are light micrographs of 0.5-1.0 u thick sections of Araldite-embedded tissue,
stained with alkaline toluidine blue solution.

Fig 1—Control. The brush border of the neck (N) and S, (1) is long and slender
mitochondria can be seen lying perpendicular to the basement membrane. There is no
difference in the degree of apical vacuolation between S. and S. (2) tubules. S. is
recognizable in male rats by numerous large dense cytoplasmic bodies. Dense cyto-
plasmic bodies are much smaller in S, (arrow). Nuclei are round or elliptical and
dense stained chromatin aggregates and nucleoli can be seen (x 1000).

Fig 2—1 hour after 20 mg/kg FAc. Numerous enlarged vacuoles are seen in the
neck (N) and S.(1). Small dense cytoplasmic bodies are seen as in control cells but,
in addition, mid-cell vacuolar bodies with dense ‘‘nucleoids’ surrounded by a lighter
area are present (arrows). In other respects, the cells look normal (x 1000).

Fig 3—2 hours after 20 mg/kg FAc. Section at the corticomedullary junction: S,
(1) and S. (2) tubules are seen, representative of the cortical proximal convolutions
and in addition, segments of the descending part (3) are present. Apical vacuoles are
large in S; and extend up to 3 deep in the cells. Mid-cell vacuolar bodies are seen but
normal dense cytoplasmic bodies are also present (arrow). Apical vacuolation is in-
creased in S. but the vacuoles are smaller than in S, and are confined to the cell
apices. Apical vacuolation is increased to a lesser extent in the descending part

(x 400).

Fig 4—12 hours after 3.5 mg/kg FAc. Section at the corticomedullary junction. Vacuo-
lation is marked in focal areas of the cytoplasm of the neck (N) and S, (1) but
vacuolation is absent from S. (2) and the descending part (3). Brush border is
largely retained but is lost from focal areas of S (arrow), that are not vacuolated.
Vacuolation is marked in the distal tubules (D) and less marked in the thick ascend-
ing limbs of Henle (H) (x 400).

Fig 5-21 are electron micrographs of S, tubules. All tissue was stained en bloc with
uranyl acetate. Sections were stained on grids with lead citrate.

Fig 5—Control. Typical appearance of an S, tubule. Apical tubular invaginations are
present at the bases of the microvilli (top right) and many apical vesicles are present
in the apical cytoplasm. Large apical vacuoles (AV) are seen below them and some
dense material is present towards the periphery of one of them (arrow). Several dense
cytosomes (C) are seen. The mitochondrial matrix has considerable electron density.
Ribosomes in polysome groups are scattered in the cytoplasm and small chains of
rough endoplasmic reticulum are present; the cisternae are not dilated. The nuclear
chromatin is clumped, the perinuclear cisterna is not dilated (x 12,000).

Fig 6—Control. Long mitochondria lie within cytoplasmic interdigitations; dense
matrix granules are present and the matrix has considerable electron density.
Ribosomes are in polysome groups and the cisternae of small chains of rough endo-
plasmic reticulum are not dilated (small arrows). The cytosome is surrounded by
a2 single membrane and within the dense matrix there are focal areas of increased
density 0aorz)d some peripheral layered material (large arrow). G indicates Golgi apparatus
(x 27, ).

Fig 7—1 hour after 20 mg’kg FAc. The mitochondrial matrix has low electron den-
sity and matrix granules are absent but the mitochondria are not swollen (compare
with control, Fig 6). The normal arrangement of cristae is largely retained but in
some mitochondria the cristae appear angulated (arrows). Ribosomes are in polysome
groups. BM indicates basement membrane (x 27,000).

Fig 8—1 hour after 20 mg'kg FAc. Three large apical vacuoles are in fusion but
otherwise, apical structures appear normal. Single-membrane-bounded bodies with
floccular contents and a few small vesicles are associated and appear to be fusing
with the vacuoles (large arrow). Small vacuolar bodies (small arrows) are seen in
the apical cytoplasm. The cisternae of the rough endoplasmic reticulum are mod-
erately dilated and the content has low electron density. A normal cytosome (C) is
present (X 20,000).
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Fig 9—1 hour after 20 mg kg FAc, neck segment. Large apical vacuoles are present
(AV). A large single-membrane-bounded vacuolar body (V) is seen midcell. A central
dense ‘‘nucleoid” is surrounded by an outer zone of loose floccular material, the
whole surrounded by an electron-translucent zone. Focal areas of increased density
are seen in the “nucleoid.” The Golgi apparatus (G) appears normal but spatially re-
lated to it is a small vacuolar body (small arrow) and a ring form (rf), enclosing
cytoplasm and ribosomes. The rough endoplasmic reticulum is moderately dilated
(large arrow). A cytosome (C) appears normal (X 39,000).

