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Abstract. Zellweger syndrome is a peroxisomal bio-
genesis disorder that results in abnormal neuronal mi-
gration in the central nervous system and severe neuro-
logic dysfunction. The pathogenesis of the multiple
severe anomalies associated with the disorders of per-
oxisome biogenesis remains unknown. To study the re-
lationship between lack of peroxisomal function and
organ dysfunction, the PEX2 peroxisome assembly
gene (formerly peroxisome assembly factor-1) was dis-
rupted by gene targeting.

Homozygous PE X2-deficient mice survive in utero
but die several hours after birth. The mutant animals do
not feed and are hypoactive and markedly hypotonic.
The PEX2-deficient mice lack normal peroxisomes but

do assemble empty peroxisome membrane ghosts.
They display abnormal peroxisomal biochemical pa-
rameters, including accumulations of very long chain
fatty acids in plasma and deficient erythrocyte plas-
malogens. Abnormal lipid storage is evident in the ad-
renal cortex, with characteristic lamellar-lipid inclu-
sions. In the central nervous system of newborn mutant
mice there is disordered lamination in the cerebral cor-
tex and an increased cell density in the underlying
white matter, indicating an abnormality of neuronal mi-
gration. These findings demonstrate that mice with a
PEX?2 gene deletion have a peroxisomal disorder and
provide an important model to study the role of peroxi-
somal function in the pathogenesis of this human disease.

of human brain malformations that primarily af-

fect development of the cerebral cortex. Over 25
syndromes with abnormal neuronal migrations have been
described and many have been proven to be genetic in ori-
gin (Dobyns and Truwit, 1995). Classical studies on the
formation of cortical architecture in human brain have re-
vealed four basic steps, including neuronal precursor pro-
liferation in germinal zones, directed migration from ger-
minal zones, assembly of postmigratory cells into discrete
layers, and the formation of synaptic connections. The mi-
gration of immature cortical neurons on a scaffold of ra-
dial glial cells during mid to late gestation is a remarkable
feature of cortical formation (Rakic, 1972; Hatten, 1990),
providing mechanisms for the disposition of different classes
of neurons into specific neuronal layers. While attention has
focused on neuron—glia interactions during neuronal loco-
motion on glial fibers (Zheng et al., 1996), cell organelles
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such as the peroxisome, which function in cellular metabo-
lism, are also critical to this process.

Zellweger syndrome is a severe, autosomal recessive hu-
man neuronal migration disorder. It is a prototype for per-
oxisome biogenesis disorders (PBDs)! in which the or-
ganelle is not correctly assembled, leading to multiple defects
in peroxisome function (Lazarow and Moser, 1994). These
infants are readily recognized in the early postnatal period
by their characteristic dysmorphic facial features, pro-
found generalized hypotonia, psychomotor delay, and sei-
zures. There is progressive dysfunction of the liver and
central nervous system, culminating in death within the
first year of life. Morphologic changes are present in multi-
ple organ systems including central nervous system mal-
formations, renal cysts, hepatic fibrosis, joint calcifications,
striated adrenocortical cells (Goldfischer et al., 1973), and
ocular abnormalities. The clinical spectrum of PBDs also
includes the milder disorders neonatal adrenoleukodystro-
phy (NALD) and infantile Refsum’s disease as well as

1. Abbreviations used in this paper: BLBP, brain lipid binding protein; ES,
embryonic stem; PBD, peroxisome biogenesis disorder; PC, Purkinje cell;
PTS, peroxisomal targeting signal; VLCFA, very long chain fatty acids.
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classic rhizomelic chondrodysplasia punctata (RCDP). In
these latter disorders, brain malformations are absent or
much less prominent than in Zellweger syndrome.

In the Zellweger central nervous system, there is disor-
dered neuronal migration leading to characteristic cytoar-
chitectonic abnormalities involving the cerebral hemispheres,
the cerebellum, and inferior olivary complex (Volpe and Ad-
ams, 1972; Evrard et al., 1978). The malformation of the ce-
rebral cortex is most severe and reproducibly results in
gyral abnormalities centered around the Sylvian fissure
with a stereotypic medial pachygyria and lateral polymi-
crogyria. These gyral abnormalities reflect a reduced neu-
ronal population in the cortex and large numbers of sub-
cortical heterotopic neurons. These architectonic features,
encountered postnatally as well as in pathologic studies on
Zellweger fetuses (Powers et al., 1985, 1989), indicate that
this malformation results from a developmental distur-
bance in the migration of neuroblasts to form the cerebral
cortical plate throughout much or all of the cytogenetic
epoch. In the cerebellum, one finds heterotopic Purkinje
cells (PCs) in the white matter, subjacent to intact Pur-
kinje and granule cell laminae, or combinations of abnor-
mally arranged PCs and granule cells (heterotaxias). Dys-
plastic changes of the principal olivary nucleus and dentate
nucleus are seen with a simplification in the normal serpig-
inous course, laminar discontinuities and condensation of
neurons around the periphery of the nuclear islands. In ad-
dition, abnormalities develop postnatally in white matter
including decreased myelination, reactive astrocytosis, and
lipid accumulations in astrocytes.

In the PBDs, there is a block in the posttranslational im-
port of peroxisomal matrix proteins into the organelle,
whereas peroxisomal membrane proteins are assembled in
the cell into “membrane ghost” structures that appear to
be devoid of content (Santos et al., 1987, 1988). The im-
port of matrix proteins bearing the COOH-terminal PTS1
and/or the NH,-terminal PTS2 peroxisomal topogenic tar-
geting signal (Purdue and Lazarow, 1994; Rachubinski and
Subramani, 1995) may be differentially affected in these
patients (Motley et al., 1994; Slawecki et al., 1995). Bio-
chemical studies have shown a reduced activity of multiple
peroxisomal matrix enzymes in the PBDs. In Zellweger
syndrome, the peroxisomal dysfunction is characterized by
accumulation of very long chain fatty acids (VLCFA), de-
ficient plasmalogen synthesis, and accumulation of pipe-
colic acid, phytanic acid, and bile acid intermediates (Laz-
arow and Moser, 1994).

PBDs are genetically heterogeneous disorders that may
arise from defects in at least 11 different genes (Moser et al.,
1995). Complementation group 10 (group F in Japan) was
the first complementation group for which a genetic defect
was defined (Shimozawa et al., 1992) and demonstrated to
be a mutation in the peroxisome assembly factor-1 gene
(now called PEX2; Distel et al., 1996). This zinc-finger—
containing, 35-kD peroxisomal integral membrane protein
was originally described in a Chinese hamster ovary cell
line selected for absence of peroxisomes (Tsukamoto et al.,
1990, 1991) and subsequently found to be mutated in an-
other patient with severe Zellweger syndrome (Shimo-
zawa et al., 1993) and two additional Chinese hamster
ovary cell lines (Thieringer and Raetz, 1993). The majority
of mutations are nonsense mutations leading to premature
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termination of this protein. The role of Pex2p in peroxi-
some assembly is not yet understood.

Zellweger syndrome is one of the few human neuronal
migration disorders for which genetic defects have been
defined. Elucidation of the causal link between absence of
peroxisome function and the neuronal migration defect
will certainly require the use of animal models, yet no nat-
urally occuring models exist. We have generated a null
mutation of the murine PEX2 gene locus and demon-
strated that homozygous PEX2-deficient mice show ab-
normal brain development with a prominent defect in the
formation of the cerebral cortex. These mice provide a
model system for analyzing the role of peroxisomal func-
tion in early phases of development, when cell migration is
establishing the form of different brain regions.

