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Chapter 1

General Introduction






Cieneral [ntroduction

1.1 Clinical aspects of the fragile X syndrome

Fragile X syndrome is an X-linked human disease. The clinical manifestations were first
described by Martin and Bell in 1943, and only in 1969 the association with a fragile site
on the X chromosome was found {Lubs 1969). Culturing cells of patients in medium
depleted of folic acid made the fragile site on the X chromosome visible in a proportion
of the cells. In 1991 the gene and its gene defect involved in the fragile X syndrome were
identified (Verkerk et al. 1991} and molecular diagnosis became available.

The main characteristic feature of the fragile X syndrome is mental retardation. In males
the mental retardation can vary from mild to severe (De Vries et al. 1993}. Unlike most
X-linked disorders, also females can be affected. Fifty to 70 % of females carrying a
disease-causing mutation also show mental impairment, although generally less severe
compared to males with a disease-causing mutation (Rousseau et al, 1991a; Rousseau et
al. 1991b; Smits et al. 1994; Taylor et al. 1994; De Vries et al. 1996b).

Patients may show behavioural abnormalities such as hyperactivity, decreased attention
span and a number of autistiform features {Cohen et al. 1991; Fisch 1993), In
approximately 20% of fragile X males epileptic seizures are observed (Hagerman 1996).
Male patients show physical characteristics such as a long face and large everted ears.
Macroorchidism {enlargement of the testes) is seen in most adult patients and develops
mostly during and after puberty (reviewed in PhD thesis of De Vries, 1997) (De Vries et
al. 1998).

1.2 The FMR1 gene
1.2.1 The CGG repeat in the FMRI gene

The gene involved in the fragile X syndrome is designated Fragile X Mental Retardation
gene I (FMRT) (Verkerk et al. 1991) and is located on the X chromosome at 27,3, The
gene spans 38 kb containing 17 exons (Eichler et al. 1994), including a polymorphic CGG
repeat in the 5° untranslated region (Fu et al. 1991). Exons 12, 14, 13 and 17 show
alternative splicing, generating a number of different mRNAs and protein isoforms
(Ashley et al. 1993b; Verkerk et al. 1993). All elements necessary for proper FMR]
expression in vive are present in a 2.8 kb fragment including most of the 5’ region of
FMR] and the CGG repeat (Figure [) (Hergersberg et al. 1995).

The polymorphic CGG repeat found in the normal population can vary between 3 and 50
units and has an average length of 30 CGG umits (Fu et al. 1991). The repeat is
transmitted to the next generation in a stable fashion and the gene is transcribed and
translated into protein.
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Affected individuals with the fragile X syndrome have a repeat containing more than 200
to several thousands of CGG units. This long repeat is called a full mutation. Generally
the full mutation is methylated, as is the promoter region of FMR/, Due to this
methylation, transcription is inhibited and no protein is produced. Absence the fragile X
protein FMRP, or presence of the protein at very low levels, evolves in the characteristic
features of the fragile X syndrome (Pieretti et al. 1991; Hansen et al. 1992; Sutcliffe et al.
1992; Verheij et al. 1993).

1304N

s 1584 221 257 285,'308 408 418 aa
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Figure 1. Schematic representation of the FMR/ mRNA and protein, showing the known
domains: IRES, internal ribosome entry site; NLS, nuclear location signal; KH, K-protein
homology domain; NES, nuclear export signal; RGG box, Arg-Gly-Gly triplet; FBS, FMRP
binding site. [n addition, the 1304N missense mutation found in a single, severely affected patient
is indicated. In the 5°-UTR the different repeat classes are shown. The G-quartet structure
present in the mRNA is depicted above the RGG box for which it encedes and to which it binds.

The alleles that contain a repeat of 50 to 200 CGG units are called premutation alleles.
Upon transmission to the next generation, the premutation repeat may be instable. Only
through maternal transmission, a premutation allele can expand to a full mutation allele.
Increasing length of the premutation increases the chance of repeat expansion to a full
mutation (Figure 2) (Devys et al. 1993; Feng et al. 1995a; Feng et al. 1995b; Bat et al.
1997; Tassone et al. 2000c).

High-end normal alleles form a fourth class of repeats. These repeats comprise 40 to 50
CGG units and are referred to as ‘grey zone’ alleles or protomutations {Oostra and
Chiurazzi 2001). Upon transmission, these protomutations may increase or decrease a few
CGQG units in length, forming a group of alleles being at risk to become a premutation.
Most fragile X patients with a full mutation show, in different cells, different lengths of
the CGG repeat, which is visible as a smear on a Southern blot. The presence of a
premutation next to the full mutation repeat is found in 20% to 40% of the male patients,
and is referred to as somatic ‘length mosaicism’ (Nolin et al. 1994; Rousseau et al, 1954).
Since premutation alleles are normaily transcribed and transiated (Devys et al. 1993; Feng
et al. 1995a) these mosaic patients show FMRP expression in some of their cells.

10
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Nevertheless, their intellectual impairment seems to be similar to that found in males with
a full mutation only (De Vries et al. 1993; Rousseau et al. 1994).

Almost all identified fragile X patients have an expanded CGG repeat. One severely
affected male fragile X patient was found to have a point mutation in exon 10, leading to
the substitution of the amino acid iscleucine to asparagine at position 304 (lie304Asn or
1304N) (Figure 1) (De Boulle et al. 1993). As is described later, this is a very conserved
amino acid in an important domain of the FMR1 protein.
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Figure 2. The probabilities of conversion from premutation repeat to full mutation repeat
upon transmission from female carriers to children as a function of the repeat length in
female carriers. Experimental data from (Fu et al. 1991)(+), (Heitz et al. 1992}( %), (Fisch et
al. 1995)(-}), data of Sherman listed in (Morris et al. 1995)¥). The continuous line
represents the fit to experimental frequencies obtained in (Morris et al. 1995). Points
marked A, B and C correspond to the number of 38, 70 and 90 repeats, respectively, in
premutation alleles. This figure is adapted from (Bat et al. 1997).

1.2.2 Inheritance

Remarkably, only transmission through the female germ line can give rise to a full
mutation in the next generation. Transmission through the male germ line, irrespective
whether the male has either a full mutation or a premutation in all his somatic cells,
results always in a premutation in the daughters (Reyniers et al. 1993).

Qocytes from full mutation female foetuses have been shown to contain a full mutation
without a detectable premutation (Malter et al. 1997). In male foetuses with a full
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mutation in their somatic cells, the developing testes also show absence of FMRP in most
cells. This 1s at week 13 of foetal devel'opment, whereas at week 17 some primordial
germ cells are found to be positive for FMRP expression (Malter et al. 1997), After birth,
FMRP expression in the testis becomes more prominent, as was found in a two-year old
boy where approximately 50% of the immature germ cells are stained for the presence of
FMRP (R. Willemsen, personal communication). Aduft full mutation males show only a
premutation in their sperm cells, while FMRP expression is seen in early spermatogonia
only (de Graaff ct al. 1995; Reyniers et al. 1993). The most likely model, explaining these
findings, is the model in which the full mutation is transmitted in the oocyte and the
mutation is regressed to a premutation size during spermatogenesis (Malter et al. 1997),
The somatic mosaicism often seen in patients, can be explained by instability that occurs
postzygotically. Instability in the full mutation range can occur, but also regression of a
full mutation to a premutation can occur in some cells in somatic tissues. For the male
germ line, we have to assume that during testis development a regression of the full
mutation takes place resulting in a premutation in sperm cells after puberty (De Graaff et
al. 1996; Malter et al. 1997). Thus, in the male germ line a mechanism of selection, in
favour of the premutation, takes place (De Graaff et al. 1996). This selection mechanism
should be rather subtle and is not based on the presence or absence of FMRP, since
complete absence of the protein, as is the case in the knockout mouse {Bakker et al. 1994)
and a in family in which the promoter region is deleted (Meijer et al. 1994), reveals
normal sperm maturation and normal fertility.

1.2.3 Methylation of FMRI

The presence of a full mutation repeat generally coincides with methylation of most
cytosines in this full mutation CGG repeat and in the upstream CpG island of the
promoter region. This methylation silences the transcription of FMR/ resulting in the
absence of its protein FMRP. The moment of methylation and inactivation of the FMR/
gene appears to be after fertilisation during early embryonic development (Malter et al.
1997).

Next to ‘length mosaicism’ as described earlier, some individuals with a full mutation
show ‘methylation mosaicism’. A proportion of their feukocytes contains an
unmethylated full mutation and FMRP can be detected in these cells.

Full mutation males with a high proportion (> 60%) of leucocytes with an unmethylated
CGG repeat and promoter region have been reported {McConkie-Rosell et al. 1993;
Hagerman et al. 1994; Smeets et al. 1995; De Vries et al. 1996a; Wohrle et al. 1996;
Taylor et al. 1999; Tassone et al. 2000a). These males generally show a less severe
phenotype, some are even normal, and they are called “high-functioning™ males. They
produce FMRP, but the number of cells that express FMRP is decreased compared to
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normal males (Hagerman et al. 1994; Smeets et al. 1995; De Vries et al. 1996a; Tassone
et al. 1999). Surprisingly the FMR/ mRNA levels in these males were reported to be
significantly elevated (Tassone et al. 2000a). An explanation for these elevated mRNA
levels can be found in the hypothesis of a compensatory mechanism, which is described
in Paragraph 1.3.3.

The question was put forward by Chiurazzi et al. whether demethylation of a methylated
full mutation would result in reactivation of the FMR/ gene (Chiurazzi et al. 1998,
Chiurazzi et al. 1999). Demethylation studies would provide insight in the role of
methylation in the fragile X syndrome and could be the basis for a therapeutic approach.
Indeed, several in vitro studies confirm that demethylation of a methylated FMR/
promoter reactivates the gene and leads to protein expression (Chiurazzi et al. 1998;
Chiurazzi et al. 1999; Coffec et al. 1999). Methylation is playing a key role in inactivating
FMRI and thus in development of fragile X syndrome.

1.2.4 Instability of the CGG repeat

Stability of the CGG repeat seems to be dependent on several factors. Concerning the
structure, the length of the repeat is a risk factor for repeat instability (Eichler et al. 1994,
Kunst and Warren 1994). Length variation is found at the 3° end of the repeat. Also the
presence of interspersed AGG repeats seems to play a crucial role in repeat stability. In
normal alleles, AGG repeat units are most often found downstream of 9 or 10 CGG units
{Eichler et al. 1996). Loss of AGG interspersions leads to alleles with longer perfect CGG
repeat tracts, which are prone to expand to a premutation repeat, especially when the
number of pure CGG units is over 30. Also the number of AGG interspersions may be a
risk factor (Nolin et al. 1999; Crawford et al. 2000). Premutation alleles have either no or
only one AGG repeat unit and are therefore unstable. They may expand to a different
sized premutation or to a full mutation (Oberlé et al. 1991). Perfect CGG repeats with 65
to 100 CGG repeat units have a high risk to grow exponentially upon maternal
transmission to the next generation (Figure 2) (Devys et al. 1993; Feng et al. 1995a; Feng
et al. 1995b; Bat et al. 1997; Tassone et al. 2000c).

Non-structural, cis-acting factors may be related to a specific haplotype background.
Dombrowski et al. found, in a population-based study, that grey zone alleles or
protomutations are ofien associated with a specific fragile X syndrome-related haplotype
{Dombrowski et al. 2002). But, in a much smaller number of unstable events, other
authors did not find evidence for a specific haplotype as a risk factor for instability
(Sullivan et al. 2002},

Trans-acting factors might be involved in repeat instability (Nolin et al. 1996; Burman et
al. 2000;). White et al. proposed the influence of RAD27, the yeast homolog of human
FENI1, as a rrans-acting factor on instability. RAD27 is necessary for correct processing
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of Okazaki fragments during DNA replication and its absence strongly increases array
instability (White et al. 1999).

Also, the parental origin of the transmitted repeat seems to be a risk factor for repeat
instability (Sullivan et al. 2002), Tn the normal and protomutation repeat length range,
paternally transmitted CGG repeats are less stable than maternally transmitted repeats.
This is in contrast with CGG repeats in the premutation range, which are more unstable
upon maternal transmission, while a paternally transmitted premutation repeat never
expands to a full mutation. These findings suggest the involvement of different
mutational mechanisms or different selection processes in males compared to ferales
(Sullivan et al. 2002),

Studies in yeast and £. coli suggest that direction of replication, genetic background
(including repair systems), transcription and growth conditions also have an influence on
repeat instability too (Shimizu et al. 1996; Wells 1996; White et al. 1999).

1.2.5 CGG Repeat expansion

The molecular mechanism of CGG repeat expansion is still not clear. It is likely that a
multistep process is involved (Morton and Macpherson 1992; Kolehmainen 1994;
Richards and Sutherland 1994), since it has never been observed that a normal Tepeat
expands to a full mutation repeat upon one transmission. One of the mechanisms that is
assumed to be involved in the initial expansion of trinucleotide repeats is slipped-strand
mispairing between DNA strands during DNA replication (Schlotterer and Tautz 1992) or
possibly rtepair (Sinden 2001). Pausing of DNA polymerases allows the formation of
secondary structures on the nascent lagging strand (Darlow and Leach 1998; Kang et al.
1995; Usdin and Woodford 1995), which, if not correctly excised, should result in small
(up to 10 CGG repeat units) increase (Wells 1996).

For the expansion of premutation repeats to full mutation repeats it is thought that
extremely unstable structures are formed in the nascent lagging strand due to slippage on
both ends of Okazaki fragments when these fragments contain solely CGG Tepeats
(Richards and Sutherland 1994). Incorrect repair will than lead to large expansions, but
might also result in contractions or deletions.

1.3 Expression of the FMRI protein

The protein encoded for by FMR/ is the Fragile X Mental Retardation Protein (FMRP).
Using Western blot analysis different splice variants of FMRP were recognised by
specific antibodies. They have a molecular mass of between 70 to 80 kD (Verheij et al.
1993).
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In human, FMR] expression levels and tissue distribution were studied using Notthern
blot analysis detecting mRNA (Hinds et al. 1993). Brain and testis showed the highest
levels of mRNA expression. In lung, kidney and placenta FMR/ expression was quite
high and liver, pancreas and skeletal muscle showed low or no expression of FMR/
{Hinds et al, 1993). Protein studies showed that FMRP is expressed predominantly in the
cytoplasm of cells (Devys et al. 1993; Verheij et al. 1993), but in vitro experiments
showed that some isoforms are found in the nucleus (Eberhart et al. 1996; Fridell et al.
1996; Sittler et al. 1996; Willemsen et al. 1996). High levels of FMRP expression were
found in neurons of the brain, spermatogonia in the testis, and in connective tissues,
particularly in epidermal layers which are actively dividing (Devys et al. 1993).
Expression of the Fmr/ gene in mouse could be studied more extensively using tissues
from mice in immunohistochemical studies and mRNA 7u situ hybridisation experiments
{Devys et al. 1993; Hinds et al. 1993; Bakker et al, 2000a; De Diego Otero et al, 2000),
Fmr] mRNA expression is turned on early in embryonic development and is high in all
embryonic tissues. In successive stages of embryonic development, expression diminishes
and in adult mice tissue-specific expression of Fmr/ mRNA is found (Hinds et al. 1993).
In protein studies using embryonic and adult mouse tissues the same expression pattern of
Fmrp is found (Bakker et al. 2000a; De Diego Otero et al. 2000).

In adult mice, in situ mRNA studies showed moderate levels of Fmr! expression in
kidney, liver, colon, uterus, thyroid, and lung. No Fmr/ mRNA is found in muscle, heart
or aorta. High levels of Fmr/ mRNA expression are detected in adult brain, testes,
ovaries, thymus, oesophagus and spleen {Hinds et al. 1993).

In mouse brain, Fmrp is most intensely expressed in the granular layers of the
hippocampus, cortex, in motorneurens, and in Purkinje cells of the cerebellum (Devys et
al. 1993, Hinds et al. 1993; Bakker et al. 2000a). High concentrations of Fmrp are found
in the somata and proximal dendrites of neurons, but not in the axons (Devys et al. 1993;
Verheij et al. 1993; Feng et al. 1997b; Tamanini et al. 1997). Using synaptoneurosomes
from the cortex of the rat brain, Fmr/ mRNA is also detected in the post-synaptic
dendritic areas. Upon dendritic stimulation mRNA is translated into protein and the
presence of Frmrp in this postsynaptic area suggests a function in the normal maturation of
synaptic connections (Comery et al. 1997; Feng et al. 1997b; Weiler et al. 1997).

Fmrp expression is found in the cytoplasm of primordial germ cells of the immature testis
and in early spermatogonia localised on the basal membrane of the tubuli seminiferi in the
mature testis (Devys et al. 1993; Tamanini et al. 1997; Bakker et al. 2000a).

1.3.1 Localisation signals

In exon 14 of the FMR/ gene, a sequence coding for a nuclear export signal (NES) was
identified (Figure 1) (Fridell et al. 1996) and Tamanini et al. showed that the nuclear
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export of FMRP is mediated via the exportin 1 pathway (Tamanini et al. 1999b). In vitro
(over)expression studies with FMRP lacking the NES showed a strong localisation in the
nucleus with exception of the nucleolus (Sittler et al. 1996; Willemsen et al. 1996).

FMRP also contains a nuclear localisation signal {NLS) between residues 115 and 154
(Figurel) (Eberhart et al. 1996; Bardoni et al. 1997) that directs the protein in an energy-
dependent manner to the nucleus. So far, the nuclear import receptor for FMRP has not
been identified.

The presence of both an NES and NLS in FMRP suggests that the protein can shuttle
between the nucleus and the cytoplasm. ‘Together with its function in mRNA processing it
has been proposed that FMRP might play a role in specific mRNA export from the
nucleus to the cytoplasm (Figure 3) (Feng et al. 1997b).

In #MRI mRNA, just upstream of the CGG repeat, the sequence of an internal ribosome
entry site (IRES) has been identified (Figure 1). This element is thought to help
promotion of translation in dendrites (Chiang et al. 2001).

