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The retinal pigment epithelium (RPE) and the choriocapillaris
are affected early in the retinopathy associated with long-chain
3-hydroxyacyl-CoA dehydrogenase (LCHAD) deficiency. RPE
in culture possesses the machinery needed for mitochondrial
fatty acid �-oxidation in vitro. To further elucidate pathogenesis
of LCHAD retinopathy, we performed immunohistochemistry of
the human eye and brain with antibodies to �-oxidation enzymes.
Human eye and brain sections were stained with antibodies to
medium-chain (MCAD) and very long-chain acyl-CoA dehydro-
genase (VLCAD), short-chain 3-hydroxyacyl-CoA dehydroge-
nase (SCHAD), and mitochondrial trifunctional protein (MTP)
harboring LCHAD. Antibodies to 2-methyl-3-hydroxybutyryl-
CoA dehydrogenase (MHBD) and cytochrome c oxidase subunit
I (COX I) were used as a reference. VLCAD, MTP, MCAD,
SCHAD, MHBD, and COX I antibodies labeled most retinal
layers and tissues of the human eye actively involved in oxida-
tive metabolism (extraocular and intraocular muscle, the RPE,
the corneal endothelium, and the ciliary epithelium). MTP and
COX I antibodies labeled the inner segments of photoreceptors.
The choriocapillaris was labeled only with SCHAD and MCAD

antibodies. In the brain, the choroid plexus and nuclei of the
brain stem were most intensely labeled with �-oxidation anti-
bodies, whereas COX I antibodies strongly labeled neurons in
several regions of the brain. Mitochondrial fatty acid �-oxidation
likely plays a role in ocular energy production in vivo. The RPE
rather than the choriocapillaris could be the critical affected cell
layer in LCHAD retinopathy. Reduced energy generation in the
choroid plexus may contribute to the cerebral edema observed in
patients with �-oxidation defects. (Pediatr Res 56: 744–750,
2004)

Abbreviations
COX I, cytochrome C oxidase of the respiratory chain
LCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase
MCAD, medium-chain acyl-CoA dehydrogenase
MHBD, 2-methyl-3-hydroxybutyryl-CoA dehydrogenase
MTP, mitochondrial trifunctional protein
RPE, retinal pigment epithelium
SCHAD, short-chain 3-hydroxyacyl-CoA dehydrogenase
VLCAD, very long-chain acyl-CoA dehydrogenase

Mitochondrial fatty acid �-oxidation is the major energy-
producing pathway in several human tissues, especially in
cardiac and skeletal muscle and the kidney. The liver converts
acetyl-CoA formed by �-oxidation to ketone bodies, acetoac-

etate, and �-hydroxybutyrate. Although the brain and eye
mostly rely on glucose oxidation (1), during prolonged fasting,
the brain is capable of utilizing ketone bodies (2).

Defects of mitochondrial fatty acid �-oxidation are an im-
portant group of inherited metabolic disorders that present in
infancy or childhood with life-threatening metabolic crises. In
only one of these disorders, long-chain 3-hydroxyacyl-CoA
dehydrogenase (LCHAD; EC 1.1.1.211) deficiency, progres-
sive pigmentary retinopathy occurs and is a major complication
potentially leading to blindness (3). The retinopathy begins in
infancy with pigment dispersion and degeneration of the retinal
pigment epithelium (RPE), followed by circumscribed retinal
atrophy with relative sparing of the peripheral fundus (3–6).
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Additional features are posterior staphyloma in advanced cases
and developmental cataract. Treatment of LCHAD deficiency
with a low-fat, high-carbohydrate diet (7) seems to markedly
improve the prognosis and may even slow progression of the
pigmentary retinopathy.

LCHAD is one of the three enzyme activities of the mito-
chondrial trifunctional protein (MTP) localized to the inner
mitochondrial membrane. MTP is composed of four �- and
�-subunits; LCHAD activity resides in the �-subunits (8). The
pathogenetic mechanisms underlying the retinopathy are un-
known, so specific treatment strategies have not been devel-
oped. Previous studies suggest that fatty acid �-oxidation may
have a role in metabolism of the porcine RPE and that MTP is
also expressed in the human retina (9). To further elucidate the
role of mitochondrial fatty acid �-oxidation in the human retina
and the pathogenetic mechanisms of the retinopathy in
LCHAD deficiency, we studied expression of �-oxidation
enzymes in ocular tissues by immunohistochemistry. We also
performed comparative immunohistochemistry of the brain,
another organ protected by a blood-tissue barrier.

