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Abstract Ocular tissues are highly dependent on lipid turn-
over and metabolism, which requires an uptake mechanism
for fatty acids from lipoproteins. We studied the activity and
expression of lipoprotein lipase (LPL), which catalyzes the
hydrolysis of plasma triglycerides, in different ocular regions.
Human and bovine eyes were dissected and various special-
ized anatomical areas were assayed for LPL activity, mRNA,
and immunoreactivity. Variable levels of LPL activity were
detected in all structures in human and bovine eyes. LPL
activity was much higher in vascularized structures, such as
ciliary body, iris, and retina than in avascular eye structures,
such as vitreous body, lens, and cornea. In both human and
bovine eyes, ciliary body contained the highest LPL lipolytic
activity. LPL mRNA was detected by reverse transcription
followed by polymerase chain reaction (RT-PCR) in all re-
gions of human eyes. By RT-PCR analysis it was shown that
bovine eyes contained high levels of LPL mRNA in ciliary
body and iris, lower levels were found in retina, optic nerve,
and lens, whereas no LPL mRNA could be found in bovine
cornea. RT-PCR data, obtained in bovine eyes, agree with the
results obtained by Northern blot experiments, confirming
the high levels of LPL mRNA in iris and ciliary body. Im-
munofluorescence experiments performed on human eye
samples indicated that the LPL protein is mostly distributed
on the choroides, the choriocapillaris, and on the vessels of
ciliary body, iris, optic nerve, and retina. Bl The present
study demonstrates that active LPL protein is synthesized,
secreted, and located among microvessels in several special-
ized regions of the eye, and suggests that LPL could be
involved in the uptake of fatty acids by the ocular tis-
sues.—Casaroli-Marano, R. P., ]J. Peinado-Onsurbe, M. Re-
ina, B. Staels, J. Auwerx, and S. Vilaré. Lipoprotein lipase in
highly vascularized structures of the eye. J. Lipid Res. 1996. 37:
1037-1044.
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Ocular tissues do not normally store large reserves of
fat. Most of their lipids are located in cell membranes
and their organelles. For example, polyunsaturated fatty

acids are abundant in retinal photoreceptor cells, which
are crucial for visual transduction and neurotransmis-
sion (1-3). These processes require a high turnover of
the lipid constituents, which implies an effective mecha-
nism for their uptake and further processing. Lipopro-
teins, the major source of lipids for organs, are efficient
carriers of energy-rich but insoluble plasma lipids from
sites of synthesis (liver) to sites of storage or utilization
(4). Several classes of lipoproteins can be distinguished
on the basis of their lipid and protein composition. The
major lipids transported within chylomicrons and very
low density lipoprotein (VLDL) particles are
triglycerides (5, 6). These triglyceride-rich lipoproteins
bind transiently to endothelial sites, where their
triglycerides are hydrolyzed by lipoprotein lipase (LPL),
liberating fatty acids and monoglycerides, which are
consequently taken up by cells and used in metabolic
reactions (7). LPL is synthesized in parenchymal cells of
many tissues, but its functional site is at the vascular
endothelium, where it binds to heparan sulfate proteo-
glycans (7). The enzyme is located in the glycocalyx,
where it can interact with lipoprotein particles. Previous
studies (8-10) have shown that LPL is synthesized in a
wide variety of cell types such as adipocytes, skeletal and
smooth muscle cells, neurons, myocytes, mammary epi-
thelial cells, and macrophages (see ref. 8 for review), and
its distribution has been demonstrated in vessels of
different tissues such as lung, spleen, brain, and liver
(9-11).

Dyslipidemic conditions, such as those seen in LPL

Abbreviations: LPL, lipoprotein lipase; VLDL, very low density
lipoprotein; LDL, low density lipoprotein; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; RT-PCR, reverse transcription poly-
merase chain reaction.
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deficiencies, are associated with increased levels of chy-
lomicrons transported in plasma. Mild or severe ocular
manifestations such as lipemia retinalis, retinal degen-
eration, amongst others can be observed in such disor-
ders (12-14). In view of the low lipid storage capacity of
the eye, despite an extremely active fatty acid metabo-
lism, and in view of the possible presence of ocular
alterations observed in genetic deficiencies in LPL, we
were interested in studying this enzyme in ocular tissues.
Because in other tissues LPL is the functional enzyme
responsible for the hydrolysis of plasma triglycerides
and the uptake of fatty acids from triglyceride-rich lipo-
proteins, we hypothesized that LPL may be involved in
the uptake of fatty acids by ocular tissues. For this
purpose we analyzed LPL activity, mRNA expression,
and LPL immunoreactivity by immunofluorescence
studies in different areas of both human and bovine
eyes. The results provide direct evidence in favor of the
hypothesis that LPL is synthesized and active in the eye.