1.3.2 RNA binding properties

Although the precise function of FMRP has not yet been completely elucidated, many
characteristics have been identified. FMRP contains two hnRNP K homology domains
(KH domains) in the middle part and an arginine/glycine-rich RNA-binding motif (RGG
box) at the carboxy terminus (Figure 1). These domains have been described for proteins
involved in RNA binding, and their presence in FMRP suggest that FMRP has RNA
binding properties (Ashley et al. 1993a; Mattaj 1993; Siomi et al. 1993; Burd and
Dreyfuss 1994),

KH domains have been found in single or multiple copies in different proteins. Their only
common property is that they all function in close association with RNA. KH domain-
containing proteins play a major role in regulating cellular RNA metabolism since they
are capable to bind in vitro single strand RNA, messenger RNA, and ribosomal RNA.
RGG boxes also show RNA-binding activity and have been found in a considerable
number of nuclear and nucleolar RNA-binding proteins {Kiledjian and Dreyfuss 1992).
The RGG box of FMRP bears striking similarity to those found in the nucleolar protein
fibrillarin (Siomi et al. 1993).

The RNA-binding domains in FMRP appear to be functional, since FMRP directly binds
homopolymeric RNA (poly Y and poly G) ir vitre (Siomi et al. 1993) and has selectivity
for a fraction of mRNAs expressed in brain, including its own mRNA (Ashley et al.
1993a; Brown et al. 1998),

Interestingly, on the other hand the mutant FMRP with the [le304Asn mutation, which is
located in the second KH domain (Figure 1), has impaired RNA-binding capacity (Siomi
et al. 1994; Verheij et al. 1995; Feng et al. 1997a). Evidence derived from structural



General Tntroduction

analysis indicates that this mutation disrupts the folding of one of the KH domains
{Musco et al. 1996).

Another characteristic of FMRP is that the protein co-sediments with translating
ribosomes (polyribosomes) on sucrose gradients (Khandjian et al. 1996), and immuno-
electronmicroscopy analysis confirms the close proximity of FMRP to free ribosomes,
membrane-bound ribosomes and polyribosomes (Willemsen et al. 19%6; Feng et al.
1997b). The association of FMRP with ribosomes occurs via RNA-forming messenger
ribonuclear protein (mRNP) particles (Eberhart et al. 1996; Tamanini et al. 1996; Corbin
et al. 1997, Feng et al. 1997a).

Recent studies have shown that FMRP can suppress translation of bound mRNA in an in
vitro translation assay, suggesting that FMRP may modulate mRNA translation and/or
influence mRNA instability in vive (Laggerbauer et al. 2001; Li et al. 2001). This
inhibition of translation was found to be dosage-dependent (Laggerbauer et al. 2001). In
this same assay the FMR/ protein containing the mutation Ile304Asn failed to repress
translation, most likely due to its inability to form homo-oligomers. Therefore also
oligomerisation of FMRP is required for inhibition of transiation (Laggerbauer ct al.
2001).

Immunoprecipitation studies revealed several other proteins to be part of FMRP-
containing mRNP particies (Ceman et al. 1999), including the proteins homologous to
FMRP, namely FXR1P and FXR2P (Zhang et al. 1995; Ceman et al. 1999). Also
nucleolin, a known component of mRNP particles, was identified (Ceman et al. 1999).
Other proteins in the mRNP particles were found to be NUFIP1 (NUciear FMRP
Interacting Protein 1), which is a novel RNA binding protein (Bardoni et al. 1999), and
CYFIP | and 2 (CYtoplasmatic FMRP Interacting Protein 1 and 2), both present in the
synaptic terminals of neurons (Schenck et al. 2001). The identification of mouse Y box-
binding protein 1/p50 as a part of the FMRP-associated mRNP particle suggests the
involvement of FMRP in translation modulation (Ceman et al. 2000).

Recent reports on close examination of the RGG box region have revealed new insights in
the function of FMRP. Although FMRP has a high propensity to interact with RNA in a
non-specific manner, it is demonstrated that FMRP binds with its RGG box to an
intramolecular G-quartet of its own mRNA (Figure 1). This binding is specific and with
high affinity (Schaeffer et al. 2001). A 101-nucleotide fragment in the 3’ end of the
FMRI coding sequence was identified harbouring this G-quartet structure (FMRP
Binding Site, FBS) (Figure 1). This region codes for the RGG box in FMRP (Schaeffer et
al, 2001). Binding of FMRP to its own mRNA could indicate that FMRP is involved in
negative regulation of FMR/ mRNA transcription or in controlling its breakdown
(Schaeffer et al. 2001).

FMRP does not only bind its own mRNA, but also roughly 4% of other mRNA species.
Using in vitro RNA selection and microarrays many of these mRNAs were identified
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{(Brown et al. 2001; Darnell et al. 2001). Nearly 70% of the identified mRNAs contain a
G-quartet structure (Brown et al, 2001). A subset of these mRNAs shows an alteration in
their polysome distribution in FMRP null cells. Several of these mRNAs encode proteins
involved in synaptic function (for example Munc/3) and neuritic extension and neuronal
development (for example MAP/B) (Brown et al. 2001; Darnell et al. 2001). The altered
polysome distribution in the absence of FMRP may transcriptionally dysregulate these
mRNAs, which in turn has its effect on neuronal development and synaptic function. This
model is supported by findings in the fruit fly Drosophila melanogaster. Inactivation of
dfxr, the Drosophila homolog of the FXR genes (Wan et al. 2000), leads to dysregulation
of the futsch gene. Futsch, the homolog of human MAPIB, is involved in development of
the nervous system of the fly, and dysregulation of futsch results in defects in the nervous
system (Zhang et al. 2001). .

FMRP present in the mRNP particles might be involved in selecting certain mRNAs via
binding of the G quartet structure and transporting them, in the neurons, into the dendrites
to the postsynaptic site (Figure 3). Indeed, recent studies using PC12 cells showed that
FMRP-containing mRNP particles are trafficking from the cell body of the neuronal cell
to its dendritic-like extensions. This transport appears to be mediated via microtubules (R.
Willemsen, personal communication). At the postsynaptic site, the mRNAs can be
expressed in response to synaptic activity.

These findings suggest that failure of FMRP to transport and regulate expression of
certain mRNAs plays a key role in pathogenesis of fragile X mental retardation.

1.3.3 Regulation of FMRP

Recent studies in premutation carriers showed that the length of the CGG repeat has an
inverse correlation with the FMRP level, while it has a positive correlation with the
FMRI mRNA level (Tassone et al. 2000b; Kenneson et al, 2001). Tassone et al. described
premutation carriers with more than 100 CGG repeats having a reduced number of
FMRP-positive cells, but with at least 5-fold elevated mRNA levels {Tassone et al.
2000b). These results suggest that the low or absent FMRP level is due to a post-
transcriptional defect probably in the translation process (Tassone et al. 2000b). In an
earlier study Feng et al. described transcripts with more than 200 CGG repeats being
associated with stalled 40S ribosomal subunits (Feng et al. 1995b). In this way, the linear
40S migration along the 5’untranslated region (containing the CGG repeat) is impeded,
resulting in translational inhibition.

These findings have led to the hypothesis of a compensatory mechanism, If the translation
of FMR/ mRNA is less efficient or defective, low FMRP levels initiate via feedback
induction FMR/ transcription, The resulting high FAR/ mRNA level can only partially
compensate the defect, since a normal FMRP level is not achieved in cells with large
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premutation rtepeats (Tassone et al. 2000b; Kenneson et al. 2001). Tt is yet unknown
whether the FMRP level itself is the crucial factor responsible for this compensatory
mechanism, or whether it is coupled to the length of the CGG repeat (Tassone et al.
2000b; Kenneson et al. 2001).

Figure 3. A hypothetical model for the function of FMRP. In normal individuals FMRP is
transported to the nucleus and assembles into an mRNP particle, containing specific mRNAs and
other untknown proteins, The mRNP particles are transported to the cytoplasm and the mRNA is
presented to the ribosomes in the perikaryon and in the dendrites. An alternative route is the
transport of mRNAs to the perikaryor in mRNP particles that do not contain FMRP. These
mRNAs can bind FMRP, after which they are presented to ribosomes. This is also the route
taken in fragile X patients lacking FMRP. In fragile X patients however, the absence of FMRP
means that the mRNAs are not presented to the ribosomes properly, leading to free mRNAs that
cannot be translated efficiently. NES, nuclear export signal; NLS, nuclear location signal.

1.3.4 Homologs of FMRP

As mentioned before, FMRP is associated with FXR1P en FXR2P, which are both very
homglogous to FMRP. The similarity at amino acid level throughout the amino-terminal
and central regions is 86% and 70%, respectively. The correspending genes, FXR/ and
FXR2 (Fragile X Related gene 7 and 2), respectively, have been cloned. FXR/ is located
on chromosome 328 {(Coy et al. 1995) and FXR2 on 17pl3.1 (Zhang =t al, 1995). The
protein product of FXR/ (FXRIP) consists of two major isoforms of 70 and 78 kD. The
FXR2 protein (FXR2P) has a molecular mass of 95 kD. Both FXRI1P and FXR2P are co
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expressed with FMRP in adult human brain in the cytoplasm of neurens (Tamanini et al,
1997). Two novel isoforms of FXRIP of 81 and 84 kD were identified, and they have
been found exclusively in skeleta] muscle, heart, and differentiated cultured myoblasts
(Khandjian et al. 1998), and in testis (Huot et al. 2001 }- FMRP, FXRI1P and FXR2P form
a small family of proteins, the FXR proteins (FMR/ cress-reacting Relative), related by
structure, possible originating from a common ancestor gene.

In human adult testes the FXR proteins are differentially expressed. FMRP expression is
found only in the cytoplasm of spermatogonia. FXRIP is also expressed in the cytoplasm
of more mature spermatogenic cells including spermatocytes and spermatids, whereas
FXR2P is, at a lower level, present in all cells of the tubules seminiferi (Tamanini et al.
1997). A similar expression pattern has been described for the FXR proteins in adult
mouse testis (Bakker et al. 2000b). A more detailed study of Fxrlp in testis of the mouse
showed that all isoforms, including the 81 and 84 kD isoform, are expressed in the
cytoplasm of almost all spermatogenic cells, ranging from pachytene to spermatozoa
(Huot et al. 2001). At the subcellular level, Fxrlp was found to be associated with
microtubules in the flagella of the spermatozoa {Huot et al. 2001). This microtubule-
association and the presence of Fxrlp in the myocontractile bands in striated muscle
(Khandjian et al. 1998; Dube et al. 2000), suggest a function of Fxrlp in movement and
motility that is energy dependent (Huot et al. 2001 ).

Like FMRP, both FXRIP and FXR2P contain KH domains, RGG boxes, an NES and an
NLS. The three proteins can form homae- and heterotypic interactions in the yeast two-
hybrid system as well as in vitro (Zhang et al. 1995) via a common region in the amino
termini (FXR oligomerisation domain} (Siomi et al. 1696).

Unlike FMRP, some isoforms of FXR1P and FXR2P show a nucleolar targeting signal in
their carboxy terminus {Tamanini et al. 2000). FXR1P can shuttle between cytoplasm and
nucleoplasm similarly to FMRP, while FXR2P can shuttle between cytoplasm and
nucleolus, suggesting that they may transport in part different RNAs or have different
physiological functions (Tamanini et al. 1999a). Also only FMRP, and not FXRIP or
FXR2P, recognizes mRNAs containing a G-quartet structure, indicative for a distinct
function for FMRP (H. Moine, personal communication).

The identification of NUFIP, a novel RNA-binding nuclear protein (Bardoni et al. [999)
that interacts with FMRP, but not with FXRIP or FXR2P is confirming the hypothesis
that the three proteins interact with different proteins or sites within the nucleus. They
may have specific rather than overlapping functions there, although they appear to
coalesce, at least partially, in the cytoplasm, forming a common mRNP particle.

Until now, no mutations have been deseribed in FXR1 or FXR2.
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1.4 Scope of this thesis

The aim of the studies described in the present thesis has been to obtain insight in the
physiological function of the fragile X mental retardation protein (FMRP), the mechanism
of repeat amplification and the pathogenesis of the fragile X syndrome. For this purpose
mouse models have been generated and characterized.

An overview of the clinical aspects of the syndrome, and the FMRJ gene and FMRP in
relation to the fragile X syndrome is provided in Chapter 1.

Chapter 2 describes, in a broad spectrum, the characterization of different mouse models,
created to study the fragile X syndrome, using our own work (Chapter 4) and the work of
other researchers.

Chapter 3 is a general discussion facing the problems encountered in behavioural tests to
characterize mouse models (Paragraph 3.1), and Paragraph 3.2 speculates on the
(in)ability of therapeutic strategies for the fragile X syndrome.

Chapter 4 presents the published experimental work. A knockout mouse has been created
(Paragraph 4.1), in which FMRP is absent, to address the question whether this mouse
could be a model system to study the fragile X syndrome. This mouse model has been
used to introduce an FMR/ transgene in order to test restoration of the normal phenotype
(Paragraph 4.2).

To understand more about the effect of the absence of FMRP and the development of
mental retardation, it is necessary to study the expression of FMRP during (embryonic)
development and in adult life. Localisation studies using antibodies directed against
FMRP, FXRIP and FXR2P have learned us more about the localisation of the three
proteins and their possible function (Paragraph 4.3 and 4.4).

Since in human fragile X patients the primary cause of the syndrome is expansion of the
CGG repeat in the FMR/ gene, a mouse model has been developed with an expanded,
unstable CGG repeat in its Fmr/ gene. This mouse model enables us to study the timing
and mechanism of CGG repeat expansion (Paragraph 4.5).
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2.1 Model organisms

The identification of a gene involved in human disease is just a first step on the long
road to the understanding of the biclogical basis of the disease. To unravel the biological
mechanisms involved in normal and abnormal functioning of a disease gene, a model
system might be of great help.

Studying biochemical processes in human cells and tissues in vivo, especially in the
brain, is for many obvious reasons very difficult. The use of human cells that can be
immortalised as a permanent growing cell line enables us to study many aspects of
biological processes in vitro.

Due to the growing number of genome projects, it has become clear that there is an
amazing degree of conservation among genes that participate in similar pathways across
& wide spectrum of species. Together with the technical ability to introduce disease-
causing mutations in an organism, this high degree of conservation makes it possible to
use simple organisms to study human disease {reviewed by van Heyningen 1997). For
example, the use of yeast has shed light on DNA replication and DNA repair in cancer,
and mechanisms involved in cellular signalling, Recently, yeast was shown to be a
simple model for cellular aping that may provide clues to mammalian aging events
{Frohlich and Madeo 2001). Yeast is also used as a model organism to study
determinants involved in DNA tepeat instability in general (Shimizu et al. 1996; Wells
1996; White et al. 1999; Jin and Warren 2000).

Genes involved in development and differentiation are widely studied in the nematode
worm Caenorhabditis elegans and the fruit fly Drosophila melanogaster. One homolog
of the FXR genes has been identified in Drosophila and is used in neurodevelopmental
studies (Wan et al. 2000, Zhang et al. 2001; Dockendorff et al. 200Z; Morales et al.
2002}, which has led to new insights in the function of the FXR proteins.

The recent development of new technologies, like RNA interference, makes it possible
to use non-mammalian vertebrates, like the frog Xenopus leavis and the zebra fish
Danio rerio, to study genes involved in early development of the vertebrate. The
advantage of using these lower vertebrates, is that they are easy o maintain and
manipulate. Their central nervous system is not as complicated as that in mammalian
species, and well described, and the embryos are transparent, which makes it possible to
view tissue formation and organogenesis inside the embryo from the outside.

Although lower vertebrate organisms and also worms and flies carn serve as good
models, there are many reasons to use a mammalian system when specific details and
aspects need to be studied. The laboratory mouse is, for practical and technical reasons,
the mammal of choice in functional studies. The occurrence of many spontaneous
mutations in mice revealed insight in numerous processes. The technologies to
experimentally modify the genome of the mouse, like embryonic stem (ES) cell
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technology or DNA-microinjection into fertilised oocytes, made it possible to create
precise models.

2.2 The fragile X knockout mouse

The FMR! gene is highly conserved among species (Verkerk et al. 1991), although the
size of the human CGG repeat is longer than in other mammals (Deelen et al. 1994).
Like in humans, the mouse Fmr/! gene is also located on the X chromosome and,
dependent on the mouse strain, the CGG repeat contains 9 to 11 CGG units. The murine
homolog Fmrp shows 97 % identity in amino acid sequence compared to the human
FMRP (Ashley et al. 1993b). The expression level and the localisation of the murine
Fmrp in different tissues is very similar to the level and localisation seen in humans
(Abitbol et al. 1993; Bachner et al. 1993; Devys et al. 1993; Hinds et al, 1993h; Bakker
et al. 2000a; De Diego Otero et al. 2000). This makes the mouse a good organism to use
as a model for the fragile X syndrome.

To mimic the fragile X syndrome in the mouse, several options are open. In humans, the
mechanism of the disease is the growing CGG repeat, followed by methylation and
inactivation of the FMR/ gene. In the mouse, it is not known whether the endogenous
Fmr! CGG repeat can grow, and in this way result in inactivation of Fmr/. Also it is
technically very difficult to manipulate long, pure CGG repeats for transgenic purposes.
Since the fragile X phenotype in the human is caused by the absence of FMRP, the first
attempt to make a mouse model was to distupt the murine Fmr/ gene. With this
disruption the gene was inactivated leading to the absence of Fmrp in the mouse, The
procedure and results of this attempt to mimic the human fragile X phenotype in the
mouse are described in Paragraph 4.1 (Bakker et al. 1994).

Similar to male human patients, Fmr/ knockout mice develop progressive
macroorchidism with time (Bakker et al. 1994; Kooy et al. 1996: Slegtenhorst-
Eegdeman et al. 1998). Cognitive function and behavioural profile of the knockout mice
are in line with behavioural findings in human fragile X patients (Bakker et al. 1994,
Kooy et al. 1996; Paradee et al. 1999; Peier et al. 2000; Musumeci et al. 2000: Van Dam
et al. 2000; Mineur et al. 2002; Nielsen et al. 2002). As the knockout mice lack Fmrp
and show abnormalities comparable to human fragile X patients, it is a potentially valid
model to provide insight into the physiclogical function of FMRP and the pathogenesis
of the fragile X syndrome.