METHODS

The primary polyclonal antibodies used for immunohistochem-
istry were raised in rabbits to the following human enzymes that
participate in fatty acid �-oxidation: very long-chain acyl-CoA
dehydrogenase (VLCAD) (10), the MTP (9,11), medium-chain
acyl-CoA dehydrogenase (MCAD; EC 1.3.99.3) (10), and short-
chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD; EC 1.1.1.35)
(10). MTP antibodies labeled both the �- and �-subunits of MTP.
For reference, we used antibodies to other mitochondrial proteins:
polyclonal antibodies to human 2-methyl-3-hydroxybutyryl-CoA
dehydrogenase (MHBD; EC 1.1.1.178) and mouse MAb to sub-
unit I of the complex IV (cytochrome c oxidase; COX I; EC
1.9.3.1) of the respiratory chain (Molecular Probes Europe BV,
Leiden, The Netherlands). This subunit is encoded by the mito-
chondrial DNA. MHBD is involved in �-oxidation of branched-
chain amino acids (12). The study was approved by the institu-
tional review boards, and it adhered to the tenets of The
Declaration of Helsinki. All human studies were conducted with
informed consent.
Immunohistochemistry of paraffin-embedded sections of

the eye and brain. Formalin-fixed, paraffin-embedded eyes
from four adults (age range 58–91 y) and two infants (6 and 9
mo of age) with well-preserved posterior segments were se-
lected for immunohistochemistry from files of the Ophthalmic
Pathology Laboratory, Helsinki University Central Hospital.
The adult eyes were surgically removed because of ocular
injury, uveal melanoma, or orbital extension of basocellular
carcinoma. The children’s eyes were removed because of
retinoblastoma. In addition, immunohistochemistry was per-
formed on eyes that were obtained 24 and 72 h post mortem
from two children (14 and 7 mo of age, respectively) with
LCHAD deficiency. Ophthalmopathologic findings of one of
these patients have been reported earlier (3). The other died of
cardiomyopathy secondary to the homozygosity for the com-
mon mutation G1528C. Formalin-fixed, paraffin-embedded
brain sections from a 29-y-old adult and a 3-mo-old child were

selected from the files of the Department of Pathology, Hel-
sinki University Central Hospital. The adult died as a result of
dissection of the aorta, and the child died as a result of complex
cardiac anomaly. The brain sections were obtained 18 and 20 h
post mortem, respectively. The sections selected were from the
brain stem, cerebellum, frontal cortex, thalamus, and choroid
plexus.

Five-micrometer-thick sections from the eyes and the brain
were cut at regular intervals and mounted on chromium gelat-
in–coated glass slides (0.05 g of potassium chromium(III)sul-
phate dodecahydrate and 0.5 g of gelatin in 100 mL of distilled
water) or Superfrost glass slides (Erie Scientific Co., Ports-
mouth, NH). Some sections were pretreated with heat in citrate
buffer (pH 6.0) at 95°C for 10 min. The sections were stained
with VLCAD, MTP, MCAD, SCHAD, MHBD, or COX I
antibodies (diluted 1:400 to 1:1000). The staining was per-
formed using the avidin-biotinylated peroxidase complex
(ABC) method (Vectastain ABC Elite Kits, rabbit IgG and
mouse IgG; Vector Laboratories, Burlingame, CA) as de-
scribed previously in detail (13). For enabling evaluation of
positive immunoreaction in the pigmented cells, the peroxidase
reaction was developed with 3,3'-diaminobenzidine tetrahydro-
chloride (Sigma Chemical Co., St. Louis, MO). Melanin was
then bleached from ocular sections by incubating the sections
for 12 h with 3% (vol/vol) hydrogen peroxide and 1.0%
(wt/vol) disodium hydrogen phosphate, as described earlier
(14). Sections that were incubated with normal rabbit serum or
without primary antibody were used as negative controls in
stainings with �-oxidation antibodies. Extraocular muscles in
ocular sections and liver sections from diagnostic biopsy
served as positive controls.
Immunohistochemistry of frozen ocular sections. Fresh-

