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ABSTRACT. The biochemical and immunocytochemical properties of peroxisomal and mitochondrial S-oxi-
dation enzymes in bovine adrenal chromaffin cells were investigated. Peroxisomes were detectable by immunoflu-
orescence staining using antibodies against acyl-CoA oxidase, peroxisomal 3-ketoacyl-CoA thiolase and cata-
lase. The mitochondria were abundantly stained with antibody against mitochondrial 3-ketoacyl-CoA thiolase.
The biosynthesis and intracellular processing of acyl-CoA oxidase and the peroxisomal 3-ketoacyl-CoA thiolase
was slower than that in fibroblasts. The peroxisomal S-oxidation activities shown by [1-14C] lignoceric acid oxi-
dation were slightly lower than those in fibroblasts, whereas the mitochondrial S-oxidation activities shown by
[1-14C] palmitic acid oxidation were almost identical to those in fibroblasts. Adrenal chromaffin cells are useful
materials for investigating the peroxisomal and mitochondrial metabolism of autonomic neurons and may con-

tribute to the clarification of neuronal dysfunction in peroxisomal and mitochondrial disorders.

Peroxisomes are ubiquitous organellae present in al-
most all eukaryotic cells. In humans, peroxisomes are
abundant in hepatocytes and renal tubular cells (1). Mi-
croperoxisomes are morphologically detectable in fi-
broblasts (2), neurons (3), intestinal mucosal cells (4)
amniotic fluid cells (5) and chorionic villous cells (6).
The metabolic functions of peroxisomes, including $-ox-
idation of very long chain fatty acids, biosynthesis of
bile acids, plasmalogen biosynthesis, and degradation
of phytanic acid, have been investigated in these tissues
and cell lines. The peroxisomal S-oxidation system con-
sists of acyl-CoA oxidase, enoyl-CoA hydratase/L-3-
hydroxyacyl-CoA dehydrogenase bifunctional protein
(L-bifunctional protein), D-3-hydroxyacyl-CoA dehy-
dratase/D-3-hydroxyacyl-CoA dehydrogenase bifunc-
tional protein (D-bifunctional protein), and 3-ketoacyl-
CoA thiolase (7, 8). The results have been applied to
the investigations of pathophysiology and diagnosis of
Zellweger syndrome, neonatal adrenoleukodystrophy
and infantile Refsum disease (9), which are fatal auto-
somal recessive peroxisome biogenesis diseases with se-
vere psychomotor retardation, visual and hearing im-
pairment, hepatic dysfunction, and dysmorphic fea-
tures.
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In these disorders, an abnormality of neuronal migra-
tion in the central nervous system is the most character-
istic finding (10) and is considered to be linked to the se-
vere neurologic symptoms such as hypotonia, psycho-
motor retardation and convulsions. Biochemical stud-
ies revealed the deficiencies of multiple peroxisomal en-
zymes (9), and immunohistochemical studies using au-
topsied brain tissues from these patients and control
fetuses revealed that peroxisomes may play important
roles in the development of neurons and myelinogenesis
(11, 12, 13). However, study on the functions of peroxi-
somes in cultured neuronal or neuroendocrine cells has
not been performed. The identification of peroxisomal
functions in these cells will provide essential knowledge
to elucidate the pathophysiology of neuronal migra-
tion.

To determine the fundamental metabolic functions
of peroxisomes and mitochondria in neuronal cells, we
investigated cultured bovine adrenal chromaffin cells,
which play a key role in bovine sympathetic nervous
function.

MATERIALS AND METHODS

Isolation and culture of chromaffin cells.

Bovine adrenal chromaffin cells were isolated by the retro-
grade perfusion of the adrenal medullae with collagenase and
DNAase I, and purified from other cell types by density gradi-
ent centrifugation on Percoll (Pharmacia, Uppsala, Sweden)
and by differential plating. The purified cells were kept in sus-



pension on 35 mm plastic dishes at a density of 5x 10° cells
/dish for lignoceric acid oxidation, using Dulbecco’s modified
Eagle’s medium (GIBCO, Grand Island, NY) supplemented
with 109 fetal calf serum (FCS), 10 mM HEPES, 20 mM
NaHCOs, anti-mitotics (1073 M of 5-fluoro-2-deoxyuridine,
uridine and cytosine arabinoside) to inhibit fibroblast growth,
and antibiotics (penicillin G, streptomycin and nystatin) (14,
15, 16, 17). The cultures were maintained at 37°C in a humid
atmosphere gassed with 5% CO, in air. The experiments were
performed within 7 days after the culture preparation.

