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Abstract. Administration of phenobarbital (60 mg/kg) daily for 4 days to male rabbits resulted 
in induction of renal cytochrome P-450 (3.5-fold) and a corresponding increase in ethoxycou- 
marin-Odeethylase and benzphetamine-Ndemethylase activity ( 17- and 4-fold, respectively). 
Kidney weight to body weight ratio and renal ethoxyresorufin-Odeethylase were not affected 
by phenobarbital pretreatment. Numerous focal areas of proliferation of smooth endoplasmic 
reticulum (SER) were evident in proximal tubule cells from phenobarbital treated rabbits while 
proximal tubular cells from control rabbits had only small and sparcely located aggregates of 
SER. Phenobarbital-induced SER proliferation was specifically localized to the S3 segment of 
the proximal tubule. Proliferation was not observed in S2 cells of the proximal tubule, cells of 
Henle’s loop, distal tubules, or collecting tubules in rabbits pretreated with phenobarbital. These 
data demonstrate the biochemical heterogeneity of cell types within the proximal tubules of 
rabbits. Furthermore, induction of mixed-function oxidases specifically in S3 cells of the proximal 
tubule may be of toxicological significance in the metabolic activation of certain nephrotoxicants. 

A microsomal cytochrome P-450 mixed 
function oxidase (MFO) system is present in 
the kidney of a variety of species (1-8). This 
system appears to be similar to that described 
in the liver; purified renal cytochrome P-450 
(P-450) from pig kidney requires both 
NADPH cytochrome P-450 reductase and a 
phospholipid component for catalytic activity 
in a reconstituted system (5). The renal P-450 
system is dissimilar to the liver system in re- 
gard to substrate specificity and response to 
enzyme inducers (6, 7). In general, hepatic 
MFOs are inducible by both phenobarbital 
(PB) and 3-methylcholanthrene (3MC) 
whereas in the kidney, induction of MFOs 
varies with the species. Rat and guinea pig 
renal MFOs respond to 3MC but not to PB 
whereas rabbit and hamster renal MFOs are 
induced by both PB and 3MC pretreatment 
(8-10). In liver, induction of microsomal en- 
zymes by PB or tetrachlorodibenzo-pdioxin 
(TCDD) results in a massive proliferation of 
smooth endoplasmic reticulum (SER) whereas 
induction by 3MC results in only a moderate 
proliferation of SER ( 1 1, 12). Similarly, a close 
association exists between proliferation of SER 
and induction of microsomal enzyme activ- 
ities in the rat kidney ( 13- 15). 

Renal MFOs are not uniformly distributed 
within the kidney but exhibit a cortico-pap- 

illary gradient; i.e., enzyme activity is greatest 
in the cortex (6, 13). Furthermore, in the kid- 
ney, chemically-induced proliferation of SER 
is remarkably cell-type specific. Administra- 
tion of TCDD to rats results in SER prolif- 
eration that is localized primarily to the S3 
segment of the proximal tubule but not in SI 
cells or directly adjacent S2 cells or any other 
cell type within the kidney (1 3). Similar find- 
ings have also been observed with dieldrin, 
CC14, and possibly 3MC (14-16). 

Cell specific induction of renal MFOs has 
only been reported in the rat with chemical 
inducers of the polycyclic halogenated hydro- 
carbon-class. Since PB causes massive SER 
proliferation in the liver and markedly in- 
duces rabbit renal MFOs, it was of interest to 
determine the effect of PB on microsomal en- 
zyme activity and tubular distribution of SER 
in the rabbit kidney. These results demon- 
strate differential tubular segmental prolifer- 
ation of SER in the rabbit kidney from ani- 
mals pretreated with PB similar to that ob- 
served in rats treated with TCDD (1 3). 

Materials and Methods. Animals and treat- 
ments. Male New Zealand white rabbits ( 1.5- 
2.0 kg) were purchased from local suppliers, 
housed in individual cages in a temperature-, 
humidity-, and light- (12 hr light: 12 hr dark) 
controlled room and provided food and water 
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ad libitum. Single injections of PB (60 mg/ 
kg) were administered in saline, ip, daily for 
4 days. Control animals received saline alone. 

Electron microscopy. Animals were stunned 
by a blow to the head and the right kidney 
immediately ligated and removed. A cannula 
was quickly placed in the abdominal aorta 
posterior to the left renal artery, the aorta an- 
terior to the left renal artery was ligated, and 
a small incision was made in the renal vein. 
The left kidney was then fixed in situ by per- 
fusion with 1.25% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4) for 5 min. After- 
ward the kidney was removed and thin mid- 
sagittal strips prepared and stored in the same 
buffer. Kidney strips were diced in 1-mm3 
blocks, washed twice in Zetterqvist’s buffer 
(pH 7.9, placed in 1% Os04 solution for 1.5 
hr, and embedded into Epon-Araldite plastic 
after dehydration through graded-alcohol and 
propylene oxide washes. Thin sections were 
then prepared on a LKB-I11 ultratome and 
stained with uranyl acetate and lead citrate 
prior to examination on a Zeiss EM952 elec- 
tron microscope operated at 60 kV. Identifi- 
cation of ultrastructural segments of proximal 
tubules was by the criteria established by 
Maunsbach ( 17). 