MATERIALS AND METHODS

Tissue samples

Normal human eyes (n = 13), donated for corneal
transplant in accordance with the Standardized Rules
for Development and Applications of Organ Trans-
plants contemplated by Spanish law, were obtained
from the Eye Bank of Barraquer Ophthalmological Cen-
ter (Barcelona, Spain). Donors were aged between 3 and
85 yr (mean age = 60.3 yr) and the ocular samples were
processed within 12-48 h post-mortem. Bovine eyes (n
= 10) were obtained from young animals in a local
slaughterhouse, and processed within 2-6 h of death.
All specimens were carefully examined, dissected into
pieces corresponding to the anatomical zones (cornea,
iris, lens, ciliary body, retina, vitreous body, and optic
nerve), weighed, rapidly frozen in liquid nitrogen, and
maintained at -80°C, until preparation of tissue homo-
genates for LPL activity assays and RNA extraction. For
immunofluorescence studies, a part of the fresh tissue
was immediately fixed with 3% paraformaldehyde in 0.1
M PBS, pH 7.4, for at least 12 h at 4°C. Tissue was then
rinsed in 0.1 M PBS and immersed in 2.1 M sucrose in
PBS solution for 2 to 4 h. The samples were then
embedded in OCT (Miles, Elkhart, IN), frozen in isopen-
tane, and stored at -80°C for cryostat sections.

Chemicals and antibodies

Bovine serum albumin (essentially fatty acid-free), egg
albumin, gelatin, dithiothreitol, trioleoylglycerol, and
PIPES, were obtained from Sigma Chemical (St. Louis,
MO). HEPES was from Boehringer-Mannheim
(Mannheim, Germany). Tri{9,10{(n)-*H]oleoylglycerol
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was obtained from Amersham (Bucks, U.K.). Affinity-
purified chicken antibodies against bovine milk LPL
(ChalLPL) and preimmune antibodies were generously
given by Dr. Gunilla Olivecrona (University of Umea,
Umead, Sweden). Rabbit antiserum against recombinant
human LPL (RaLPL) and preimmune serum were pro-
duced in our laboratory. All other reagents were of the
highest purity available.

Indirect immunofluorescence procedure

For immunofluorescence techniques, sections (7 ym
to 12 pm) were obtained by cryostat (Frigocut 2800 E,
Reichert-Jung, Wein, Austria), placed on 0.5% gelatin-
coated slides, and kept in a humidified chamber at 4°C
for immunocytochemistry. Indirect immunofluores-
cence was performed according to Camps and col-
leagues (10, 11). Primary antibodies against LPL were
incubated for 2 h. The secondary conjugated antibodies,
FITC-conjugated rabbit anti-chicken IgG (Sigma) for the
chicken antibody, and FITC-conjugated goat anti-rabbit
IgG F(ab’)y fragment (Boehringer-Mannhein) for the
rabbit antiserum, were applied for 1 h in darkness.
Negative control sections were prepared either by omis-
sion, by immunoabsorption of the first antibody with
purified bovine LPL, or by substitution of the antiserum
with preimmune serum. Immunostaining was visualized
with an epifluorescence and interferential contrast mi-
croscope (Polyvar II, Reichert-Jung).

LPL activity assay

In order to determine LPL activity in different ana-
tomical zones of human and bovine eyes, each sample
was homogenized at 4°C with 10 vol buffer containing
1 mM dithiothreitol, 1 mM EDTA, 0.25 M sucrose, 10 mM
HEPES, pH 7.5, in a Potter homogenizer and centri-
fuged at 1,000 g for 10 min. The supernatant was divided
into aliquots and stored at -40°C. LPL activity was deter-
mined according to Ramirez and colleagues (15) with
minor modifications. The assay mixture contained 0.6
mM tri[9,10<(n)3H]oleoylglycerol (12 Ci/mol), 50 mMm
MgCly, 0.05% albumin (fatty acid free), 3% serum (pre-
heated 60 min at 50°C), 25 mM PIPES (pH 7.5), and 20
pl of sample in a final volume of 0.2 ml. Incubation was
carried out for 30 min at 25°C. The reaction was termi-
nated and the [3H]oleate released was quantified as
previously described (16). One unit of enzymatic activity
is the amount of enzyme that catalyzes the release of 1
umo! of oleate/min. All experiments involving LPL
activity determinations were performed in six different
samples. Results are given as mean * SE. In some
experiments, samples (20 pl) of homogenates were in-
cubated with different dilutions (1:1 up to 1:1024) of
ChaLPL. Dilutions were incubated for 2 h at 4°C, and
duplicate 20 pl samples were then taken to determine
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LPL activity (see above). Some of the samples were
incubated in parallel with preimmune chicken antibod-
ies as control.