frozen ocular tissue from eyes with well-preserved posterior
segments and ciliary bodies were selected for immunohisto-
chemistry from files of the Ophthalmic Pathology Laboratory,
Helsinki University Central Hospital. The posterior segment
sections were from two adults (63 and 70 y of age) and one
10-mo-old child, and ciliary body sections were from two
adults (43 and 53 y of age). The eyes were surgically removed
because of malignant ocular tumors. The sections were stained
with the antibodies to human VLCAD, MTP, MCAD,
SCHAD, and MHBD. Skeletal muscle samples that were ob-
tained by diagnostic open biopsy from quadriceps femoris
muscle were used as a positive control. Monoclonal rabbit
antibodies to cow S100 protein (DakoCytomation, Glostrup,
Denmark) were used as a positive control, and staining with no
primary antibody served as a negative control.

From ocular tissue, 5-�m-thick sections were cut at regular
intervals and mounted on chromium gelatin–coated glass
slides. The sections were stored at �20°C. Before immunola-
beling, they were treated with cold methanol for 10 min at
�20°C. After washing with PBS, 2% BSA (in PBS) was
applied to sections for 30 min. Sections were washed in PBS,
and polyclonal primary antibody diluted 1:200 to 1:750 in 2%
BSA in PBS was applied to sections overnight at 4°C. After
washing with PBS, secondary antibody (goat anti-rabbit IgG,
conjugated to FITC, absorbed with human IgG; lot F9887;
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Sigma Chemical Co.) diluted to 1:75 in 2% BSA in PBS was
applied to the sections for 30 min at 37°C. Sections were
washed with PBS and water, air dried, and coated with mount-
ing fluid that contained 1,4-diazobicyclo-(2,2,2)-octane (15).
Sections were examined by epi-illuminated immunofluores-
cence microscopy and photographed.

RESULTS

Sections that were stained with VLCAD, MTP, MCAD,
SCHAD, and COX I antibodies strongly labeled most extraoc-
ular muscles. The labeling intensity varied from fiber to fiber.
Immunohistochemistry of paraffin-embedded sections with
VLCAD and MTP antibodies showed labeling of extraocular
nerves. MCAD antibodies labeled extraocular nerves more
strongly in frozen than in paraffin-embedded sections.
VLCAD, MTP, MCAD, SCHAD, and COX I antibodies la-
beled the tunica media of the extraocular arteries. Extraocular
veins were labeled only with SCHAD antibodies. Immunola-
beling of the ocular tissues in two patients with LCHAD
deficiency showed essentially the same labeling pattern as in

controls. There were no differences in the immunolabeling
among ocular sections from children and adults. Hepatocytes
of the control liver sections were labeled with all antibodies
studied.
Anterior segment of the eye (cornea, iris, and ciliary body).

In immunohistochemistry of paraffin sections, VLCAD, MTP,
MCAD, SCHAD, MHBD, and COX I antibodies labeled the
endothelium of the cornea (Table 1). These antibodies also
labeled the posterior epithelium and the anterior myoepithe-
lium (dilator muscle) of the iris. MCAD and SCHAD antibod-
ies labeled the posterior epithelium of the iris more strongly
than the anterior epithelium, whereas COX I antibodies labeled
more intensely the anterior epithelium of the iris. All antibod-
ies labeled the sphincter muscle. VLCAD, MTP, MCAD,
SCHAD, MHBD, and COX I antibodies labeled both the inner
(nonpigmented) and the outer (pigmented) epithelium of the
ciliary body. In staining with MCAD and SCHAD antibodies,
the labeling was stronger in the inner secretory epithelium.
Antibodies to MTP, MCAD, COX I, and particularly SCHAD
showed labeling of the ciliary muscle.

