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1. Introduction

The induction of the hepatic endoplasmic reticulum
(ER) brought about by treatment of rats with pheno-
barbital has been extensively investigated (e.g. [1-5]).
The activity of the drug-metabolizing cytochrome
P-450 system increases dramatically, i.e., the process
may be called substrate induction. In addition, an
extensive proliferation of the ER membrane is
revealed by electron microscopy (e.g. [6]) and by
demonstration that the amount of microsomal
phospholipid recovered per gram wet weight of liver
increases 2- to 2.5-fold in response to phenobarbital
(e.g. [4,7-9]).

On the other hand, very few studies on the dis-
appearance of induced ER membranes after cessation
of phenobarbital treatment have been reported.
Studies which have appeared agree that the protein
components NADPH-cytochrome ¢ reductase and
cytochrome P-450 return to control levels within
5—8 days after the last of five daily injections of
phenobarbital [7,10]. It is not as clear what happens
to the phospholipid components of the induced ER.
Orrenius and Ericsson [7] found that it takes about
20 days for the amount of microsomal phospholipid
per gram liver to return to control values. This finding,
together with the findings for NADPH-cytochrome ¢
reductase and cytochrome P-450, suggest that the
membrane proteins are broken down, either in situ
or after removal from the lipid bilayer, independently
of the net breakdown of phospholipids. In contrast,

a morphometric investigation carried out by Bolender
and Weibel [11] with the electron microscope
demonstrated that the induced ER returns to its
uninduced surface area and volume within 5 days after
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the last injection of phenobarbital. These investigators
saw an increase in the number and volume of auto-
phagic vacuoles in rat hepatocytes during recovery
from phenobarbital treatment and suggested that
entire pieces of the ER — both protein and phospho-
lipid components — are digested in these vacuoles. We
have reinvestigated this problem using biochemical
methods.

2. Materials and methods

Total microsomes were prepared from the livers of
180—200 g male Sprague—Dawley rats by the method
of Ernster et al. [12] and rough and smooth micro-
somes were prepared according to Dallner [13].
Experimental animals received an intraperitoneal
injection of 80 mg/kg phenobarbital in isotonic
saline once daily for 5 days, while controls were
injected with an equal volume of isotonic saline.
Phospholipid was determined by extraction into
chloroform—methanol [14] and measurement of lipid
phosphorus according to Bartlett [15]. Protein was
measured using a modification of the procedure of
Lowry and his coworkers [16] with bovine serum
albumin as standard.

Glucose-6-phosphatase [17], AMPase [18], cyto-
chrome oxidase [19], acid phosphatase [20], NADPH-
cytochrome ¢ reductase [13], NADH-cytochrome ¢
reductase [21], and aminopyrine demethylation [22]
were assayed by reported procedures. Controls
demonstrated that the latter three enzymes are not
affected by CsCl in the concentrations used for the
isolation of rough and smooth microsomes. When
making measurements with homogenates, sonication
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was employed to reveal the total AMPase and cyto-
chrome oxidase activities. Detergent was used routinely
when measuring glucose-6-phosphatase and acid phos-
phatase.

3. Results

Investigations involving comparison of the amount
of phospholipid recovered in the total microsomal
fraction from the livers of control and phenobarbital-
treated rats are valid only if the recovery of ER frag-
ments in these microsomal fractions is the same and
only if the contamination of these fractions by other
organelles is the same. That these important conditions
are indeed fulfilled is shown by the control experiment
given in table 1. No significant differences in the
recoveries of marker enzymes for the ER, the inner
mitochondrial membrane, lysosomes, or the plasma
membrane were seen.