2.2.1 Macroorchidism

Macroorchidism found in the Fmr/ knockout mouse has been studied in more detail by
Slegtenhorsi-Eegdeman et al. (Slegtenhorst-Eegdeman et al. 1998). In general, the size
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of the testis is mainly determined by the number of Sertoli cells that support the
proliferation and differentiation of the germ cells (Sharpe 1993). In the knockout mice,
it appeared that the proliferative activity of the Sertoli cells was significantly higher,
resulting in an increase in spermatogenic cell number and testicular weight. Follicle-
stimulating hormone (FSH) plays an important, but not essential, role in Sertoli cell
proliferation (Kumar et al. 1997). Sertoli cells are most sensitive to the mitogenic
activity of FSH at the end of the foetal period and shortly after birth (Orth 1982). The
circulating FSH level was measured in knockout mice, but not found to be elevated
compared to that in wild type littermates. This observation is similar in human fragile X
patients showing no evidence for an increased FSH level (Nielsen et al. 1982; Moare ct
al. 1991). Determination of the level of FSH receptor mRNA in the testis showed a
slight increase, which, however, was not significant (Siegtenhorst-Eegdeman et al.
1998). These findings suggest that elements of the FSH signal transduction pathway are
not involved in development of macroorchidism in the fragile X syndrome.

Absence of FMRP in developing germ cells as a primary cause of development of
macroorchidism is not very likely, since in affected human male foetuses FMRP
expression could be detected in the primordial germ cells (Malter et al. 1997). The
primary cause of the increased testis size in Fmr/ knockout mice may be found in
Sertoli cells. Sertoli cells of the wild type neonatal mouse show a high expression of
Fmrp at postnatal day three. This expression disappears at postnatal day 14, suggesting a
function for Fmrp in Sertoli cells during early postnatal life (Bakker et al. 2000a). In
knockout mice, and also in human fragile X patients, this high early postnatal expression
is not present. This might indicate that the absence of Fmrp during this postnatal period
leads to dysregulation of Sertoli cell proliferation, and consequently tc development of
macroorchidism in adult life.

2.2.2 Neuroanatomy

The neurcanatomy of the Fmr/ knockout mouse was studied in more detail using in vivo
high-resolution magnetic resonance imaging (MRI) (Kooy et al. 1999}. MRI siudies in
human fragile X males show a decrease in size in the posterior vermis (Reiss et al.
1991a), but Fmr/ knockout mice do not show differences in this area compared to wild
type littermates (Kooy et al. 1999). Along with the vermis hypoplasia, a 25 to 35%
increase in size of the 4" ventricle has been reported in human patients (Reiss et al.
1988; Reiss et al. 1991a; Reiss et al. 1991b), but knockout mice did not show these
differences (Kooy et al. 1999). The caudate nucleus, together with the lenticular and
thalamic nucleus, is forming the subcortical grey and allows the cerebral cortex to affect
behaviour. The caudate nucleus is significantly larger in volume in fragile X male
patients (Reiss et al. 1995). In Fmr/ knockout mice, it was not possible to identify each
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nucleus individually, but no evidence was found for an increase in subcortical grey
volume (Kooy et al. 1999).

Using 3D-reconstruction, total brain volume of knockout mice was compared with the
total brain volume of wild type mice. No significant differences were found (Kooy et al.
1999), in contrast to the human situation where fragile X brains appeared larger than
control brains,

In conclusion, no evidence was found for differences in neuroanatomy between Fmr/
knockout mice and wild type mice in those brain areas where human fragile X patients
show differences with non-fragile X patients. However, the structural differences in
neuroanatomy between human fragile X patients and controls may have been
overestimated in the limited number of previous studies (Jakala et al. 1997). The basis
for studying vermis size was the correlation between vermis size and autistiform
behaviour, It was found that vermis size is reduced not only in patients with autism, but
also mm a percentage of patients suffering from neurogenetic syndromes without
autistiform features (Schaefer et al. 1996).

It may well be that the mouse model does simply not resemble the human disease with
respect to brain structure, although the same neuropathologic abnormalities of dendritic
spines have been reported in both human and mouse (see Paragraph 2.2.6) (Hinton et al,
1991; Comery et al. [997; Irwin et al. 2001).

Recently, altered sizes and distributions of hippocampal intra- and infrapyramidal mossy
fibre (IIPMF) terminal fields in Fmr/ knockout mice were described (Ivanco and
Greenough 2002; Mineur et al. 2002). It has been shown that these hippocampal fibres
are involved in spatial learning tasks (Crusio and Schwegler 1987; Schwegler and
Crusio 1995; Schwegler et al. 1990), but the precise consequences of these alterations in
knockout mice are stiil unclear.

2.2.3 Mean corpuscular haemoglobin

Biochemical abnormalities in human fragile X patients are limited to a lowered cychic
AMP production (Berry-Kravis and Huttenlocher 1992), and an increased mean
corpuscular haemoglobin (MCH) level (Langenbeck et al. 1984). The difference in
MCH in human patients was small, but statistically significant. The authors argued that
the increase in MCH level was a result of a minor disturbance in the folate metabolism
of fragile X patients. The MCH level in erythrocytes from Fmr{ knockout and wild type
mice were measured, but no difference was found {Reyniers et al. 1996). It is therefore
unlikely that Fmip has an effect on MCH.
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2.2.4 Behavioural tests

Along with the cognitive dysfunction accounting for deficits in short-term memory and
visual-spatial disabilities (Maes et al. 1994), a complex of behavioural abnormalities is
seen in human fragile X patients. These abnormalities include social avoidance,
hyperactivity, abnormal response to sensory stimuli, and repetitive, stereotypic
autistiform behaviour (Brown et al. 1986; Fisch 1992; Reiss and Freund 1992), The
Fmrl knockout mouse is used as a model to study the cognitive dysfunction and
behavioural abnormalities.

Extensive behavioural tests have been performed to study cognitive functions of the
knockout mice (Bakker et al. 1994; I[(ooy et al. 1996; D'Hooge et al. 1997; Paradee et al.
1999 Dobkin et al. 2000; Peier et al. 2000; Van Dam et al. 2000; Mineur et al. 2002). A
mouse behavioural test that measures spatial learning and memory is the Morris water
maze task (Morris et al. 1982; Morris 1984). This task is highly dependent on
hippocampal function. Since FMRP expression is high in hippocampus, but absent in
Fmrl knockout mice, these mice were tested in the Morris water maze to analyse their
hippocampal function. The knockout mice showed an impaired performance during
learning and reversal trails, but the differences are rather subtle and highly dependent on
the genetic background of the mouse strain used (Kooy et al. 1996; D'Hooge et al. 1997,
Paradee et al. 1999, Dobkin et al. 2000; Peier et al. 2000; Van Dam et al. 2000; Mineur
et al. 2002). In addition, tests measuring exploration, hyperactivity, anxiety, conditioned
fear and aggression were performed (Baklker et al. 1994; Kooy et al. 1996; D'Hooge et
al. 1997; Paradee et al. 1999; Dobkin et al. 2000; Peier et al. 2000; Van Dam et al. 2000;
Mineur et al. 2002). it is clear from these siudies that Fmur/ knockout mice show
increased activity and exploratory behaviour, but no differences were seen in
conditioned fear or aggression compared to control mice. Finally, tests measuring
anxiety give conflicting results probably due to differences in experimental setting or
interpretation (Peier et al. 2000; Mineur et al. 2002).

The results of the behavioural tests illustrate the complexity of the effects of Fmr/
deficiency on brain function. it has become clear that only extensive behavioural
validation of the Fmr/ knockout mouse will benefit the use of the model in
pathophysiological and therapeutic studies.

2.2.5 Long-term potentiation and long-term depression
Malperformance of the Morris water maze task is indicative for dysfunction of the

hippocampus (Mortis et al. 1982). Studies on other, unrelated knockout mouse models
have shown that also long-term potentiation (LTP) is involved in malperformance of the
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Morris water maze task (Grant et al. 1992; Silva et al. 1992a; Silva et al. 1992b; Bach et
al. 1995; Sakimura et al. 1995; Wu et al. 1995). The physiological significance of LTP
is still unknown, but it is generally assumed that there is a link between learning and
memory, synaptic plasticity, and LTP. LTP is an input-specific and persistent increase in
the strength of synaptic connections that is the major model mechanism for information
storage in the brain (Bliss and Collingridge 1993). Electrophysiclogical studies in CAl
hippocampal stices from Fmr/ knockout mice and wild type mice were performed to
investigate the involvement of Fmr/ in early-phase LTP, but no differences were found
(Godfraind et al. 1996). Also short-term potentiation was similar in this study.
Additionally, Fir/ expression in brain after seizures was monitored, to investigate
whether Fmr/ is involved in the later stages of LTP (LTP3) as an immediate carly gene.
No alterations in the amount of Fmr/ mRNA could be detected in total brain or
hippocampus up to 150 minutes after the first seizures, making it unlikely that Fmr/ is
an immediate early gene involved in LTP3 (Godfraind et al. 1996).

There is evidence suggesting that some mechanisms of synaptic plasticity are common
to both hippocampus and cortex (Aniksztejn and Ben-Ari 1991; Pelletier and Hablitz
1996). Li et al. studied LTP in the cortex of mice and, although no changes in
hippocampal LTP were found, studies on cortical LTP showed a significant reduction in
knockout mice (Li et al. 2002).

Another study examining late-phase long-term potentiation, the protein synthesis-
dependent form of long-term potentiation, did also show no differences between
knockout and wild type mice (Paradee et al. 1999). These results suggest that Fmrp may
not have an influence on long-term potentiation in the hippocampus or that any
influence is too subtle to be detected by the techniques used.

A second form of hippocampal synaptic plasticity, which is protein synthesis-dependent,
is long-term depression (LTD) triggered by activation of group 1 metabotropic
glutamate receprors (mGluR) (Huber et al. 2000; Huber et al. 2001, Snyder et al. 2001),
This type of LTD is protein dependent and is not observed when mRNA translation is
inhibited (Huber et al. 2000; Snyder et al. 2001). Since it is known that FMRP is
synthesised in response to mGIuR activation by glutamate (Weiler and Greenough
1999), the involvement of FMRP in hippocampal LTD has been investigated (Huber et
al. 2002). In Fmrl knockout mice, the hippocampal LTD is selectively enhanced
compared to wild type mice. This finding is in agreement with the function of FMRP as
an inhibitor of translation (Laggerbauer et al. 2001; Li et al. 2001; Zhang et al, 2001). In
the absence of Fmrp, translation of mRNAs is not inhibited resulting in enhanced
hippocampal LTD (Figure 4). The hypothesis is that this enhanced hippocampal LTD
could interfere with the formation and maintenance of strong synapses required for
normal brain function (Huber et al. 2002). It is also suggested that the enhanced activity-
and mGluR-dependent synapse turnover is underlying the slowed development of
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dendritic spines in the cerebellar cortex (Nimchinsky et al. 2001) and thereby affecting
the normal function of the cerebral cortex (Huber et al. 2002).

mGIluRS AMPAR

Postsynaptlc
memorane
mRNA 1ransla1t0n

‘\ FMRP

Figure 4. Model. One expression mechanism for LTD of synaptic transmission is the
intemalization of AMPA receptors. Activation of mGIuR3 stimulates the intemalization of
AMPA receptors. The stable expression of this modification requires protein synthesis,
which is proposed to be negatively regulated by FMRP synthesized in response to mGIluR
activation. Therefore, in the abserce of FMRP, LTD magnitude is increased. This figure is
adapted from (Huber et al. 2002).

2.2.6 Synaptic plasticity

Both FMRI mRNA and FMRP are present in dendrites, and the expression level is
increased by activation of metabotropic glutamate receptors (Weiler et al. 1997; Weiler
and Greenough 199%) linking FMRP to synaptic funiction. Glutamate receptors, such as
NMDA and AMPA receptors, are localised in the brain and play a critical role in
leaming and memory (Bliss and Collingridge 1993; Danysz et al. 1995; Asztely and
Gustafsson 1996; McHugh et al. 1996; Lu et al. 2001; Tsien 2000). For the AMPA
receptors, it has recently been found that they have an important function in synaptic
plasticity (Musleh et al. 1997; Nayalk et al. 1998; Zamanillo et al. 1999). Together with
the reduced LTP in cortical slices, it was of interest to study the expression of GluR 1, an
AMPA receptor subunit, in the cortex of Fmr/ knockout mice. Tt was shown that
cortical GluR1 expression is reduced in the absence of Fmrp, probably leading to
depressed cortical synaptic plasticity (Li et al. 2002).

In both human fragile X patients (Rudelli et al. 1985; Hinton et al. 1991; Irwin et al.
2001;} and adult Fmr/ knockout mice (Comery et al. 1997), abnormalities in dendritic
spines have been described. The spines are unusually long, resembling immature spine
morphology, and are increased in density. Absence of FMRP may be invelved in a
defect in spine maturation and pruning (Comery et al. 1997). Spine motility is believed
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to represent postsynaptic participation in synapse formation (Dailey and Smith 1996).
An abnormality in spine motility early in postnatal life could affect synaptogenesis, and
therefore it is of interest to determine spine motility in the absence of Fmrp. Nimchinsky
et al. showed that dendritic spines in vivo in the intact brain of Fmr/ knockout mice
were abnormal, early in postnatal life (Nimchinsky et al. 2001). These abnormalities in
the somatosensory cortex were most pronounced during the period of greatest
synaptogenesis in that region (While et al. 1997), which therefore supports the
hypothesis that Fmrp plays a role in synaptogenesis in the normal brain. This early
disturbance of synaptogenesis could be reflected at that developmental time peint by
abnormalities in spine morphology and density and later by cognitive defects resulting
from improperly established connections (Nimchinsky et al. 2001). In contrast, in vitro
studies (Steward et al. 1998) do not detect the spine abnormalities found in the in vivo
study performed by Nimchinsky et al., probably due to differences in methods used
(Nimchinsky et al. 2001).

Near synapses, protein synthesis occurs, and particularly during development
polyribosomal aggregates are formed. Polyribosomal aggregates in spines increase
during experience-dependent synaptogenesis (Greenough et al. 1987). Some protein
synthesis appears to be regulated directly by synaptic activity. This synthesis can be
monitored in synaptoneurosomes. Synaptoneurosomes are preparations highly enriched
in pinched-off, resealed presynaptic processes attached to resealed postsynaptic
processes that retain  normal function of neurotransmitter release. When
synaptoneurosomes are stimulated with glutamate, mRNA is rapidly taken up into
polyribosomal aggregates, and proteins are synthesised (Greenough et al. 2001). One of
these proteins is Fmrp. Greenough et al. reported that the protein synthesis in response
to glutamate is dramatically reduced in synaptoneurosomes derived from the cerebral
cortex of Fmr/ knockout mice (Greenough et al. 2001). This is in contrast with reports
of others describing a function of Fmrp in inhibition of mRNA translation. Absence of
Fmp, as is the case in Fmr! knockout mice, would than result in upregulation of
mRNA translation (Laggerbauer et al. 2001; Li et al. 2001; Zhang et al. 2001; Huber et
al. 2002).

In conclusion, all data obtained with studies on dendritic spines point in the direction of
an impairment of mechanisms that promote synapse maturation and pruning in the Fmr!
knockout mouse. Fmrp plays a role in the neural maturation process, and its absence
evolves in cognitive and behavioural impairments as observed in the fragile X
syndrome.
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2.2.7 Seizures

More than 50% of prepuberal fragile X patients show typical EEG abnormalities,
whereas seizures are observed in more than 20% of the patients (Musumeci et al. 1999).
Since Fmr/ knockout mice have never been reported to have spontanecus epileptic
seizures, acoustic stimulation was used to provoke audiogenic seizures in the knockout
and wild type mice. The susceptibility to audiogenic seizures (AGS) is greater in
knockout mice compared to wild type mice. These results indicate that absence of Fmrp
results in an increase in cortical excitability in knockout mice (Musumeci et al. 2000).

In general, fragile X patients show hyperreactivity to auditory, visual, tactile and
olfactory stimuli (Hagerman 1996; Merenstein et al. 1996; Hagerman ¢t al. 1999; Miller
et al. 1999). Chen and Toth were particularly interested in the sensory responsiveness of
the Fmr! knockout mouse. They tested the knockout mice for susceptibility of
audiogenic seizures, as did Mucumeci et al,, and found an age dependen: increased AGS
in knockout mice from week 10 onwards (Chen and Toth 2001). Chemical convultants
were used to test whether this seizure susceptibility is restricted to the auditory system
or is a more general phenomenon. No difference between knockout and wild type mice
in seizure susceptibility was found, indicating that knockout mice do have a local,
presumably auditory system hyperexcitability {Chen and Toth 2001}, This auditory
system hyperexcitability was confirmed in a study of the auditory startle response in
Fmr] knockout and contrel mice of different genetic backgrounds. The knockout mice
exhibited increased auditory startle response amplitudes to low intensity stimuli and
decreased responses to high intensity stimuli (Nielsen et al. 2002}). Although the
decreased responses to high intensity stimuli are difficult to explain it might be that
there is an abnormality in secondary brain regions that modulates the primary startle
response (Nielsen et al. 2002). The responsiveness of Frer/ knockout mice to auditory
stimuli is consistent with the sensory hypersensitivity of fragile X patients.