Materials and Methods

Cloning of the Mouse PEX2 Gene

A 658-bp fragment of the mouse PEX2 gene was isolated by PCR using
genomic DNA isolated from C57Bl/6 mouse liver and primers based on
the rat PEX2 sequence (Tsukamoto et al., 1991). Primers were: forward,
5'-CAGTGCATGAATTTTGTGGTTGGA-3' extending from position
567; and reverse 5'-CCAGTGATTAGAACTGAGTTGTGC-3' extend-
ing from position 1,225 of the rat mRNA sequence. (PCR cycle parame-
ters are for a thermocycler [480; Perkin Elmer, Norwalk, CT]). After 4
min of denaturation at 94°C and 2 min of renaturation at 60°C, 30 cycles
were run with 1.5 min at 72°C, 1 min at 94°C, 1 min at 60°C, followed by a
final extension for 10 min at 72°C. A single appropriately sized fragment
was obtained, subcloned into pCRII plasmid vector (Invitrogen Corp.,
San Diego, CA), and sequenced to confirm the identity as a PEX2 gene
(data not shown).

The PCR fragment was used to probe a 129SVJ mouse genomic AFIX
II phage library (946309; Stratagene, La Jolla, CA) and a C57BL/6 P6 cere-
bellum cDNA library in AZAP (kindly provided by G. Dietz, Rockefeller
University, New York, NY). These sequence data are available from Gen-
bank/EMBL/DDBJ under accession number AF031128. The deduced ge-
nomic structure of the mouse PEX2 gene is shown in Fig. 1 A.

Gene Targeting and Generation of PEX2-deficient Mice

A targeting construct (Fig. 1 A) was prepared by ligation of a 5.05-kb
Bstell (blunted)-Xbal PEX2 genomic fragment into a pKS-NT vector
(Wurst et al., 1994) digested with EcoRI (blunted) and Xbal to yield pNT-
BX, followed by ligation of a blunt 2.5-kb HindIII-BstXI PEX2 genomic
fragment into the pNT-BX vector digested with Sall (blunted). The tar-
geting vector (50 pg) was linearized with Xhol and electroporated into R1
embryonic stem (ES) cells (5.6 X 10°) as previously described (Wurst and
Joyner, 1993). Transfected cells were plated onto neo’, mitomycin-C-inac-
tivated primary embryonic fibroblasts and double selection (250 wg/ml
G418; 0.2 wm gancyclovir) was started 24 h after the electroporation. Re-
sistant ES clones were selected 7 to 9 d after the transfection. Targeted
clones were identified by Southern blot hybridization analysis of genomic
DNA (Fig. 1 B) using probes external to the targeting vector (see below).
The frequency of homologous recombination was 10 and 20% of double
drug-resistant colonies in two separate electroporations.

Chimeric mice were generated by injection of four ES cell clones into
blastocysts of C57BL/6 donor mice as described (Papaioannou and
Johnson, 1993). Highly chimeric males from three of the four ES cell lines
were intercrossed with C57BL/6 mice, and agouti offspring were tested for
germline transmission by Southern blot analysis. Homozygous PEX2-defi-
cient mice were obtained by interbreeding F1 heterozygotes; F2 offspring
were genotyped by PCR analysis (see below).

Southern Blot Analysis

Genomic DNA of ES cell clones was isolated as described (Wurst and
Joyner, 1993) and was restriction digested with EcoRI or BglII for the anal-
ysis of homologous recombinants. DNA was transferred to Gene-screen
Plus (New England Nuclear, Boston, MA) and hybridized according to
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Figure 1. Generation of PEX2-deficient mice. (A) Schematic
representation of the PEX2 genomic locus (top), targeting vector
(middle), and targeted allele (bottom). Exon sequences are indi-
cated by the black boxes. Selectable neomycin resistance (NEO)
and thymidine kinase (7TK) cassettes, under control of the PGK
promoter (shaded box), are shown. Dashed lines indicate the re-
gion of homology between locus and targeting vector. The origins
of the 5" and 3’ probes (X and Y) and the size of the resulting re-
striction fragments (long arrows) used to identify the targeted ES
cell lines are shown. In the targeted locus, exon 5, containing the
translation initiation site and entire coding sequence, is replaced
by the NEO gene, resulting in a null allele. Bg, Bglll; Bx, BstXI;
E, EcoRI; H, HindIII; X, Xbal. (B) Southern blots of genomic
DNA isolated from targeted ES cell lines. (Lanes /-3) EcoRI di-
gest gives a wild-type 6-kb fragment and targeted 9-kb fragment.
(Lanes 4-6) BglII digest gives a wild-type 13.8-kb fragment and
targeted 9.6-kb fragment. (C) PCR analysis of tail DNA of wild-
type (+/+), heterozygous (+/—), and homozygous (—/—) mice.
Primers used for the PCR (a—c) are indicated. M, BRL 1-kb lad-
der marker. (D) Northern blot hybridization analysis of RNA
from liver (lanes /-3), brain (lanes 4-6), and kidney (lanes 7-9).
20 pg of total RNA from +/+ (lanes I, 4, and 7), +/— (lanes 2, 5,
and 8), and —/— (lanes 3, 6, and 9) newborn mice were hybridized
with an exon 5 PEX2 genomic probe or GAPDH probe. Arrow-
heads indicate the three PEX2 transcripts identified. Size marker,
BRL RNA ladder.

the manufacturer’s protocol. Southern blots were probed with a 0.7-kb
Bstell-Clal PEX2 genomic fragment (5'-probe, probe X) for EcoRI digests
or a 0.8-kb BstXI PEX2 genomic fragment (3'-probe, probe Y); both of
these probes flank the regions of homology in the targeting vector (Fig. 1 A).

PCR Analysis

PCR of genomic tail DNA of wild-type, heterozygous, and homozygous
mice was carried out with a set of three primers: primer a (5'-GGGAT-
AGGGTCAAGATA-TAAAGG-3'), primer b (5'-TAGATGGTGAA-
CCTCCACAGGAAA-3'), and primer c (from neo gene; 5'-ATGCCT-
GCTTGCCGAATATCATG-3'). A standard 20-pl reaction contains:
~0.25 pg DNA and 16 pmol of each primer in reaction buffer containing
10 mM Tris-HCI, pH 8.8, 75 mM KClI, and 1.5 mM MgCl,. After denatur-
ation for 3 min at 94°C and renaturation for 2 min at 60°C, 30 cycles were
run with 1.5 min at 72°C, 1 min at 94°C, 1 min at 60°C followed by a final
extension for 10 min at 72°C. PCR products were analyzed on 2% agarose
gels and yielded the wild-type allele of 400 bp and targeted allele of 800 bp
(Fig. 1 0).