Table 1. Labeling of ocular tissues with antibodies to proteins of mitochondrial �-oxidation and to subunit I of complex IV (COX I) of the
respiratory chain

Layer VLCAD MTP MCAD SCHAD MHBD* COX I

Corneal endothelium � �� � �� � ��†
Iris

Anterior epithelium � �� � � � ��
Posterior epithelium � �� �� �� � �
Sphincter muscle (�) �� �� �� �� ��

Ciliary body
Nonpigmented epithelium � �� �� �� � ��
Pigmented epithelium � �� (�)‡ �‡ � ��
Ciliary muscle � � � �� (�) ��

Neuroretina
Nerve fiber layer �/� ��§ �� ��¶ � ���
Ganglion cell layer � �� �� �¶ � ���
Inner plexiform layer �/� �/� �� �¶ � ���
Inner nuclear layer �/� �� �/�� �/�¶� � ���
Outer plexiform layer � � �� �¶ � �
Outer nuclear layer �/� �/�# �/�# �/�¶# �# �
Outer limiting membrane � �# �# �¶# �# �
Photoreceptor layer �/� �** � � � ��

Retinal pigment epithelium � �� � � � ��
Choroid

Choriocapillaris � � � �/� � �
Larger choroidal vessels � � �� �/� � �
Stroma � � �/� � � �

Extraocular tissues
Rectus muscle � �†† � �� �/� ��
Ciliary arteries �‡‡ � � �� �/� �
Ciliary veins � � � �� � �
Ciliary nerves � (�) (�)‡ (�)‡‡ � �

�/�, the labeling varied from sample to sample; (�) weak labeling.
* More clear in frozen sections, red blood cells also labeled.
† Cornea epithelium was also labeled.
‡ Predominantly basal cytoplasm.
§ In frozen sections.
¶ Probably Müller cell processes.
� Müller cell cytoplasm.
# Müller cell microvilli.
** Inner segments.
†† �� in children.
‡‡ Granular labeling.
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Posterior segment of the eye (retina, RPE, and choroid).
MTP, MCAD, and SCHAD antibodies labeled most strongly
the nerve fiber layer (Table 1, Fig. 1). The pattern of staining
in the inner and outer nuclear layers of the retina with VLCAD,
MTP, MCAD, and SCHAD antibodies suggested labeling of
Müller radial glial cells. MTP and COX I antibodies and some
sections that were stained with VLCAD antibodies showed
labeling of the inner segments of the photoreceptors. MCAD,
SCHAD, MHBD, and COX I antibodies labeled the inner
plexiform layer, whereas MHBD and COX I antibodies also
labeled the inner nuclear layer of the retina. All antibodies
labeled the RPE. The immunoreactivity was most prominent in
the RPE basal cytoplasm. Labeling of the RPE was most robust
and widespread in sections that were stained with MTP and
COX I antibodies. The choriocapillaris was unequivocally
labeled only in sections that were stained with MCAD anti-
bodies. The tunica media of choroidal arteries was labeled with
MCAD, SCHAD, and COX I antibodies.
Immunohistochemistry of the brain. Labeling of most

structures of the brain was more intense and consistent in
immunostaining with COX I antibodies than with any �-oxi-
dation antibody. Most intense labeling with �-oxidation anti-
bodies was detected in choroid plexus (Fig. 2). MCAD anti-
bodies particularly labeled capillaries and the tunica media of
arterial walls.

Immunohistochemistry of the brain sections from the control
individuals with MTP, MCAD, SCHAD, MHBD, and COX I
antibodies showed labeling of the cytoplasm of neurons in the
inferior olives and nuclei of the lower cranial nerves, including
hypoglossal, vagal, and vestibular nerves (Table 2, Fig. 2). In
staining with VLCAD antibodies, labeling of these cranial
nerve nuclei varied from sample to sample. MTP, MCAD, and
COX I antibodies particularly labeled the Raphe nucleus. All
antibodies labeled the locus ceruleus. In the cerebellum, some
Purkinje cells were labeled with MTP, MCAD, SCHAD, and
COX I antibodies. MTP, MCAD, SCHAD, and COX I stain-
ings showed patchy labeling in the epithelium of the choroid
plexus. COX I antibodies labeled the myelin of corticospinal
tracts. All antibodies labeled the tunica media of the cerebral
arteries or arterioles.