Northern blotting, LPL hybridization, and reverse
transcription-PCR (RT-PCR) procedures

Total cellular RNA was prepared by the acid
guanidinium thiocyanate/phenol-chloroform method
(17) from fresh human ocular tissues (between 12 and
48 h post-mortem), and from frozen bovine ocular
tissues (2 at 6 h post-mortem). Northern and dot-blot
hybridizations of total cellular RNA were performed as
described previously (18). A 1.36 kb Eco RI fragment of
the human LPL ¢cDNA clone hLPL26 (19) was randomly
primed, labeled, and used as a probe. Autoradiograms
were analyzed by quantitative scanning densitometry
(GS670 Densitometer, Bio-Rad, Richmond, CA).

For PCR amplification of human LPL, 1 ug of total
RNA extracted from different human ocular tissues was
reverse-transcribed using random primer hexamers.
LPL, and GAPDH as internal control, were subsequently
PCR-amplified (7 min at 94°C, 35 cycles of 1 minat 94°C,
1 min at 58°C, and 1 min at 72°C) simultaneously in the
same tube using specific primers (LPL sense primer:
GCA AGC TTG GTA CCA ATG GAG AGC AAA GCC
CTG; LPL antisense primer: TAC ATT CCT GTT ACC
GTC CAG CCATGG ATC; GAPDH sense primer: TGA
TGA CAT CAA GAA GCT GGT GAA G; and GAPDH
antisense primer: TCCTTG GAG GCC ATG TGG GCC
AT). Expected PCR fragments, 277 bp long for LPL,
corresponding to bases 175-437 (20), and 239 bp long
for GAPDH, were separated by 2% agarose gel electro-
phoresis. As controls we used RT-PCR from COS-1 cell
RNA isolated either from non-transfected cells or from
cells transfected with hLLPL29 (21). The LPL PCR frag-
ment (277 bp) was cloned in pGEM-T® vector
(Promega, Madison, WI) and the insert was sequenced
by the dideoxy termination method (22) to confirm the
presence of the LPL sequence.

From bovine eyes, 133 ng of total RNA extracted from
different ocular tissues was reverse-transcribed using
random primer hexamers. LPL was subsequently PCR-
amplified (40 cycles of 1 min at 94°C, 1 minat 57°C, and
30 sec at 72°C) using specific primers (LPL sense primer:
GTG GTG GAC TGG CTG TCA CGG GC; and LPL
antisense primer: CTG TTG ACC TTC TTATTG GTC
AGA CTT CCT GCA AT), which correspond to bases
266-288 (sense primer) and 437-471 (anti sense primer)
of the bovine LPL ¢cDNA sequence (23), and recognize
both human and bovine LPL. The resulting 206 bp PCR
fragment was separated by 2% agarose gel electropho-
resis. RNA extracted from THP-I cells, which express
LPL mRNA after differentiation by treatment with phor-
bol esters (19), was used as a control for LPL expression.

GAPDH specific primers were used as internal controls

(24).

RESULTS

LPL activity in human and bovine ocular regions

In order to determine whether LPL activity is present
in human and bovine eyes, post-mortem specimens were
carefully dissected into pieces corresponding to the
major anatomical regions of the eye (cornea, iris, lens,
ciliary body, retina, vitreous body, and optic nerve) and
LPL hydrolytic activity was assayed. The results indicate
that LPL activity is present in all of the ocular regions
in both human and bovine eyes (Fig. 1). However, the
levels of LPL activity found in the various regions were
different. Comparing the levels of LPL activity in differ-
ent areas of human and bovine eyes we detected a
similar pattern, although lipolytic activity tended to be
slightly higher in human eyes. In both cases, it was
possible to distinguish three different types of areas
according to the degree of tissue vascularization and
LPL lipolytic activity: a} avascular regions, vitreous body,
lens, and cornea, which presented low levels of LPL
activity, in the range of 0.1 to 1.0 mU/g of tissue; &)
vascularized regions, which presented intermediate LPL
activity (in human samples these correspond to the optic
nerve (1.6 £ 0.68), and in bovine samples to the optic
nerve (1.08 £ 0.29), the iris (1.6 £ 0.9), and the retina

LPL activity in eyes (mU/g)

human

Fig. 1. LPL activity in human and bovine eyes. LPL activity was
determined in human (n = 13) and bovine (n = 10) eyes as described
in Material and Methods. Lipolytic activity in human and bovine ocular
tissues was determined in 20 pl of homogenate of each indicated
anatomical region. Results are given as mean + SE.