Figures 1 and 2 illustrate the decreases in micro-
somal NADPH-cytochrome ¢ reductase and cyto-
chrome P-450-catalyzed aminopyrine demethylation
activities, respectively, after cessation of pheno-
barbital treatment. In agreement with other reports
[7,10] these activities were found to return essentially
to control values within 6 days after the last injection
of the drug (fig.1A and 2A). Figures 1 A and 2A also
demonstrate that most of the increase in NADPH-
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cytochrome ¢ reductase and aminopyrine demethyla-
tion is localized in smooth ER, a finding in agreement
with numerous reports that phenobarbital induces
proliferation of the smooth but not the rough ER
(e.g. [2,3,5-7,11]). (The sum of the activities in
rough and smooth microsomes was not equal to the
total activity because preparation of these subfractions
by centrifugation on a discontinuous sucrose gradient
containing CsCl also yields an intermediate layer
which is a mixture of rough and smooth microsomes.
In these experiments, the more induced the animal
was, the more microsomes were recovered in the
intermediate layer.) However, figures 1B and 2B
illustrate that the increases in the specific activities
of NADPH-cytochrome ¢ reductase and of amino-
pyrine demethylation in the rough ER are significant.
Figure 3 shows the time course for the decrease
in total microsomal phospholipid after cessation of
phenobarbital treatment. The maximally induced
levels of total, rough, and smooth microsomal phos-
pholipid were 207%, 113%, and 236%, respectively,
of the control values. Again, this finding is in agree-
ment with reports that phenobarbital induces the
smooth but not the rough ER (see above). Total
microsomal phospholipid returned from the maxi-
mally induced level to essentially control values
within 6 days, a decrease which is approximately
parallel to that observed with NADPH-cytochrome ¢
reductase and aminopyrine demethylation. A similar

Table 1
Recovery of various marker enzymes in the total microsomal fractions from the livers of
control and phenobarbital-treated rats

Organelle for

% of total homogenate activity?
recovered in total microsomal

which it is Number fraction from livers of:
taken to be of Phenobarbital-
Enzyme a marker expts. Control rats treated rats
Glucose-6- Endoplasmic
phosphatase reticulum 4 40.3 +94 30.6 5.6
Cytochrome Inner mitochon-
oxidase drial membrane 1.39 + 0.19 1.11 £ 0.25
Acid phosphatase Lysosome 17.2 £0.3 204 +5.6
AMPase Plasma membrane 149 29 186 +2.5

2 The figures given are means * average deviations,

220



October 1976

FEBS LETTERS

Volume 68, number 2

‘syuauizedxd 92IY) JO ‘A[aAR0adsal ‘SUCHEIASD BLIoAE PUE SURSW AU} ussardal yderd oy uo sreq pue sjutod syy “(3uy oyl £q paruasaIdar st SUOHBUTUIIAIIP 353YY JO
o9eI0AE O} PUE 9 puE | SAED UO PAUIUIISISP dIom SSIIAKOE) S[EUIIUR PJRAIIUN UIOIJ SIWOSOIOIN = ) 'S[EWIuE palean)-[e1iqIeqousyd Wol} SSWOSODIN = gd "AIIAnoe
agtvadg g AIND (13T 8 10d AJIATIOR [€301 BUf} UR1GO 01 T 3GE} Ul BMOYS AI9A0DRI 91} 10 PRIISII00 3 IS A}ANIOE STYD) 14K JO (1yStom 19M) § ouO WIOIJ UONORI]

JEUIOSOIOIW 31} UT A}ATIOR [B10], 1V SAIND) JUdujear) [eyiqieqousyd Jo UOTEsS?D 1918 AJJAIIOR 358100P3I I SWOIYI0IAd-HJ VN [BWOSOIIUI UT 35EII1239P YL 1811

STYWINY TYINIWTYIdXT
JHL OLNI TYLI8YYECNIHd 40 NOTLIAHT TWNIJ JHL ULV SAVQ
8 S h ¢ l T

1 1 1 \J T

v1i0L1-2

HONOY-I HoNoY-g4

HLOOWS-2

v101-g4

HLOOWS-gd

13y

2’0

Q1d1TOHdSOHd TYWOSOUIIW B'IOWI'(/NIN/USDHGHH T 3WO¥HI01AD S3T0WT

STHINY TVINIWIYILXI
341 OINT TYLIGYVYEONIHd 40 NOILI3PNI TWHIZ 3HL Y31V SAVG

At

9 S b ¢ 14 T
T T 1 T 1 4 O lm
HLOOWS=-9 3
n
HONOY-) o
HONOY-g4 -
-
=
Qo
5 [a)
IW101-D | S
A
m
fo
)
m
o
c
(2]
m
o
I
2
=
T )
=<
=
X
m
=
W101-gd =
X
9 8
(=]
=
>
r
m
o
>
[a]
b
3 2
48 3
(=]
4
Q
=z
m
@
=
m
-
=
m
@
x
=
[
<
m
X

