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ABSTRACT

Peroxisome proliferator-activated receptors (PPARs) are members
of the nuclear hormone receptor superfamily that can be activated by
various xenobiotics and natural fatty acids. These transcription fac-
tors primarily regulate genes involved in lipid metabolism and also
play a role in adipocyte differentiation. We present the expression
patterns of the PPAR subtypes in the adult rat, determined by in situ
hybridization using specific probes for PPAR-qa, -8 and -vy, and by
immunohistochemistry using a polyclonal antibody that recognizes
the three rat PPAR subtypes. In numerous cell types from either

ectodermal, mesodermal, or endodermal origin, PPARs are coex-
pressed, with relative levels varying between them from one cell type
to the other. PPAR-« is highly expressed in hepatocytes, cardiomyo-
cytes, enterocytes, and the proximal tubule cells of kidney. PPAR-3
is expressed ubiquitously and often at higher levels than PPAR-a and
-y. PPAR-vy is expressed predominantly in adipose tissue and the
immune system. Qur results suggest new potential directions to
investigate the functions of the different PPAR subtypes. (Endocri-
nology 137: 354-366, 1996)

EROXISOME proliferator-activated receptors (PPARs)
are nuclear receptors that are closely related to the
thyroid hormone and retinoid receptors (1, 2). To date, three
subtypes of PPARs have been described in amphibians, ro-
dents, and humans: PPAR-¢, -8 (also called 6 or NUC-1), and
-y (3-8). PPARs were first shown to be activated by sub-
stances that induce peroxisomal proliferation (3, 7). Further
investigation revealed that natural fatty acids are also potent
activators of PPARs (8, 9). No direct interaction of PPARs
with either peroxisome proliferators or fatty acids has been
described so far, leaving open the possibility that these ac-
tivators are not bona fide PPAR ligands, with the exception,
however, of an antidiabetic, thiazolidinedione (BRL 49653),
which is a high affinity ligand of PPAR-vy (10).

The PPAR target genes encode enzymes involved in per-
oxisomal and mitochondrial B-oxidation and ketone body
synthesis, as well as P450-4A6 fatty acid w-hydroxylase,
fatty acid binding proteins, apolipoproteins, lipoprotein
lipase, malic enzyme, and phosphoenolpyruvate carboxyki-
nase (reviewed in Ref. 1). Thus, PPARs play a key role in lipid
metabolism and homeostasis. Peroxisomes participate in
these processes, especially in liver, retina, heart cardiomyo-
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cytes, epithelial cells from kidney proximal tubules, and en-
terocytes (11). Cardiomyocytes and epithelial cells of kidney
proximal tubules almost exclusively use fatty acids as energy
source and are dependent on an efficient peroxisomal
B-oxidation pathway for long-chain fatty acid catabolism (11,
12). Similarly, enterocytes of the intestinal villi display a very
high peroxisomal B-oxidation activity (13). In the central
nervous system (CNS), the fuel source for neurons is glucose
(with very little participation of ketone bodies), in contrast to
glial cells and especially astrocytes, which use a very high
proportion of fatty acids (14). The structural role of fatty acids
in brain membranes (axons, dendrites, and glial processes) is
crucial for the nerve cell specific functions. Furthermore, the
CNS needs efficient transport systems for trafficking and
recycling lipids. In all tissues, membranes constitute impor-
tant storage sites for arachidonic acid, which together with
its metabolites (prostaglandins, leukotrienes, and throm-
boxanes), act as local hormones. Interestingly, arachidonic
acid is a potent activator of PPARs (8, 9). Finally, adipose
tissue plays key roles in lipid homeostasis and energy bal-
ance. Adipocytes can store lipids as triglycerides and release
them as FFA, depending on the nutritional status and energy
expenditure of the organism. It has recently been shown that
PPAR-vis a key transcription factor involved in adipogenesis
(15, 16).

The roles of PPARs in gene regulation have been studied
primarily in liver and adipose tissue (1). However, the PPAR
genes are differentially expressed in a wide range of tissues
in the adult organism (3, 4, 17, 18). The increasing awareness
of the importance of PPARs in lipid metabolism led us to
analyze their expression at the tissue level in a wide range of
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organs of the adult rat. In situ hybridization and immuno-
histochemical analysis, using specific probes for each of the
rat PPARs (o, B, and ), and one polyclonal antibody rec-
ognizing all three subtypes, allowed us to identify cell pop-
ulations differentially expressing these receptors in the adult
rat. OQur observations suggest several new directions to in-
vestigate PPAR implications in lipid metabolism.

Materials and Methods
Cloning of PPAR-a, -B, and -y complementary DNA (¢cDNA)

A cDNA comprising part of the D and E domains of the rat PPAR-a
(nucleotides 1049-1766, Ref. 8) was obtained as described (19). A shorter
390-bp Xbal-Rsal fragment (nucleotides 1377-1766) was cloned into the
pBluescript KS+ and SK™ vectors (Stratagene, Heidelberg, Germany) to
obtain the recombinant plasmids pKS+ /PPAR-« and pPSK " /PPAR-a.

A cDNA comprising part of the A/B domain of the rat PPAR-B was
obtained by reverse transcription coupled to PCR, using primers derived
from the mouse PPAR-B cDNA sequence (4). The first cDNA strand was
synthesized from 10 pg of total RNA from adult rat brain using the
mouse mammary leukemia virus-RT (GIBCO BRL, Gaithersburg, MD)
and the primer B-down (5'-GGGAGGAATTCTGGGAGAGGTCTGCA-
CAGC-3', hybridizing at the 3’ end of the A /B domain of PPAR-£). The
c¢DNA was then subjected to PCR amplification with the primers -down
and B-up (5'-GTCATGGATCCGCCACAGGAGGAGACCCCT-3', hy-
bridizing at the 5'-end of the A/B domain) using the Tag polymerase
(GIBCO BRL). Amplification was carried out by 40 cycles at 95 C for 1
min 30 sec, 55 C for 2 min, and 72 C for 1 min, followed by an extension
step at 72 C for 8 min. The PCR reaction mixture was subsequently
treated with proteinase K (20), phenol/chloroform-extracted, ethanol-
precipitated, and digested with EcoRI and BamHI. The resulting insert
(135 bp long, 96% homologous to the mouse PPAR-B, Ref. 4) was pu-
rified on agarose gel and cloned into the pBluescript KS+ and SK*
vectors to obtain the recombinant plasmids pKS+ /PPAR-S and pSK*/
PPAR-B.