Casaroli-Marano et al. Lipoprotein lipase in eye 1039

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

. D D N

A

" ASBVIB

JOURNAL OF LIPID RESEARCH

I

(2.0 £ 0.5)); and ¢) highly vascularized regions, which
presented higher LPL lipolytic activity, such as the iris
(10.97 £ 4.65), the retina (6.59 * 0.68), and the ciliary
body (22.9 +4.1) in human samples, and the ciliary body
(16.0 £ 2.1) in bovine eyes. Values obtained in highly
vascularized structures were considerably high when
compared to the activity detected in rat adipose tissue
(78 £ 5.0) using the same assay (25). The differences in
activity found between iris and retina in human and
bovine samples may be explained by the more devel-
oped vascularization in human than in bovine structures
(26). In contrast, in both human and bovine eye, the
ciliary body, a smooth muscle structure, contained the
highest LPL lipolytic activity levels. To confirm that the
lypolytic activity measured was due to the hydrolytic
action of LPL, we performed immunoinhibition experi-
ments, in which human ciliary body homogenates were
incubated with different dilutions of specific anti-LPL
antibody (ChaL.PL) for 2 h at 4°C and centrifuged, and
the LPL activity was assayed in the supernatants. The
results indicate that lipolytic activity detected in ciliary
body was inhibited between 50% and 70% when com-
pared with control samples incubated with correspond-
ing preimmune antibodies (not shown). This incom-
plete inhibition of the LPL lipolytic activity may be due
to moderate specificity of the ChaLPL when used
against human tissue homogenates. Parallel experi-
ments performed to test for the presence of hepatic
lipase in eye tissue did not detect lipolytic activity.
However, the possibility that there could be other
lipolytic activity in the eye, not correlated with LPL, was
not ruled out.

LPL mRNA in human and bovine ocular tissues

To determine whether the LPL gene is expressed in
human eyes, the presence of LPL. mRNA was assayed by
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Fig. 2. Detection of human LPL mRNA in the indicated regions of
human eye. RT-PCR of LPL and GAPDH as internal control was
performed with 1 pg of RNA isolated from each ocular region.
Expected sizes of RT-PCR fragments were 277 bp for LPL and 239 bp
for GAPDH. As positive control, RNA isolated from 48 h COS-1
transfected cells (COS1 tr.c.) with human LPL was used. Non-trans-
fected COS-1 cells (COS1) were used as negative control.
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Fig. 3. Detection of bovine LPL mRNA in different areas of bovine
eye by Northern blot and RT-PCR. Northern blot analysis (A) was
performed as described in Material and Methods with human LPL
c¢DNA as a probe. RT-PCR (B) was carried out with 133 ng of RNA
isolated from each of the indicated ocular areas. As positive control
RNA from THP-1 cells induced with phorbol esters was used. RT-Mix
and PCR-Mix were used as negative controls.

RT-PCR on total RNA isolated from the same human
ocular areas in which LPL activity was previously de-
tected. RNA could not be isolated from vitreous body,
so this structure was not analyzed. Using this approach
LPL mRNA was detected in all ocular regions assayed:
cornea, lens, ciliary body, iris, optic nerve, and retina
(Fig. 2). As internal control we performed simultaneous
GAPDH RT-PCR amplification. To confirm the specific-
ity of the amplification, a PCR fragment of 277 bp from
human retina was cloned in pGEM-T® (Promega) and
the DNA sequence of the insert was then determined.
As expected, the sequence corresponded to bases 175
to 437 of human LPL. Quantification of human LPL
mRNA in the different areas by either Northern or
slot-blot hybridization methods was unsuccessful. This
could be attributed to partial mRNA degradation due
to the long time that passed between the death of the
donor and RNA extraction (12-48 h).

In contrast to the human eye samples, the sampling
conditions of bovine ocular tissues were easier to control
experimentally, and hence it was possible to detect the
presence of bovine LPL mRNA by Northern blot hy-
bridization in ciliary body and iris (Fig. 3A). Using
RT-PCR, LPL mRNA was also detected in iris, ciliary
body, retina, optic nerve, and lens. When LPL mRNA
levels were quantified by dot-blot in quantitative scan-
ning densitometry, relative levels of 100% £ 10% were
arbitrarily assigned to ciliary body and 89% + 19% was
found in iris, whereas LPL mRNA could not be detected
in other eye areas by this technique. In comparison,
relative levels of LPL mRNA in rat heart muscle were
1200% + 40% of the mRNA levels in ciliary body.

Immunolocalization of LPL in human ocular tissues

The pattern of distribution of LPL protein in vivo was
established by indirect immunofluorescence in cryostat
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sections from different human ocular regions in which
LPL activity and mRNA were detected. As expected,
immunolabeling for LPL was found in highly vascular-
ized structures, which corroborates our previous results
obtained in the experiments on activity and mRNA
expression. However, the intensity of fluorescent label-

Fig.4. Immunolocalization of LPL in human ocular tissues. Cryostat
sections were incubated with specific anti-human LPL serum (RaL.PL)
and stained with FITC-conjugated IgG F(ab’); fragment. a: Iris capil-
laries (arrows) and iris superficial stroma presented a mild and faint
immunostain, respectively. b: Capillaries of the ciliary processes (ar-
rows) and non-pigmented epithelium (ce) of this structure presented
amild stain; pigmented epithelium (pe) of ciliary process was negative.
c: LPL immunostaining in choroides (Ch), choriocapillaris (Cc) and
capillar (arrow) of the retina (R) were strongly positive for anti-LPL
serum. a and b (x 500); ¢ (x 260); bar = 40 pm.