Since epileptic seizures induce neuronal expression of the immediate-early gene product
c-Fos (Morgan and Curran 1991) some mice that had experienced an audiogenic seizure
were analysed for localisation of ¢-Fos expression. The c-Fos expression pattern denotes
the involvement of specific brain structures in seizure propagation. In this way the
neuronal network involved in audiogenic seizures in the knockout mice could be traced
from auditory stimulus to the final motor component (Chen and Toth 2001). Rased on
this study the authors hypothesised that absence of Fmrp in the auditory system of
knockout mice results in perturbations in developmental/activity-dependent
neuroplasticity, leading to an increased susceptibility to loud, audible sound (Chen and
Toth 2001),

As mentioned before, FMRP is expressed in synapses in response to activation of
glutamate receptors by glutamate (Weiler et al. 1997; Weiler and Greerough 1999) and
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via a negative inhibition pathway FMRP suppresses translation of mRNA (Figure 4)
(Laggerbauer et al. 2001, Li et al. 2001; Huber et al. 2002). Studies on mGluR-triggered
protein synthesis in the hippocampus suggest that without inhibition of translation, for
example performed by FMRP, the threshold for synaptic potentiation is reduced
(Raymond et al. 2000) and epileptiform activity can be triggered (Merlin et al. 1998;
Wong et al. 1999). This finding might explain the hyperreactivity seen in the absence of
FMRP in the fragile X syndrome (Huber et al. 2002).

2.3 Reintroduction of FMRP

Using the Fmr! knockout mouse as a model, the FMR/ cDNA and thus also FMRP
could be reintroduced in an attempt to rescue the phenotype, as is described in
Paragraph 4.2 (Bakker et al. 20000). In this study the expression of the protein is
constitutive, and in all cell types, but there is no rescue of the phenotype. The timing of
expression, the level of expression per cell, and the type of cells in which FMRP is
expressed scem to be essential for a rescue (Bakker et al, 2000b).

Peier et al. used a yeast artificial chromosome (YAC), containing the entire human
FMR1 gene with extensive amounts of flanking sequence, for insertion into the genome
of the Fmr! knockout mouse (Peier et al, 2000). The transgenic protein was expressed
[3 to 17 times higher than the endogenous Fmrp. While the Fmr/ knockout mouse in
behavioural tests displays less anxiety-related responses with increased exploratory
behaviour compared to wild type mice, the YAC-containing Fmr! knockout mice
showed opposing behavioural response and additional abnormal behaviours compared to
wild type mice. These observations indicate that overexpression of FMRP is harmful to
the animal, and this finding has significant implications for gene therapy for the fragile
X syndrome (Peier et al. 2000).

Taking into consideration the problems with reintroduction of the FMR/ gene, a more
appropriate approach could be the use of pharmacological agents to reactivate the Fir !
gene in patients with a methylated full mutation. Since methylation of the CGG repeat
and of the FAR/! promoter region is the inactivating cause of FMR/ in the fragile X
syndrome, demethylation could be a way to activate FMR/ and obtain FMRP
expression. Studies with demethylating agents in cultured cells from patients have been
performed and show promising results, although the agents used are very toxic
(Chiurazzi et al. 1998; Chiurazzi et al. 1999). To test this type of re-expression of Fmrp
fn vivo, an animal model, containing a long repeat and showing methylation of the
FMR ! promoter region, would be of much importance.
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2.4 A CGG repeat mouse

A mouse model, mimicking several aspects of the fragile X syndrome in considerable
detail, would be of great value, not only to a demethylation therapy, but also to shed
light on the mechanisms involved in FMRJ CGG repeat instability and methylation.
Previously, a transgenic mouse model was made containing a fusion gene of a long
human repeat of 81 CGG units and the LacZ reporter gene. Upon transmission to the
next generation, this repeat remained stable (Bontekoe et al. 1997). Even when human
sequences normally surrounding the CGG repeat were included in the transgene, no
instability was seen (Lavedan et al. 1997, Lavedan et al. 1998). Thus, nearby cis-acting
elements seem not to be involved in the control of, or sufficient to induce, instability of
the repeat. Therefore, placing the long repeat in its endogenous environment may
provide the factors needed for repeat instability.

A mouse with a long CGG repeat at the position of the endogenous short mouse CGG
repeat has been created as described in Paragraph 4.5 (Bontckoe et al. 2001). The initial
length of the long repeat of human origin was 98 CGG repeat units. This repeat is in the
human premutation range, showing instability upon matemal transmission to the next
generation in the human. In the mouse, this CGG repeat shows mild instability, and
stepwise has reached up till now a length of 108 CGG repeat units {Bontekoe et al.
2001). Creating successive pgenerations of mice may finally lead to a full mutation
repeat, initiating methylation and inactivation of the Fmr/ gene. This mouse model will
make the study of CGG repeat instability in its mouse endogencus environment
possible.

Other mouse models containing other trinucleotide repeats involved in human diseases
have been generated. Instability was found in a number of them. These mouse models
are reviewed in the PhD thesis of C. Bontekoe (Bontekoe 2001).

2.5 A knockout mouse for FxrJ and Fxr2

For the homologs of FMR/, FXR! and FXRZ, no disease causing mutations have been
described yet. The absence of Fmrp in the Fmr/ knockout mouse does not influence the
expression of Fxrip or Fxr2p markediy (Bakker et al. 2000a). Knockout mice for Fxr/
and Fxr2 may reveal a phenotype and could shed light on the functions of Fxrlp and
Fxi2p.

The generation of a knockout mouse for Fxr/ have not been successful until now. The
first indications are that mice homozygous for the Far/ knockout allele die shortly after
birth (H. Siomi, personal communication). Since Fxr/ is highly expressed in muscle
tissue, and absence of Fxrip would lead to malfunction of vital organs, a logic
explanation would be that heart or lung functions are impaired. A conditional knockout
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mouse for Fxr/, in which the gene can be turned off at a desired moment, or in a desired
organ, is under development (B, Oostra, personal communication).

Generation of a knockout mouse for Fxr2 has been successful, and has led to mice being
vital and fertile {Bontekoe et al. 2002). The Fx2 knockout mice have been subjected to
the same behavioural test battery, as have been the Fmr/ knockout mice. Fxr? knockout
mice show behavioural abnormalities compared to wild type mice. Some of these
behaviours resemble those of the Fmr/ knockout mouse and several others of these are
opposing. Both Fmr/ and Fxr2 knockout mice are hyperactive in the open-field test and
impaired in the rotared test. On the other hand, Fx»2, but not Fmr/, knockout mice show
poor performance during training trails of the Morris water maze task, and are impaired
in the context-dependent conditioned fear test (Peier et al, 2000; Bontekoe et al. 2002).
It has to be taken into account that, although the behavioural tests are performed in the
same laboratory, they were not performed simultaneously and the genetic background of
the two knockeut models was different. Still, the results with the Fxr2 knockout mice
are indicative for a function of Fxi2p in those parts of the brain involved in behavioural
responses (Bonrekoe et al, 2002),

Generation of Finr//Fxr2 double-knockout mice can provide information about possible
interaction of Fmrp and Fxr2p, and whether or not these proteins show partial or
complete functional complementarity. Studies with the double-knockout mice are in
progress (B. Oostra, personal communication).
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General Discussion

3.1 The mouse as a model

Since the identification of the FMR/ gene in 1991, the gene and its products have been
studied thoroughly. In this period more has become clear about the mechanism of CGG
repeat amplification, and the characteristics and possible functions of the fragile X
mental retardation protein, FMRP. The use of modei-organisms contributed
considerable to our knowledge.

The studies with model organisms were and are useful to elucidate rather basic
questions. The mechanism of repeat expansion, for example, has been studied in yeast
(White et al. 1999). Even the fly Drosophila melanogaster has been found to contain a
gene homologous to the FXR genes. Studying this gene revealed insight in the possible
involvement of the FXR genes in neural development (Wan et al. 2000; Zhang et al.
2001; Dockendorff et al. 2002; Morales et al. 2002). A limitation of the use of
Drosophila is the presence of only one gene instead of the three FXR genes, FMR/,
FXR] and FXR2.

The zebra fish Danio rerie is being used to study early embryonic development, but to
study more complex processes higher organisms are needed. The mouse is a mammal
that resembles the human in many aspects, and has turned out to be a proper organism to
study disease. The Fmr/ knockout mouse was and is used in many experiments, and has
revealed many new insights in the processes involved in the fragile X syndrome, as is
described in this thesis.

Limitations to the use of the Fmr/ knockout mouse as a model concern especially the
tests to determine behavioural abnormalities. These tests are not only very time
consuming but, although large numbers of mice are used, reveal rather subtle
differences between knockout mice and control mice.

Especially the latter behavioural studies show that the genetic background of the mouse
strain is a determining factor in the Fmr/ knockout phenotype (Paradee et al. 1999;
Dobkin et al. 2000; Van Dam et al. 2000). The genetic background of the mice in the
first described experiments was a combination of C537BL/6 and 129/0la (Bakker et al.
1994). The significant, but subtle increased latencies in the reversal trails of the Morris
water maze task observed in knockout mice in these first studies could not be confirmed
in studies with mice of the C57BL/6 genetic background (Paradee et al. 1999). In the
cross-shaped water maze task, Fmr/ knockout mice of an FVB/m-129/0la background
showed a pronounced deficiency in their ability to leam the position of a hidden escape
platform, in comparison to their normal littermates. Knockout mice of a C57BL/6
background did not differ from their normal littermates in this aspect (Dobkin et al.
2000).

Not only unknown genetic factors may have an influence on the outcorae of behavioural
tests. One has to be aware of the known genetic factors that may lead to
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misinterpretation. For example, water maze tasks require the animal to perceive and use
distal environmental cues to locate a hidden escape platform. The FVB/n genetic
background shows retinal degeneration involving impaired vision and difficulties in
observing the environmental cues. The testing of mice containing FVB/n background
for retinal degeneration is essential to avoid misinterpretation of water maze task results.
For mice of the C57BL/6 genetic background it is known that they show early-onset
hearing loss to pure tones (Carlson and Willott 1998) and a late progressive hearing loss
with age (Johnson et al. 1997). This has to be kept in mind when testing mice in
experiments using noise, like for determining the auditory startle response (Nielsen et al.
2002} or the susceptibility to audiogenic seizures (Musumeci et al. 2000).

Genetic background can influence performance of animals in behavioural tests, but aiso
external factors like interlaboratory differences can play a role. Several conditional fear
tests performed by different groups using the same conditioning protocol show
conflicting results (Paradee et al. 1999; Van Dam et al, 2000), probably due to
differences in laboratory-specific environment {Crabbe et al. 1999),

New behavioural tests need to be developed, that may give clear-cut results to
discriminate between knockout and control phenotypes. Very recently a successful new
test measuring eye blinking has been developed (Koekkoek et al. in press, Journal of
Neurophysiology). This test depends on the abilities of animals to condition their eyelid
responses. Investigating these abilities has revealed important insights in the mechanism
underlying learning and memory. The major area for memory formation and storage
underlying classical eyeblink conditioning is probably the cerebellum (McCormick and
Thompson 1984; Kim and Thompson 1997; Hesslow and Yeo 1998). Classical eyeblink
conditioning can be used to study the molecular mechanisms underlying cerebellar
motor learning in mutant mice. The new test, the magnetic distance measurement
technique (MDMT), measures the kinetic and frequency domain properties of
conditioned and unconditioned eyeblink responses in mice. This technique records
eyelid movements in alert freely moving animals with adequate, absolute and
continuous determination of their eyeblink movements in time and space while using an
electrical shock as the unconditioned stimulus {Koekkoek et al. in press, Journal of
Neurophysiology).

The Fmr/ knockout mice were tested for this eyeblink conditioning. Tt hag been shown
that the eyeblink conditioning of Fmr/ knockout mice is comparable to the eyeblink
conditioning of mice lacking a functional cerebellar cortex. This implicates that the
Fmrl knockout mice have a defect in their cerebellar learning (B. Koekkoek, personal
communication). Impairment of cerebellar function is also implicated by the study of
Huber et al (Huber et al. 2002) (Paragraph 2.2.5).

In conclusion, the MDMT is a good discriminative test to distinguish wild type from
Fmrl knockout mice.
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3.2 Therapeutic approaches

The Fmr! knockout mouse has been used to reintroduce FMR/ in the germ line, in order
to restore the fragile X phenotype in the mouse (Bakker et al. 2000b). It has become
clear from this and other studies, that it is necessary to have expression of FMRP at
sufficient levels, in cells that normally express FMR/, and probably at the precise
developmental moment (Bakker et al. 2000b; Peier et al. 2000). Gene therapy via the
germ line is not an option in the human situation, for ethical reasons. Somatic gene
therapy would preferably direct the FMR/! pene to neurens of the brain, to avoid or
overcome mental retardation. But for this type of therapy dividing cells are needed, and
neurons are in general non-diving cells. Furthermore FMRJ needs to be directed to the
cells that normally express FMR/, be expressed at a sufficient level and at the precise
developmental moment, Therefore, somatic gene therapy is no option to treat the fragile
X syndrome, in the near future.

Replacement therapy using FMRP cauld be another option. It has become clear from the
studies described in this thesis, that absence of FMRP has its influence on neuronal
development early in postnatal life. Therapeutic attempts should therefore be undertaken
early after birth. But the widespread expression of Fmrp in all tissues during normal
embryonic development (De Diego Otero et al. 2000), ending up in tissue-specific
expression in adult tissues (Bakker et al. 2000a), might indicate that Fmrp is needed
during embryogenesis. This would urge application of the protein to an affected embryo
in utero, and would be complicating the therapy even more.

Apart from the time point to start with protein replacement therapy, it is important to
deliver the protein to the target organ and to the specific cells within this organ. In this
case, the brain would be the target organ, and the neurons the specific cells, to prevent
abnormalities in neuronal development. The problems to overcome would be to pass the
blood-brain barrier that prevents most proteins to enter the brain, and to deliver the
protein into the cells that normally express FMR/. Attemipts with a fusion-protein
containing FMRP fused to a TAT peptide, directing the fusion protein through the
barrier into cells (Green and Loewenstein 1988; Schwarze et al. 1999), are being
undertaken now (S. Reis, personal communication). Also the amount of FMRP entering
the cells must be controlled. It has become clear that low levels of FMRP will not be
sufficient to overcome the phenotype (De Vries ef al. 1993; Rousseau et al. 1994;
Bakker et al. 2000b), and a high level FMRP is harmful to the patient (Peier et al. 2000).
But the recent findings in the hippocampus make clear that the function of FMRP is
rather sophisticated and tightly regulated in a controlled pathway (Figure 4) (Huber et
al. 2002). Therefore, just supplying the protein may not have the right effect. Than, it
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would be preferable to have an active FMR/ gene, to overcome the pathology seen in
the fragile X syndrome.

Inactivation of the FMR/ gene is, in most fragile X patients, due to methylation of the
FMR/] promoter region. Studies in cultured celis from human fragile X patients using
demethylating agents showed that it is possible to reactivate the FMR/ promoter
(Chiurazzi et al. 1998). Before using these demethylating agents in an animal model,
some problems need to be encountered first. It has to be investigated at what
developmental time point the demethylating agent is best administered, and how to
administer the demethylating agents. Another problem to solve concerns the toxicity of
the presently known demethylating agents, with respect to the aspecificity of the
demethylation and thus an unwarranted stimulatory effect on induction of oncogenic
gene expression. This form of treatment does not seem to be an option in the near future
etther,

Recently, a model was proposed in which an increase in FMRP in the hippocampal
synapse normally serves to limit expression of long-term depression (LTD) by
inhibiting group 1 metabotropic glutamate receptor {mGluR)-dependent translation of
other synaptic mRNAs (Figure 4) (Huber et al. 2002). It was suggested that absence of
FMRP leads to exaggerated LTD and/or mGluR function, resulting in the behavioural
features of the fragile X syndrome. In therapeutic terms, one could think of the use of
antagonists of mGluRs to restore the behavioural abnormalities (Huber et al, 2002). This
therapeutic approach needs to be studied more thoroughly.

A long way of solving problems is still ahead, before the therapeutic value of some of
the approaches described above hopefully will be proven. Also ethical issues need to be
considered. For example, it will require extensive debate when replacement therapy will
be applied to adult patients who have missed some of the intellectual and emotional
development of the brain.

In the near future, studies in different mouse models, as described in the present thesis,
which aim to gain information about possible therapeutic strategies, will be of benefit to
tray to unravel the precise function of FMRP,
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Publication 1: Fmr! knockout mice

Fmr1 Knockout Mice:

A Model to Study Fragile X Mental Retardation

The Dutch-Belgian Fraglie X Consortium*
Summary

Male patients with fragile X syndrome lack FMR1 pro-
tein due to sifencing of the FMR? gene by amplification
of a CGG repeat and subsequent methylation of the
promoter region. The absence of FMR1 protein leads
to mental retardation, aberrant behavior, and macroor-
chidism, Hardly anything is krtown about the physiologi-
cal function of FMA1 and the patheolegical mechanisms
leading to these symptoms. Therefore, we designed a
knockout model for the fragile X syndrome in mice, The
knockout mice lack normal Fmr1 protein and show mac-
roorchidism, learning deficits, and hyperactivity. Conse-
quently, this knockout mouse may serve as a valuable
tool in the elucidation of the physiclogical role of FMRT
and the mechanisms Involved in macroorchidism, ab-
normal behavior, and mental retardation.

Introduction

The fragile X syndrome is the most frequent farm of inher-
ited mental retardation in humans, with an ingidence of 1
in 1250 males and 1 in 2500 females (reviewed by Oostra
et al,, 1993). The clinical syndrome includes moderate to
severe mental retardation, autistic behavior, macroor-
chidism, and faciat features such as a long face with man-
dibular prognathism and large, everted ears {Hagerman,
1991}, The gene involved in the fragile X syndrome (FMAT)

is located in Xq27.3, a region that tytogenetically displays
afragile site, The molecular basis for this disease is atarge
expansion of a triplet repeat {CGG). in the " untransiated
region of the FMRT gene (Verkerk et al., 1991; Oberlé et
al., 1991; Yu et al., 1991; Fu et al., 1991). In the normal
population, this CGG repeat is polymoarphic, with a repeat
length ranging from 6-53 units (Fu et al., 1991). Carrier
males {normal transmitting males) and carrier females
show a repeat length of 43-200 CGGs [premutation) and
are asymptomatic. The full mutat:on is characterized by
a large repeat containing over 200 CGGs. As a result of
repeat amplification, the FMRT promoter and the CGG
repeat itself become methylated, leading lo silencing ot
{ransgription and translation of the FMA1 gene (Pieretti et
al., 1991; Verheij et al., 1993). Males with a full mutation
are affected, and 50%-70% of the lemales with a full muta-
tion aliele show mild o moderate mental impairment
{Rousseau et al., 1991).