Indirect immunofluorescence staining.

Peroxisomes were immunocytochemically stained as de-
scribed (18). Chromaffin cells were fixed with 4% paraform-
aldehyde/0.1 M potassium phosphate buffer (pH 7.4), and
stained using antibodies against rat acyl-CoA oxidase, rat per-
oxisomal 3-ketoacyl-CoA thiolase, or human catalase, which
were kind gifts from Prof. T. Hashimoto (Department of Bio-
chemistry, Shinshu University School of Medicine). FITC-
conjugated goat anti-rabbit IgG (TAGO, Burlingame, CA)
was used as the second antibody.

Lignoceric acid and palmitic acid oxidation.

Peroxisomal and mitochondrial 3-oxidation activity was as-
sessed by measuring the degradation products of [1-14C] ligno-
ceric acid or [1-1“C] palmitic acid (CEA, Gif-Sur-Yvette,
France) added to the medium (19), with slight modifications.
The medium was gradually replaced by minimal essential me-
dium (MEM), and the preparation was preincubated with
FCS-free MEM. The fatty acid oxidation reaction was initi-
ated by adding 4 nmol of [1-14C] lignoceric acid. After incubat-
ing the preparation at 37°C for 1 h, the medium was chilled
on ice, deproteinized with 5% bovine serum albumin and 3N
perchloric acid, and the acid soluble radioactive degradation
products were then extracted with n-hexane and counted in a
spectrophotometer.

Continuous labeling and pulse-chase experiments.

The intracellular processing of peroxisomal enzymes was
evaluated by continuous labeling and pulse-chase experi-
ments, as described (20). The medium was gradually replaced
by MEM, and the preparation was preincubated with methio-
nine-free MEM supplemented with 5% dialyzed FCS for 1 h.
Continuous labeling was performed for 24 h using 1.85 MBq
of [*S] methionine (ICN Radiochemicals, Costa Mesa, CA).
Pulse-labeling was done for 2 h using 7.4 MBq of [*3S] methio-
nine followed by 3, 12 and 24 h chases. Immunoprecipitation
was performed with the use of antibodies against catalase,
acyl-CoA oxidase, L-bifunctional protein and the peroxisom-
al 3-ketoacyl-CoA thiolase. Fluorography was done using an
autoradiography enhancer ENHANCE™ (NEN, Boston,
MA) according to the manufacturer’s instructions.
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RESULTS

Immunofluorescence staining.

The peroxisomes in cultured bovine adrenal chro-
maffin cells were stained in a granular pattern with the
use of anti-acyl-CoA oxidase (Fig. 1A) and anti-per-
oxisomal 3-ketoacyl-CoA thiolase (Fig. 1B), as was
the case with skin fibroblasts (18). The mitochondria

Fig. 1. Immunofluorescence staining of peroxisomes and mitochon-
dria in the bovine adrenal chromaffin cells. A, stained with anti-perox-
isomal acyl-CoA oxidase; B, stained with anti-peroxisomal 3-keto-
acyl-CoA thiolase; C, stained with anti-mitochondrial 3-ketoacyl-
CoA thiolase. Bar=10 ym.
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seemed to be more abundant in the chromaffin cells
than in fibroblasts when stained with mitochondrial 3-
ketoacyl-CoA thiolase (Fig. 1C), which may relate to
the thickness of the chromaffin cells.

Lignoceric acid and palmitic acid oxidation.