Fig. 5. Immunolocalization of LPL in human retina. Interferential
contrast microscopy (a) reveals the layers of the retina. Indirect
immunofluorescence for LPL staining on consecutive cryosections of
the retina was performed with RaLPL (c) and by immunoabsorption
of the primary antiserum with purified bovine LPL (b), as control. LPL
labeling (c) was mainly seen in internal layers of the retina (nf, nerve
fibers layer; gc, ganglion cell layer; ip, inner plexiform layer; in, inner
nuclear layer), whereas poor or no labeling was observed in most
external layers (op, outer plexiform layer; on, outer nuclear layer; el,
external limiting membrane; and rc, photoreceptor layer). a (x 950);
b and c (x 900); bar = 20 pm.

ing was mild in most cases. LPL was observed mainly in
vascularized regions such as the choroides, the chorio-
capillaris, and in the capillaries of ciliary body, iris, and
retina (Fig. 4 and Fig. 5), and also in the central retinal
vein in the optic nerve (not shown). Ocular tissues such
as the interstitial stroma of the ciliary body and the iris,
loose connective tissues, showed diffuse labeling (not
shown). LPL immunostaining was usually found in the
capillaries of the iris (Fig. 4a) and ciliary processes (Fig.
4b), where little stromal tissue surrounds capillaries,
whereas the smooth muscle that conforms the iris-ciliary
body complex exhibited poor labeling. Immunoreactiv-
ity for this enzyme was also found on non-pigmented
ciliary epithelium (Fig. 4a). Highly vascularized chorio-
capillaris and choroides showed intense staining (Fig.
4c). Consecutive cryostat sections used as control were
found negative for LPL labeling (not shown). Bruch’s
membrane, the border between ciliary stroma and cili-
ary epithelium, presented a characteristic autofluores-
cence when excited by ultraviolet light, which made it
difficult to discern the presence of the enzyme in this
structure (not shown). Internal layers of the retina
showed a moderate labeling intensity, whereas little
staining was observed in the external layers (Fig. 5).

DISCUSSION
The pathways by which fatty acids and phospholipids

are metabolized in the eye are similar to those in other
tissues (1-3). It has been shown that a number of
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radioactive lipid precursors are rapidly incorporated
into phospholipids in the eye tissues (27). A very high
lipid turnover is observed as the ocular tissues do not
store lipids, and a mechanism of immediate uptake from
the bloodstream is therefore needed (28). In other
tissues, LPL is responsible for the generation of fatty
acids from plasma lipoproteins, which can be taken up
consecutively by the cells (7). For this reason we analyzed
whether LPL is present in specialized regions of both
human and bovine eyes. The results provide the first
direct evidence that LPL is synthesized, secreted, and
distributed among microvessels in several highly special-
ized ocular regions. Thus, LPL could, in part, be respon-
sible for controlling the lipid uptake in ocular tissues.
In the present work, we found a positive correlation
between the degree of vascularization in the ocular
tissues and the presence of LPL activity. Avascular struc-
tures in human and bovine eyes, such as the cornea, the
lens, and the vitreous body, showed low levels of LPL
activity. Results from RT-PCR mRNA determinations in
bovine eyes corroborated the findings of LPL activity
assays and indicated rather low levels of LPL mRNA in
these avascular structures. The optic nerve contained
intermediate levels of LPL activity and mRNA whereas
both human and bovine iris and ciliary body presented
the highest LPL activity and LPL. mRNA expression. The
iris and the ciliary body are dynamic muscular structures
capable of precise and rapid changes in response to light
stimuli and to specific pharmacological agents. In addi-
tion, they are key components of the blood-aqueous
barrier, which regulates both the composition and the
ionic environment of ocular tissues (28). These tissues,
which have a specialized metabolic function, are highly
vascularized structures. In view of their dynamic muscu-
lar function, iris and ciliary body utilize large amounts
of energy for which the preferred substrates are fatty
acids (1-3, 27, 28). This fact requires the presence of
high levels of LPL mRNA, immunoreactive mass, and
lipolytic activity, as was detected by our assays. By immu-
nolabeling we observed the LPL enzyme on the capillary
endothelium, where it can exert its action on circulating
lipoproteins. Unfortunately, due to the low level of LPL
mRNA, it was not possible, by conventional in situ
hybridization procedures, to localize the site of produc-
tion of LPL within these tissues. Previous experiments
(10, 11) indicate that in the major LPL-producing tis-
sues, the enzyme is predominantly produced by the
parenchymal cells or by tissue macrophages. The pro-
duction and turnover of LPL is regulated in relation to
substrate needs (8). Furthermore, cultured endothelial
cells are unable to produce LPL (29), which implies that
the LPL immunolocalized to the endothelium originates
in parenchymal cells. Both iris and ciliary body are
smooth muscle tissues (27, 28), and as smooth muscle
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cells have been reported to synthesize LPL (30), it is
likely that the LPL found on the endothelium in these
ocular regions is produced by the parenchymal muscle
cells. Further, macrophage-like characteristics of tra-
becular meshwork cells in the iris-ciliary body complex
have been reported (31). However, the precise cell type
in which LPL is synthesized remains to be determined
using more sensitive methods.