The FMR1 protein shows hardly any hemology to other
known proteins, and little is known about its function. Re-
cently, RNA binding studies have shown that FMA1 pro-
1ein is able to bind its own messenger as wall as 4% of
the human fetal brain mANAS (Asaley et al., 1993b). Two
types of domains that are known to bind RNA, two KH
domains and a RGG box, have been identified in FMR1
pratein (Siomi et al., 1993; Ashley et al., 1993b),

The FMAT gene is highly conserved among species
{Verkerk et al., 1891), and the murine homolog Fmry
shows $7% homology in amine acid sequence (Ashley et
al., 1993a). The expression pattern of FMAT at the mRNA
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Figure 1, Construction and Characterizalion of the Fmr? Knockout
Mice

{A} A schemalic drawing of tha genomic organizalicn of the Fmr1 locus
{upper pan) and a schematic drawing of largeting vector pMGS (lower
pan). The genomic sequenca is intarrupted at the SnaB! site of exon
5 by a neo cassette. The (k casselte is dapicted 3 of the genamic
sequencea. Primars M2, N2, 51, and 82, probe 258, and the Psil sitns
[close to each clher) are indicated.

{B) PCR analysis of ES ¢lone CB35.2 (lane 1) and tall DNA from a
wild-type mousa (fane 2} a heterozygous femala {lanes 3 and 4), a
mutant male {lanes 5 and §), and a mutant femals {lanes 7 and 8).
Ptimer M2 and N2 were used to delecl the ~ 800 bp fragment of the
knockoul allela {lanes 1, 3, 5, and 7), and primer S1 and $2 ware ussd
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and protein level is very similar in different tissues of hu-
mans and mice {Hinds et al., 1993; Bachner et al., 1953a,
1993b; Devys et al., 1993; Abitbol et al., 1983}, which
makes the mouse a good animal model in which to study
the fragile X syndrome.

To study the function of FMA1? in the development of
human menta! retardation, we developed a mouse in
which the Fmr7 gene is inactivated. These knockout mice
lack normal Frr? RNA and protein and show enfarged
testes, impaired cagnitive function, and aberrant behavior.
This animal mode! might shed light on the function of
FMR1 and the pathophysiological mechanisms that lead to
mental retardation and behavior abnormalities in humans,

Results

Generating a Mouse Containing an Inactivated

Fmri Gene

Mutant Faarf mice were generated by homelogous recom-
bination of a targeting vector into the mouse germline us-
ing the embryonic stem (ES) cell technology (Mansour et
al.,, 1988). We constructed a homalogous recombination
targeting vector, pMGS, containing 5.7 kb of mouse geno-
mic Fmri DNA (Figure 1A). Exon 5 was interrupted by
the pesitive selection marker gene neomycin {nec). The
negative selection marker gene thymidine kinase (tk) was
inserted 3 of the genomic sequence in the polylinker of
the veclor. Vector pMG5 was introduced in E14 ES cells,
and selection for homologous recombination events was
performed using medium containing G418 angd gan-
cyclovir. A clone (CB5.2) found 1o be positive for a horolg-
gous recombination event by polymerase chain reaction
(PCR) (Figures 1A and 1B) and Southern blotting (data
nat shown) was injected into C57BL/6J blastoeysts and
transferred to pseudopregnant fermales. Twelve highly chi-
meric males were crossed with CS7BL/6. wildtype fe-
males for determination of germline transmission. Two
transmitted the ES cell genome to part of their offspring
and three showed 100% transmission of the ES cell ge-
nome (all females conlained the knockout allele). On the
DNA level, the presence of the knockout allele in these
fermale mice could be confirmed by PCR analysis (Figure
1B) and Southern blot hybridization (data not shown), simi-
lar as used for screening the ES cell clones. F1 heterozy-
gous females were crossed with C57BL/GJ wild-type
males to obtain knockout males and with the chimeric
males to obtain fernales homozygous for the knockout al-
lele. PCR analysis showad the absence of the wild-type

to delect the 485 bp Iragment ol the wild-type allele {lznes 2, 4, 6, and
8). Lane 9 contains a size marker.

(C) RT-PCR analysis of a wild-typa (lanes 1 and 3) and a knockaut
(lznes 2 and 4) mouse testis using primers S1 and N2 {lanes 1 and
2) producing a 110 bp fragment in the mutant teslis, and primer 51
and 52 {fanes 3 and 4) producing a 120 bp fragment in the wlld-type
testis. Lane 5 centains a blank sample. Lana & shows a size marser.
{D) Westarn blct analysis of FmrT expression in brain of a wild-type
{lane 1) and a knackout (lane 2) mouse showing protain bands betwean
67 kDa and 74 kDa anly present in 1he conirol mopsa,
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Figure 2. Combined Testicular Weight of Both Tesles of Knockout
Mice and Cantro! Mice in Time

Knockaul mice are shown by closed circles and contrel mice by open
circles. The dala are darived from 53 mutant mice and 5% normal
litermates.

altele in these mutants (Figures 1A and 18). The mzle
knockouts were shown to be negative for proper Fmr?
RMA in theirtestes by reverse transcription {(RT)~PCR (Fig-
ures 1A and 1C) and to be negative for normal Fmr1 protein
in their testes, kidney, liver (data not shown}, and brain
{Figure 1D) by Western blotting using antibodies raised
against a FMR1 fusion protein,

Reproductive Fitness

Asithas been suggestedthat FMAT is essential in gameto-
genesis {Bachner et al., 1993a, 1993b), we studied the
reproductive fitness of mutant mice. Crossings were per-
formed between the knockout males and wild-type fe-
males and between the homozygous knockout females
and witd-type males in order to test the fertility of the mu-
tants. We did not detect a negative selection against germ
cells with a mutant FrmrT gene at any stage in the breeding
experiments. Heterozygous females and both male and
fernale knockout rmice were fertile, and the females had
normal litter sizes with the expected distribution of off-
spring with the mutant allele. The transmission of the mu-
tant Fmrt gene corresponded well to the expected Mende-
lian segregation ratios of an X chromosomal gene. (data
not shown). The abservation that both male and female
knockout mice without any protein expression ara fertile
and have the same size of progeny as controls indicates
that Fmrt is not nacessary for spermategenesis and 0o-
genesis in mice. Furthermore, mutant mice appear per-
fectly viable, the oldest knockeuts having lived over 250
days.

Phenotype and Major Neuralogical Functions

Mice lacking Fmr? do not exhibit an overt phenotype, but
ascertainment of physical features in mice is impaired by
a lack of apprepriate measurement systems. Macroor-
chidism is one of the key features of the fragile X syn-
drome, present in more that 90% of adult males (Turner
etal., 1980), and itis thought to develop gradually through
time. Therefore, we compared testicutar weight of knock-
out and control mice at four different ages. Testes of
knockout mice were significanily heavier than control les-
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Tabla 1. Testicular Weight* of Mulant M:ce Versus Contral
Littermates at Different Ages

Age (days)  Mutani Mice  Ceonirol Mice P Value
40-50 190 = 8 168 = 5 002 <P <0.05

{n = 19} {n = 22} t=2%
60-70 239 = 5 196 = 5 P < 0.0C1

in =2y n =19 {t = 5.6}
90-100 280 + 6 219+ 6 P < 0.001

{n = 16) n = 11} {t = 7.11)
160-170 3% xS 244 % 9 P <0.001

{n = 3 n=7 {t = 7.12)

* Testicular weight is laken as the combined weight of both tesles.

tes in all four age groups, and the difference became pro-
gressively more significant through time (Figure 2; Table
1}, Total weight in three age-matched groups and the
weight of different organs including kidney, heart, spleen,
and liver were not significantly different (P > 0.05) from
that of contrel littermaltes (data not shown).

The major neurclogical functions of the mutant mice
including gait, grooming, circadian activity, swimming,
feeding, and mating behavior were normal. It is difficult,
howeaver, to recognize miner neurological abnormalities
in mice. Also, in human fragile X patients, neurglogical
dysfunction is confined to minor abnormalities such as
slight hypotonia, hyperactive deep tendon reflexes, exten-
sor plantar responses, clumsy or sluggish gait, and persis-
tence of pinch synkinesia (Finelli st al., 1985; Vieregge
and Froster-Iskenius, 1889; Wisniawski et al., 1891),

Pathologlcal Examination

Light microscopic examination of Kidney, heart, spleen,
liver, ard lung of mutant and normal mice revealed no
abngrmalities (data not shown). This is consistent with the
absence of abnormalities of these organs in human fragile
X patients {Hagerman, 1991). Special attenticn was paid
to the brain and testes, as both argans are anatomically
and functionally abnermal in human fragile X patients.

Histological studies of human fragile X 1estes have
revealed limited abnormalities: lesticular enlargement
seams 1o be due to interstitial edema or increased amount
of interstitial tissue (Turner et al., T975). However, micrg-
scopic examination of the testes of mutant mice reveafed
no structural differences as compared with controls, in-
cluding a normal pattern of tubule size, a normal amount
of interstitial mass, and normal spermatogenesis (Figure
3). No difference was found between the ovaries of control
animals and homozygous knockout fernale mice {data not
shown).

Brain weight of seven mutant mice (462 = 10 mq) was
not significantly (p > 0.08) different from that of five age-
matched (all mice were between 63 and 70 days old) con-
trol littermates (467 = 15 mg). The brains of eight knock-
out and four wild-type littermates were macroscopically
and microscopically normal. The fallowing structures were
examined and were found tc be normal by tight micros-
copy: frontal, temporal. and occipital cortices. striatum,
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Figure 3. Light Micrascopiz Micrographs of Paraffin Sections of Testis

Normal {A) and Mutant (8) mice {117 x). There is no difference in
morphology between normal and mutant mice.

corpus callosum, hippocampus, third and lateral ventri-
cles, plexus choroideus, hypothatamus, cerebellum with
nucleus dentatus, fourth ventricle, and brain stem. The
cortex also had normal numbers of pyramidal neurons and
lamination. There was normal myelination of the white
matter. Immunchistochemistry showed a normal number
of aslrocytes with glial fibrillary protein immuncreactivity
in the glia limitans and the white matter. Figures 4A and
4B iflustrale a cresyl violet staining of normal and mutant
brain. We concentrated our pathological survey on hippo-
campus and cerebellum as the neurons in these strugtures
have the highest expression of FMAT (Abitbol et al., 1993;
Hinds et al, 1993). To study eventual pathofogical abnor-
malities in or near the hippocampal pyramidal cells, we
stained coronal sections of the hippocampus with neuron-

64

specific enolase (NSE) antibody (as shown in Figures 4C
and 4D} and nevrofilament-M antibody (Figures 4E and
4F). The gross architecture and the CA1-CA3 pyramidal
and olher neurons of the hippocampus were normaf. All
cerebeliar layers were unsemarkable, including the molec-
ular and inner granular layer. As the Purkinje cell layer
of the cerebellum also shows high FMAT expression, we
stained sagittal sections of the cerebellum with antibodies
against L.7 and neurofilament-M (Figures 4G and 4H), but
could not detect any abnormality in the mutant mice, Also,
the number o cerebellar Purkinje cells in mutant mice
(32 = 1 mm™ n = 6) was not significantly different from
that in conirol littermates (30 = 1 mm?% n = 3).

Behavicral Tests
The behavior of the knockout mice seemed normal. The
mice appeared to have normal social interaction with lit-
termates and human investigaters. General assessment
of the behavioral state of the mice accerding to Irwin (1968)
was normal, but detailed social interaction studies are be-
ing performed now. Behavioral tests of male knockout and
male control mice presented here include the passive
avoidance task, the exploratory behavior lest, and the mo-
tor activity test.
Passive Avoldance Task
In this task, mice are placed in a brightly lit compartment
of a stepthrough box. Upon entrance into the dark com-
partment of the box, they receive an electric shock, The
passive avoidance task measures the katency of the mice
to enter the dark compartment 24 br after initial exposure
0 the shock. Knockout mice performed like normal con-
trols in this test as the mean entrance latency of 11 mutant
mates (241 = 34 s) was not significantly ditferent from
that of 12 normal littermates (247 + 29 s).
Exploratory Behavior Test
An exploratory behavior {est was performed with 15 knock-
out mice and 16 nerral litermates in a two chambered
light-dark transition design. In this test, movement in ang
Between two compartments {one lit and one dark) of a box
was monitered fer 10 min by infrared beams (Figure 5A).
The ditferenca in time spent in the lit companment was
nol statistically significant between mutant mice and con-
trol littermates (Figure 5B). However, knockout mice did
dispiay much more line crossings in the lit compartment
tharr mormal littermales. Both the first and the secand
beam showed a signilicant difference (two-tailed Student's
t1test, p < 0.01) between the two groups (Figure 5C). Thus,
this test revealed that mutant mice display significantly
maore exploratory behavior than their normal littermates,
Motor Activity Test
In this test, the activity of mutant versus control mice was
menitored by counting the number of crossings through
three infrared beams in an empty cage over 40 min after
placing the mice in the cage. Five mutant mice (310 =
16 crossings) showed significantly {p = 0.002) more cross-
ings than five control littermates (127 = 31 crossings).

Cognitive Function Analysis
Specific cognitive detects in human fragile X males inglude
deficits in visual short-term memory, and visual-spatial
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Figure 4. Light Microscopic Micrographs of Cryostal Sections from Brain

Mormal (A, G, E, and G) and mutant {B, U, F, and H} mice. (4] and {B) {6.8 x) show an overview cf coranal sect’ons stained with cresyl violet: (C)
and () (34 x ) are sagillal sections of hippocampus immunestained for neuron-spacific enolase; (Ej and {F)illustrate sagittal sections of hippocamgus
labeled lor neurofitament-M; (G) and {H) (102 %) show sagitial sections of cerzbellum incubated with anlibodies agiinst naurcBlameni-M, Ncte
that for all parameters studied no dillerence could be found belween normal and mutant mice,
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abilities {Cianchetti et al., 1991; Maes et al., 1994). Since
its first description by Richard Morris (1981), the Marris
water maze task has been used extensively to study spa-
tial learning in small rodents. In the hidden platform condi-
tion of the task, animals are placed in a large circular pool
filled with opaque water from which they must learn to
escape by locating and climbing onto a platiorm hidden
beneath the water surface. In the visible platiorm test, the
platiorm is indicated by a clearly visible flag and the mice
do rely on praximal cues to find the platform.

We first subjected our mutant mice and their normal
littermates to the hidden platform condition of the Morris
water maze task. During the 12 earning trials, both knock-
aut mice {one-factor AMOVA, effect of trial number: Fy, 155 =
33.32, p = 0.0001) and their nermal littermates (Fiu 2y =
19.93, p = 0.0001) showed highly significant decrease of
escape latency and reached similar levels of performance
in this task with a latancy on the twelfth tsial of, respec-
tively, 11.3% and 11.6% of the initial first trial value (Figure
6A). Although knockout mice did reach similar high levels
of perfarmance, the knockouts showed longer latencies
in the initial training trials as compared with contrals (two-
factor ANOVA on the first four trials, effect of genotype:
Fioy = 8.88, p = 0.01). However, as the interaction triai

versus genctype was not significant, there is no difference’

in the rate of leamning between both groups in the training
trial. However, when the position of the platiorm was
changed during the reversal trials, mutant mice perfarmed
much worse than their normal fittarmates (two-factor ANOVA
on four reversal trials, effect of genotype: Fue = 37.67,
p = 0.0001; interaction effect trial X genotype: Fpon = 7.49,
p = 0.0002) (Figure 68). This indicates that during the raver.
saltrialin the hidden platicrm condition the rate of acquisition
was significantly lower in knockouts than in normal litter-
mates.

Spatial memary was tested by probe trials performed
after both the training trials and the reversal trials of the
hidden platiorm condition of the Morris water maze task.
If spatial memory is intact, mice spent mare than the 25%
chance level of their time in the target quadrant that con-
tained the platform in the preceding trial of the higden
platform test. Both the knockouts and the control fit-
termates performed well in the probe trials, and no signifi-
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Figure §. Ditferences in Exploratory Behavier
batween Knockout Mice and Normal Litter-
mates

Mean values and SEM are shown, (A) Sche-
matic drawing of the box used in tha two cham-
bared light-dark transition lest. Dashed lines
indicate tha position of the two infrared beams
through the Iit compariment. (B) Comgariscn
between mutant mice (closec box) and norma)
litter mates {opan bax) lor percentage of fime
spent in the lit compartment and lor number
of beam ¢rossings in the Iit compariment {C).
Astarisks indicate stalistical diffarences be-
tween the mutant and age-matched normal lit-
termates (one asterisk, 0.01 < p < 0.05; two
astarisks, 0.001 < p < 9.01; thrae asterisks.
p < 0.901) calculated by a Students' t test.
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Figure 6. Morris Waler Maze Performance of Mutant Mice and The'r
Normal Littermates

Escapa latency and SEM to find a hidden (A and B) of visible (C and D)
platform in the Morris water maze were recorded. Tha escape latancy
prasantad hera is lhe sum ol four latencias recorded from each carner
of the Morris waler maze. Hidden platform lest with mean escaps
latency and SEM for 14 male knockouls {tlesed circles), and 11 normal
male litermates (open circles) during six training trials (A) and four
reversal tfials {B). Visible platform test wilh mean ascape latency and
SEM lor eight male knockouls {clased circles) and 10 contral lit-
termates {open circles) during six training trials {C) and lowr raversal
trials (D}. The position of the platform is indicated in the right cotner
of the graphs.

cant differences (p > 0.05) were found. Therefore, both
graups show an essentially normal spatial memory in the
prabe test. It is, however, possible that the knockouts are
impaired under more stringent or selective measures of
the probe test.