A cDNA comprising part of the A /B and C domains of the rat PPAR-y
was obtained from 10 pg of total RNA from adult rat brown adipose
tissue by reverse transcription coupled to PCR, as described above. The
primers used, derived from the mouse PPAR-y ¢cDNA sequence (17),
were y-down (5-TATCATAAATAAGCTTCAATCGGATGGTTC-3',
hybridizing in the C domain of the rat PPAR-y) and y-up (5'-GAGAT-
GGAATTCTGGCCCACCAACTTCGG-3', hybridizing in the A/B do-
main). After purification (see above), the PCR fragment was digested
with EcoRI and Hindlll and the resulting insert (403 bp long, 96% ho-
mologous to the mouse PPAR-v, Ref. 17) was cloned into the pBluescript
KS+ and SK™ vectors to obtain the recombinant plasmids pKS+/
PPAR-y and pSK" /PPAR-y.

Riboprobe synthesis

Figure 1A shows a schematic representation of the riboprobes syn-
thesized. The plasmids were linearized as follows: pKS+ /PPAR-a with
Xbal, pSK* /PPAR-q, pSK" /PPAR-y, and pKS+ /PPAR-B with EcoRl,
pKS+ /PPAR-y with Hindlll, and pSK*/PPAR-B with BamHI. These
were then gel isolated and used as templates for antisense and sense
Digoxygenin- and [a-**Pluridine triphosphate (UTP)-labeled riboprobes
(Boehringer Mannheim, Mannheim, Germany, and Amersham Corp.,
Little Chalfont, UK, respectively). The transcription mixture included 1
mM ATP, GTP, and cytidine triphosphate, 0.7 mm UTP, 0.3 mm Digoxy-
genin-UTP, and 250 nM [a-**PJUTP. T7 RNA polymerase was used at 1
U/ pl. The [e-**PJUTP was used to determine probe concentration (scin-
tillation) and length (gel electrophoresis). After digestion of the DNA
templates by RQI-DNase (Promega, Madison, WI), the RNA probes
were purified by two ethanol precipitations and resuspended in dieth-
ylpyrocarbonate (DEPC; Fluka, Buchs, Switzerland)-treated water.

Tissue preparation and in situ hybridization analysis

Male and female adult Sprague-Dawley rats (300 g, BRL, Basel) were
dissected, and all analyzed tissues, except white adipose tissue, were
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Fic. 1. Probes and antibody used to analyze expression of rPPAR-q,
-B, and -y by in situ hybridization and immunohistochemistry. A,
Schematic representation. Functional domains (A-E) of PPARs are
represented: C, DNA binding domain; E, ligand binding domain. In
situ hybridization probes derived from corresponding cDNAs are in-
dicated by black bars, and their length is given in nucleotides (nt). The
last 16 amino acids of rPPAR-a recognized by the polyclonal antibody
are indicated, as well as corresponding conserved amino acids of
rPPAR-B and -y, which are recognized as well. B, Hybridization spec-
ificity of rPPAR probes. Each rPPAR antisense probe was tested by
in situ hybridization on NIH-3T3 cells transfected with either
mPPAR-«, -, or -y. Endogenous levels of PPARs could not be detected
on untransfected cells with the time of revelation used and hybrid-
ization was controlled with each sense probe. Time of revelation for
each dish was 2 h. Bar, 20 um. C, SDS-PAGE analysis of in vitro
translated mouse and Xenopus PPAR-q, -8, and -y. Three microliters
of lysate were loaded in each lane; UL, unprogrammed lysate. D,
Recognition of PPAR-«, -8, and -y by anti-PPAR-« antibody. Immu-
noprecipitation assay with in vitro translated mouse and Xenopus
PPAR-«, -8, and -y and mouse RXR-p. Each lane represents immu-
noprecipitation of 5 pl of in vitro translated product; UL: unpro-
grammed lysate.
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immediately embedded in tissue freezing medium (Jung, Nussloch,
Germany) and frozen in isopentane and dry ice. Tissues were keptat —80
C until use. Tissue sections (12 wm thick) were cut (=35 C, Reichert and
Jung Frigocut, Nussloch, Germany)} and mounted on poly-L-lysinated
slides. White adipose tissue was dehydrated through EtOH 70% (twice
for 30 min), EtOH 95% (twice for 30 min), EtOH 100% (twice for 30 min),
and xylol (twice for 30 min) and embedded in three successive baths of
paraplast (58 C, Sherwood Medical, Athy, Ireland). After solidification,
white adipose tissue sections were cut (12 um thick at room tempera-
ture), mounted on poly-L-lysinated slides, air-dried overnight, and re-
hydrated through xylol (twice for 5 min), EtOH 100% (twice for 2 min),
EtOH 95% (twice for 2 min), and DEPC-treated water (twice for 2 min).
All sections were fixed 10 min in 4% paraformaldehyde-PBS, incubated
twice for 15 min in PBS containing 0.1% active DEPC, and equilibrated
15 min in 5% SSC. Sections were prehybridized 2 h at 58 C in 50%
formamide, 5X SSC, 40 ug/ml salmon sperm DNA, and hybridized 40
h at 58 C in the same mixture containing antisense or sense riboprobes
at 400 ng/ml. Sections were washed 30 min in 2X SSC (room temper-
ature), 1 hin 2x SSC (65 C), 1 h in 0.1x SSC (65 C), and equilibrated 5
min in Buffer 1 (100 mm Tris-HCl and 150 mm NaCl, pH 7.5). Sections
were then incubated with alkaline phosphatase-coupled antidigoxyge-
nin antibody (Boehringer Mannheim) diluted 1:5000 in Buffer 1 con-
taining 0.5% blocking reagent (Boehringer Mannheim). Excess antibody
was removed by two 15-min washes in Buffer 1, and sections were
equilibrated 5 min in Buffer 2 (100 mwm Tris-HCI, 100 mm NaCl, and 50
mm MgCl,, pH 9.5). Revelation was performed at room temperature for
1 to 3 days in Buffer 2 containing 4-nitro blue tetrazolium chloride and
X-phosphate (Boehringer Mannheim). Revelation was stopped by a 10-
min wash in 10 mum Tris-HCl and 1 mm EDTA (pH 8.0), and slides were
dehydrated and mounted (Eukitt, O. Kindler GmbH & Co., Freiburg,
Germany). To ascertain the specificity of hybridization, sense probes for
the PPAR genes (same length, guanosine and cytidine content and
specific activity as the antisense probes) were used, and competition in
siti hybridization experiments with a 100-fold excess of cold antisense
probes were performed.