Northern Blot Analysis

Total RNA was isolated by the single-step guanidinium thiocyanate-phe-
nol method (Chomczynski and Sacchi, 1987). RNA (20 pg) from brain,
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liver, and kidney of newborn mice (P0) was heat denatured and fraction-
ated by electrophoresis through a 1.2% formaldehyde-agarose gel and
transferred onto a nylon membrane (Gene-screen; New England Nuclear)
by capillary blotting. The filter was hybridized according to the manufac-
turer’s instructions with a randomly **P-labeled 1.25-kb EcoRI PEX2 ge-
nomic fragment that contains exon 5 (Fig. 1 A). The final high stringency
wash was done in 0.2X SSC, 1% SDS at 65°C. The filter was then stripped
of radioactivity and reprobed with a 1.2-kb PstI fragment of GAPDH DNA.

Biochemical Analyses

VLCFA and Plasmalogens. Blood (~50-100 pl) was collected from new-
born mice after decapitation and 10 pl of 7.5% K3;EDTA added to pre-
vent clotting. The sample was centrifuged for 10 min at 1,000 g and plasma
separated from the pelleted erythrocytes. Samples were stored at —70°C
before analysis. Analyses of VLCFA in plasma and erythrocyte plasmalo-
gens were kindly performed for us by Dr. H. Moser and A. Moser
(Kennedy Krieger Institute, Baltimore, MD) as described (Bjorkhem et
al., 1986; Moser and Moser, 1991).

Liver Fractionation and Catalase Assay. The liver from newborn mice
was collected, weighed, and placed in ice-cold 0.25 M sucrose, 1 mM
EDTA, 0.1% ethanol, pH 7.4 (SVE) and processed essentially as de-
scribed (Lazarow et al., 1991). Briefly, each liver was homogenized in 0.75 ml
of SVE (10-15 vol) containing 5 pg/ml of leupeptin, pepstatin, and anti-
pain using a motor-driven Potter-Elvehjem homogenizer and a postnu-
clear supernatant (PNS) prepared. Two thirds of the PNS was centrifuged
at 17,000 g and separated into supernatant and pellet. Catalase (peroxi-
somes) and N-acetyl-B-glucosaminidase (lysosomes; as an internal control
that homogenization was not excessive) were assayed in the postnuclear
supernatant, 17,000 g supernatant and pellet as previously described (Laz-
arow et al., 1988). Protein was measured by BCA reagent (Pierce, Rock-
ford, IL).

Immunohistochemistry

Fibroblasts were isolated from skin of newborn mice. The skin was finely
minced, digested in trypsin, and plated in DME, 10% heat inactivated fe-
tal calf serum, 100 mM L-glutamine, and 1X antibiotics. Cells were plated
on printed microscopic slides (Cel-Line, Newfield, NJ) with 12-mm diam
wells that had previously been coated with 0.01 mg/ml poly-L-lysine and
fixed 16-20 h after plating with 4% paraformaldehyde for 20 min at room
temperature. Antibodies against bovine catalase and rat liver PXIMPs were
a gift from P.B. Lazarow (Mount Sinai Hospital, New York, NY); anti-
body against peroxisomal 3-ketoacyl-CoA thiloase was a gift from T. Hashi-
moto (Shinshu University School of Medicine, Matsumoto, Nagano, Ja-
pan). The procedure for indirect immunofluorescence was essentially as
described (Santos et al., 1988) and used 1% NP40 to permeabilize the
cells.

Mice at PO and embryos at E15 were deeply anesthetized and perfused
intracardially with 4% paraformaldehyde in PBS, pH 7.4. The brain was
removed and postfixed at 4°C for 24 h in the same fixative, rinsed in PBS,
and 100-pm sections prepared on a vibratome (coronal plane for fore-
brain; saggital plane for cerebellum). Sections were permeabilized and
blocked in 1% Tween, 20% normal goat serum in PBS for 90 min. Anti-
bodies were diluted in the above buffer and incubated with the sections
overnight at 4°C, including: rabbit anti-GFAP (Dako Corporation, Car-
pinteria, CA) at 1:200, rabbit anti-BLBP (a gift from N. Heintz, Rockefeller
University) at 1:1,000, mouse monoclonal antibody RC2 (Misson et al.,
1988) at 1:1, and rabbit anti-calbindin D-28k (SWant, Bellinzona, Switzer-
land) at 1:1,000. Sections were washed three times for 30 min in PBS. Sec-
ondary antibody conjugated to fluorescein (Cappel Research Products,
Cochranville, PA) was used at 1:200.

Cells and sections were photographed with a microscope (Axiovert;
Zeiss, Inc., Thornwood, NY) fitted with fluorescent illumination plan-
neofluor 2.5, 5, 10, 20, 40, and 100X objectives, 1.6X zoom capability, and
an Axiophot camera module. For RC2, BLBP, and calbindin D-28k stain-
ing, sections were imaged with a confocal scan head (MRC600; Bio Rad,
Hercules, CA) and host computer system (PC-AT; IBM, Danbury, CT).

Histology

Brain, spinal cord, and kidney from newborn mice were removed and
fixed by immersion in Bouin’s fixative for 4 to 20 h at room temperature,
followed by rinsing in 70% ethanol. Liver, adrenal, and patella were fixed
in 10% formalin. Tissues were embedded in paraffin following standard
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procedures, sectioned at 7 to 10 um, and stained with hematoxylin-eosin.
Carefully matched coronal sections of brains were photographed with a
microscope (Axiovert; Zeiss, Inc.) and print pictures compared to analyze
histologic abnormalities in mutant versus control animals.

Whole mount alizarin red/alcian blue staining of newborn mouse skele-
tons was performed as previously described (Lufkin et al., 1992).

Electron Microscopy

For morphologic studies, liver and adrenal gland from newborn mice were
diced in 2.5% glutaraldehyde in 100 mM cacodylate, pH 7.4, and fixed for
3 to 4 honice. The tissues were then postfixed in 1% osmium tetroxide in
the same buffer, treated with uranyl acetate, dehydrated in ethanol, pro-
pylene oxide, and embedded in Epon.

For DAB catalase cytochemistry, liver pieces were fixed in 2% para-
formaldehyde containing 2.5% glutaraldehyde in 100 mM cacodylate, pH
7.4, for 3 h. The alkaline 3,3’-diaminobenzidine (DAB) reaction was car-
ried out as previously described (Shio and Lazarow, 1981). After reaction,
the slices were washed, postfixed in osmium tetroxide, and processed as
above for morphology.

Grids were viewed in an electron microscope (100 CX; Jeol Ltd., To-
kyo, Japan) operated at 80 kV.

Results

Generation of PEX2-deficient Mice

A fragment of the mouse PEX2 gene was isolated by PCR
using genomic mouse liver DNA and primers based on the
rat PEX2 sequence (see Materials and Methods). This frag-
ment was used as a probe to isolate genomic and cDNA
clones for PEX2, and the genomic organization was deter-
mined (Fig. 1 A). To disrupt the PEX2 locus, a targeting
vector was constructed in which exon 5, containing the
translation initiation site and entire coding sequence for
the gene, was replaced by the neomycin phosphotrans-
ferase gene (Fig. 1 A). The targeting construct was elec-
troporated into R1 ES cells (Nagy et al., 1993) and tar-
geted clones identified by Southern blot hybridization
(Fig. 1 B). Highly chimeric males from three ES cell lines
were intercrossed with C5S7BL/6 mice, and all of them trans-
mitted the mutation through the germline. F1 heterozy-
gous offspring from these three lines were interbred to
produce homozygous PEX2-deficient offspring. The phe-
notype of the homozygous PEX2 mutant mice was the
same in all three lines. F2 offspring were genotyped by PCR
analysis (Fig. 1 C). Northern blot analysis of total RNA of
liver, brain, and kidney of newborn mice revealed an ab-
sence of PEX2 transcripts in homozygous mutant mice
when an exon 5 genomic fragment was used as a probe
(Fig. 1 D). Note that in addition to the major mRNA tran-
script of ~1.8 kb, two other less abundant transcripts are
detected (3.9 and 3.25 kb), and all are missing in the ho-
mozygous mutant mice. A less abundant transcript of 2.5 kb
has been described for human PEX2 (Shimozawa et al.,
1992).