221



October 1976

FEBS LETTERS

Volume 68, number 2

“1°3ty 01 puada[ 90§ “Juswlear) [EIqreqouayd JO UOTIESSd I91JE ANANOE UOHE[AYISWSP SUHAJOUIIE [PUIOSOIOM UT 9SBAL0P AU, "7 5]

STYWINY
VINIWIYHIAXT IHL OLND TWLI9¥vEONIHd 40 NOLLD3PNT T¥NI4 JHL H3ldv SAVC
9 S h ¢ 4 T
T T T T T
V101 ANV
HINOY-3
HLOOWS-2

HONOY-q4

W10i-gd

HLOOWS-g4

a7'9g

0T

0¢

0

QIdIT0HdSOHd TYWOSOYIIW EﬂONF{/ NIW / d32n30dd 3QAF ITTYWHO3 SITOWONYN

SIVWINY
TWANIWINIX3 3HL OLNT TYLIGYVEONIHG 40 NOTLIIPNT TWNT4 FHL ¥3L4Y Savd
9 S fi ¢ 4 T
HLOOWS-3 ' j ) T 0
HINOY-2 HOno¥-44
WLOL-D ]
00
HLOOWS -gd
00h
009
WL0L-gd
ﬁoom
< 0001

Vi

YIALT ( 1HOI3M L13M )9 INO WOY3 NOTLOVYS TVWOSONIIW FHL A€ NIW ‘¥3d 03INAOUd 3GAHITTYWYO4 SITOWONYN

222



Volume 68, number 2

w0

30

20 |-

—CONTROQ|, RATS

10

HMOLES MICROSOMAL PHOSPHROLIPID / 6( WET WEIGHT ) OF LIVER

i} 1 L A L 1

1 2 3 4 5 6
DAYS AFTER THE FINAL INJECTION OF PHENOBARBITAL INTO THE
EXPERIMENTAL ANIMALS

Fig.3. The decrease in microsomal phospholipid after cessa-
tion of phenobarbital treatment. The points and bars on the
graph represent the means and average deviations, respectively,
of three experiments.

pattern was seen for the decrease in microsomal
protein after cessation of phenobarbital treatment.
However, in this case the pattern was not as clear,
probably due to the fact that phenobarbital increases
the level of microsomal protein only about 40% and
that a significant amount of the protein measured in

a microsomal fraction is adsorbed and trapped protein
which does not truly belong to the ER membrane
[23].

Finally, in figure 4 the specific activity of NADH-
cytochrome ¢ reductase in total microsomes during
the period immediately following cessation of drug
treatment is illustrated. This activity is catalyzed by
the microsomal enzymes NADH-cytochrome b5
reductase and cytochrome b5 together [24] and is
not induced by phenobarbital (e.g. [17]). The total
amount of NADH-cytochrome ¢ reductase per gram
(wet weight) of liver remained unchanged while the
induced ER membranes were disappearing; but since
the amount of microsomal phospholipid fell by
about 50% (figure 3), the specific activity of NADH-
cytochrome ¢ reductase increased about 100%.
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Fig.4. Change in the specific activity of microsomal NADH-
cytochrome ¢ reductase after cessation of phenobarbital
treatment. The points and bars on the graph represent the
means and average deviations, respectively, of three experi-
ments.

4. Discussion

It has been shown that the increased amount of
phospholipid found in the microsomal fraction from
the liver of phenobarbital-treated rats is not due to an
increased recovery of ER fragments in this fraction
or to an increased contamination of this fraction by
other organelles. Rather, this increase would appear
to accurately reflect the induction of the ER caused
by administration of phenobarbital.

NADPH-cytochrome ¢ reductase, aminopyrine
demethylation, and microsomal phospholipid were
all found to return almost to control levels in a
parallel fashion within 6 days after cessation of
phenobarbital treatment. Thus, our findings indicate
concomitant degradation of the protein and phospho-
lipid components of the induced ER. One way in
which this might be accomplished is, as suggested by
Bolender and Weibel [11], that entire pieces of the
ER are engulfed and digested by autophagic vacuoles.
However, the return of smooth and of rough ER to
normal after cessation of drug treatment may involve
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different processes: both protein and phospholipid
components of the smooth ER are induced by
phenobarbital, whereas only protein components of
the rough ER are increased.