Cell culture

NIH-3T3 cells were cultured in DMEM containing 10% FCS (GIBCO
BRL) and transfected at 80% confluence by electroporation (Bio-Rad
Labs., Hercules, CA). Each dish (1 X 10° cells) received 10 ug of either
mPPAR-a, -8, or -y cloned in pSG5 (Stratagene), and 7.5 ug pBluescript
KS+ (Stratagene) as a carrier. Iit situ hybridization was performed 48 h
after transfection as described above, with the addition of 0.3% Triton
X-100 (Sigma Chemical Co., St. Louis, MO) in the hybridization and
antidigoxygenin antibody-containing buffers.

Immunohistochemistry

A rabbit polyclonal antibody raised against the 16 carboxy-terminal
amino acids of rat PPAR-« (Fig. 1A and Scotto C, Hihi M, Mahfoudi A,
Keller JM, Schohn H, Wahli W, and Dauga M, manuscript in preparation)
was used in the immunohistochemistry studies. The preimmune serum
was used as a control, as well as another nonimmune serum. Cryosec-
tions (12 wm thick) were fixed for 15 min in 4% paraformaldehyde-PBS,
permeabilized 5 min in 1% Triton X-100 and 4% paraformaldehyde-PBS,
and washed twice for 5 min in PBS. Sections were then incubated (1 h
at room temperature) with the primary antibody (anti-PPAR-«) or the
preimmune serum diluted 1:100 in PBS containing 0.1% FCS as a blocker.
Sections were washed twice for 15 min in PBS and incubated (1 h at room
temperature) with the secondary antibody (goat antirabbit 1gG, tetra-
methyl-rhodamine isothiocyanate conjugated; Sigma) diluted 1:100 in
PBS containing 0.1% FCS as a blocker. Sections were washed twice for
15 min in PBS and mounted in fluoprep medium (BioMérieux, Marcy,
France).

Immunoprecipitation assay

In vitro translation of mouse PPAR-a-pSG5, mPPAR-B-pSG5,
mPPAR-y-pSG5, Xenopus PPAR-a-pSG5, xPPAR-B-pSG5, xPPAR-vy-
pSG5, and mouse retinoid X receptor 8 (mRXR-B)-pSG5 plasmids was
performed using reticulocyte lysate (Promega) as recommended by the
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manufacturer. Proteins were labeled with L-[**S]methionine (Amer-
sham). i vitre translated products were analyzed by SDS-PAGE by
loading equal amounts (3 ul) lysates in each lane (Fig. 1C). Five hundred
microliters protein A-Sepharose (Pharmacia) slurry were washed five
times in equilibration buffer (10 mm Tris-HCl, pH7.5, 1 mm EDTA, 1 mmM
dithiothreitol, 1 mM phenylmethylsulphonyl fluoride, 1 ng/ml pepsta-
tin, and 1 pg/ml leupeptin) and were then incubated overnight with 50
wl unprogrammed reticulocyte lysate. Five microliters of translation
product were used in each immunoprecipitation reaction, inbubated 2
h on ice in 50 ul incubation buffer (equilibration buffer, 40 mm KCI)
containing either the anti-PPAR-« antibody or the preimmune serum at
the same dilution. Fifty microliters protein A-Sepharose slurry were then
added, and the complexes were immunoprecipitated 1 h at 4 C with
continuous agitation. The immunoprecipitated complexes were washed
five times in NET-N buffer (20 mm Tris-HCI, pH 8.0, 0.5% Nonidet P-40,
100 mmM NaCl, and 1 mm dithiothreitol), resuspended in SDS sample
buffer, and analyzed by SDS-PAGE (Fig. 1D).

Histological analysis

In situ hybridization and immunohistochemistry slides were
observed and photographed on an Axiophot microscope (Carl Zeiss
SA, Ziirich, Switzerland), equiped with Nomarski (in situ hybridization)
and fluorescence (immunohistochemistry) optics.

Results
Probe and antibody specificity

As a first step in the expression analyses of the different
PPAR subtypes, we verified that the signals obtained were
specific for the different forms of PPARs and not a conse-
quence of a cross-hybridization or cross-reaction between
related members of the superfamily. To mimic as closely as
possible the in siti hybridization conditions, the specificity of
the PPAR riboprobes (Fig. 1A) was verified by transfecting
NIH-3T3 cells with either mPPAR-a, -8, or -y. Between
mouse and rat, the PPAR homologous regions presented 96%
nucleotide identity, which does not affect the hybridization
under the conditions used. In Fig. 1B we show that the three
riboprobes directed against rPPAR-a, -8, or -y were indeed
specific for each of the PPAR forms. The endogenous PPAR
level of the NIH-3T3 cells was not detectable with the time
of revelation used (Fig. 1B). The specificity of the in situ
hybridization experiments was also controlled with sense
probes for each of the three PPARs, which gave no signal
either on NIH-3T3 cells transfected with the mouse PPARs
(Fig. 1B) or on adult rat tissue sections (Fig. 3], PPAR-a; Fig.
6N, PPAR-B; Fig. 50, PPAR-v). Competition with a 100-fold
excess of cold antisense probes abolished the signals (data
not shown). Furthermore, the specificity of the antisense
signals was corroborated by the occurrence of cell popula-
tions expressing different amounts of the three PPAR sub-
types (see below).

The antibody used in this study was raised against the 16
last amino acids of rPPAR-« (all conserved in rat, mouse,
human, and Xenopus). In rodents, as well as in Xenopus, 12
and 11 of the 16 last amino acids of PPAR-« are conserved
in PPAR-B and PPAR-y, respectively (Fig. 1A). Figure 1C
shows that the translation efficiency of the different in vitro
synthesized PPAR messenger RNAs varies. mPPAR-§ and
xPPAR-S are obtained in relatively low amounts compared
with PPAR-« and -y. Figure 1D demonstrates that the anti-
PPAR-a antibody recognized the three forms of PPARs, ei-
ther from mouse or Xenopus. All subtypes were recognized
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equally well because the amounts of precipitated proteins
were proportional to the amounts of in vitro translated
PPARs used in the immunoprecipitation assay. Furthermore,
this antibody was specific for PPARs, because it did not
recognize another member of the nuclear hormone super-
family, mRXR-B. Using the preimmune serum as a control,
no signal was obtained (Fig. 1D). The expression pattern of
the PPAR proteins as determined by immunohistochemistry
confirmed the in situ hybridization results. The cross-
reactivity of the anti-PPAR-« antibody toward the different
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hybridization experiments, such as the intestinal smooth
muscular cells, were also negative in immunohistochemistry
experiments. The preimmune serum (Fig. 5K) as well as
another nonimmune serum (data not shown) did not present
any specific signal on tissue sections either.