Biochemical analysis. After removal, the 
right kidney was immediately weighed and 
placed in ice-cold 1.15% KCl. Renal inner 
medulla and papilla were carefully dissected 
away and the cortex minced in 100 mM phos- 
phate buffer (pH 7.4) containing 0.25 M su- 
crose and 5.4 mM EDTA. Minced tissues were 
rinsed three times and homogenized in three 
volumes of the same solution using a Potter- 
Elvehjem homogenizer with a Teflon pestle 
followed by centrifugation at 10,OOOg for 30 

min. The resulting supernatant was then cen- 
trifuged at 105,OOOg for 60 min. The pellet 
was resuspended in buffer, pH 7.4, and re- 
centrifuged at 105,OOOg for 60 min. The mi- 
crosomal fraction (the pellet) was resus- 
pended in 66 mMphosphate buffer, pH 7.4, 
to a final concentration of 10 to 20 mg of 
protein/ml. 

The final microsomal suspension was used 
for the determination of benzphetamine-N- 
demethylase ( 1 8), ethoxycoumarin-Odeeth- 
ylase ( 19), and ethoxyresorufin-0-deethylase 
(20). Cytochrome P-450 concentrations were 
determined according to the method of Omura 
and Sat0 (21). Protein was quantified by the 
method of Lowry et al. (22). 

Statistics. Data were analyzed with Stu- 
dent’s t test (23). The 0.05 level of probability 
was used as the criterion of significance. 

Results. Administration of 60 mg/kg PB 
for 4 days resulted in increased liver weight/ 
body weight but no change in kidney weight/ 
body weight (Table I). Animal weights were 
not altered by this dose of PB (data not shown). 
Rabbit renal cytochrome P-450 content was 
increased 3.5-fold and ethoxycoumarin-0-de- 
ethylase and benzphetamine-N-demethylase 
were increased 17- and 4.8-fold, respectively, 
by PB (Table I). Ethoxyresorufin-Odeethyl- 
ase was not affected (Table I). Recovery of 
microsomal protein from kidney was not in- 
creased by phenobarbital (Table I). 

Ultrastructural segmentation of rabbit kid- 
ney proximal tubules was clearly identified 
and tubular cell components and structures 
of each segment were similar to those previ- 
ously described ( 17,24-26). Kidneys from sa- 
line-pretreated rabbits had occasional small 
aggregates of SER only at the apical border 

TABLE I. THE EFFECT OF PHENOBARBITAL ON ORGAN WEIGHTS AND RENAL 
MIXEDFUNCTION OXIDASES IN THE RABBIT‘ 

Control Phenobarbital 

Liver wt/body wt 2.54 k 0.18 3.87 f 0.17’ 
Kidney wt/body wt 0.33 f 0.02 0.37 f 0.05 
Microsomal recovery (mg/gm kidney) 5.14 k 0.50 4.69 f 0.43 
Ethoxyresorufin-Odeethylase (nmole/min/mg protein) 0.013 f 0.002 0.016 f 0.003 
Ethoxycoumarin-Odeethylase (nmole/min/mg protein) 0.101 f 0.030 1.701 f 0.175’ 
Benzphetamine-Ndemethylase (nmole/min/mg protein) 0.211 f 0.013 1.017 f 0.061’ 
Cytochrome P-450 (nmole/mg protein) 0.14 f 0.02 0.49 f 0.03’ 

’ Rabbits were administered phenobarbital ip 60 mg/kg once daily for 4 days. Control animals received saline. ’ Significantly different from controls (P > 0.05); n = 4. 
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FIG. I .  Electronmicrograph of S1 proximal tubular cells from a control rabbit. Cells are characterized as 
described in the text. X5170. 

or near the lateral boundaries of S3 cells (Figs. 
2,5), but not in S2 cells (Fig. 1). Kidneys from 
phenobarbital-treated rabbits had numerous 
focal areas of proliferation of SER in S3 tu- 
bular cells (Figs. 3, 4). Renal SER prolifera- 
tion in PB-pretreated rabbits appeared as ag- 
gregates in S3 cells and appeared to have no 
apparent relationship to other subcellular or- 
ganelles which were unchanged in their dis- 
tribution and structure by phenobarbital (Figs. 
3, 6). SER proliferation was not observed in 
S2 segments of proximal tubules, distal tu- 
bules (Figs. 3, 4), Henle’s loop, or collecting 
tubules (data not shown). 