To excluce that the apparent impaired spatial learning
in the hidden platform Morris water maze results from neu-
rological or sensory deficits or lack of motivation, we con-
ducted a visible platform Morris water maze test. In this
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condition of the task, the animals do not require the use
of amapping strategy tolearn the platform positicn. Knock-
outs ware not different from their normal littermates in
the visible platferm condition of the Morris waler maze
(Figures BC and 6D}. Latency 10 locate the visible platform
in the training trials as well as the rate of decrease of
this latency were the same in knockouts and their normai
littermates (two-facter ANOVA on first four trials, etfect of
genotype : Fy.eq = 0.57, not significant; interaction effect
trial X genotype : Fasy = 0.48, not significant). Neither
were there differences between the latency cusrves in the
reversal trials (two-factor ANOVA en four reversal trials,
effact of genotype: Fueq = 1.12, notsignificant; interacticn
aHect triat X genotype : Faey = 0.97, not significant).

Discussion

In this study, we have produced knockout mice that have
no proper Fmr1 mRNA or protein, which is also the case
in human fragile X syndrome. Alsa, at the clinical level,
the knockout mice display abnormalities comparable to
those seen in human patients. The combination of macro-
orchidism and mental retardation in the absence of gross
pathalogical abnormalities of testes and brain is very typi-
cal for the fragile X syndrome and is also characteristic
of the knockout mice.

Testicular weight of knockout mice at four different ages
was significantly greater than that of the control lit-
termates, and macreorchidism gradually develops
through time in mutant mice. Alse, human fragile X pa-
tients develop progressive macroorchidism after puberty
(Thake etal., 1985). Consistant pathological abnormalities
in testes of human fragile X patients or male knackout
mice have not been found, and the macroorchidism seems
to be due to an increase in size. The mechanism leading
to magroorchidism, however, remains unciear. Nething is
known about the function of FMAT in the lestis. It has
been suggested that expression of the FMA? gene is a
prerequisite far a proper germ cell proliferatien in the lestis
and in the ovary (Bachner et al 1993a, 1993b), but there is
much controversy about the expression of FMRT in testes.
Studies of RNA (Bachner et al., 1993a, 1853b) and protein
expression (Devys et al., 1993) showed high expression
of FMAT in male germ celis, whereas other studies of RNA
expression suggested low expression in male germ cells
{Abitbol et al., 1993; Hinds et al., 1993). The present find-
ing of normal fertility of both male and female mutant mice
with no Fmr1 expression indicates that FrrT is not essen-
tial in reproduction, at least not in mice. FMAT is also not
essential in human reproduction in view of the observation
that a male fragile X patient without any FMRT RNA or
protein due 1o a deletion in FMAT encompassing the pro-
moter region has progeny (Meijer et al., 1994). If Fmr?
expression is not obligate for germiine proliferation, the
absent Fmri protein in the germline of knockout mice can-
not be responsible for the development of macroorchid-
ism. Thisis in line with an earlier observation lhat fragile X
males showing macroorchidism have only the premutation
and not the full mutation in their sperm {Reyniers et al.,
1993}, while their germline epithelium expresses FMR?
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{B. A. O., unpublished data). Since no fetal lethality or
impaired viability is observed in mutant mice, Fmr1 protein
does not play a crucial role in development either.

No gross pathological abnormalities have been de-
scribed in the brain of human {ragile X patients and knock-
out mice. We studied especiaily the hippocampus as this
brain region is involved in learning and memory and shows
high expression of FMRT. However, hippocampal abnor-
malities could nat be detected. Reduced size of the posle-
rior cerebellar vermis and pontine regicn, together with
increased size of the fourth ventricle has been noted on
magnetic resonance imaging of the brains of human frag-
ite X patients (Reiss et al., 1991a, 1891b). This has also
been found in autistic behavicr (Cowrchesne et al., 1988),
which is a common feature of fragile X syndrome {Brown
et al., 1986; Hagerman et al., 1986). The size of the cere-
bellurn and vermis of the knockout mice is currently being
investigated. in autism not associated with fragile X syn-
drome, a reduction in the amount of cerebellar Purkinje
celis has also been reponted (Bauman and Kemper, 1985;
Ritvo et al., 1986), which may be responsible for the size
reduction of the vermis (Murakami et al., 1889). As Pur-
kinje cells have high expression of FMR? (Abitbol 1 al.,
1993), we investigated the number of Purkinje cells in the
murine cerebellum of the knockouts, but this was net sig-
nificantly ditferent from that of conlrol littermates. In con-
clusion, the gross anatomy of the tirain of mutant mice is
normal.

Human fragile X patients are known to exhibit a more
or less specific complex of behavior abnormalities con-
sisting of social avoidance, unusual respanse 1o senscry
stimuli, hyperactivity, and sterectypic, repetitive behavior
in a pattern sometimes consistent with autism (Brown et
al,, 1986; Hagerman et al., 1986; Cohen et al.. 1988; Gian-
chetti et al., 1991; Reiss and Freund, 1892; Fisch, 1992).
Also, the mutant mice show abnormalities such as in-
creased exploratory behaviar and motor activity. The in-
creased exploratery activity shown by the mutant mice
might indicate slower and fess efficient leaming of the
environment, the result being an increased need to re-
check the different chambers. On the cther hand, it might
also be the result of their hyperactivity.

Cognitive deficits in human fragile X males usually take
the torm of moderate to severe mental retarcation with
deficits in visual short-terrn memory and visual-spatial
abilities (Cianchetti et al., 1991; Maes et al., 1994). As the
FMAT expression is very high in the: hippocampus {Abitbol
et al., 1993; Hinds et ai., 1993) and as the visval spatial
disabilities of human fragile X patients might be retated
to hippocampal dysfunction, we studied the periormance
of mutant mice in the Morris water maze.

The hidden platiorm condition of the Morris water maze
test shows that mutant mice reached equal levels of perfor-
mance as controls in the training trials, which was alsc
confirmed by their normai perfermance in the probe tests.
However, when conditions of a well-trained task are
changed in the reversal trials, knockouts experience more
ditficulty than controls in learning these changes in spalial
information. At this point, when the position of the platform
ischanged, the animals have mastzred nonspaial aspects
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of the task (coping with learning stress, connecting the
platform to escape, employing a motor praxis strategy,
etc.} as well as spatial aspects (locating the platform with
the use of distal cues), When the position of the platform
is changed, mice are still able to use much of their knowl-
edge of the nonspatial aspects of the task, and this may
explain why normal mice display a much shorter latency
during the first reversal trial as compared with the first
training trial. Since knockouts reach similar levels of per-
formance as controls at the end of the training session,
they seem to be as able as their normal littermates in
mastering the nonspaltial and spatial aspects of the task.
Hence, knockouts do not seem to be impaired in the re-
trieval of spatial and nonspatial information in training ang
reversat trials ance th:s information has been learned, but
they are significantly impaired in their acquisition of the
reversal task. This does nol appear to be caused byimpair-
ment in their ability to change their nonspatial information
scheme (e.g., changing their praxis strategy), since there
was ro difference betaeen knockouts and controls in the
visible condition of the task. The latter also suggests that
the increased latency of knockouts in the hidden platform
condition is not caused by some underlying motivational,
motor, or sensory deficit. Hence, the observed impairment
appears to be limited 70 the spatial abilities of the mouse.
This might be connectad to the observad hyperactivity and
increased exploratory behavior that might be responsible
for excessive early search behavior or interfering intertrial
hyperactivity. Further research is warranted to learn more
about the nature of the cbserved impairment and about
the strategy knockout mice use to locate the hidden plat-
form. In conglusion, the knockout mice provide a goed
model to study the complex combination of cognitive and
noncognitive effects of the fragile X syndrome.

Itis not clear what might be the uncerlying mechanism
of this impaired acquisition of navel spaiial information in
knockout mice. Impaired synaptic plasticity, especially in
hippocampus, could be cne such possible mechanism.
The hidden platform condition of the Morris watsr maze
task is dependent upon hippocampal functions as well as
on N-methyl-0-aspartate (NMDA) receptor-mediated long-
term potentiation (LTF) of synaptic transmission (Morris
etal., 1882, 1986). More recently, two independent groups
reported that mice with specifically those genes knocked
out that code for kinases supposedly involved in the induc-
tion of the L.TF process display impaired hippocarnpal LTP
as well as impaired Morris water maze performance (Silva
etal., 1992a, 1992b; Grarit et al.,, 1992). It must be pointed
out, however, that the latency curve profile of our knockout
mice is qualitatively different from that of redents with hip-
pocampal lesions or impaired NMDA receptor functions,
These animals show normal initia! learning but remain
clearly above the lower asymptote of the normal latency
curve, Our £mr? knockaut mice, however, show relatively
unimpaired initial spatial learning and retrieval of learneg
spatialinformation. Prominent difficulties only become ap-
parent when conditions in a well-trained task are changeg.
Toinvestigate whether Fmr1 is involved in LTP, it is neces-
sary to perform electrophysiolcgical studies an hippocam-
pal slices.
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Learning, mernory, and behavior are complicated pro-
cesses involving different brain regions and many specific
prateins. The biologicat analysis of cognitive functioning
therefore requires identification of each of these proteins,
before their overall interaction and functioning tan be un-
derstoed. Targeted disruption of specific genesis a power-
ful toolin the elucidalion of the specific role of these genes
in brain functioning. ¥he knockout model for the FMAT
genepresanted here is a potentially valid model to provide
insight into the physiclogical function of FMA? and the
pathaphysiolegy of the fragile X syndrome, as the trans-
genic mice lack Fmiri protein and show abnormalities com-
parable to human fragile X patients. Therefore, these
mutant mice offer a gocd animal model to study the mecha-
nisms leading ta macrootchidism, abnormal behavior, and
mental retardalion. Furthesmore, experimental designs
can now be made to intreduce foreign FMAT into the
knockout mice in a first step towards gene therapy for
fragile X syndrome in humans.

Experimental Proceduras

Construction of pMGS5, ES Cells, and Transtection

The targeling vector pMGS was composed of pBiuescript KS(—} and
a 5.7 ko mouse genomic DNA Sall-Spel fragmert containing exons
49 al Ihg Frord gene. This fragment was obtained “rom a 129-derived
£S5 cell phage library (provided by Cr. G. Grosvelc} after probing with
& human FMRT cDNA sequence. The vector was inerrupted with a
neo resistance ¢assette, a 1645 bp blunted Xhol iragment obtained
from pPGKneobpA (Seriano et al., 1991), in a blunted unique Snabl
silgin exon 5. The neo cassalte is antisansa orientzted compared with
genomic orientalion. A 2,9 kb blunted Sall fragrent of the t casselta
{PHA140} (Clarke et al., 1992) was inserted 3' of excn 9 in the blunted
Notl sile of the vector. The & cassette is also antsense orientated.
Vector pMG5 was digested with Pvul 1o efiminate as much bacterial
plasmid sgquences as passible, and 15-20 ug of this DNA was used
lo transfect 1 x 107 E14 ES cells in 400 pl PBS using a Progenetor
Il Gene Pulser (1200 uF and 117 V guring 30 ms}). The treated cells
were seeded onto 100 mm culture dishes coatec with gelatine in me-
divm composed of 60% BAL-conditioned medium, 0% DMEM sup-
plemented with 1 Ufml LIF {GIBCO BRL). The mecium was rapiaced
by medium containing 200 pg/m! G418 (Genatigin, GIBCQ} 24 hr after
transfeclion. Tha medium was ralreshed evary cay and during days
3 and 4 was also supplementad with 2 uM gancyclovir {Cymevene).
After 7-10 days, ¢lones becama visible, could be picked, freated with
TE (0.05% trypsine, 0.02% EDTA in PBS), and seeded anltg gelatine-
coaled 24.wall glatas, one ¢lone perwell. After growing to confluency,
clonas were trealed with TE again, and 9/10 of the clone was frozen
down stowly and stored in liguid nitrogen in megivm containing 10%
DMSOQ. Gne-tanth of each clone was spun down ard resuspended in
30 p! water, and 20 nl 20% Chelex-100 beats (Bo-Rad) was added.
Tha calls ware beiled at 95°C far 10 min 1o Iree the DNA. This solution
{20 uly was used tor PCR analysis. For Soulhern blot analysis, 110
of gach clone was grown 1o confluency again ard harvested, and
ganomic ONA was isotated from the cells.

DNA Analysis

PCR scrgening lor a homalogous recombination event was performed
using 160 pmot of the primer M2 (S ATCTAGTCATGCTATGGATAT-
CABC-3) and N2 [5-GTGGGCTCTATGGCTTCTGAGG-3) in a PCR
buffer conlaining 16 mM Tris, 10 mM MgCl;. 0.2 mM dN'TPs, and
2.5 U Tag DNA polymerase (Belhesca Research Labaratariss). The
samples were prenealed at 94°C for 5 min. Thiry PCA cycles were
periormed composed of 1.5 min denaturation at 94=C. 1.5 min anneal-
ing at §5°C, and 2.5 min extension at 72°C. The Frocucts {15 ul) were
electrophoresed on 2 1.5% agarose gei.

Generation and Analysis of Chimeric and Knackout Mice
The positive ES clone CB5.2 was injected inta C578L/8Y blaslocysts,
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and the blastocysts were translerred te pseudopregnant female mice.
Highly chimaric males were crossed with C57BLISJ wild-type females,
and the offspring was lailed for DNA analysis after 2-3 weeks. Tail
DNA was isolated according to Hogan et at. (1986), and 1 xl was used
in the PCR with primer M2 and N2 (see abova). Screening for the
presence or absence of tha wild:type allelewas parformad using primar
S1 (6~GTGGTTAGCTAAAGTGAGGATGAT-3) and 82 (5-CAGGTTT-
GTTGGGATTAACAGATC-37 (Figures 1A and 1B)in the PCA program
described befare wilh an annealing temparalure of 63°C instead of
€5°C.

RT-PCR

Total RNA was isolated fram tesies of mutant and contral mice using
the LiCl method {Verkerk el al., 1983}, ANA (5 png) was reverse tran-
scribed {Pierelti et al., 1891). and 2 pl of the reversa transcribed reac-
tion was direclly subjected to PCA using cembinations of the primers
51-N2 and $1-82 ascording to the program described belore with
an annsaling temperatura cf 63°C. Tha PCR products (5 pl} were
analyzed on a agarcse gel {1.5% agarase and 1.5% low mefting tem-
perature agarose).

Western Blottlng

Proteins wera isolated from brain, testes, liver, and kidney from knock-
out and control mice, Tissua (200 mg} was homogenized in 750 ul of
bufter (10 mM HEPES, 300 mM KCI, 5 mM MgCl;, 100 uM CaCla,
0.45% Triton X-10C, 0.05% Tween [pH 7.4]) using a S-ype pestle
(5 % 2 strokas]. The homogenates wera soniflicated for 45 s and spun
down for 30 min at 10,000 x g. Seven mg was used in an immunopre-
cipitation with polyclenal antibadies a724 ralsed against the middle
part ol FMR1 protein (Verheij et al., 1993). Inmuneprecipitalions, gele-
lactrophoresis, and Western blotling were performed as described by
Varheij et al. (1993), with the exception that we used [*l]prolein A 1o
detect the polypeptides.

Histachemistry

Twelve mica were Killed by aether anaesthesia. Tesles were fixed in
Bouin's solution, and sections were stained with haematoxylin/
azophloxine. Brains ware fixed in 4% butlered formaldenyde, melha-
carp, and Bouin's sotution. Two brains wera snap frozen in liquid nitre-
gen chilled isop Paraffin i weare d blind with
respoct to the transgenic status of the mice. Seclions ware stained
with cresy! violst, anclase, hasmatoxyfin eosin, and Luxol fasl blue.
For immunohistochemisiry, cryosiat seclions (7 pm}) ware fixed with
4% paralormaldehyde followed by a methanol step. Subsequently,
saclions were incubated with monoclonal antibodies against human
neuran-specific enolase (EPOSINSE, DAKQ), neurdfilament-M (pro-
vided by Dv. J. Q. Trajanowski). or rabbit polycional antibodies against
L7 {provided by Dr. Morgan), followed by an indirect immunoperoxi-
dasa technique using 3.3"-diaminobenzidine. HCI (Serva) as a sub-
strate. Endegencus peraxidases wara inniblted by a 30 min incubation
in PBS-hydregen peroxide-sodium-azide solution {Li et al., 1987}

Passive Avoldance Learnlng

For passive avoidance learning, male mice were placed in the small
{5 x 9 cmy} brighily lit compartment of a step-through box. After 5 5,
the door that led 10 the big {20 = 30 cm) dark compariment of the
box was cpengd. Knockouts as well as littermales entared the dark
compariment wilhin 30 5. Upon enirance of the dark compartment,
the sliding door was closed and the mice received a slight glectric
{oct-shock (Covlbours Insiruments Small Animal Shocker, 0.2 mA, 1
5). Atler 24 hr, the mice were placed in the small comparment once
more, and latency Ic enter the big compartment was noted up 1o a
maximum of 300 s.

Expleratory Behavior Test

The apparatus used in 1his 1est consisted af an open Hox {55 x 75
cmy), divided inlo an fluminated (45 x 75 ¢m) and a dark {10 x 75
cm) compartment. Transilions between these areas are enabled by
means ol four semicircular opanings {4 cm diamater), evenly spaced
{15 ¢mj in the dividing wall, Three infrared beams are aligned {o the
dividing wall. One of thase is situatad in the dark compartment {t cm
distance to the dividing wall), whereas the other two beams are in the
illuminated compariment {1 and 7 em distance to the gividing wall,
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respectively), Cata from the three infrared Jatectors wera continually
read into a parsonal computer and analyzed off-line. Three measure-
ments wera darived from this: percentage of time spentin the lit com-
partment and number cf cressings of each of the two beams in the
lit compartmant.