CNS

In the adult CNS, PPARs presented the same expression
patterns from one individual to the other, without significant

variation between sexes (four males and three females test-
ed). PPAR-( was abundantly expressed in the whole nervous
system, whereas PPAR-a was limited to olfactory bulbs,
hippocampus, cerebellum, and retina. PPAR-y was also

subtypes of PPARs was confirmed in cells expressing only
one of the PPAR transcripts, such as PPAR- in the Purkinje
cells, which presented a high nuclear signal by immunohis-
tochemical analysis (Fig. 2, H and I). Cells negative in in situ
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Fic. 2. Differential expression of rPPAR-«, -8, and -y in CNS and epidermis: in situ hybridization and immunohistochemistry. A-E, Hip-
pocampus. PPAR-« (A) and to a lesser extent PPAR-y (B) are expressed in granular cells of the dentate gyrus (dg), whereas PPAR-j (C) is
abundantly expressed in CA3 (end of the Ammon’s horn, ca), the hilus (hi), and granular cells of the dentate gyrus. D, By immunohistochemical
analysis, PPAR proteins are present in nuclei of granule cells of the dentate gyrus and the hilus. Fibers of astrocyte-like cells present a positive
signal for PPARs (arrows). E, Control with a sense probe for PPAR-a. F-J, Cerebellum. PPAR-« (F) and -y (G) are restricted to granular cells
of cerebellum (gr), whereas PPAR-B (H) is abundantly expressed in granular, Golgi (go), and Purkinje (pc) cells, and to a lesser extent in neurons
of the molecular layer (ml). I, Polyclonal antibody directed against PPAR-a, which recognizes also PPAR-B, labels granular and Purkinje cell
nuclei, as well as nuclei in the molecular layer. J, Control with a sense probe for PPAR-a. K, Retina. PPAR-« is expressed in the inner (inl)
and outer (onl) nuclear layers, but not in ganglion cells (ga). L, Epidermal keratinocytes (arrow) present no expression of PPARs in the adult
rat. In situ hybridization with an antisense probe for PPAR-e. M-0, Sebaceous glands of epidermis. In situ hybridization; antisense probes for
PPAR-a (M), PPAR-y (N), and PPAR-$ (O). PPAR-8 transcripts are very abundant at the basis of sebaceous glands, whereas PPAR-« is weakly
expressed, and PPAR-y is not detected (errows). Bars, 100 pum; except L-O, 50 um.
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present in the retina and was barely detectable in hippocam-
pus and cerebellum. A detailed description of these patterns
follows.

In the hippocampus, the PPAR-« transcript was present in
CA1 and the granular cells of the dentate gyrus but was
barely detectable in CA3 and the hilus (Fig. 2A). Signals for
PPAR-y were weak and limited to granular cells of the den-
tate gyrus (Fig. 2B). In contrast, PPAR-B was highly ex-
pressed in the dentate gyrus, CA1 to CA3 pyramids, and the
hilus (Fig. 2C). Immunohistochemistry analyses corrobo-
rated the in situ hybridization results (Fig. 2D). In addition,
our antibody stained cells in the hilus with an astrocyte-like
pattern, showing a high level of protein expression in the
radial extensions of these cells (see below).

In the cerebellum, the PPAR-« transcript was only present
in the granular cells (Fig. 2F), whereas PPAR-$ was abun-
dantly transcribed in the Purkinje cells, the granular cells, the
Golgi cells, and the interneurons of the molecular layer (Fig.
2H). The PPAR-v transcript was expressed only at a low level
in the granular layer (Fig. 2G). Immunohistochemistry con-
firmed the localization of the three forms of PPARs by stain-
ing the granular layer, the Purkinje cell layer, and the mo-
lecular layer (Fig. 2I).

In the retina, the three forms of PPARs were present in the
inner and outer nuclear layers (Fig. 2K, PPAR-«a), but only
PPAR-vy was detectable in the ganglion cells (Table 1). In the
other regions of the CNS, PPAR-B was ubiquitously ex-
pressed, particularly in giant cells such as pyramids of the
telencephalic cortex (layers III and IV) and giant neurons in
the pons, as well as in already described CA3 neurons in the
hippocampus and Purkinje cells in the cerebellum (Table 1).
In contrast, PPAR-a was restricted to olfactory bulbs and
barely detectable in telencephalic cortex, nuclei from thala-
mus, hypothalamus, and midbrain. PPAR-y was barely de-
tectable in olfactory bulbs and vestibular nuclei of the pons
(Table 1). Finally, cells from the choroid plexus that secrete
the cerebrospinal fluid were positive for PPAR-« and -8 but
not -y (Table 1 and data not shown).

With respect to cell types, PPARs were expressed in neu-
rons but seemed to be absent from oligodendrocytes. No
significant labeling was obtained in the white matter of cer-
ebellum or corpus callosum (Table 1). Expression of PPAR-3
in astrocytes was reflected by the astrocyte-like pattern pro-
duced in the hippocampal hilus by immunohistochemical
analysis (even in the cell processes, Fig. 2D) and the PPAR-B
in situ hybridization probe (Fig. 2C). These cells colocalized
with cells expressing glial fibrillary acidic protein, an astro-
cyte-specific marker (data not shown). The in situ hybrid-
ization indicated that PPAR-a and -y were not expressed at
detectable levels in these cells (Fig. 2, A and B).

Epidermis

In the adult rat epidermis, the three forms of PPARs were
not detected in the strata basale and spinosum (dividing
keratinocytes) or the strata granulosum and corneum (non-
dividing keratinocytes) (Fig. 2L). In contrast, the base of the
sebaceous glands expressed PPAR-a at low levels and
PPAR-B abundantly, whereas PPAR-y was not detectable
(Fig. 2, M, O, and N, respectively).
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Kidney, liver, and pancreas

In the adult kidney, the PPAR-« and -8 transcripts were
the most prominent, whereas PPAR-y remained at a low
level (Table 1). PPAR-a and vy (Fig. 3, A and B) were present
only in the cortex, in the proximal part of the nephron
(glomerulus and proximal tubule). PPAR-S was expressed
in the cortex and the medulla at the level of glomeruli and
proximal tubules (Fig. 3C), Henle’s loops (Fig. 3D), distal
tubules, and collecting ducts (data not shown). Interest-
ingly, when abundantly expressed, the PPAR transcripts
were concentrated in the perinuclear region (Fig. 3, A
and C).

In the adult liver, the PPAR-« form was predominantly
expressed, with variable levels between animals (10 animals
tested, Fig. 3, F and G and Table 1). The PPAR-« transcript
presented a perinuclear distribution (Fig. 3F) and was often
present as a gradient, which was highly expressed in peri-
portal hepatocytes and less expressed in pericentric hepato-
cytes (data not shown). PPAR-8 was expressed evenly in the
hepatic lobule (no gradient nor perinuclear localization, Fig.
3H). PPAR-y was below the detection level in the animals
tested. By immunohistochemical analysis, the PPAR local-
ization was mainly nuclear, although a cytoplasmic signal
was observed (Fig. 3D).