DISCUSSION

We have shown previously that cultured porcine RPE cells
possess the machinery needed in mitochondrial fatty acid
�-oxidation in vitro (9). Labeling with MTP antibodies in
several retinal layers was also detected immunohistochemi-
cally (9). On the basis of those findings, it was not clear,
however, whether other �-oxidation enzymes are expressed in
the human retina and whether substrates for �-oxidation have
access to tissues protected by a blood-tissue barrier. The
present study demonstrates selective labeling of neurons in the
brain and of several cell types of the human eye with �-oxi-
dation antibodies showing that these enzymes are not ubiqui-
tously expressed in tissues protected by a blood-tissue barrier.
Therefore, it is probable that mitochondrial fatty acid �-oxi-
dation has a specific role in metabolism of several tissues of the
eye.

Figure 1. Immunohistochemistry of the human retinal specimen stained
with mitochondrial fatty acid �-oxidation (A–D and H) and control anti-
bodies (E–G and I) without counterstain. Sections A–G are from one and
sections H and I from another adult eye specimen. (A) VLCAD antibodies
label strongly the RPE. Labeling of the nerve fiber layer (nfl), ganglion cell
layer (gcl), inner nuclear layer (inl), and photoreceptor cell layer is less
intense; is, inner segments of the photoreceptors; os, outer segments of the
photoreceptors. (B) MTP antibodies label the RPE, photoreceptor cell
layer, inner nuclear layer, ganglion cell layer, and nerve fiber layer.
Labeling of the photoreceptor cells is more intense than with other �-ox-
idation antibodies. (C) In addition to labeling of the RPE, nerve fiber layer,
ganglion cell layer, and inner nuclear layer, MCAD antibodies react with
the outer nuclear (onl) and outer plexiform layers (opl), consistent with
labeling of the Müller cell microvilli. (D) Staining with SCHAD antibodies
shows only weak labeling of the retina in paraffin-embedded sections. (E)
MHBD antibodies label the RPE, inner nuclear layer, ganglion cell layer,
and nerve fiber layer. (F) COX I antibodies label the inner plexiform and
nuclear layers more strongly than �-oxidation antibodies. (G) Control
section with no primary antibody. (H) Staining of frozen section with
SCHAD antibodies shows labeling of the nerve fiber layer, ganglion cell
layer, and inner plexiform layer. Labeling of the inner nuclear layer, outer
plexiform and nuclear layer, and outer nuclear layer suggests labeling of
the Müller cells. (I) Control frozen section with no primary antibody shows
only nonspecific labeling in photoreceptors and the inner limiting mem-
brane. ipl, inner plexiform layer.
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Both clinical and histopathologic evidence has shown that
the layer primarily altered in the retinopathy of LCHAD
deficiency is either the choriocapillaris or the RPE (4). That

most �-oxidation antibodies intensely labeled the RPE and
only MCAD and SCHAD antibodies labeled the choriocapil-
laris further suggests that the primarily affected layer in the
retinopathy of LCHAD deficiency is the RPE. Although the
labeling patterns of �-oxidation enzymes are not uniform, there
is no conclusive difference between staining with MTP and
other �-oxidation enzymes that could explain why retinopathy
is a feature of only MTP deficiency. The immunohistochem-
istry of the neural retina shows, however, that the inner seg-
ments of photoreceptors rich in mitochondria are particularly
labeled with MTP antibodies. It is possible that photoreceptor
cell damage could have a contributory role in the pathogenesis
of LCHAD retinopathy.