No homozygous mutant mice were found in 175 surviv-
ing offspring at 3 to 4 wk of age. A normal Mendelian ratio
of wild-type/heterozygous mice was observed at this age
(60 +/+:112 +/—), indicating normal survival of heterozy-
gotes. However, among 331 newborn pups (P0), there
were 87 wild-type (+/+), 162 heterozygous (+/—), and 82
homozygous (—/—) mice, the ratio being close to 1:2:1.
The majority of PEX2-deficient mice were observed to die
shortly after birth (usually <12 h), do not feed, and display
a variable in utero growth retardation (mean 29% weight
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reduction versus littermate controls, range 12-42%; see
Fig. 7 A). Although the mutant mice do not feed, one can
elicit the normal rhythmic suckling movement of the jaw
by mechanical stimulation of the lip (Kutsuwada et al.,
1996). Approximately 2% of newborn mutant mice do show
small amounts of milk in their stomachs. Rarely, mutant
mice have survived up to 1 or 2 d after birth (n = 3). There
is no obvious facial or limb dysmorphism (see Fig. 7 A),
and seizures have not been observed. The animals respond
normally to noxious stimuli. The PEXZ2-deficient mice
move their limbs well but are hypoactive and tend to main-
tain a “C-shaped,” contracted posture. When placed on their
paws, the mutants lift their heads poorly and often fall
over rapidly. This apparent hypotonia of the mutant mice
was evident even in litters of mice obtained very soon after
birth and in which none of the animals had fed. In addi-
tion, several runted, nonmutant mice have been observed
and shown not to display this degree of hypotonia.

Biochemical Abnormalities in PEX2-deficient Mice

Plasma and erythrocyte samples were collected from new-
born mice to assay for VLCFA and erythrocyte plasmalo-
gens. Tables I and II show plasma VLCFA and erythrocyte
plasmalogen levels, respectively, in control and homozy-
gous-mutant mice along with comparative data from patients
with peroxisomal biogenesis disorders. In the PEX2-defi-
cient mice there is a marked increase in plasma VLCFA,
both saturated and monounsaturated, with an ~8-12-fold
increase in the c26/22 ratio and 9.5-fold increase in the c26:0
concentration versus control mice (Table I). These eleva-
tions are similar to that seen in human peroxisomal bio-
genesis disorders. The erythrocyte plasmalogen levels
(Table II) are severely deficient in the mutant mice, with a
50-60-fold decrease relative to control mice. This plas-
malogen deficiency is most similar to that seen in the dis-
order RCDP, where the plasmalogen deficiency is most se-
vere. Mice heterozygous for the PEX2 gene deletion show
no significant difference from control mice in plasma
VLCFA and erythrocyte plasmalogens.

Absence of functional peroxisomes may also be inferred
by the lack of sedimentable catalase in cell homogenates.
To directly demonstrate the abnormal cellular localization
of catalase, a postnuclear supernatant was prepared from
newborn mouse livers and separated into a high speed pel-
let, containing the cell organelles, and a supernatant. As
shown in Table III, catalase was 80% sedimentable in
wild-type and heterozygous mice but was 97% soluble in
the PEX2-deficient mice. The distribution of the lysoso-
mal enzyme marker N-acetyl-B-glucosaminidase was not
affected by the PEX2 gene mutation (Table I1I).

PEX?2-deficient Mice Have a Peroxisome
Assembly Defect

To determine the cellular localization of peroxisomal ma-
trix and membrane proteins, fibroblast cultures were de-
rived from skin of newborn mice and stained by immuno-
fluorescence using antibodies against catalase, peroxisomal
3-ketoacyl-CoA thiolase, and rat liver peroxisomal inte-
gral membrane proteins (PXIMPs). In control fibroblasts,
the matrix markers catalase and thiolase show a punctate
pattern of immunofluorescence typical of peroxisomes
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Table I. Plasma Total Very Long Chain Fatty Acids

Sample c22% c24% c26% c24/22 Ratio ¢26/22 Ratio ¢26:0 (pg/ml) ¢26:1 (pg/ml)
Mouse
C57BL/6 0.304 0.340 0.013 1.13 0.05 0.15 0.05
129/white 0.429 0.528 0.025 1.25 0.06 0.30 0.06
109-A5 (+/+) 0.224 0.253 0.023 1.13 0.10 0.21 0.40
109-A4 (—/—) 0.243 0.640 0.201 2.63 0.83 2.05 0.85
4-A3 (—/—) 0.371 0.800 0.276 2.16 0.74 1.95 0.81
4-A4 (—/-) 0.304 0.603 0.226 1.98 0.74 2.05 0.85
Human
Normal 0.83 (0.01) 0.014 (0.0) 0.33 (0.15)
Zellweger 2.0 (0.24) 0.49 (0.03) 2.5 (0.85)
NALD 1.8 (0.35) 0.30 (0.14) 2.4(0.73)
Hyperpipecolic 1.4 0.16 1.7

acidemia

Samples from control mice (C57BL/6 and 129) were from adult animals. For the PEX2 mice, samples are from newborns (P0), and the genotype is shown in parentheses; animals
109-A4, -A5 and 4-A3, -A4 are from two separate litters. For the human data, values shown are the mean and standard deviation (in parentheses; reprinted with permission; Moser

and Moser, 1991).
NALD, Neonatal adrenoleukodystrophy.

(Fig. 2, A and C). Fibroblasts derived from PEX2-deficient
mice show only diffuse cytoplasmic staining with these an-
tibodies (Fig. 2, B and D). Thus, both peroxisomal targeting
signal (PTS) pathways for import of peroxisomal matrix
proteins, as defined here by catalase (PTS1) and thiolase
(PTS2), are disrupted in the mutant fibroblasts. Assembly
of peroxisomal membrane proteins into “membrane ghosts”
(Santos et al., 1988) can be identified in PEX2-deficient fi-
broblasts with the anti-PxIMP antibody (Fig. 2 F). As has
been described for Zellweger fibroblasts, the membrane
ghosts are generally larger in size and fewer in number
than normal peroxisomes (compare with Fig. 2 C) and are
often found in small clusters. Thus, integral membrane
proteins of the peroxisome are assembled in fibroblasts of

Table I1. Eythrocyte Plasmalogens

Sample C16 Plasmalogen C18 Plasmalogen
Mouse

C57BL/6 0.043 0.053
129 0.049 0.059
101-A3 (+/-) 0.054 0.070
101-A4 (+/+) 0.047 0.058
109-AS5 (+/+) 0.061 0.083
109-A4 (—/-) 0.001 0.001
4-A3 (—/-) 0.001 0.001
4-Ad (—/—) 0.001 0.001
Human

Normal 0.065 (0.010) 0.195 (0.035)
Zellweger 0.008 0.020

NALD 0.01-0.04 0.02-0.01
RCDP 0.001 0.001

The values represent the ratios of C16 or C18 dimethylacetyl derivatives of plasmalo-
gen to the C16 or C18 saturated fatty acids. A low ratio indicates plasmalogen defi-
ciency. Samples from control mice (C57BL/6 and 129) were from adult animals. For
the PEX2 mice, samples are from newborns (P0), and the genotype is shown in paren-
theses; animals labeled 101-, 109-, and 4- are from three separate litters. For the hu-
man data, values shown are the mean and standard deviation (in parentheses; reprinted
with permission; Moser and Moser, 1991).