In the pancreas, PPARs were expressed at the same levels
in the exocrine (acini) and endocrine (islets) parts of the
gland. PPAR-B was prominent (Fig. 3M), whereas PPAR-«
and -y remained low (Fig. 3, K and L).

Digestive tract

The expression of PPARs did not vary significantly from
one animal to another in the digestive tract. The receptors
were present only in mucosa and submucosa, but not in the
surrounding smooth muscular layers (Fig. 4, A-R and Table
1). Their expression increased from esophagus to duodenum
and jejunum, whereas it decreased from duodenum to colon
(Fig. 4, A-R and Table 1).

PPAR-a and - were expressed in the keratinocytes bor-
dering the esophagal lumen (Fig. 30) and in the submucosa
(Fig. 4, A and M). PPAR-« presented a very high expression
at the basis of the gastric glands in the chief cells producing
pepsinogen (Fig. 4, B and S). It was also expressed in the
remaining mucosa, in mucus-secreting cells, and in parietal
cells that secrete hydrochloric acid (Fig. 4B). PPAR-8 was
expressed homogeneously from the basis of the gastric
glands to the lumen of the stomach (Fig. 4N). PPAR-y was
at very low levels in the esophagus and the stomach (Fig. 4,
G-H). In the digestive tract as a whole, PPAR-« and -8 pre-
sented their peaks of expression in duodenum and jejunum
(Fig. 4, C, O, and T). PPAR-y remained low in these two
regions (Fig. 41), where most of the phospholipids and tri-
glycerides are absorbed. The expression of all three receptors
decreased from jejunum to colon, where their transcripts
were barely detectable (Fig. 4, D-F, J-L, and P-R). PPARs were
not expressed in the duodenal Briinner’s glands producing
alkaline mucus.

220z 1sNBny |z uo 1senB Aq G9E/E0€/7SGE/L/LE L/BIOIIE/OPUS/LI0Y"dNO™DILSPEDE//:SA)Y WO} PAPEOJUMOQ



TISSUE DISTRIBUTION OF PPARS IN THE RAT 359

TABLE 1. Differential expression of PPAR-a, PPAR-B, and PPAR-v in the adult rat

PPAR
o B Y
CNS
Telencephalon
Olfactory bulbs +a 4+ +
Cortex + ++ _
Hippocampus:
CAl + +++ -
CA3 + +++ —
Dentate gyrus + +++ +
Diencephalon
Thalamic nuclei + +4 _
Hypothalamic nuclei + + -
Retina
Inner nuclear layer +++ +++ ++
Outer nuclear layer +++ +4++ 44
Ganglion cells - - +
Midbrain
Colliculi + n —
Red nucleus - +++ —
Brainstem
Vesticular nuclei - +++ +
Reticular formation - 44 _
Cerebellum
Molecular layer — + _
Purkinje cells - +++ —
Granule cells + +++ +
Deep nuclei — 44 _
Choroid plexus ++ +++ —
Epidermis
Keratinocytes (from Stratum basale to - - -
Stratum corneum)
Sebaceous glands and hair follicles + +++ -
Kidney
Glomeruli + 4+ +
Proximal tubules ++ -+ +++ +
Henle’s loops - +++ —
Distal lobules - +++ -
Collecting ducts - 44 _
Liver
Hepatocytes +/++++b ++ _
Pancreas
Acini (exocrine) + 4+ +
Islets (endocrine) + ++ +
Heart
Cardiomyocytes —/++P —/+ 4P _
White adipose tissue + ++ +4++
Immune system
Spleen
White pulp ++ o F
Red pulp + ++ o+
Peyer’s patches ++ 44 44
Digestive tract
Smooth muscular layers - - -
Esophagus
Keratinocytes ++ ++ +
Submucosa ++ ++ +4+
Stomach
Chief cells +4+++ ++ +
Parietal cells +++ ++ +
Mucus cells +++ + 4+ +
Duodenum
Crypt enterocytes ++++ +++ ++
Villi enterocytes ++++ +++ ++
Gobelet cells ++++ + 4+ ++
Briinner’s gland - - _
Jejunum crypts and villi +++ +++ 44
Ileum crypts and villi +4++ +++ ++

Cecum ++ ++ ++

220z 18nbny |z uo1senb Aq GO/ E0E/YSE/LILE L/oIoIB/OpUS /WO dNno-olWepeoe//:sdiy wWolj pepeojumoq



360 TISSUE DISTRIBUTION OF PPARS IN THE RAT

TABLE 1. Continued
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PPAR
@ B y
Colon + + +
Genital system

Testis

Spermatogonia to spermatozoan - - -

Sertoli cells ++ ++++ *

Leydig cells + ++ _
Ovary

Follicular cells ++ ++ +

Oocyte — _ _
Seminal gland epithelium + 4+ ++ 44
Uterus

Cervix ++ ++ +

Uterine glands ++ 4 +
Fallopian duct epithelium ++ ++ +

a

—, absent; *, barely detectable; +, weak expression; ++, moderate expression; + + +, strong expression; ++ + +, very strong expression.

PPAR levels of expression, indicated by — or + signs, reflect differences in signal intensities observed by optical microscopy. The number of

+ signs do not represent a strictly linear measure of mRNA levels.

® In liver (PPAR-a) and heart (PPAR-« and -B), expression varies between individuals.

Immune system, heart, and white adipose tissue

The immune system was tested for PPAR expression in the
spleen and Peyer’s patches. In the spleen, PPARs were ex-
pressed mostly in the white pulp (B lymphocyte proliferation
centers) and to a lesser extent in the red pulp (phagocytosis
of old and damaged red blood cells) (Fig. 5, A and B, and
Table I). In the digestive tract, the Peyer’s patches, which
consist of lymphoid nodes, are present mostly in the ileum.
These centers of undifferentiated B lymphocyte proliferation
intensively expressed the three forms of PPARs (Fig. 5, D-F).
By immunohistochemical analysis, the PPAR proteins were
concentrated in the center of the lymphoid node, confirming
the in situ hybridization results (Fig. 5G).

In the cardiomyocytes, PPAR-« and -8 were expressed in
variable amounts depending on the animal (seven animals
tested; see levels of expression in Table 1). Interestingly,
when present, these transcripts were concentrated in the
perinuclear zone of the cardiomyocytes (Fig. 5H), as seen in
kidney and liver. PPAR-v, whose expression was low in the
heart, could not be detected in the animals tested. By
immunohistochemical analysis, the PPAR proteins were
shown to be mainly concentrated in the nuclei of the heart
muscular cells, although the cytoplasm presented a faint
signal when compared with the preimmune serum (Fig. 5, J
and K).