The most evident difference between staining with antibod-
ies to �-oxidation proteins and COX I was in the sensory
retina. COX I antibodies labeled the inner plexiform layer
composed of the nuclei of amacrine, bipolar, horizontal, and
Müller radial glial cells, whereas the labeling pattern with
antibodies to fatty acid �-oxidation enzymes in this layer was
compatible with labeling of only Müller cells. Because recent
studies have shown that oxygen consumption in the retina is
greatest in the photoreceptor layer and the inner plexiform
layer (16), our findings suggest a hypothesis that LCHAD
retinopathy may not result solely from depletion of the oxida-
tive phosphorylation. This hypothesis is further supported by
the fact that retinopathy is not a feature of VLCAD deficiency.
Therefore, a possible pathogenetic mechanism for the retinop-
athy in LCHAD deficiency is either the secondary respiratory
chain dysfunction detected in LCHAD deficiency (17) or po-
tential toxicity of hydroxyacylcarnitines that accumulate in this
disorder (18,19). The most prominent difference between stain-
ing with antibodies to proteins involved in fatty acid and amino
acid �-oxidation (MHBD) was in the extraocular muscle and
nerves. MHBD antibodies did not label extraocular nerves, and
labeling of extraocular muscle was sparse and inconsistent.
This shows that expression of individual mitochondrial en-
zymes is cell specific.

Distribution of the neuronal labeling in the brain immuno-
histochemistry with �-oxidation antibodies relates to distribu-
tion of brain damage in Leigh syndrome, a neuropathologically
or neuroradiologically detectable progressive disorder caused
by several defects of oxidative phosphorylation, including
respiratory chain defects and disorders of pyruvate metabo-
lism. This suggests that these phylogenetically old regions of
the brain are metabolically active. Because progressive brain
damage is not a feature of �-oxidation defects, mitochondrial
fatty acid �-oxidation must play a minor role in metabolism of
the CNS. However, the pattern of labeling with �-oxidation
antibodies is consistent with the localization of vacuolar
changes in the deep gray matter, the cerebellum, and brain stem
nuclei detected neuropathologically in infants with LCHAD
deficiency (20).

It is interesting that the RPE, ciliary epithelium, and their
equivalent in the brain, the choroid plexus, were strongly
labeled with antibodies to �-oxidation enzymes. Expression of
�-oxidation enzymes and COX I in the choroid plexus is not
surprising because it is a metabolically highly active compo-
nent of the blood-brain barrier with abundant ion channels. Of

Figure 2. Immunohistochemistry of the human hypoglossal nucleus (A–D) and
choroid plexis (E–H) with mitochondrial fatty acid �-oxidation (E and F) and
control antibodies (C, D, G, and H) without counterstain. MTP (A and E), MCAD
(B and F), and COX I (C and G) antibodies label the cuboidal epithelium of the
choroid plexus and neurons of the hypoglossal nucleus (black arrowheads).
MCAD antibodies also label the capillary wall within a choroidal villus (black
arrowhead) and in the hypoglossal nucleus (white arrowhead). Control sections (D
and H) stained with no primary antibody do not show any particulate labeling.
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these cell layers, the RPE, nonpigmented ciliary epithelium,
and choroid plexus contain high concentrations of mitochon-
dria, consistent with a central role for oxidative phosphoryla-
tion in metabolism of these cells. There is also increasing
evidence that the RPE cells are rich in ion channels (21–24).
Coma and brain edema have been detected in patients with
�-oxidation defects, even during normoglycemia (25). It has
been speculated that they could result from accumulation of
potentially toxic intermediates of disordered �-oxidation. Ex-
pression of �-oxidation enzymes in the human choroid plexus
detected in this study by immunohistochemistry suggests that
dysfunction of the blood-brain barrier also could contribute to
the coma and the brain edema in patients with �-oxidation
defects. Recently, expression of both muscle and liver specific
isoforms of carnitine palmitoyltransferase (CPT) 1 was de-
tected in the choroid plexus of the mouse (26). Because CPT 1
seems to be an important regulatory enzyme of the mitochon-
drial fatty acid �-oxidation, expression of this enzyme in the
choroid plexus further confirms that �-oxidation participates in
its metabolism.

CONCLUSION

Our findings further support the hypothesis that mitochon-
drial fatty acid �-oxidation is involved in metabolism of the
RPE, which could be the cell layer that is the most severely and
primarily affected in the retinopathy associated with LCHAD
deficiency. Labeling of photoreceptor inner segments, particu-
larly with MTP antibodies, could possibly explain why reti-
nopathy is a specific feature of LCHAD deficiency. Immuno-
histochemistry results of the brain suggest that blood-tissue
barrier dysfunction could play a role in the pathogenesis of the
brain edema in �-oxidation defects.
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