NALD, Neonatal adrenoleukodystrophy.

RCDP, rhizomelic chondrodysplasia punctata.
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PEX2-deficient mice, but matrix proteins are not im-
ported into the organelle.

Morphologic Consequences of a Lack of Peroxisomes

Abnormal Lamination in the Cerebral Cortex. There were no
external abnormalities evident in the brain of homozygous
PEX2-deficient mice at PO; the size and proportion were
similar to those of the wild-type and heterozygous mice.
Carefully matched coronal sections of the cerebrum were
examined by hematoxylin and eosin (H&E) staining and re-
vealed a major abnormality in the developing cerebral cor-
tex of homozygous mutant mice. Low power examination
revealed an altered distribution of cells within the develop-
ing cortical plate of mutant mice, with a lack of normal lay-
ering as well as an increased cellular density in the under-
lying white matter (intermediate zone) where neurons are
still migrating to form the cortex (Fig. 3). The subplate
neurons, easily visible in the wild-type brains (Fig. 3, A
and C, black arrows), are obscured by the increased den-
sity of cells in the lower cortical plate and intermediate
zone in mutant mice. These changes are seen over a large
expanse of neocortex from medial (Fig. 3 B) and lateral
(Fig. 3 D) regions. In addition, there is a gradient of sever-
ity in the morphologic change from medial to lateral corti-
cal regions. In more lateral cortical regions (Fig. 3, C and

Table II. Subcellular Distribution of Organelle Enzymes
in Liver

Catalase
(peroxisomes)

N-acetyl-B-glucos-
aminidase (lysosomes)

Genotype n* Pellet Supernatant Pellet Supernatant
%

+/+ 4 80 20 (4.3) 88 12 (1.9)

+/— 5 80 20 (3.4) 86 14 (1.6)

—/—= 9 3 97 (0.6) 85 15 (2.6)

Results are expressed as the percentage of activity present in pellet plus supernatant.
The standard deviation of the data is given in parentheses. Recoveries were 100—
111%.

n*, Number of livers examined.
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Figure 2. Immunofluorescence staining of wild-type and PEX2
mutant mouse fibroblasts. Wild-type (A4, C, and E) and homozy-
gous mutant (B, D, and F) fibroblasts were stained with antibod-
ies against catalase (A and B), peroxisomal 3-ketoacyl-CoA thio-
lase (C and D), and rat liver peroxisomal integral membrane
proteins (E and F). The mutant fibroblasts assemble peroxisomal
membrane proteins into punctate structures in the cell but are
unable to import the matrix proteins catalase and thiolase into
the peroxisome. Bar, 16 pm.

i 1

D), the layer VI/V boundary (indicated by white arrows) is
easier to discern in the mutant mouse but becomes in-
creasingly blurred as one proceeds medially (third white
arrow is absent in Fig. 3 D, as boundary is not evident).
This boundary is not evident in medial cortical regions
(Fig. 3 B).

At high power, the abnormal distribution of cells in the
cortical plate can be further appreciated (Fig. 4). Note that
only layers VI, V, and I (marginal zone) are completely
formed in newborn mice and layer IV cells are just arriv-
ing in the cortex. In the mutant mice, the marginal zone
and subplate are normally formed, and the thickness of the
cortical plate is not consistently different from control mice.
In medial cortical regions (Fig. 4, A and B), there is severe
effacement of the lamination in the remaining cortical lay-
ers seen as a loss of distinction between the layer bound-
aries (indicated by white dotted lines in Fig. 4 A) and an al-
tered cell distribution in layers V and VI. This change is
most prominent in the region corresponding to layer V;
cells that appear to be pyramidal neurons are difficult to
identify and are obscured by a large number of cells with
rounder, more immature-appearing nuclei, as well as cells
with dark-staining, elongated nuclei. These latter cells may
represent migrating neuroblasts. In addition, there is a re-
duction in the amount of neuropil separating cells (normal
neuropil shown in white circle, Fig. 4 A) in the mutants,
leading to an apparent alteration in cell packing density. In
ventral-lateral cortical regions, the cortex in mutant mice
has a more normal lamination with milder abnormalities in
cell distribution (Fig. 4, compare C and D). In this region, it
is possible to more clearly visualize the layer boundaries,
and the reduction in intervening neuropil is not as severe.

Figure 3. Neuronal migra-
tion defect in PEX2 mutant
mice. Matched coronal sec-
tions from wild-type (A and
C) and homozygous mutant
(B and D) newborn mouse
brains spanning medial (A
and B) and lateral (C and D)
cortical regions, stained with
hematoxylin-eosin. The cor-
tical plate (CP) is delimited
by arrowheads, and the
boundary between the ger-
minative zone (below arrow)
and intermediate  zone
(above arrow) is indicated by
an open arrow on the left
side (shown in A and B
only). The white arrows indi-
cate the boundary between
layers VI and V in the devel-
oping neocortex. Note the
abnormal layering in the cor-
tical plate of the mutant
mouse, with loss of distinc-

tion between layer boundaries, and the increased density of cells in the intermediate zone. In more lateral cortical regions (C and D),
the layer VI/V boundary is easier to discern in the mutant mouse but becomes increasingly blurred as one proceeds medially (third
white arrow is absent in D as boundary is not evident; boundary is not evident in B). The subplate (small black arrows in A and C) is ob-
scured in the mutant (B and D) by the increased density of cells in the lower cortical plate and intermediate zone. Bar, 100 pm.
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One can still visualize an increased number of cells that ap-
pear to be migrating neuroblasts in in the mutant cortex.
Rostrocaudal differences in the cortical abnormality were
also evident. While the medial cortex was generally abnor-
mal throughout the brain, anterior and posterior cortical
regions showed a lesser degree of abnormality throughout
a greater extent of lateral cortex (similar to that shown in
Fig. 4 D; data not shown). Other forebrain regions, includ-
ing hippocampus, basal ganglia, thalamus, and olfactory
bulb, showed no obvious abnormality in the mutant mice.
Cortical lamination was normal in heterozygous mice. A
total of 16 brains from PO mutant mice were examined,
and all were recognizably abnormal to blinded observers.
There was significant variation in the cortical malforma-

Faust and Hatten A Mouse Model for Zellweger Syndrome

Figure 4. Abnormal cortical
lamination. Coronal sections
of wild-type (A and C) and
homozygous PEX2 mutant
(C and D) newborn mouse
brains from medial (A and
B) and ventral-lateral (C and
D) cortical regions, stained
with hematoxylin-eosin. The
cortical layers in the wild-
type and “equivalent area” in
the mutant are delimited by
arrowheads: MZ, marginal
zone; CP, cortical plate; SP,
subplate. Note the abnormal
cortical lamination in the
mutant mouse (B) with a loss
of distinction between the
normal layer boundaries (in-
dicated by white dotted lines
in A) and an altered cell dis-
tribution, particularly in the
layer V region. There is a re-
duction in intervening neuro-
pil in the mutant (white circle
in A shows normal neuropil).
The lamination abnormali-
ties are less severe in the ven-
tral-lateral cortex (D). In
this region, one can visualize
the layer boudaries (C and
D, white dotted lines), and
the reduction in intervening
neuropil is less severe (white
circles). Bar, 31 pm.

tion between mutant mice with different parents. In some
animals the defect was much less severe (similar to that in
lateral cortex, Fig. 4 D), with fewer cells in the underlying
white matter and a more limited rostrocaudal extent, be-
ing apparent only in central regions of the brain (data not
shown). The presence of the cortical malformation and
variation within was not attributable to the size of the ani-
mal since (a) mutant mice of similar size showed signifi-
cant differences, and (b) control, runted animals did not
show similar cortical changes (data not shown).