In the white adipose tissue, the three PPARs were ex-
pressed at different levels. PPAR-a was faint and its tran-
scripts were concentrated in the perinuclear zone of adipo-
cytes (Fig. 5L, arrow). PPAR-y was the most abundant and
detectable in the perinuclear zone (Fig. 5M, arrow) and the
remaining part of the adipocyte cytoplasm, except for the
lipid vacuole (Fig. 5M). PPAR-B presented an intermediate
expression (Fig. 5N). These results corroborated and ex-
tended previous reports of Northern blot analyses (3, 18, 21).

Genital system

In testis, PPAR-B was the most abundantly transcribed of
the three receptors. Its expression was especially high in the

seminiferous tubules and in Leydig cells of the interstitial
space (Fig. 6, C-D and F). PPAR-a was only weakly expressed
(Fig. 6, A and B), and PPAR-y was barely detectable. The in
situ hybridization experiments presented a signal from the
periphery of the seminiferous tubules to their center (except
where mature spermatozoans were exposed in the lumen).
Immunohistochemical analysis revealed a signal in a mono-
cellular layer of nuclei at the periphery of the seminiferous
tubules (Fig. 6, E and F). Thus, PPAR-a and - seemed to be
expressed mainly by Sertoli cells, which have their nuclei at
the border of the seminiferous tubules, but extend their cy-
toplasm throughout the tubule wall from the periphery to the
lumen. No signal was detected in spermatozoans.

In the ovary, PPAR-« and -8 were highly expressed in the
follicles (Fig. 6, I and J), whereas PPAR-y remained low
(Table 1). Inside the follicle no expression was detectable in
the oocyte, whereas follicular cells presented a strong signal
by in situ hybridization and immunohistochemical analysis
(Fig. 6, I-K). This differs from Northern blot results obtained in
Xenopus, where PPAR-« and - are expressed in the oocyte (3).

In the rat gonads, PPARs were expressed in nurse cells
(Sertoli cells and follicular cells of corona radiata) and sexual
hormone-producing cells (Leydig cells and follicular cells of
granulosa and theca) but were not detectable in the germ line.
In the other genital organs, all three PPARs were well ex-
pressed, e.¢. in the epithelium of the seminal glands (Fig. 6M
and Table 1), the uterine cavity and glands (Fig. 60 and Table
1), and the fallopian duct (Table 1 and data not shown).

Discussion
Differential expression of PPARs

The three forms of PPAR are expressed in numerous cell
types, from ectodermal, mesodermal, and endodermal ori-
gins (Table 1). In most tissues, PPARs are coexpressed with
relative levels of each subtype varying from one cell type to
the other. In the nervous system, we have localized PPARs
in neurons and astrocytes but not in oligodendrocytes. This
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Fic. 3. Differential  expression of
rPPAR-q, -B, and -y in kidney, liver,
pancreas, and esophagus. A-E, Kidney.
In situ hybridization. PPAR-« (A) is

mainly expressed in the proximal tu-
bules (pt), whereas PPAR-y(B)is barely
detectable, and PPAR-$ (C-D) is abun-
dant in glomeruli (gl), proximal tubules
(pt), and Henle's loops (hl). E, Control
with a sense probe for PPAR-a. F-J,
Liver. In situ hybridization and immu-
nohistochemistry. PPAR-a presents
enormous variations of expression in

the adult liver (F and G, two different
females). When abundant, PPAR-a is
highly concentrated in the perinuclear
zone of hepatocytes (F, arrow). PPAR-B
(H) presents a constant medium level of
expression, whereas PPAR-v is not de-
tectable. I, Polyclonal antibody directed
against PPAR-« labels mainly the hep-
atoeyte nueclei (arrow). J, Control with a
sense probe for PPAR-a. K-N, Pancreas.
In situ hybridization. PPAR-a (K) and
-y (L) presents a medium level of ex-
pression, whereas PPAR- (M) is more
abundant. In all cases, levels of expres-
sion of a given PPAR are equivalent in
exocrine (ac, acini) and endocrine (il,

islets of Langerhans) pancreas. N, Con-

trol with a sense probe for PPAR-y. O,
esophagus. PPAR-« is expressed in pro-
liferating, undifferentiated keratino-
cytes (arrows) from esophagal mucosa.
Bars, 100 pm.

latter observation is not in agreement with the results of a
recent study that showed expression of PPAR-« in the oli-
godendrocytes of the rat corpus callosum (22). PPARs are
also expressed in cardiomyocytes, hepatocytes, adipocytes,
pancreaticislets, and proliferating lymphocytes of the spleen
and Peyer’s patches. They are abundantly synthesized by
epithelial cells, such as in exocrine pancreas, renal tubules,
mucosa of digestive tract, seminal gland, uterine lumen and
glands, and the fallopian duct. Moreover, the PPAR expres-
sion patterns do not differ significantly between males and
females. Interestingly, the patterns are similar in cells of
homologous functions in both male and female genitalia
(nurse cells and sex hormone-producing cells), suggesting
similar roles in both sexes.

To investigate the potential roles of PPARs in the different
tissues, it is important to analyze the coexpression of both
PPARs and RXRs, the required heterodimeric partners for
the control of PPAR target genes (9, 23). In the adult mouse,
RXR-a presents a strong expression in liver, kidney, and
spleen, but it is also present in brain and heart. RXR-f has an
ubiquitous distribution, but it is expressed at low levels in
liver, intestine, and testis. RXR-y presents a more restrictive
pattern of expression, being localized only in kidney, liver,
muscle, brain, and heart (24). Taken together, the PPAR and
RXR expression patterns in the adult do not favor the oc-

currence of potential predominant functions for specific
PPAR-RXR heterodimers in a given tissue. Although it has
recently been shown that PPAR-y2 interacts mainly with
RXR-a in adipocytes (18, 25), the coexpression of PPARs and
RXRs at various relative levels from one tissue to the other
argues more favorably for differential heterodimerization
between the multiple subtypes of these receptors. Indeed, it
has been shown that all three PPAR subtypes can interact
with either RXR-a, -8, or -y isoforms on a peroxisome pro-
liferator response element in vitro (4, 26).