Discussion. Proliferation of SER afler phe- 
nobarbital administration was restricted to the 

proximal tubule and, more specifically, the S3 
segment of the pars recta. Furthermore, in- 
duction of benzphetamine-Ndemethylase and 
ethoxycoumarin-Odeethylase, which are typ- 
ically increased by PB, was also evident (9). 
Since microsomal catalytic activity resides 
primarily with SER, a clear association was 
evident between the S3 cells of the proximal 
tubule and renal drug metabolism. This close 
relationship of catalytic activity and SER pro- 
liferation has been demonstrated in liver from 
animals treated with PB (1 1) and in rat kidney 
from animals treated with TCDD (1 3). Eth- 
oxyresorufin-Odeethylase is inducible by 3- 
methylcholanthrene, but not by PB, and like- 
wise was not increased in rabbit kidney after 
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FIG. 2. Electronmicrograph of Ss proximal tubular cell from a control rabbit. Cells are characterized as 
described in the text. X4970. 

PB (9). Data from the present experiments 
demonstrate that increased renal microsomal 
enzyme activity may be related to the cell- 
specific proliferation of SER after PB pre- 
treatment in rabbits. 

There is marked functional as well as mor- 
phological heterogeneity of rabbit proximal 
tubules. Para-aminohippurate is secreted at 
different rates along the proximal tubule (S2 
< S3 = S1) (27). Morphologically, brush bor- 
der microvilli are longest in S3 and shortest 
in S2 and S1 ; S2 cells contain numerous apical 
vesicles and larger amounts of lysosomes in 
the cytoplasm ( 17). Mitochondria are long and 
perpendicular to the cellular axis in S1 cells 
but become more randomly oriented in S2 

and S3 cells. Basal invaginations of the plasma 
membrane are numerous and deep in S, cells 
and decrease in depth in S2 and S3 cells (28). 
Biochemical heterogeneity is also demon- 
strated by the apparent lack of PB-inducible 
SER in SI or S2 cells whereas proliferation 
occurs in S3 cells (Figs. 3, 4). 

Recently, Dees et al. have described the oc- 
currence and intercellular distribution of four 
hepatic cytochrome P-450 isozymes in rabbit 
kidney by using immunofluorescence (29). 
The major constitutive forms of P-450 in rab- 
bit kidney were immunologically identical to 
hepatic form 2 (PB inducible) and form 3 (he- 
patic constitutive) and were localized pri- 
marily to the latter portion of the pars con- 
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FIG. 3. Electronmicrograph of S2 and S3 proximal tubular cells from a rabbit pretreated with phenobarbital 
(60 mg/kg X 4 days). Cells are characterized as described in the text. Note prominent SER proliferation 
(arrows) in S3 cells but not in S2 cells. X4970. 

voluta (Sz) and the pars recta (S3). Adminis- 
tration of PB did not alter the intercellular 
distribution of cytochrome P-450 but did in- 
crease the amount in the pars recta (29). The 
present observations on differential intercel- 
lular SER distribution in kidneys from rabbits 
pretreated with PB is in agreement with the 
observations of Dees ef al. (29) and is similar 
to that observed in the rat administered TCDD 
( 13). Although administration of PB increases 
microsomal yield and organ weight in the liver 
(data not shown), no such correlate was ob- 
served in the rabbit kidney (Table I). How- 
ever, the proliferation of SER in rabbit kidney 
after PB administration was relatively small, 

localized in small aggregates and confined to 
a relatively small population of renal tubular 
cells and may therefore have gone undetected 
as an increase in microsomal recovery. 

Microsomal preparations from kidney gen- 
erally contain approximately one-tenth the P- 
450 concentration of the liver (7). For this 
reason, the significance of these enzymes in 
the kidney has been questioned. Although it 
is true that renal MFOs probably play a very 
minor role in the metabolism and elimination 
of the total body burden of xenobiotics, they 
may be important in the metabolic activation 
of a variety of nephrotoxicants. Necrosis of 
proximal tubules is a common toxic mani- 
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FIG. 4. Electronmicrograph of S3 proximal tubular cells and distal tubular cell (DT) from phenobarbital 
(60 mg/kg X 4 days) pretreated rabbit. Note numerous SER aggregates (arrows) in S3 cells but not in DT 
cell. Cells are characterized as described in text. X4970. 

festation of many chemicals that require met- 
abolic activation for expression of toxicity (30). 
Furthermore, the observation that rabbit and 
rat renal MFOs are restricted to a specific cell 
type is important to renal toxicology since 
within the proximal tubule, there appears to 
be differential susceptibility of S, , Sz, and S3 
cells to chemicals. For example, administra- 
tion of large doses of acetaminophen to rats 
results in extensive necrosis confined primar- 
ily to the distal portions of the proximal tu- 
bule whereas glomeruli, early proximal con- 
voluted tubules, and distal portions of the 
nephron are unaffected (3 1). Similar findings 

have also been reported for hexachlorobuta- 
diene (32). 

In conclusion, these data indicate an as- 
sociation between proliferation of SER and 
microsomal enzyme activity in the rabbit kid- 
ney after PB administration. SER prolifera- 
tion was primarily localized to the S3 segment 
of the proximal tubules as has been demon- 
strated in the rat treated with TCDD (14). 
This information has significance in the basic 
understanding of detoxifling and activating 
mechanism in the kidney by directly corre- 
lating biochemical changes with morpholog- 
ical alterations. 
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