In addition, the specific activity of microsomal
NADH-cytochrome ¢ reductase actually increases
during the disappearance of induced ER membranes.
To explain this observation, one can propose either
that areas of the ER with low levels of this activity
are selectively degraded; or that the rates of synthesis
of NADH-cytochrome bs reductase and cytochrome
bs are increased to more than compensate for their
rates of degradation.

Finally, it remains to be seen whether removal of
the induced ER after cessation of phenobarbital
treatment is a specialized process or may be a good
model for the process by which cells remove damaged
or non-functional organelles such as secondary lyso-
somes or aged mitochondria.

Acknowledgements

These studies were supported by a Research
Fellowship from the National Cystic Fibrosis Research
Foundation and by the Swedish Natural-Science
Research Council.

References

{1] Conney, A. H. and Gilman, A. G. (1963) J. Biol. Chem.
238, 3682-3690.

[2] Remmer, H. and Merker, H. I. (1963) Science 142,
1657-1659.

[3] Otrenius, S., Ericsson, J. L. E. and Ernster, L. (1965)
J. Cell Biol. 25, 627-639.

224

FEBS LETTERS

October 1976

[4] Ernster, L. and Orrenius, S. (1965) Fed. Proc. 24,
1190-1199.

[5] Meldolesi, J. (1967) Biochem. Pharmacol. 16, 125-129.

[6] Stdubli, W., Hess, R. and Weibel, E. R. (1969) J. Cell
Biol. 42, 92—-112.

[7] Orrxenius, S. and Ericsson, J. L. E. (1966) J. Cell Biol. 28,
181-198.

[8] Holtzman, J. L. and Gilette, J. R. (1968) J. Biol. Chem.
243, 3020-3028.

{9} Eriksson, L. C. and Dallner, G. (1973) FEBS Lett. 29,
351-354.

[10] Kuriyama, Y., Omura, T., Siekevitz, P. and Palade, G. E.
(1969) 1. Biol. Chem. 244, 2017-2026.

[11] Bolender, R. P. and Weibel, E. R. (1973) J. Cell Biol.
56, 746-761.

[12] Ernster, L., Siekevitz, P. and Palade, G. E. (1962) J. Cell
Biol. 15, 541-562.

[13] Dallner, G. (1963) Acta Pathol. Microbiol. Scand.,
Suppl. 166.

[14] Folch, J., Lees, M. and Stanley, G. H. S. (1957) J. Biol.
Chem. 226, 497-509.

[15] Bartlett, G. R. (1959) J. Biol. Chem. 234, 466—468.

[16] Lowry, O. H., Rosebrough, N. J., Farr. A. L. and
Randall, R. J. (1951) J. Biol. Chem. 193, 265-275.

[17} Eriksson, L. C. (1973) Acta Pathol. Microbiol. Scand.,
Suppl. 239.

[18] Song, C. S. and Bodansky, O. (1967) J. Biol. Chem. 242,
694-699.

[19] Sottocasa, G., Kuylenstierna, B., Ernster, L. and
Bergstrand, A. (1967) J. Cell Biot. 32,415-438.

[20] Appelmans, F., Wattiaux, R. and de Duve, C. (1955)
Biochem. J. 59, 438—445.

[21] Dallner, G., Siekevitz, P. and Palade, G. E. (1966)

J. Cell Biol. 30, 97-117.

{22] Gnosspelius, Y., Thor, H. and Orrenius, S. (1969)
Chem.-Biol. Interactions 1, 125—137.

[23] DePierre, J. W. and Dallner, G. (1976) Biochemical
Methods in Membrane Studies (Maddy, A. H., ed),
Chapman and Hall, London, in press.

[24] Strittmatter, P. (1963) The Enzymes (Boyer, P. D.,
Lardy, H. and Myrbick, K., eds), Vol. 8, pp. 113145,
Academic Press, New York.