We show that PPAR-« is abundantly expressed in cells
with high mitochondrial and peroxisomal B-oxidation activ-
ity in liver, heart, proximal tubules of kidney, and intestinal
mucosa (11, 13, 27), where it may regulate genes encoding
mitochondrial and peroxisomal activities, as already dem-
onstrated for hepatocytes (reviewed in Ref. 1). Cardiomyo-
cytes and proximal tubules of kidney primarily use fatty
acids as an energy source. In the intestine mucosa, peroxi-
somal B-oxidation is most active at the top of the villi (13),
where the majority of fatty acid absorption takes place. Thus
PPAR-a may regulate genes mainly involved in the catab-
olism of fatty acids. This potential key catabolic role for
PPAR-« is in good agreement with the recent study of a
mPPAR-a knockout mouse (28), which lost the inducibility
of genes encoding peroxisomal and microsomal lipid-
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Fic. 4. Differential  expression  of
rPPAR-c, -B, and -y in digestive tract.
A-F, S, and T, PPAR-a; G-L, PPAR-v;

and M-R, PPAR-B; and A, G, and M,

esophagus. The three forms of PPARs
are expressed in submucosa and kera-
tinocytes (arrow) of stratified epithe-
lium that is specific to rodent esophagus
(see also Fig. 30). B, H, N, and S, Stom-

ach. In the gastric glands, PPAR-« is
abundantly expressed in chief cells (ch).
S, Higher magnification of chief cells
expressing PPAR-a (ch). From duode-
num (C, I, 0, and T), ileum (D, J, and P},

and cecum (E, K, and Q) to colon (F, L,
R, and U), the three forms of PPARs are
expressed in the mucosa (c, crypts; v,
villi) according to a decreasing gradient,
PPAR-« and -8 being most abundant. T,

Higher magnification of expression of

PPAR-« in crypts (¢} and villi (v) of the
duodenum. Throughout the digestive
tract, no expression of PPARs was ob-
served in muscular layers (m). U,

PPAR-y sense control in colon. Bars,
100 pm.

metabolizing enzymes, such as acyl-CoA oxidase or cyto-
chrome P450-4A1 w-hydroxylase. The lack of the pleiotropic
effects of peroxisome proliferators in the mPPAR-a knockout
mouse (28) argues also for the strong involvement of PPAR-a
in tissues presenting a high peroxisomal B-oxidation activity,
such as hepatocytes, epithelial cells of kidney proximal tu-
bules, or enterocytes.

In the liver, we observed particularly important variations
of PPAR-a expression depending on the animal. This could
be due to hormonal level differences between the adult rats
used in this study, because the PPAR-a gene is regulated by
glucocorticoids via the glucocorticoid receptor (19). More-
over, the PPAR-a gene has been shown in vive to follow a
circadian rhythm depending on the levels of glucocorticoids
and to be up-regulated by stress conditions in liver but not
in hippocampus (Lemberger T, Saladin R, AssimacopoulosF,
Staels B, Wahli W, Auwerx J, submitted for publication). This
could explain why PPAR-a expression varies in liver but
remains more constant in other tissues.

We show in this study that PPAR-f is abundantly and
ubiquitously expressed in the adult rat. To date, no specific
function has been assigned to this PPAR subtype. However,
it has recently been proposed that PPAR-S may modulate the
activity of other PPARSs, as it is capable of inhibiting PPAR-«
activation, either by competition for the peroxisome prolif-

erator response elements, or by titrating out a limiting factor
required for the transcriptional activity of PPAR-a (29). Sim-
ilarly, PPAR-y has also been proposed to inhibit the tran-
scriptional activity of PPAR-« (4). From this point of view,
the ubiquitous expression of PPAR-B would be an efficient
means to regulate the activity of the different PPARs, and
their relative expression levels would lead to the activation
of specific set of genes depending on the tissue,

We show that PPAR-y is expressed abundantly in the
white adipose tissue as well as in the immune system. Two
isoforms of PPAR-y have recently been described: PPAR-y1
(17) and the adipose tissue-specific isoform PPAR-y2, which
differs from PPAR-vy1 only by 30 additional amino acids at
the N-terminal extremity (18). The -IPPAR-y probe used in the
in situ hybridization experiments recognizes both PPAR-y1
and PPAR-v2, as it is located in the region that is identical in
the two isoforms (Fig. 1A). It has recently been shown that
PPAR-y2 regulates the aP2 gene encoding an adipocyte-
specific fatty acid binding protein (18) as well as the phos-
phoenolpyruvate carboxykinase gene (25), which is respon-
sible for glyceroneogenesis in adipocytes. Moreover, PPAR-y
can induce adipogenesis in fibroblasts (16). Recently, an an-
tidiabetic, thiazolidinedione, which can induce adipogenesis
in cultured fibroblasts, was shown to be a high affinity ligand
for PPAR-y (10). The above findings coupled with our ob-
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Fic. 5. Differential  expression  of
rPPAR-a, -B, and -y in spleen, Peyer’s
patches, heart, and white adipose tis-
sue. A-C, Spleen. In situ hybridization.
PPAR-vy (A} and -8 (B) are abundantly
expressed in white pulp (wp; lympho-
cyte proliferation center) as well as in

red pulp (rp; erythrocyte phagocytosis

centers). C, Sense control for PPAR-v.
D-G, Peyer’s patches. In situ hybridiza-
tion and immunochistochemistry.
PPAR-« (D), -y (E), and -3 (F) are ex-
pressed in Peyer’s patches (lymphoid
nodes from ileum). Interestingly, level
of expression of PPARs is strongest in

germinative center (ge) of the patches,
where undifferentiated B lymphocytes
proliferate; ¢, erypts; m, muscular lay-
ers; v, villi. G, PPAR proteins are
present in germinative center of Peyer’s
patches, confirming in sifu hybridiza-
tion results. H-K, Heart. In situ hybrid-
ization and immunchistochemistry.
Antisense (H) and sense (I) probes for

PPAR-«. PPAR-« transcript is concen-
trated in perinuclear zone of cardiom-
yocytes (H, arrows), as in hepatocytes
(see Fig. 3F). By immunochistochemical
analysis, PPAR proteins are observed in
nuclei of cardiomyocytes (J, arrows). K,
Control with preimmune serum. L-O,
White adipose tissue (epididymal). In
situ hybridization. PPAR-« (L) presents
a low expression in perinuclear zone of
adipocytes (nu). PPAR-y (M) and
PPAR-B (N) transcripts are much more
abundant and located around nuclei
(nu) as well as in the remaining cyto-
plasm (cy). O, Sense control for PPAR-v.
Bars, 100 um; except L-O, 50 um,

servation of high expression of PPAR-vy in the white adipose
tissue substantiate the crucial role of PPAR-y in adipogen-
esis. Our results further suggest a PPAR-y function in the
spleen.