To examine the radial glial scaffold, which serves as the
guidance substrate for cortical neuronal migration, brains
from E15 mice were stained with antibodies against RC2
and brain lipid binding protein (BLBP), both markers for
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Figure 5. Immunofluorescence staining of forebrain and cerebel-
lum. (A) Coronal section of E15 forebrain from PEX2 mutant
mouse stained with RC2 antibody to label the radial glia. (B and
C) Saggital section of PO cerebellum from PEX2 mutant mouse
stained with calbindin-D28k antibody to label the Purkinje cells
(PCs). Anterior is to the left. Arrow indicates small cluster of bi-
polar PCs slightly beneath the multilayer, shown at higher power
in C, indicating a slight delay in the migration of these PCs. Im-
ages in A and C were obtained by confocal microscopy. Bars: (A
and C) 50 pm; (B) 100 pwm.

radial glia (Misson et al., 1988; Feng et al., 1994). RC2 and
BLBP immunostains showed no obvious abnormality in
the radial glial scaffold in brains from homozygous PEX2-
deficient mice (Fig. 5 A; BLBP not shown).

Brains of PO mutant mice stained with antibodies against
the astrocyte marker GFAP and neuronal marker MAP2
revealed a normal distribution of labeled cells (data not
shown).

Inferior Olivary Nucleus, Cerebellum and Spinal Cord

Coronal sections of the hindbrain of PO mice were exam-
ined by serial sections throughout the rostrocaudal extent
of the inferior olivary nucleus. In rodents, the principal oli-
vary nucleus is a simple u-shaped structure that lacks the
convolutions seen in humans. In the homozygous mutant
mice, the component olivary nuclei were normal in position,
and there was no evidence of discontinuities in the princi-
pal olivary nucleus (data not shown). Preliminary histologic
analysis of the principal olivary nucleus in the homozygous
PEX2 mutant mice suggests that there may be subtle abnor-
malities in the shape as well as neuropil of this nucleus;
however, these findings remain to be substantiated.
Histologic sections of the cerebellum in PO mutant mice

The Journal of Cell Biology, Volume 139, 1997

revealed that the deep cerebellar nuclei and the external
granular cell layer were normally formed and folial develop-
ment was appropriate for the age of the animal. Examina-
tion of the PO cerebellum with antibodies against calbindin-
D28k, a PC marker, demonstrated that the vast majority
of PCs in mutant mice had reached a normal position
within a multilayer beneath the cerebellar surface (Fig. 5 B).
These cells had a normal morphology for an early postmi-
gratory PC with numerous thin perisomatic processes
(Baptista et al., 1994). In one of three mutant mice exam-
ined, a small cluster of PCs was seen slightly beneath the
PC multilayer (Fig. 5 B, arrow). These cells had a bipolar
morphology with a few long processes, consistent with an
earlier embryonic migratory phase (Fig. 5 C), indicating a
slight delay in the migration and differentiation of these
few cells relative to the majority of PCs. Similar cells were
not identified in wild-type mice at PO. Due to the early
death of the mutant animals and the immature status of
the mouse cerebellum at birth, it is not possible to exclude
abnormal positioning of PCs and/or granule cells once the
internal granule cell layer has formed (complete by ~P14).

The absence of major morphologic changes in the infe-
rior olive or cerebellum is not due to regional differences
in expression of the PEX2 gene product. RNA in situ hy-
bridization studies showed a diffuse distribution of the PEX2
transcript in normal mouse brain (data not shown).

Histologic sections of the spinal cord in PO mutant mice
were examined from cervical, thoracic, lumbar, and sacral
regions and revealed no obvious abnormality. Lipidosis of
neurons, as described by Powers et al. (1987) in Zellweger
patients, was not seen.

Liver, Adrenal Gland, Kidney, and Eye

The liver of newborn mutant mice was normal in size and
showed no light microscopic abnormalities (data not shown).
In electron microscopic analysis of control livers, peroxi-
somes stain with the cytochemical procedure for catalase
(Fig. 6 A) and appear as small round or oval forms with an
electron-dense urate oxidase core (6 A, inset), characteris-
tic of rodent peroxisomes. Catalase-reactive particles were
not identified in livers from PEX2-deficient mice, and there
was no obvious morphologic abnormality in the mitochon-
dria (Fig. 6 B), which reportedly show distortion in shape
and matrix condensation in some Zellweger patients (Gold-
fischer et al., 1973). Immunofluorescence staining of fro-
zen livers from newborn mice with antibodies against cata-
lase also showed diffuse cytoplasmic staining in all of the
hepatocytes in the mutant mice, consistent with the cyto-
solic localization of catalase (data not shown).

Light microscopic examination of the adrenal gland in
newborn PEX2-deficient mice revealed adrenocortical cells
containing clear clefts (Fig. 6 C). These inclusions tended
to be located in adrenocortical cells within deeper regions
of the adrenal cortex. Similar structures were not observed
in wild-type or heterozygote littermate controls. Electron
microscopic examination confirmed the presence of gently
curved to curvilinear clefts associated with electron dense
leaflets (Fig. 6, D—F). The clefts ranged in size from 40 to
435 nm. These structures are consistent with the lamellar
lipid profiles seen in the adrenal cortex of Zellweger and
adrenoleukodystrophy patients (Powers and Schaumberg,
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1973; Goldfischer et al., 1983). Complex, multilamellate
inclusions were not identified.

Light microscopic analysis of the kidneys from newborn
mice showed only a slight tubular ectasia in PEX2-defi-
cient mice versus littermate controls (data not shown).
There was no evidence of tubular or glomerular cysts in
mutant mice. Light microscopic examination of the eyes of
newborn mutant mice showed no obvious abnormality
(data not shown).