The presence of substantial amounts of LPL mRNA
and activity in both human and bovine retina is particu-
lary interesting. Previous studies (32, 33) have estab-
lished that the development of the retina is highly
dependent on the supply of polyunsaturated fatty acids
synthesized from essential fatty acids in the liver. These
are incorporated into triglycerides and then secreted as
VLDL particles in the blood. VLDL triglycerides are
excellent substrates for LPL action (7, 8) and, as the
result of its lipolytic activity, the fatty acids incorporated
into triglycerides are released in appropriate tissues.
Polyunsaturated fatty acids represent the major compo-
nents of plasmma membranes in the retina (1, 2). There-
fore, LPL action is crucial in liberating these fatty acids
(essential or nonessential) again at the site of final
utilization. The finding that dietary deficiency of n-3
fatty acids during development causes severe damage to
the retina (32, 34) further underscores the importance
of dietary n-3 fatty acids and of LPL for the continuous
supply of this class of fatty acids. As these fatty acids are
indispensable for normal eye development, the ocular
tissues require a very efficient system for their uptake.
The outer segments of photoreceptors in vertebrate
retinas contain the highest concentration in the eye of
docosahexaenoic acid (DHA 22:6n-3), an essential poly-
unsaturated fatty acid, which comprises up to one half
of the fatty acids in the disc phospholipids (35). Recent
studies (33, 36) show that DHA 22:6n-3 is transported
within triglycerides in the circulation by the conven-
tional lipoprotein pathways. This fact indicates the con-
tinuous need for this fatty acid in relevant events in eye
metabolism (33-37). Our immunofluorescence data
showed that more LPL was present in internal than in
the external layers of the retina, which showed poor or
no LPL labeling. As the choriocapillaris system provides
the vascular irrigation of external retinal layers, and
retinal capillaries are only observed just up to the half
internal part of retina, but may aid to nourish the inner
parts of the photoreceptors (38), it was as expected that
the immunolabeling for LPL localized on the internal
retina, which corresponds to the vascularized region. At
this site, the enzyme would be optimal to facilitate the
uptake of polyunsaturated fatty acids for the retinal
cells. Thus, our present findings regarding LPL activity,
immunoreactivity, and LPL mRNA in both human and
bovine retina strongly suggest that LPL could contribute
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in a major fashion to the efficient uptake of fatty acids
in the retina.

The presence of LPL in specialized regions of the
human eye could also be relevant for further investiga-
tions about ocular alterations observed in some diseases.
Disorders of lipid metabolism, such as hyperlipidemia
or chylomicronemia, are associated with ocular and/or
systemic manifestations (13). Chylomicrons have been
shown to accumulate in plasma, in the inherited disor-
der familial LPL deficiency. Similar accumulation of
triglyceride-rich lipoproteins can be observed in more
common forms of familial hypertriglyceridemia or in
patients with secondary forms of hyperlipidemia, such
as seen in uncontrolled diabetes mellitus, during estro-
gen or antihypertensive drug therapy, or in alcohol
abuse (12, 13). In all these disorders, eruptive xan-
thomata, pancreatitis, and lipemia retinalis, which con-
sist in alterations of retinal arterioles and venules, can
be observed (13). However, the precise role of eye LPL
in such ocular alterations remains to be investigated.

In summary, the results observed in the present work
demonstrate that LPL is expressed in highly specialized
structures of human and bovine eyes, being highest in
vascularized and lowest in avascular anatomical ocular
areas. Therefore, LPL could play a crucial role in pro-
viding the eye with essential fatty acids.pg

We thank Dr. Gunilla Olivecrona for providing bovine LPL
and antibodies against bovine LPL. We are grateful to Pavid
Garcia for his expert technical assistance and to Robin Rycroft
for his expert editorial help. This work was supported by the
Comision Interministerial de Ciencia y Tecnologia (grant SAF-
92-0897), the Fondo de Investigaciones Sanitdrias from Minis-
terio de Sanidad (grant 93/0423E), the INSERM, the Fonda-
tion pour la Recherche Medicale, the CNRS, and the European
Community (BIOMED P1-921243). B.S. is a Chargé de Re-
cherche and J.A. is a Directeur de Recherche of CNRS.