Both palmitic acid and lignoceric acid oxidation,
which reflect the mitochondrial and peroxisomal $-oxi-
dation activity, respectively, were detectable (Fig. 2).
The '“C-labelled acid-soluble degradation products in
the medium increased linearly up to 1 h. The mean oxi-
dation rates of [1-14C] lignoceric acid and that of [1-14C]
palmitic acid were 138 and 830 pmol/h.mg protein, re-
spectively. The ratio of lignoceric acid oxidation to that
of palmitic acid oxidation was 16.6% . The peroxisomal
B-oxidation activity, as evaluated by the lignocerate oxi-
dation rate and the ratio of lignocerate oxidation to that
of palmitate oxidation, was slightly lower than that in fi-
broblasts (19), whereas the mitochondrial activity was
similar to that observed in fibroblasts.

Continuous labeling and pulse-chase experiments.

The continuous labelling of chromaffin cells showed
clear bands of catalase (62 kD), acyl-CoA oxidase (75
kD subunit A, 53 kD subunit B and 22 kD subunit C)
and peroxisomal 3-ketoacyl-CoA thiolase (44 kD pre-
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Fig. 2. Lignoceric acid (0)) and palmitic acid (@) oxidation in the

chromaffin cells. The “C-labelled acid-soluble degradation products
in the medium after incubation for 30 min, 60 min, 90 min and 120
min were measured.
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cursor and 41 kD mature enzyme). L-bifunctional pro-
tein was hardly detectable (Fig. 3). The biosynthesis and
intracellular processing of acyl-CoA oxidase and the
peroxisomal 3-ketoacyl-CoA thiolase was slower than
that in fibroblasts (20) (Fig. 4A, B). Subunit B of acyl-
CoA oxidase was clearly detected in 1 h-pulse in fibro-
blasts (20), whereas it was very faint in 2 h-pulse in the
chromaffin cells. Precursor of the peroxisomal thiolase
disappeared in 6 h-chase in fibroblasts (20), whereas it
was detected even in 12 h- or 24 h-chase in the chro-
malffin cells.

DISCUSSION

Neuroectodermal cells in the neural crest migrate to
the adrenal medulla and differentiate to the chromaffin
cells and sympathetic nerves. Chromaffin cells have the
ability to synthesize and secrete catecholamines under
the control of presynaptic neurons, and the primary cul-
ture method for chromaffin cells is well established (14,
15, 16, 17). However, the metabolic functions of chro-
maffin cells other than the metabolism of catechola-
mines have not been well investigated.

Here we examined the biochemical and immunocyto-
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Fig. 3. Continuous labelling of chromaffin cells with [**S]methio-
nine. Lane 1, catalase (62 kD); lane 2, acyl-CoA oxidase (75 kD sub-
unit A, 53 kD subunit B and 22 kD subunit C); lane 3, L-bifunctional
protein; lane 4, peroxisomal 3-ketoacyl-CoA thiolase (44 kD precur-
sor and 41 kD mature enzyme). L-bifunctional protein was hardly de-
tectable.
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Fig. 4. Biosynthesis and intracellular processing of acyl-CoA oxidase and peroxisomal 3-ketoacyl-CoA thiolase. A, acyl-CoA oxidase; B, per-
oxisomal 3-ketoacyl-CoA thiolase; lane 1, pulse labelling for 2 h; lane 2, chase for 3 h; lane 3, chase for 12 h; lane 4, chase for 24 h.

chemical properties of peroxisomes and mitochondria
in cultured bovine adrenal chromaffin cells as a model
of neurons, since there is no data available on the meta-
bolic functions of peroxisomes and mitochondria in cul-
tured neural cells. Peroxisomes are considered to be es-
sential for neurons, based on the finding that patients
with an inborn error of peroxisome biogenesis such as
Zellweger syndrome and neonatal adrenoleukodystro-
phy manifest severe neurologic dysfunction and a typi-
cal neuronal migration disorder (9, 10). Patients with
peroxisomal biogenesis disorders also manifest adreno-
cortical dysfunction.