Skeleton

In the Zellweger syndrome, there are characteristic dys-
morphic facial features that occur in essentially all patients
and stippled calcifications of patellae, femora, and humeri
(occur in ~69% of patients; Moser et al., 1995). Characteristic
facial features include high forehead, hypertelorism, epi-
canthal folds, hypoplastic supraorbital ridge, and depressed
bridge of nose. Many patients also have wide cranial su-
tures and large fontanelles. In the newborn PEX2-deficient
mice, there is no obvious external facial dysmorphism (Fig.
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Figure 6. Morphologic changes
in liver and adrenal gland. (A
and B) Diaminobenzidine-
catalase  cytochemistry of
wild-type (A) and PEX2 mu-
tant (B) liver. Numerous
dark staining peroxisomes
are only identified in the
wild-type liver (arrows). In-
set in A shows characteristic
morphology of rodent perox-
isomes with a curvilinear,
electron-dense core. (C) Light
microscopic examination of
adrenal gland from PEX2
mutant mouse showing nu-
merous clear clefts (arrows)
consistent with lipid inclu-
sions. Hematoxylin-eosin stain.
(D-F) Electron microscopic
examination of adrenal gland
from PEX2 mutant mouse
showing characteristic lamel-
lar-lipid profiles. Arrows in
D through F indicate lamel-
lae. Cells in D and E are
adrenocortical cells. Cell in F
is a mesenchymal cell or
an adrenocortical precursor.
Bars: (A and B) 100 pm;
(inset) 400 pm; (C) 10 pm;
(D-F) 200 nm.

7 A). Examination of the entire mouse skeleton by alcian
blue (cartilage) and alizarin red (bone) staining and by ra-
diographic examination showed a normal axial and ex-
tremity skeleton and no evidence of calcific stippling in the
patella or epiphyses of long bones (data not shown). The
bones of the calvarium in the homozygous mutant mice
did show a delay in membranous ossification characterized
by (@) a reduced amount of bone with a mottled appear-
ance in the medial frontal bones and the interparietal bone
(Fig. 7, E-H), and (b) an expanded, oval shape at the me-
dial apposition of the frontal bones (analogous to the ante-
rior fontanelle region in humans) and enlargement of the
“posterior fontanelle region” formed by the juncture of the
parietal and interparietal bones (see especially Fig. 7, G
and H). The majority (70%) of calvaria in control animals
are more extensively mineralized and have closely op-
posed frontal bones (Fig. 7 B). In 19% of control mice,
there was a slight opening between the medial frontal
bones (Fig. 7 C) but no significant reduction in bone den-
sity. However, the calvarial phenotype of the mutant mice
correlated with the size of the animal rather than the geno-
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0.94 gm

0.81 gm

Figure 7. External appearance and cranial morphology of PEX2
mutant mice. (A) Litter of newborn mice with three mutant ani-
mals (fop row) and four control animals (bottom row). Note the
absence of milk in the stomach and variable size in the mutant
animals. Abnormal facies are not evident in the mutant mice.
(B-H) Alcian blue (cartilage) and alizarin red (bone) staining of
newborn mouse calvarium. The weight of each mouse is shown.
(B) Typical appearance of the calvarium in control animals (70%).
f, Frontal bone; p, parietal bone; ip, interparietal bone. (C) Con-
trol animal with slightly open “anterior fontanelle” but relatively
normal bone density (19%). (D) Runted, control animal showing
slight enlargement of fontanelle space and reduced bone density
in medial frontal and interparietal bone. (E—H) Homozygous mu-
tant mice, demonstrating the correlation of increasing severity in
reduction of bone density in frontal and interparietal bones and
enlargement of fontanelle spaces with decreasing size of the ani-
mal. Bars, 1 cm.

type, as (a) runted wild-type or heterozygous animals
showed a similar defect (11% of control animals; weight
<1.12 gm; Fig. 7, compare D and F), and (b) larger mutant
mice showed a lesser degree of abnormality (Fig. 7, E and
F). The remaining facial bones and base of skull bones
were normal in appearance and proportionate in size in
the mutant mice.

Discussion

Zellweger syndrome is a unique peroxisomal disorder that
results in characteristic central nervous system malforma-
tions. We have demonstrated that mice with a complete
absence of the PEX2 gene product have a peroxisomal
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biogenesis disorder with deficiencies in peroxisomal bio-
chemical functions and morphologic changes in a number
of organ systems, including the presence of a prominent
defect in the development of the cerebral cortex. These
findings confirm the genetic linkage of the PEX2 defect in
humans and the prime importance of absent peroxisomal
function in causing the multiple anomalies associated with
the Zellweger syndrome.

In Zellweger syndrome, multiple peroxisomal matrix
enzymes are deficient due to abnormal assembly of the
peroxisomal organelle. Homozygous PEX2-deficient mice
have a marked increase in plasma VLCFA and deficient
synthesis of plasmalogens in erythrocytes. Fractionation of
liver demonstrated that the matrix enzyme catalase was
present in the cytosol in mutant mice rather than in its nor-
mal particulate location. Morphologic studies on fibro-
blasts and liver from mutant animals confirmed the ab-
sence of normal peroxisomes in these tissues. Hepatocytes
in the mutant mice did not contain any normal peroxi-
somes, indicating absence of mosaicism in the liver, as has
been reported in some Zellweger patients as well as in the
recently described peroxisomal fatty acyl-coenzyme A oxi-
dase-deficient mice (Fan et al., 1996). In fibroblasts, both
the PTS-1 and -2 targeting pathways for import of peroxi-
somal matrix proteins were disrupted in mutant animals,
and peroxisomal membrane proteins were assembled into
structures consistent with the “membrane ghosts” described
in Zellweger patients (Santos et al., 1988). Motley et al.
(1994) and Slawecki et al. (1995) have described heteroge-
neity in the disruption of the PTS-1 and -2 import path-
ways amongst fibroblasts from PBD patients in different
complementation groups, such that one or both pathways
are disrupted. Patients with a PEX?2 defect (complementa-
tion group 10) were found to have complete disruption of
both pathways (Slawecki et al., 1995), as also seen in
PEX2 mutant mice.

The central nervous system malformations are the most
consistent feature of the Zellweger syndrome with the
characteristic array of cerebral cortical, inferior olivary,
and cerebellar changes. In PEX2-deficient mice, there is
disordered lamination of the cerebral cortex and an in-
creased cell density in the underlying white matter, indi-
cating an abnormality of neuronal migration. Similar to
the human condition, the cortex was not uniformly af-
fected; both medial-lateral and anterior—posterior gradi-
ents in severity were observed in the mutant mice brains.
While the less severe involvement of the ventral-lateral
cortex might reflect the greater degree of maturation nor-
mally found in the earlier-formed lateral neocortex, the
observed anterior—posterior changes do not follow the
normal anterior to posterior gradient of cortical matura-
tion (Bayer and Altman, 1991), suggesting an independent
mechanism. In the human Zellweger brain, the cortical plate
is significantly thinner than in normal brains. However, this
was not consistently observed in the PEX2-deficient mice,
suggesting that the malformation is less severe in the mouse
than in humans. This may reflect (a) the much smaller size
of the mouse neocortex, which contains ~1,000-fold fewer
neurons than the human neocortex (Rakic, 1995), and
consequently the much smaller distance that migrating
neurons must traverse to reach the cortical plate; (b) a ma-
jor difference in the duration of the migratory epoch in hu-
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mans (months) as opposed to mice (days), with cumulative
damage accruing over time; and (c¢) differences in genetic
background, with other as yet undefined genes affecting
the phenotypic expression of the peroxisomal defect. Im-
munohistochemical examination of the radial glial scaf-
fold, which serves as the guidance substrate for cortical
neuronal migration, did not reveal any obvious structural
abnormalities in the mutant mice. However, this does not
exclude the presence of ultrastructural or functional ab-
normalities in the radial glial cells induced by the lack of
peroxisomal function.