Al tests were conducted between 1 and 5 p.m. in a quiet, dimly lit
room. Animals were allowed to adapl lo & revarsed Jight—dark cycle
(tighls on at 5,30 p.m., lights off at 5.30 a.m.} for & days prior lo lesting.
Ten minutes balcre lesting, they stayed sebaratsly in a uniform whita
plastic box. Then, they were placed in the dark compariment, and
their aclivity was manitored during their 1) min slay in the box.

Motor Activity Test

Locomolar aclivity was measured with a technique modified from
Crawley and Gocdwin (1680). The apparatus used 10 measure 1ha
activity of the mice is an emply lransparant cage (16 x 22 cm). Three
infrared beams {wo perpendicular fo the long axis and one perpendicu-
tar to the shor axis) divide the cage in six somparments. A personal
computer inlerfaced to the three infrared sensors was used 1o count
the number of cressings of the beams after the mice were placed in
the cage aver 40 min. All measurements ware performad with lights
on during the day phase ol the light-datk cycle of the animals.

Morris Water Maze Task

Tha walar maze used here consisied of & circular grey plastic pool
{150 cm in diameter, 30 cm high) filled w.th waler made opaqua by
nontoxic apacified Lytron 621 and maintained a1 18°C. A raund per-
spex platlerm (15 em in diameter) was placed insida the poolin a fixed
position at the center of one of the four quadrants. The platform was
placed 1 cm below the water surlace in the hidden platform test, but
was claarly visible in 1he visible platform test. it ramained in that posi-
tion during 12 training trials, whereupon ils pesition was changed to
tha center of the opposite quadrant for four revarsal frials, Two draw-
ings were put on the wall behind the water maze as external cues,
and the interior of the experimental room vras not changed during the
trials. Only males, belh knockouts and control littermates. were used
in this expariment. Albino animals were nct lesled in the Marris water
\ask as their performance might be impaired by visual abnormalities.
During a swimming Trial, the animals were placed in ihe pool four
times, each lime at eng of the north, south, gast, and waest s1arting
positiens in random order, and with a 15 min inerval. i the animals
could nct find the platform within the maximum swirnming time of 320
5, (hey were placed on the platform and the maximal escaps latency
of 120 s was noted, They had 1o stay on the platform for 15 s before
removal, Twe swimming trials wera performed daily, wilh a 9 min
interval batween trials. Significance ol the effects of trial number and
genatype were determined by one- and two-factor analyses of variance
(ANOVA), During probe 1rials, mice had to swim for 100 s in the poo!
wilhcut 2 platform, Probe trial 3 was perormed aler the first eight
training trials and probe trial | alter the fout reversaltrials of the hidden
platlorm condition of the Morris water maze, A two-talled Sludant's t
tast was used to assess the significance of diffarences between mu-
tants and control littermatas.
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SUMMARY

Patients with fragile X syndrome show mental retardation, behavioural abnormalities, facial
anomalies and macroorchidism due to the lack of the FMRI protein (FMRP). Recently a knockout mouse
model for fragile X syndrome has been made through homologous recombination of the murine Fmrl gene
by an inactivated Fmr gene construct in embryonic stem cells. The knockout mouse lacks Fmip and
shows symptoms similar to those found in fragile X patients. To answer the question whether
reintroduction of Fmrp can restore the normal phenotype a transgenic mouse was generated expressing
human FMRP. The FAIR! transgene was under control of a CMV promoter to obiain ubiguitous FMRP
expression, Transgenic mice were crossed with knockout mice to obtain a wansgenic xmockout mouse. The
rescue mouse did express FAMR/ protein, but did not show a reversal of the phenotype, most likely because
the level of FMRP expressed from the transgene is inadequate or not time or cell specific.

Key words: mental retardation, fragile X syndrome, mouse model, FMRP, transgenic mouse.

INTRODUCTION

Fragile X syndrome is the most common form of inherited menta! retardation. Fragile X syndrome
patients lack the fragile X mentl retardation protein (FMRP). The gene involved is the Fragile X mental
retardation gene (FMRI) located on the X chromosome (Xq27.3). The prevalence of the fragile X
syndrome is 1 in 4000 to 6000 males [1, 2] and the phenotypic abnormalities include behavioural and
cognitive deficits, ranging from moderate to severc mental retardation, macroorchidism and facial
abnormalities (reviewed by [3]). In fragile X syndrome the FMR! gene is inactivated due to methylation
of the promoter region and a CGG repeat located in the 3' UTR of FMRI [4]. Methylation occurs when the
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CGG repeat increases in length to over 200 repeat units (full mutation) upon transmission to the next
generation. The full mutation evolves from a premutation which is unstable and contains between 43 to 200
repeats. The carrier of a premutation has normal protein expression and shows a normal phenotype. Normal
individuals have a stable repeat of 6 to 53 units [5].

FMRP is wiclely expressed during human embryonic development but expression decreases to
become more localised in specific tissues in successive stages of embryonic development [6, 7]. In 2dults
high expression of FMRP is found in brain in the neurons of the grantuiar layer of the hippocampus and the
cerebellum, in the grey matter of the cortex and in Purkinje cells [6-9]. In testis there is a high expression
in early spenmatogonia 8, 9].

Available tissues of fragile X patients, such as blood cells, cultured skin fibroblasts and (rarely) post-
mortem material do not easily allow studies on the molecuiar pathogenesis of the disease. No naturally
gccurring animal models for the trinucleotide diseases have been described. To gain more insight in the
pathology and physiclogy of trinucleotide diseases, several groups have tried to generate animal models
for the different diseases. The development of an animal model has major advantages, First, the unlimited
supply of tissues gives the opportunity to study the effects on the morphological and molecular level.
Second, the phenotype and behaviour of mice can be studied in order to understand the development of
the disease phenotype found in human patients.

Different animal models can be made. First, a knockout model in which the mouse homologue of the
human gene of intercst is modulated in such 2 way that this gene is inactived. Second, a transgenic model
can be made in which a mutation is introduced in the mouse homologue of the human gene. Third, 2 copy
of {part of) the humun in which the human mutation is present gene can be randomly introduced in the
mOUSE genome.

For FMRI the knockeut mice were generated by replacing the wildtype murine Fmrl gene, also
located on the X chromosome, by a non-functional Fmrl gene in which a neomycin resistance cassette was
placed in exon 5, using homologous recombination in embryonic stem cells employing conventional
transgenic ES technology [10]. These ES cells were injected into blastocysts and transferred to
pseudopregnant females. Highly chimeric male offspring was crossed with wildtype females to give birth
to females heterozygous for the knockout mutation. Breeding those females with wild-type males resulted
in knockout males. As a result of the integration of the neo cassette in the Fmrl gene the mutant mice are

no longer able to make normal Fmrl mRNA. Although the knockout mutation in the animal madel is
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different from the mutation found in human fragile X patients, both mutations lead to an absence of the
FMRI1 protein. Phenotypic characteristics as the long face, prominent ears, high-arched palate, flat feet,
hand calluses and hyperextensible finger joints have not been found in fragile X mice [11]. One of the most
obvious phenotypic characteristics of fragile X patients is macroorchidism; sometimes this is manifested
in childhood, but it is present in almost all fragile X patients after puberty. Like in fragile X males,
macroorchidism is present in >30% of adult knockout mice [11].

The behaviour of the knockout mice was tested with the use of exploratory and motor activity tests
as well as with the Morris water maze test [10, 11], The tests revealed that the knockout mice had a higher
motor activity than control and impaired in the acquisition of novel spatial information. In the Morris water
maze test impairments in visual short-term memory and visual-spatial abilities can be measured in small
rodents. In the water maze test the mice are placed in a large circular pool filled with opaque water and they
have to swim to a platform that is visible or hidden. The knockout mice experienced more difficulty than
normal littermates in learning the new position, which was apparent both in increased escape latency and
path length, It appears to be due to a relative inability of knockouts to change a learned spatial strategy.

The question is whether the defect in knockout mice can be restored. To addrass this question the
FMRI gene was reintroduced into the knockout background to create a rescue mouse, Reintroduction of
the protein might tell more about the tevel of protein expression needed to restore the phenotype, about the

importance of the moment of expression and the cell specificity.

MATERIAL AND METHODS

Construction of the transgene

To rescue the knockout phenotype a transgene construct was made, An EcoRI fragment containing
the human FMR/ cDNA [12] was cloned in the EcoRI site of expression vector pcDNA Tamp
(Invitrogen){(Fig. 1A). The cDNA containg an CGG repeat of 29 triplets in the 5' UTR, the open reading
frame, and approximately 1.6 kb 3' UTR, lacking cxon (2 due to alternative splicing, and a 250 bp Kpnl-
fragment (base 3360 to 3610). The FMRI cDNA in this transgene construct is located downstream of the
CMYV promoter, which constitutively expresses the transgene in all cells. The transgene was linearized with
Pvul-Avrll digestion, purified in agarose gel and dialysed over night. A solution of 0.3 ng/pl was
microinjected into pronuclei of fertilised murine oocytes.

A second construct was made containing three endogenous introns of the human FMR! by
introduction of intron 5, 6, and 7 into the transgene through replacement of the Bglll fragment of the cDNA.
(pos. 535 to 875) with its genomic counterpart (Fig. 1B).
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Fig 1. Schematic representation of the transgenic constructs introduced into fertilized murine cocytes. (A)
Vector pcDNAI/amp containing the human FA/R] ¢cDNA, present in mouse line G6 and G8; (B) Vector
pcDNAL/amp containing the human FMR] cDNA including intron 5, 6 and 7, present in mouse line K1,
J22 2nd J26. Black boxes indicate exon sequences; lines in between black boxes indicate intron sequences.

DNA analysis

The transgenic state of the mice was tested by PCR with primer set $1 (5 GTG GTT AGC TAA
AGT GAG GAT GAT 3} inexon 4 and 82 (5' CAG GTT TGT TGG GAT TAA CAG ATC 39 in exon
5. The primers fitted on both hurnan and mouse DNA. This PCR produces an endogenous murine band of
465 bp in which intren 4 is included, and a 125 bp transgenic band derived from the human cDNA. With
primer set S| and K2 (5' AAA ATC CTT ATG TGC CGC CTC TTT 39 a distinction could be made
between the construct with and without endogenous introns revealing 1363 and 213 bp respectively. PCR
was performed using 100 pmol of the primers in a PCR buffer containing 10 mM Tris, [0 mM MaCly, 0.2
mM dNTPs, and 2.5 U Tag DNA polymerase (BRL). The samples were preheated at 95%C for 5 mir. Thirty
PCR cycles were performed composed of 30 sec denaturation at 95 °C, 30 sec annealing at 65 °C, and 1.5
min extension at 72 °C. The products (15 pl) were electrophoresed on a 2% agarose gel. The knockout
allele could be detected by PCR with primers M2 and N2 giving rise to a 800 bp band [10]. Mice were
tested for the presence of a normal Rd gene with primer set 73 + 82 giving a 580 bp mutated fragment and
primer set 81 + 82 giving a 240 bp wild type fragment [13] . Mice homozygous for the mutated alle] are
visually impaired and skipped in the Morris water maze.

Western blotting and Immunocytochemistry
Brain and testis from rescue and control male mice were used on Western blot to detect the
presence and the level of expression of the protein transcribed from the transgene, A biotinylated
monoclonal antibody T1Ab directed against FMRP was used for detection [10].
For immunocytechemistry brain and testis samples were embedded in Tissue-Tek {Miles, Inc.}
immediately after dissection and snap frozen in liquid nitrogen. Cryostat sections (8 um) were fixed with
3% paraformaldehytls (10 min) followed by a methanol step (20 min}. Endogenous peroxidase activity was
inhibited by 30 min incubation in PBS-hydrogen peroxide-sodium azide solution (100 ml 0.1 M PBS + 2
ml 30% H,0, + Imi sodiumazide)[14]. Free biotin was blocked by an Avidin-Biotin blacking system
(DAKQ). Subsequently sections were incubated with the monoclonal antibody T1Ab (1:400) for 1 hr.
Subsequently, a 45 min incubation with a streptavidin-biotinylated peroxidase complex was performed.
Peroxidase activity was demonstrated in a substrate solution containing 3,3'-diamino-benzidine. HCl
(Serva). Finally, sections were counterstained with Hematoxilin followed by dehydration in ethanol and
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mounting with Entelian.

Testicular weight, and Behavioural and Cogaitive tests

Mice were killed in ether and both testicles were carefully prepared free, dried, and weighted.
Testicular weight data represent the combined weight of both testes.

Animal selection: The knockout mice, having a FVB/129 genetic background, were screened for the
presence of a normal Rd gene, coming form the 129 background, as described before. Mice homozygous
for the retinal degeneration mutation (Rd), segregating with the FVB background, were excluded from
behavioural and cognitive tests. In addition, aibino mice, with little eye pigment, were excluded from the
Morris water maze test,

Open field: Mouse movements were registered int a transparent Plexiglas square cage (50 x 50 cm),
positioned in an artificially lit room different from the one the mice are kept in. Movements were registered
using a video camera. Registration was performed with lights on during the dark phase of the light/dark
eycle of the mice. The mice were always released from the same comer of the cage. Registration started
30 sec after release of the mouse, and lasted 10 min. All testswere conducted between 1 and 5.30 p.m.
Registered parameters include entries in the centre of the field, entries in the corners of the ficld, percentage
of time spend in the centre, path length, and velocity.

Morris water-maze: The mice were trained to find a submerged platferm (@ 15 cm) in around basin
(@ 150 cm) filled with opaque water, using exactly the same conditions and protocot as described [15].
Briefly, an experiment consists of 12 learning trials followed by 4 reversal trals, with the platform moved
to the centre of the oppasite quadrant. Each trial consists of 4 separate releases from each side of the pool.
Cutoff time is 120 sec. Total escape latency, total path length and average swim velocity are registered per
{rial.

Statistical analysis: Statistical analysis was performed using the SPSS program. Groups in the
behavioural tests and the probe trials of the Morris water maze test were compared by an independent
samples #- test with unequal variance. Leamning and reversal curves in the Momis water maze were
compared by two-way ANOVA,

RESULTS

Construction and analysis of the rescue mouse

Human FMR] cDNA constructs under the control of the CMV promoter were injected into fertilised
aocytes from wild type FVB mice, establishing five transgenic founder mice. These founder mice were
crossed with fragile X knockout mice (genetic background FVB/129) to obtain [ive lines of transgenic
knockout mice, which we called “rescue mice”. Mouse lines G6 and G8 contain the FMR/! cDNA construct
without introns (Fig. 1A), while lines K1, J22 and J26 contain the ¢cDNA construct with three endogenous
introns (Fig. 1B). In the offspring the presence of the transgene and the knockout status of the animal could

be datected by PCR. Southem blotting of mouse tail DNA of first generation offspring showed that there
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FIG. 2.: Waestern blot analysis of FMRP

expression in brain of a wild
type (wt), knockout (ke),

G6, K1, 122 and J26 mouse 100-

69- :

was one chromosomal site of transgene integration in all mouse lines (data not shown). The pattern of
inheritance after crossing showed that the transgene had integrated in an autosome in all five lines.

For an initial characterisation brain and testis tissues of these rescue lines were tested for FMRP
expression by Western blotting and by immunocytochemistry. Lines G6, K1, 122 and J26 showed FMRP
expression in brain on Western blots (Fig. 2), whereas G8 was found not to express the transgene. Since
line G6 had the highest level of expression in brain, although still at a level of approximately 50% of the
wild type level (Fig. 2) and similar levels of EMRP expression ir testes as seen in wild type (data not
shown), we performed further studies with this mouse line.

Successive crossings of G6 mice showed that it was not possible ta obtain mice with two transgene
alleles, the so-called homozygous transgenic mice. Litter sizes indicated that embryonic lethality is very
tikety to have occurred in G6 (data mot shown). The other lines could be crossed to transgenic
homozygosity.

In order to determine in individual cells the localisation of FMRP expressed from the transgenc a
biotinylated monoclonal antibody directed against both FMRP and Fmrp was used in cryostat sections of
the brain. Sections of wild type mouse brain showed staining in neurons of the cortex, hippocampus and
brainstem and in the cerebellar Purkinje cells, while in the knockout mice no Fmip could be detected (data
not shown). In G6 mice intense staining was found in the brain in some neurons of the cortex, but not in
all. In neurons of the hippocampus, those [ocated in the brainstem and in Purkinje cells intense staining was
visible. There was an overall light staining in non-neurenal cells of the brain, such as glia cells, astrocytes
and oligodendrocytes, which was not seen in wild type brain sectiens. Sections of knockout brain were
negative in all cells,

Immunocytochemistry on testis sections was not possible due to high background tabelling in wild
type, GE and also in knockout mice. The intense background was caused by aspecific binding of the

streptavidin to free biotin groups in interstitial cells.
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Testicular weight

The testicular weight (expressed as combined weight of two testes) of the three different
genotypes was determined at 16-20 weeks of age. The difference between the mean (£ 5D) from wild
type miice (189 = 14 mg, N = 14) and kneckouts (243 £ 27, N = 15} bred in an FVB background was
highly significant (P << 0.001}, and in the same range as previously described for wild type versus
knockouts bred in a C57BL/6J background (Fig. 4). The G6 rescue mouse had a mean testicular weight
of 238 33 mg (N = 12), not significantly different from the testicular weight of the knockout mouse.

Intraduction of the transgene in the knockout mouse had thus no effect en the testicular weight.

Behavioural tests

Anopen field test was performed to detect possible abnormal spentaneous behaviour of the rescue
mice compared to their wild type and knockout littermates. In the open field test, the behaviour of the
mouse in a new, empty environment was analysed for 10 min. No significant differences between wild type
(N = 13), knockout (N == 14) and G6 rescue mice (N = 9) were observed for entries in the centre of the field,
entries in the cormers of the field, percentage of time spend in the centre, path length, or velocity {data not
shown).

Cognitive functioning of G6 rescue, wild type and knockout mice was compared in the Morris water
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Latency

FIG. 4.: Escape latency (s) in the Morris water maze test of 7 G6 rescue (dashed line), 12 wild type
(o}, and 13 knockout () mice compared. Error beams indicate SEM, The first group of trials (1-12) are
learning trials, the second (R1-4) reversal trials, The differences in reversal performance between knockout
and wild type mice (P < 0.01) and betweer:. G6 rescue and wild type mice (P < 0.05) are significant,

maze task. Albino mice and mice homozygous for a mutated Rd gene were skipped from this experiment,
since they suffer from impaired vision.