Fig 10—90 minutes after 20 mg'kg FAc. Apart from the presence of large apical
vacuoles, apical structures (top left) appear normal. Two large vacuoles are fusing
and are closely associated with a large vacuolar body (V) characterized by a dense
central zone or ‘“‘nucleoid’”’ surrounded by a translucent zone with floccular contents.
Membranous material within the body suggests that it is an altered cytosome. The
ribosomes are dispersed (x 20,000).

Fig 11—1 hour after 20 mg kg FAc. A large apical vacuole (AV) contains a small
amount of peripherally placed dense material. Acid phosphatase activity is demon-
strated in the cytosome (large arrow) but is absent from the large vacuolar body
(center). x 33,000.

Fig 12—90 minutes after 20 mg kg FAc. Acid phosphatase activity is demonstrated
in a cytosome but not in the single-membrane-bounded body with pale contents,
within which lie a few vesicles (arrow), which is closely associated with an apical
vacuole (AV) (X 26,000).

Fig 13—90 minutes after 20 mg kg FAc. A group of small vacuolar bodies at mid-
cell; each is bounded by a single membrane and has a matrix of moderate electron
density, surrounded by an electron translucent zone. Two large vacuolar bodies (V)
are present. Golgi apparatus (G) (x 26,000).

Fig 14—1 hour after 20 mg kg FAc. Acid phosphatase activity is demonstrated in
some of the small vacuolar bodies at midcell level (arrows). AV indicates apical
vacuoles (X 21,500).

Fig 15—1 hour after 20 mg kg FAc. Acid phosphatase activity is demonstrated within
the cisterna of a ring form spatially related to the Golgi apparatus. Some enzyme
activity is located within the Golgi cisternae (x 40,000).

Fig 16—1 hour after 20 mg/kg FAc. Acid phosphatase activity in the cisterna of a
ring form in the apical cytoplasm; enzyme activity is also demonstrated in a small
vacuolar body (arrow) (x 45,000).

Fig 17—2 hours after 20 mg/kg FAc. The brush border appears normal and apical
tubular invaginations are seen between the bases of the microvilli. Very large apical
vacuoles lie three-deep in the cell, two are in fusion (arrow). Normal cytosomes per-
?iStlgC())b(;;he ribosomes are scattered but the nucleus appears as in control cells
X , .

Fig 18—3 hours after 3.5 mg/kg FAc. Midcell vacuolar bodies, small (arrow, top
left) and large (arrow, center), are present. The vacuolar profiles containing sparse
floccular material represent dilatations of the rough endoplasmic reticulum; ribosomes
have largely been dislocated but a few remain membrane bound (small arrow). The
ribosomes are scattered free in the cytoplasm. The mitochondria are very swollen
but retain their elongated form and the cristae persist (x 17,500).

Fig 19—24 hours after 3.5 mg/kg FAc. The brush border is absent over this focal
area of vacuolation. Small vacuolar bodies are seen in the apical cytoplasm. The Golgi
cisternae (G) are not dilated despite extensive dilatation of the endoplasmic reticulum.
Sparse floccular material is seen in the dilatations. The mitochondria are not swollen
but matrix granules are absent. The cytoplasmic volume is normal and polysome
groups are present in cells where dilatation is less marked (lower left) but ribosomes
are scattered in the vacuolated cells. Small lipid droplets (I) are seen at the cell
base (x 17,000). Inset—12 hours after 3.5 mg kg FAc. Dilatation of the rough
endoplasmic reticulum and focal dilatation of the nuclear envelope (x
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Fig 20—24 hours after 3.5 mg/kg FAc. The rough endoplasmic reticulum is not
dilated in these S, cells and apart from absence of mitochondrial matrix granules,
the cells appear normal (X 29,000).

Fig 21—48 hours after 3.5 mg/kg FAc. Abnormal matrix inclusion bodies are present
in some mitochondria (arrows). The electron density of the matrix is reduced and the
l(nitozcghg%ria are a little swollen. In all other respects, the cells appear normal
% 29,000).
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