The inferior olive and cerebellum also show characteris-
tic changes in the Zellweger syndrome. In the PEX2-defi-
cient mice, major morphologic changes were not observed
in the inferior olive or dentate nucleus. These nuclei are
much simpler, nonlaminated structures in the rodent, re-
flecting the much smaller size of the lateral cerebellar cor-
tex in rodents versus humans (Altman and Bayer, 1997).
Preliminary histologic analysis of the principal olivary nu-
cleus in the PEX2 mutant mice suggests that there may be
subtle abnormalities in the shape as well as neuropil of this
nucleus; however, these findings remain to be substanti-
ated with more detailed studies of olivary morphology and
olivocerebellar connectivity. In the cerebellum of mutant
mice, subcortical PC heterotopias were not detected. Al-
though the vast majority of PCs reached the multilayer be-
neath the cerebellar surface, a small cluster of PCs with a
slight delay in migration was detected in one mutant
mouse. Thus there may be limited and subtle abnormali-
ties in PC migration in the PEX2-deficient mice. Due to
the early death of the mutant animals and the immature
status of the mouse cerebellum at birth, it is not possible to
evaluate many aspects of cerebellar development. There-
fore, we cannot exclude that during the inward migration
of external granule cells from the surface of the cerebel-
lum to form the internal granule cell layer that PC hetero-
topias might result subjacent to the internal granule cell
layer as well as the abnormal arrangements of granule cells
and PCs that characterize heterotaxias seen in the Zell-
weger syndrome. In the neurologic mutant mouse reeler,
there are extensive subcortical PC heterotopias (more se-
vere than seen in Zellweger syndrome) and shape changes
in the principal olivary nucleus (Goffinet et al., 1984), sug-
gesting a relationship between the migratory abnormali-
ties in these cell populations, as has also been suggested in
Zellweger syndrome (Evrard et al., 1978). As olivocerebel-
lar topography is established as early as E15 in the mouse
(Paradies and Eisenman, 1993), the absence of major oli-
vary changes or subcortical PC heterotopias suggests that
malformations that might occur in the PEX2-deficient mice,
were they to survive longer, are likely to be mild.

Light and electron microscopy analysis of the adrenal
gland in mutant mice demonstrated structures consistent
with the lamellar-lipid inclusions described in Zellweger syn-
drome (Goldfischer et al., 1983). The chemical composi-
tion of these inclusions is unknown. They are postulated to
be phospholipids containing saturated VLCFA.

Some morphologic features of the Zellweger syndrome
were not modeled by the PEX2-deficient mice. As struc-
tural changes in the liver, eye, and brain white matter oc-
cur during the postnatal period in Zellweger syndrome,
one would not expect to see changes in a newborn animal.

Faust and Hatten A Mouse Model for Zellweger Syndrome

Renal cysts, seen in ~93% of Zellweger patients (Moser
et al., 1995) and evident in the fetal period (Powers et al.,
1985), were not found in kidneys of newborn mutant mice.
The slight tubular ectasia seen in the PEX2 mutant mouse
kidneys may reflect early damage and a precursor lesion.
Stippled joint calcifications, seen in ~69% of Zellweger
patients, were also not identified in PEX2-deficient mice.
The facial dysmorphism of this syndrome is a central diag-
nostic feature. However, abnormal facies were not evident
in the mutant mice. Zellweger patients are also reported to
have enlarged cranial fontanelles. Examination of the mouse
skeleton initially suggested the presence of delayed cranial
bone mineralization and a larger fontanelle space in the
mutant mice. However, this was found to correlate with
growth retardation of the animal rather than the mutant
genotype. It remains possible that the enlarged fontanelles
found in Zellweger patients are also an effect of growth re-
tardation.

The exact cause of death in the PEX2-deficient animals
has not been established. Shortly after birth, the mutant
mice are normal in color and respiratory pattern, and the
heart and lungs are normal in size, suggesting absence of a
primary respiratory or circulatory defect. While the inabil-
ity of the mice to feed certainly contributes to their early
demise, the mutant animals die sooner than control ani-
mals that have not fed. This suggests toxic accumulation of
a metabolic product(s) due to the lack of peroxisomal func-
tion, which may be exacerbated by dehydration in these
animals.

Establishment of normal cerebral cortical lamination in-
volves several defined steps, including proliferation and
early specification of neurons within the ventricular zone,
attachment to and migration along radial glial guides, fol-
lowed by detachment from radial glia and assembly into
cortical layers. Examination of migrating neurons, both in
vivo (Rakic, 1972) and in vitro (Gregory et al., 1988; Hatten,
1990; Rivas and Hatten, 1995), reveals a characteristic mor-
phology with a thick leading process that wraps around the
radial glial fiber, a posterior positioning of the nucleus,
and a thin trailing process. Neuronal—-glial interactions me-
diated by the molecule astrotactin (Fishell and Hatten,
1991; Zheng et al., 1996), as well as cell-matrix adhesions
(Jessell, 1988; Fishman and Hatten, 1993; Sheppard et al.,
1995) and cytoskeletal elements (Rivas and Hatten, 1995),
are all believed to be important in the migratory process.
It remains to be established how the absence of peroxiso-
mal function in Zellweger syndrome may disrupt any or all
of these processes. It has been postulated that elevations
of VLCFA and bile acid intermediates may play a toxic
role in the Zellweger neuronal migration defect (Powers
et al., 1989; Kaufmann et al., 1996). Accumulations of lipid
products in migrating neurons and radial glia have been
documented in Zellweger fetuses (Powers et al., 1989). In
addition, specific cellular processes may be disrupted. Re-
cently, mutations in homologues for the PEX2 gene (Ber-
teaux-Lecellier at al., 1995) and the LIS-1 gene (Xiang et al.,
1995), which is abnormal in the Miller-Dieker lissenceph-
aly syndrome (Reiner et al., 1993; Hattori et al., 1994),
have been identified in filamentous fungi, and both cause
abnormalities in processes involving nuclear migrations
within the cell. While Miller-Dieker lissencephaly has a more
severe neuronal migration defect than seen in Zellweger
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syndrome, it shares a common spectrum of affected brain
regions, including cerebral cortical gyral abnormalities
(pachygyria or agyria), inferior olive dysplasia and hetero-
topias, and PC heterotopias (Norman et al., 1995). Thus,
these diverse gene mutations may affect cellular mecha-
nisms common to nuclear migrations and the translocation
of the neuronal cell soma along the radial glial fiber.

The PEX2-deficient mice provide an important animal
model for Zellweger syndrome and a major step toward
deciphering the cellular mechanisms of this neuronal mi-
gration disorder. Zellweger syndrome displays abnormali-
ties in cortical foliation pattern (pachgyria, polymicrogy-
ria) as well as heterotopias that are commonly seen in
many human neuronal migration disorders. As cell migra-
tion and the formation of neuronal layers occurs prena-
tally in the mouse, this system can be used to study the role
of peroxisomes in these key steps of brain development.
Despite the many differences between human and mouse
brain development, the presence of a cortical defect in the
PEX?2-deficient mice indicates a conservation in the mech-
anisms for neuronal migration. Thus, this mouse model
can serve as a system to elucidate the role of peroxisomal
function in neuronal migration as well as to unveil general
mechanisms for cortical neuronal migration and the estab-
lishment of lamination.
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