In our present experiments, the presence of peroxi-
somes was shown by immunofluorescence staining, per-
oxisomal enzymes were synthesized, and the peroxisom-
al g-oxidation activity was detected. The peroxisomal j-
oxidation activity was slightly lower than that reported
in fibroblasts (19, 21). L-bifunctional protein was hard-
ly detectable as was the case with fibroblasts (20). Re-
cent study revealed that D-bifunctional protein plays es-
sential roles in the S-oxidation of very long chain fatty
acids, intermediates of bile acids and branched chain
fatty acids (8). D-bifunctional protein is present in both
hepatic and extra-hepatic tissues, whereas L-bifunc-
tional protein seems to be present predominantly in the
liver and plays a role in the degradation of very long
chain fatty acids (8). D-bifunctional protein may be a
key enzyme in the chromaffin cells as in the case of fibro-
blasts. Another characteristic finding is that the process-
ing of the acyl-CoA oxidase and the peroxisomal 3-keto-
acyl-CoA thiolase is slower than that in fibroblasts (20).
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It remains to be clarified whether this phenomenon is
due to the difference of culture condition or due to the
difference of nature of these two cells.

The peroxisomal S-oxidation system has several im-
portant roles, including degradation of very long chain
fatty acids, xenocompounds, eicosanoids, and the bio-
synthesis of bile acids. Although we did not obtain di-
rect evidence that peroxisomes and mitochondria play
essential roles in the chromaffin cells, the evidence sug-
gests that peroxisomes may have an important role in
autonomic nervous cells. This study also clarified the
presence of abundant mitochondria in chromaffin cells,
suggesting that mitochondria may supply energy for the
active metabolism of catecholamines.

Acknowledgement. This study was supported in part by Grants-
in-Aid for Scientific Research (08670871 and 08307008) from the Min-
istry of Education, Science, Sports and Culture of Japan.

REFERENCES

GOLDFISCHER, S., Moorg, C.L., JounsoN, A.B., Seiro, A.J.,
Varsamis, M.P., Wisniewski, H.K., RircH, R.H., NORTON,
W.T., RapiN, 1., and GARTNER, L.M. 1973. Peroxisomal and
mitochondrial defects in the cerebro-hepato-renal syndrome.
Science, 182: 62—-64.

2. ARrias, J.A., MoseR, A.B., and GOLDFISCHER, S. 1985. Ultra-
structural and cytochemical demonstration of peroxisomes in
cultured fibroblasts from patients with peroxisomal deficiency
disorders. J. Cell Biol., 100: 1789-1792.

3. Houpou, S., Kuruta, H., Hasecawa, M., Konowmi, H.,

TAKASHIMA, S., SuzuK], Y., and HasHiMoTO, T. 1991. Develop-



Peroxisomes in Chromaffin Cells

10.

11.

12.

13.

mental immunohistochemistry of catalase in the human brain.
Brain Res., 556: 267-270.

SHmMozAwA, N., Suzuki, Y., Orm, T., Yokora, S., and
HasumiMoto, T. 1988. Biochemical and morphologic aspects
of peroxisomes in the human rectal mucosa: diagnosis of
Zellweger syndrome simplified by rectal mucosa. Pediatr. Res.,
24: 723-727.

Suzukl, Y., SHIMOZAWA, N., KAWABATA, 1., YAIIMA, S., INOUE,
K., UcHIDA, Y., IzA1, K., TomaTsU, S., Konpo, N., and Ori,
T. 1994. Prenatal diagnosis of peroxisomal disorders. Bio-
chemical and immunocytochemical studies on peroxisomes in
human Amniocytes. Brain and Development, 16: 27-31.
WANDERS, R.J.A., WIEMER, E.A.C., Brui, S., SCHUTGENS,
R.B.H., vaN DEN BoscH, H., and TAGER, J.M. 1989. Prenatal
diagnosis of Zellweger syndrome by direct visualization of per-
oxisomes in chorionic villous fibroblasts by immunofluores-
cence microscopy. J. Inher. Metab. Dis., 12: 301-304.
HasammMoto, T. 1982. Individual peroxisomal s-oxidation en-
zymes. Ann. N.Y. Acad. Sci., 386: 5-12.

Jiang, L.L., Kurosawa, T., Sato, M., Suzuki, Y., and
HasuimmoTto, T. 1997. Physiological role of D-3-hydroxyacyl-
CoA dehydratase/D-3-hydroxyacyl-CoA dehydrogenase bifunc-
tional protein. J. Biochem., 121: 506-513.