Manuscript received 19 October 1995 and in revised form 6 February 1996.

REFERENCES

1. Feldman, A. L. 1967. Human ocular lipids: their analysis
and distribution. Surv. Ophthalmol. 12: 207-243.

2. Broekhuyse, R. M., and F. J. M. Daemen. 1977. The eye.
In Lipid Metabolism in Mammals. F. Snyder, editor. Ple-
num Press, New York. 145-188.

3. Birkle, D. L., and N. G. Bazan. 1988. The arachidonic acid
cascade and phospholipid and docosahexaenoic acid me-
tabolism in the retina. In Progress in Retinal Research,
Vol. 5. N. Osborne and G. Chader, editors. Pergamon
Press, Oxford. 309-335.

4. Angelin, B., and G. Gibbons. 1993. Lipid metabolism.
Curr. Opin. Lipidol. 4: 171-176.

5. Brown, M. S., P. T. Kovanen, and J. L. Goldstein. 1981.
Regulation of plasma cholesterol by lipoprotein recep-
tors. Science. 212: 628-635.

6. Owen, J. 8., and N. McIntyre. 1982. Plasma lipoprotein
metabolism and lipid transport. Trends Biol. Sci. '7: 95-98.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Olivecrona, T., and G. Bengtsson-Olivecrona. 1993. Lipo-

protein lipase and hepatic lipase. Curr. Opin. Lipidol. 4:
187-196.

. Braun, ]J. E. A, and D. L. Sverson. 1992. Regulation of the

synthesis, processing and translocation of lipoprotein
lipase. Biochem. . 287: 337-347.

. Goldberg, 1. J., D. R. Soprano, M. L. Wyatt, T. M. Vanni,

T. G. Kirchgessner, and M. C. Schotz. 1989. Localization
of lipoprotein lipase mRNA in selected rat tissues. J. Lipid
Res. 30: 1569-1577.

Camps, L., M. Reina, M. Llobera, S. Vilaré, and T. Olive-
crona. 1990. Lipoprotein lipase: cellular origin and func-
tional distribution. Am. J. Physiol. 258: C673-C681.
Camps, L., M. Reina, M. Llobera, G. Bengtsson-Olive-
crona, T. Olivecrona, and S. Vilar6. 1991. Lipoprotein
lipase in lungs, spleen, and liver: synthesis and distribu-
tion. J. Lipid Res. 32: 1877-1888.

Eckel, R. H. 1989. Lipoprotein lipase. A multifunctional
enzyme relevant to common metabolic diseases. N. Engl.
J- Med. 320: 1060-1068.

Brunzell, J. D. 1989. Familial lipoprotein lipase deficiency
and other causes of the chylomicronemia syndrome. In
The Metabolic Basis of Inherited Disease. Vol. I. C. R.
Scriver, A. L. Beaudet, W. S. Sly and D. Valle, editors.
McGraw-Hill Co., New York. 1165-1180.

Frohlich, J., and P. H. Pritchard. 1992. Analysis of familial
hypoalphalipoproteinemia syndromes. Mol. Cell Biochem.
113: 141-149.

Ramirez, L, A. J. Kryski, O. Ben-Ze’ev, M. C. Schotz, and
D. L. Severson. 1985. Characterization of triacylglycerol
hydrolase activities in isolated myocardial cells from rat
heart. Biochem. J. 232: 229-236.

Burgaya, F., ]J. Peinado-Ounsurbe, S. Vilar6, M. Llobera,
and 1. Ramirez. 1989. Lipoprotein lipase activity in neo-
natal rat liver cell types. Biochem. J. 259: 159-166.
Chomczynsky, P., and N. Sacchi. 1987. Single step method
for RNA isolation by acid guanidinium-thiocyanate-phe-
nol-chloroform extraction. Anal. Biochem. 162: 156-159.
Staels, B., A. Van Tol, T. Andreu, and J. Auwerx. 1992.
Fibrates influence the expression of genes involved in
lipoprotein metabolism in a tissue selective manner. Arte-
rioscler. Thromb. 12: 286-294.

Auwerx, J., S. 8. Deeb, J. D. Brunzell, R. Peng, and A. C.
Chait. 1988. Transcriptional activation of the lipoprotein
lipase and apolipoprotein E genes accompanies differen-
tiation in some human macrophage-like cell lines. Bio-
chemistry. 27: 2651-2655.

Wion, K. L., T. G. Kirchgessner, A. J. Lusis, M. C. Schotz,
and R. M. Lawn. 1987. Human lipoprotein lipase comple-
mentary DNA sequence. Science. 235: 1638-1641.