PPAR transcripts are concentrated in the perinuclear region

The PPAR transcripts, when abundant, are concentrated in
the perinuclear region of the cells. This is particularly obvi-
ous in cells having a large diameter, as illustrated by PPAR-«
in hepatocytes (Fig. 3F), cardiomyocytes (Fig. 5H), and en-
terocytes (Fig. 4T) and by PPAR-B in Purkinje cells (Fig. 2H)
and kidney cells (Fig. 3, A and C). Recently, a similar pe-
rinuclear localization of transcripts was described for an-
other member of the nuclear receptor superfamily, the es-
trogen receptor, that is nuclear (30-32). We showed by
immunohistochemical analysis that, as expected, the PPAR
protein localization is essentially nuclear. One may speculate
that the perinuclear localization of PPAR and estrogen re-
ceptor transcripts facilitates the nuclear translocation of the
newly synthesized receptors.

Potential roles of PPARs

Important roles of PPARs in lipid metabolism have al-

ready been established in liver and adipose tissue (reviewed

in Ref. 1). Our results suggest new directions of investigation
for potential roles of PPARs in a range of other tissues.
PPARs are expressed in numerous cell populations that
synthesize different proteins of the fatty acid binding protein
family (FABPs). Hepatic FABP (L-FABP) and adipocyte a2
genes have been shown to be controlled by PPAR-« (33) and
PPAR-vy (18), respectively. In the intestine, the pattern of
expression of PPARs (Fig. 4) corresponds to that of different
members of the FABP family, particularly to L-FABP (34, 35)
and cellular retinol binding protein IT (36), whose genes may
be controlled by PPARs in enterocytes. Indeed, a clofibrate-
rich diet stimulates their transcription (35, 37). The regions of
highest PPAR and FABP coexpression correspond to the
regions of the digestive tract, where the major portion of
dietary lipids is absorbed (triglycerides and phospholipids in
the duodenum and jejunum and cholesterol in ileum). 1t is
noteworthy that PPAR and FABP expressions are low in
cecum and colon, where nutrient absorption is almost totally
absent (this study and Refs. 35, 38). In the CNS, membrane
lipids (phospholipids and cholesterol) confer to neurons and
glial cells some of their electrical and physical properties.
Apart from the CNS, PPARs are expressed in the choroid
plexus, which synthesizes and secretes high amounts of apo-
lipoproteins into the cerebrospinal fluid (39). Apolipoprotein
E and apolipoproteins B-E receptors are responsible for
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Fic. 6. Differential  expression  of
rPPAR-w, -B, and -y in genital system.
A-H, Testis. In sifu hybridization and

AP

Y
k

S
3 f %\

immunohistochemistry. A and B,

PPAR-a; C and D, PPAR-3; E and F,
immune; G and H, sense control for
PPAR-«. PPAR-f is very abundantly
expressed in periphery of seminiferous
tubules. PPAR-« presents a lower ex-
pression in the same cells. As shown by
immunohistochemical analysis (G and

H), PPARs are expressed in Sertoli (se)
and Leydig (le) cells but are not detected
inthe germ line (spermatogonia to sper-
matozoan). I-L, Ovary. In situ hybrid-
ization and immunohistochemistry.
PPAR-a (I) and -f (J) are expressed in
different follicle stages (errows). The
same result is obtained by immunohis-
tochemical analysis (K). In ovary,

PPARs are expressed in follicular cells
(fc) but are not detected in oocytes (o0).
L, Sense control for PPAR-a. M and N,
Seminal gland. In situ hybridization.
Antisense (M) and sense (N) probes for
PPAR-f. PPARs are present in mucosal
epithelium of seminal gland. O, Uterus.
Immunohistochemistry. PPAR proteins

are observed in nuclei of epithelial cells
of the uterine glands (ug), as well as
cells of the cervix (ce; uterine mucosa).
Bars, 100 um.

membrane remodeling and fatty acid trafficking and recy-
cling in the CNS (40). It will be of interest to analyze the
potential regulation of their genes by PPARs, as it has already
been demonstrated that apolipoproteins A-I, A-II, and C-III
are regulated by PPARs (41-43). The recent discovery that
lipoprotein lipase is directly regulated by PPARs (Schoonjans
K, Staels B, Deeb S, Auwerx ], submitted for publication) may
argue for PPAR participation in the immune system energy
metabolism. Indeed, these receptors, particularly PPAR-y,
are well expressed in lymphocyte proliferation centers of the
spleen and the Peyer’s patches, which synthesize and secrete
high amounts of lipoprotein lipase to recrute circulating fatty
acids as a major source of fuel (44). We observed the expres-
sion of PPARs in numerous tissues that produce high
amounts of arachidonic acid (cerebellum, hippocampus, dis-
tal part of the nephron, stomach, and immune and genital
systems). This fatty acid is a potent activator of PPARs (8, 9)
and, together with its metabolites (prostaglandins, leuko-
trienes, and thromboxanes), plays important roles in the
signaling pathways of all cells. Arachidonic acid is mainly
produced by the action of phospholipases A2 and C and
diacylglycerol lipase. Investigation of the potential regula-
tion of these genes by PPARs would be of great interest.
Little is known about the roles of PPARs in cell differen-
tiation. Recent studies indicate that PPAR-y can stimulate

adipose differentiation in cultured fibroblasts (16). PPAR
may also participate in epidermal keratinocyte differentia-
tion, and particularly in the establishment of the functional
lipid barrier of the skin (45). In our experiments, no expres-
sion of PPARs was observed in the adult epidermis, except
in hair follicles and sebaceous glands for PPAR-a and -$3. One
would expect that the action of PPARs in the establishment
of the lipid barrier in the stratified epidermis should take
place during embryonic development, between E15 and E18
(45). Thus, the analysis of the developmental expression of
PPARs will be of particular interest and will probably reveal
specific and transient involvements of these receptors in
many developmental and differentiation processes.

Conclusions

We have described the expression patterns of the three
different forms of PPARs in the rat. PPAR-a is strongly
expressed in cells with high catabolic rates of fatty acids and
high peroxisomal metabolism (hepatocytes, cardiomyocytes,
proximal tubules of kidney, and intestinal mucosa). PPAR-3
is abundantly and ubiquitously expressed, whereas PPAR-y
presents a much more restricted expression (retina, immune
system, and white adipose tissue). The fact that PPARs are
coexpressed with differential levels of expression in most of
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the tissues studied, in addition to their their capacity to bind
identical response elements, suggests specific roles for these
receptors in the regulation of similar sets of genes. If this were
true, their differential activation by distinct molecules would
represent a key regulatory step. Thus, variations of tissue
expression of the different forms of PPARs in concert with
variations in the distribution of their specific ligands or ac-
tivators would lead to multiple possible combinations of fine
tuning for the stimulation or the repression of target genes.
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