Lazarow, P.B. and Moser, H.W. 1995. Disorders of peroxi-
some biogenesis. In The Metabolic and Molecular Bases of In-
herited Disease, 7th edition (C.R. Scriver, A.L. Beaudet, W.S.
Sly, D. Valle, eds.). McGraw-Hill, New York, pp.2287-2324.
Vorpg, J.J. and Apams, R.D. 1972. Cerebro-hepato-renal syn-
drome of Zellweger: An inherited disorder of neuronal migra-
tion. Acta Neuropath., 20: 175-198.

TakasamMA, S., CHaN, F., BEcker, L.E., Houpou, S., and
Suzuki, Y. 1991. Cortical cytoarchitectural and immunohisto-
chemical studies on Zellweger syndrome. Brain and Develop-
ment, 13: 158-162.

KaMmeEl, A., Houpou, S., TAKASHIMA, S., SUZUKI, Y., BECKER,
L.E., and ARMSTRONG, D.L. 1993. Peroxisomal disorders in
children: immunohistochemistry and neuropathology. J. Pedi-
atr., 122: 573-579.

IMmamUrA, A., KamEei, A., Suzuki, Y., Orm, T., and
TAkASHIMA, S. 1994. Developmental immunohistochemistry
of bifunctional protein in human brain. Brain Res., 640: 236—
239.

619

14.

15.

16.

17.

18.

19.

20.

21.

Leg, K., Miwa, S., Kosamura, K., Hasecawa, H.,
HawmanAaTa, K., and Funiwara, M. 1990. Effects of hypoxia
on the catecholamine release, Ca2* uptake, and cytosolic free
Ca?* concentration in cultured bovine adrenal chromaffin cells.
J. Neurochem., 55: 1131-1137.

LEg, K., Miwa, S., KosHIMURA, K., and ITo, A. 1992. Charac-
terization of nicotinic acetylcholine receptors on cultured bo-
vine adrenal chromaffin cells using modified L-[*H]nicotine bind-
ing assay. Arch Pharmacol, 345: 363-369.

LEE, K. and SExINE, A. 1993. Effects of hypoxia on stimulus-
release coupling mechanisms in cultured bovine adrenal chro-
maffin cells. Arch Pharmacol, 348: 275-278.

Leg, K., Ito, A., KosHiMURA, K., OHUE, T., TakAcl, Y., and
Miwa, S. 1995. Differential effects of hypoxia on ligand bind-
ing properties of nicotinic and muscarinic acetylcholine recep-
tors on cultured bovine adrenal chromaffin cells. J. Neuro-
chem., 64: 874-882.

Suzuki, Y., YamacucHi, S., Oru, T., TSUNEOKA, M., and
TasHIRO, Y. 1990. Nonspecific lipid transfer protein (sterol car-
rier protein-2) defective in patients with deficient peroxisomes.
Cell Struct. Funct., 15: 301-308.

Suzuki, Y., SHIMOzAWA, N., YAJIMA, S., YAMAGUCHI, S., ORI,
T., and HasHimoTo, T. 1991. Effects of sodium 2-[5-(4-chloro-
phenyl)pentyl]-oxirane-2-carboxylate (POCA) on fatty acid oxi-
dation in fibroblast from patients with peroxisomal diseases. Bio-
chem. Pharmacol., 41: 453-456.

Suzuki, Y., SHiMozAawaA, N., Ori, T., IcarAsHI, N., Kono, N.,
and HasriMoTo, T. 1988. Molecular analysis of peroxisomal
B-oxidation enzymes in infants with Zellweger syndrome and
Zellweger-like syndrome: further heterogeneity of the peroxi-
somal disorder. Clin. Chim. Acta, 172: 65-76.

Suzuki, Y., SHIMozAWA, N., YAnMA, S., INOUE, K., Orm, T.,
and Konpo, N. 1996. Incidence of peroxisomal disorders in
Japan. Jpn. J. Human Genet., 41: 167-175.

(Received for publication, August 22, 1997

and in revised form, October 23, 1997)