Busca, R., M. A. Pujana, P. Pognonec, J. Auwerx, S. S.
Deeb, M. Reina, and S. Vilaré. 1995. Absence of N-glyco-
sylation at asparagine 43 in human lipoprotein lipase
induces its accumulation in the rough endoplasmic reticu-
lum and alters its cellular compartment. J. Lipid Res. 36:
939-951.

Sanger, F., S. Niklen, and A. R. Coulson. 1977. DNA
sequence with chain-terminating inhibitors. Proc. Natl.
Acad. Sci. USA. 74: 5463-5467.

Senda, M., K. Oka, W. V. Brown, P. K. Qasba, and Y.
Furuichi. 1987. Molecular cloning and sequencing of a
c¢DNA coding for bovine lipoprotein lipase. Proc. Natl.
Acad. Sci. USA. 84: 4369-4373.

Tokunaga, K., Y. Nakamura, K. Sakata, K. Fujimoro, M.
Ohkubo, K. Sawada, and S. Sakiyama. 1987. Enhanced

Casaroli-Marano et al. Lipoprotein lipase in eye 1043

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

25.

26.

27.

28.

29.

30.

31

expression of a glyceraldehyde-3-phosphate dehydro-
genase gene in human lung cancers. Cancer Res. 47:
5616-5619.

Galan, X., M. Llobera, and 1. Ramirez. 1994. Lipoprotein
lipase and hepatic lipase in Wistar and Sprague-Dawley
rat tissues. Differences in the effects of gender and fasting.
Lipids. 29: 333-336.

Martin, C. L., and B. G. Anderson. 1981. Ocular anatomy.
In Textbook of Veterinary Ophthalmology. K. N. Gellat,
editor. Lea and Febiger, Philadelphia. 12-121.
Abdel-Latif, A. A., and J. P. Smith. 1979. Distribution of
arachidonic acid and other fatty acids in glycerolipids of
the rabbit iris. Exp. Eye Res. 29: 131-140.

Abdel-Latif, A. A. 1983. The iris-ciliary body. /n Biochem-
istry of the Eye. R. E. Anderson, editor. American Acad-
emy of Ophthalmology Manuals Program, San Francisco.
48-78.

Knobler, H., T. Chajek-Shaul, T. Olivecrona, O. Stein, and
Y. Stein. 1982. Fate of '®I-labeled lipoprotein lipase in
cells in culture. Comparison of lipoprotein lipase- and
non-lipoprotein lipase-synthesizing cells. Biochim. Biophys.
Acta. T11: 114-122,

Jonasson, L., G. Bondjers, and G. K. Hasson. 1987. Lipo-
protein lipase in artheriosclerosis: its presence in smooth
muscle cells and absence from macrophages. . Lipid Res.
28: 437-445.

Chang, I. L., G. Elner, Y. J. T. Yue, A. Cornicelli, J. E.
Kawa, and V. M. Elner. 1991. Expression of modified

1044  Journal of Lipid Research Volume 37, 1996

32.

34,

35.

36.

38.

low-density lipoprotein receptors by trabecular meshwork
cells. Curr. Eye Res. 10: 1101-1112.

Bazan, N. G., and B. L. Scott. 1990. Dietary omega-3 fatty
acids and accumulation of docosahexaenoic acid in rod
photoreceptor cells of the retina and at synapses. Upsala
J. Med. Sci. Suppl. 48: 97-107.

. 1i,J., M. G. Wetzel, and P. J. O'Brien. 1992. Transport of

n-3 fatty acids from the intestine to the retina in rats.
J. Lipid Res. 33: 539-548.

Neuringer, M., W. E. Connor, and D. S. Lin. 1991. Altered
background adaptation of the electroretinogram in
rhesus monkeys postnatally deficient in omega-3 fatty
acids. Invest. Ophthalmol. Vis. Sci. 31 (Suppl.): 702 (Abstr.).
Fliesler, S. J., and R. E. Anderson. 1983. Chemistry and
metabolism of lipids in the vertebrate retina. Prog. Lipid
Res. 22: 79-131.

Wang, N., and R. E. Anderson. 1993. Transport of
22:6n-3 in the plasma and uptake into retinal pigment
epithelium and retina. Exp. Eye Res. 57: 225-233.

. Blaner, W. S,, J. C. Obunike, S. B. Kurlandsky, M. Al-

Haideri, R. Piantedosi, R. J. Deckelbaum, and I. J. Gold-
berg. 1994. Lipoprotein lipase hydrolysis of retinyl esters.
Possible implications for retinoid uptake by cells. J. Biol.
Chem. 269: 16559-16565.

Rodieck, R. W. 1973. The Vertebrate Retina. Principles
of Structure and Function. W. H. Freeman and Company,
San Francisco. 345-347.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