In the Morris water maze, mice have to find an invisible escape platform in a circular pocl depending
on distal cues. Previous experiments with Fmr/ knockout mice bred in a C57BL/6] background
demonstrated that knockout mice show impaired performance in the Morris water maze task, most notable
during the reversal trials [10, 11, 15].

Twelve acquisition trial blocks were followed by 4 reversal trial blocks during which the escape
platform was moved to the opposite quadrant of the pool. Anafysis of the resulis of the wild type, knockout
and rescue mice during the acquisition trials revealed no significant effect of genotype on escape latency
{two-way ANOVA for factors genotype and trial block on escape latency; Fig, 4). During the reversal trials,
however, twe-way ANOVA did show a significant effect of genotype on escape latency. Post-hoc

comparisan showed that both in the knockout and rescue groups, escape latency was significantly longer
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compared to the wild type group (p<0.05)(Fig. 4). It is important to note that genotype had a significant
effect both on path length (p<0.004), and on swimming velocity (p<0.001). Post-hoc comparison showed
significant differences between wild type and knockout mice in path length, and between wild type and

rescue mice in swimming velocity, but not between knockout and rescue mice.

DISCUSSION

We generated five rescue mouse lines by introducing the FMR/ ¢cDNA into wild type mice and
inbreeding them with fragile X knockout mice. As a vector we used pcDNAL/amp containing a CMV
promotor and a SV40 intron at the 5'end of the polylinker.

As one of the factors influencing the expression level of the transgene is the presence of introns in
the transgene construct, and intron sequences in the transgene are reported to increase the transcriptional
efficiency [16], we made in addition to the construct containing the FMRI ¢cDNA, & second construct
containing the ¢cDNA plus three endogenous introns (intron. 5, 6 and 7 of the human gene) (Fig. 1).
Nevertheless, of the protein expressing mouse lines (G, K1, J22 and J26} the line (36, without intron
sequerices, showed the highest level of expression in brain in a quantitative protein test (Fig. 2). An
expression level of about 50% of the wild type FMRP expression was scen in G6 rescue mice. Expression

in the testes of G6 rescue mice was at wild type level.

Testicular weight

A nearly 30% increase in testicular weight is a consistent feature of FmrJ knockout mice. Hardly any
overlap in testicular weight between knockouts and wild type mice was observed in the current (Fig. 4) or
previous experiments {10, 11]. The increase in testicular weight of the knockout mice was found to be the
result of an increased rate of Sertoli cell division within the normal period of cell proliferation, between
embryonic day 12 and day 15 postnatally [17]. During this developmental period, FMRP is expressed in
the primordial germ cells of normal testes [9], but it is not clear whether the increased tasticular weight of
the knockout is the result of absence of FMRP expression locally in the testes or in the brain.

Iniroduction of the transgene in the knockout background had no significant effect on testicular
weight. In foetal testes, FMRP is expressed in the primordial germ cells, while in adult testes, FMRP is

expressed in the spermatogonia. FAMR/I expression in normal testes is thus under strict spatial and temporal
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control. FMR/ expression in the G6-rescue mouse is under control of the CMV promater, which may be
less time/place specific than the natural FMR/ promoter. Therefore, while G6-rescue mice had a similar
level of expression as controls as shown on Western blots, it may lack the specificity to rescue the

phenotype of the knockout with regard to testicular weight.

Behavioural tests

Previous studies using the Morris water maze protocol have consistently shown slightly, but
significantly increased escape latencies in Fimr/ knockout mice during the reversal trials of the protocol
(10, 15). In one of the previous studies, the difference was shown to be due to increased path length in
knockouts during the reversal trials, but reduced swimming velocity was also found in knockout mice
during reversal trials, using the visible-platform cendition of the task [15]. The differences might be due
to impaired reversal learning abilities in knockout mice, but other reversal learning protocols failed to
support this hypathesis [11]. As recent findings by Paradee et al {personal communication) show
significantly reduced contextual fear conditioning in krockouts, the differences in water maze reversal
tearning might be due to differences in escape motivation, rather than to impaired learning and memory
abilities as such.

We have shown in this study that, both in knockout and rescue mice, escape latency during the
reversal trials was significantly longer than in wild type mice. This appeared to be due to increased path
length in knockout mice, whereas in rescie mice this was mainly due to decreased swirming velocity,
However, since the origin of the reversal learning impairment in: knockouts is not clear, and since increased
path length as well as reduced swimming velocity have been observed in these mice, the present findings
do not provide sufficient evidence to conclude that the behavioural phenotype has been entirely or even
partly restored in the rescte mice.

Also, no differences in spontaneous behaviour were observed between knockouts and wild type mice
in the open field test, allowing the conclusion that gross motor or behavioural abnormalities are not
introduced by transgene expression in the Gé-rescue mouse.

Despite the introduction of the transgene the results of the tests performed show that the phenotype
of the fragile X knockout mouse is not restored by the introduction of the G6 transgene. Several hypotheses
might explain that the phenotype of the G6 rescue mouse is not restored.

First, the level of protein expression might not be high enough in the G6 rescue mouse. A factor
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influencing the level of protein expression is the number of copies of the transgene integrated into the
mouse genome. Immunocytochemistry showed that the transgene s expressed at a level comparable to wild
type levels in some neurons, but not in all neurens. It has been shown [18] that this variegated pattern of
expression might be the result of repeat-induced-silencing. The number of copies in an transgene-array is
frequently manifested as a decrease in the proportion of cells that express the transgere.

To obtain transgenic mice, in first instance microinjections were performed using transgene
concentrations of 6 ng/u, a concentration normally used in experiments with other genes, but no
transgenics were obtained. We lowered the concentration of transgene to 0.3 ng/ul. This was more
successful and transgenics were born. An explanation can be that high concentrations of transgene,
coinciding with integration of many transgene copies, teads to high expression fevels of protein followed
by embryonic lethality. The finding that too many opies of the transgene might be lethal in mice is in
line with what was noticed in Hela cells. When FMR/ is present in many copies, the Hela cells die (Steve

Warren, personal communication).
A second explanation why the phenotype is not restored can be the expression ievel per cell. The

CMV promoter constitutively expresses the transgene, thus not only in cells which naturally express Frmup
but in all the cells. In a quantitative protein test a homogenate of brain tissue shows half as much protein
in G6 rescue mice as is seen in wild type mice. In wild type mice the highest expression is in specific cells,
while in G6 rescue mice al} the cells express FMRP. This implicates that in G6 rescue mice the expression
level per cell is much lower than 50%. Thus the cells that normally do express Foup also have a low
expression level of FMRP which is not adequate to restore the phenotype. That low levels of FMRP
expression are not sufficient for 4 normal phenotype is also seen in the human situation where affected
rales appear to be mosaic for a full mutation and a premutation, with this premutation in only a few
percentages of their cells.

The use of the CMV promoler might also be involved in the embryonic lethality of homozygous
transgenic G6 mice, since this promoter expresses FMRP in the developing transgenic rmouse embryo from
the time of gestation onwards. In wild type mouse embryas Fmrp expression can be detected on day 10
after gestation, but not before day 7 [7]. Expression of the FMRP during early embryonic development,
even at lower levels than normally found in Fmrp expressing cells, might be lethal. Also the expression of
the transgenic protein in all cells, so also those cells that normally do not express Finrp, might contrzbute

to lethality. G6 rescue mice with one transgenic allel will survive since they express only half of the
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amount of protein of homozygous transgenic mice, The absence of homozygous transgenic G6 mice could
also be caused by integration of the transgene in an endogenous mouse gene that is needed for life in two
copies. Last possibility is that all isoforms of FMRP are needed for complete rescue of the fragile X
phenotype. In G6 mice only one isoform of FMRP is expressed. We can not role out the possibility that
this isoform alone is not sufficient to restore the phenatype, although in humans and mice this isoform is
the most abundant.

To elevate tae level of protein expression in G6 mice by little steps, G& mice are being crossed with
J26 mice. J26 mice show much less protein expression on western blot and in cryosections, but can be
crossed to transgenic homozygozity. In this way we hope to answer the questions whether the lethality of
homozygous transgenic G6 mice is due to a tao high expression of the FMR/ gene, especially during early
embryogenesis, and to answer the question whether we can create a mouse that shows phenotypic rescue.

[Frescue of the phenotype is possible, we wiil intreduce the FMR/ gene under the control of tissue

and time specific promoters to illucidate more about the function of EMRP in the mouse.

Acknowledgements; Part of this work was supported by a concerted action from the University of Antwerp,
a grant from the Belgian National Fund for Scientific Research Flanders (FWQ), a grant from the Fragile
X Research Foundation, and BIOMEDII P195-1663. R.D.H holds an FWO postdoctoral fellowship.

RETERENCES

1 Tumer, G, Webb, T, Wake, S and Robinson, H. Am ] Med Genet {1996) 64:196-197.

2 De Vries, BB, van den Quweland, AM, Mohkamsing, S, Duivenvoorden, HI, Mel, E, Gelsema, K., van

Rijn, M, Halley, 1DJ, Sandkuijl, LA, Qostra, BA, Tibben, A and Niermeijer, MF. Am J Hurn Genet

(1997) 61:660-667.

Hagerman, RJ.. In RJ Hagerman and AC Silverman (Eds.), Fragile X syndrome: diagnosis, treatment

and research, fohn Hopkins University Press, Baltimore and London, 1996, pp. 3-87.

4 Suteliffe, J§, Nelson, DL, Zhang, F, Pieretti, M, Caskey, CT, Saxe, D and Warren, ST. Hum Mol
Genet (1992) 1:397-400.

5 Fu, YH, Kuht, DP, Pizzuti, A, Pieretti, M, Sutcliffe, IS, Richards, 3, Verkerk, AJ, Holden, JJ, Feawick,
R, Warren, ST, Qostra, BA, Nelson, DL and Caskey, CT. Cell {1991) 67:1047-1058,

6 Abitbol, M, Menini, C, Delezoide, AL, Rhyner, T, Vekemans, M and Mallet, J. Nature Genet (1993)
4:147-153.

7 Hinds, HL, Ashley, CT, Sutcliffe, IS, Nelson, DL, Warren, ST, Housman, DE and Schalling, M,
Nature Genet (1993) 3:36-43.

8§ Devys, D, Lutz, Y, Rouyer, N, Bellocq, JP and Mandet, JL. Nature Genet (1993) 4:335-340,

9  Tamanini, F, Witlemsen, R, van Unen, L, Bontekoe, C, Galjaard, H, Oostra, BA and Hoogeveen, AT.
Hum Mol Genet (1997) 6:1315-1322,

LS

§0



Publication 2: [ntroduction of a P! transgenc

NEUROSCIENCE RESEARCH COMMUNICATIONS, VOL. 26, NO. 3 277

10

1t

12

13

14
15

16

17

18

Bakker, CE, Verheij, C, Willemsen, R, Vanderhelm, R, Qerlemans, F, Vermey, M, Bygrave, A,
Hoogeveen, AT, Qostra, BA, Reyniers, E, Deboulle, K, Dhooge, R, Cras, P, Van Velzen, D, Nagels,
G, Mariin, JJ, Dedeyn, PP, Darby, JK and Willems, PJ. Cell (1994) 78:23-33.

Kooy, RF, Dhooge, R, Reyniers, E, Bakker, CE, Nagels, G, Deboulle, K, Storm, K, Clincke, G,
Dedeyn, PP, Qostra, BA and Willems, PJ. Am J Med Genet (1996) 64:241-245.

Verkerk, AJ, Pieretti, M, Sutcliffe, IS, Fu, YH, Kuhl, DP, Pizzuti, A, Reiner, O, Richards, S, Victoria,
MF, Zhang, FP, Eussen, BE, Van Ommen, GIB, Blonden, LAJ, Riggins, GJ, Chastain, JL, Kunst, CB,
Galjaard, H, Caskey, CT, Nelson, DL, Qostra, BA and Warren, ST. Cell (1991) €5:905-914.
Bowes, C, Li, T, Frankel, WN, Danciger, M, Coffin, M, Applebury, ML and Farber, DB. Proc Natl
Acad Sci USA (1993) 90:2955-2959,

Li, CY, Ziesmer, SC and Lazcano-Virreal, O. Cytochem (1987) 33: 1457-1460.

D'Hooge, R, Nagels, G, Franck, F, Bakker, CE, Reyniets, E, Storm, K, Kooy, RF, Oostra, BA,
Willems, PJ and Dedeyn, PP. Neuroscience (1997) 76:367-376.

Brinster, RL, Allen, JM, Behringer, RR, Gelinas, RE and Palmiter, RD. Proc Natl Acad Sci U S A
(1988) 85: 836-840.

Slegtenhorst-Eegdeman, KE, van de Kant, HIG, Post, M, Ruiz, A, Utlenbroek, JTI, Bakker, CE,
Qostra, BA, Groategoed, J, de Rooij, DG and Themmen, APN. Endocrinol {1998} 139:156-162.
Garrick, D, Fiering, S, Martin, DI and Whitelaw, E. Nat Genet (1998) 18:56-59.

87






4.3 Publication 3

Immunocytochemical and biochemical characterization of FMRP,
FXR1P and FXR2P in the mouse

Cathy E. Bakker, Yolanda de Diego Otero, Carola Bontekoe, Prawien Raghoe, Tanya
Luteijn, André T. Hoogeveen, Ben A. Costra, and Rob Willemsen

Dept. of Clinical Genetics, Lirasmus University Rotterdam, The Netherlands

Experimental Cell Research, 2000, Vol. 258, 162-170






Publication 3: Fmrp, Fxrip and Fxr2p in de mouse

Experimentul Cell Research 258, 162-170 (2000)

®
duiz 10, 3006/exer. 2000.4932, uvailable anline st hitp-#www idvalitrarv.com on | FE ﬁ:l

Immunocytochemical and Biochemical Characterization of FMRP,
FXR1P, and FXR2P in the Mouse

Cathy E. Bakker, Yalanda de Diego Olero, Carola Bontekoe, Prawien Raghae, Tanya Luteijn,
André T. Hoogeveen, Ben A. Gostra, and Rob Willemsen'

Department of Clinical Genctics, Erasmies University, 3000 DR Rotterdam, The Netherfands

Fragile X syndrome is caused by the absence of ex-
pression of the FMRI pgene. Both FXR! and FXRZ2 are
autosomal gene homologues of FMR 1. The products of
the three genes are belonging to a family of NA-
binding proteins, ealled FMRP, FXR1P, and FXR2D,
respectively, and are nssociated with polyribosomes
asg cytoplasmic mRNP particles. The aim of the present
study is to obtain more knowledpe about the cellular
function of the three proteins (Fxr proteins) and their
interrelationships in vivn. We have utilized monospe-
cific antibodies raised against each of these proteins
nnd performed Western blotting and immunolabeling
at the light-microscopic level on tissues of wild-type
and Fmr! knockeut adult mice. In addition, we have
performed immunoclectron mieroscopy on hippocam-
pal neurons of wild-type mice to study the subeellulae
digteibution of the Fxr preteins. A high expression was
found in brain and gonads fer all three proteins. Skel-
etal muscle tissue showed only a high expression for
Fxrip. In the brain the three proteins were colecniized
in the cytoplasm of the neurons; however, in specific
neurons Fxrlp was also found in the nuclealus. Immu-
noclectronmicrsocopy on hippocumpat neurons dem-
onstrated the majority of the three proteins in associ-
ation with ribosomes and & minority in the nuckeus.
The celocalization of the Fxr proteins in neurons is
consistent with similar cellutar functions in those spe-
cific cells. The presence of the three proteins in the
nucleus of hippacampal neurons suggests a nucleocy-
toplusmic shuttling for the Fxr proteins. In maturing
and ndult testis a differential expression was ohserved
for the three proteins in the spermatogenic cells. The
stmilarities nnd differences hetween the distribulion
of the I'xr proteing have implications with respeet Lo
their normal function and lhe pathogenesis of the
fragile X syndrome.  © 2000 Academin Preas

Key Words: fragile X syndrome; Fmrp; Fxrlp: Fxr2p;
localization; mouse tissues.
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INTRODUCTION

The fragile X mental retardation protein (FMRP) is
the gene product of the fragile X mental retardation
gene 1 (FMIT). The gene located at Xq27.3 is charace-
terized by an CGG repeatl in the 5 UTR [1-3]. In
normal individuals this repeat contains 6 to 50 CGG
units [3]. In nonalfected carriers the repeat is between
50 and 200 units (premutation) and can become ex-
paniled upon maternal transmission fo the next gener-
ation [3, 4}. Repeats expansions abave 200 units {full
mutation) usually coincides with methylation and in-
activation of the FMRI gene. Absence of the FMR1
gene produet results in the fragile X syndrome [5-7].
The syndrome is characterized clinically by mental
retardation, mild facial abnermalilies, and macro-
orchidism [8, 9]. Absence of FMRP in neurons is the
cause of the mental retardation. The incidence of the
disorder is 1 in 4000 males and 1 in 8000 females {10].

The FMRI gene is highly conserved among species
[11} and is expressed in different isoforms due to alter-
native splicing [12). Early studies in mice, using fn situ
hybridization, indicale widesprend and strong expres-
sien during early embryogenesis and decreasing levels
in later stages of embryonic development, whereas in
adult mice high expression was fsund in the brain and
the testes {13-15]. Surprisingly, the highest expression
was observed in the epithelivm of the esophagus and
the corlex of the thymus [15]. In whole normal human
embryos (3-7 weeks) and fetuses (16 and 25 weeks),
FMA1 mRNA was distributed ir the nervous system
and in several non-nervous system tissues [16, 171,

The distribution af FMRI® in haman 1isswes, using
immunohistochemistry, is ubiquitous, albeit al differ-
ent quantities, High levels are found in most neurons
of the central nervous system and spermatogonia in
the testes, which is consistent with the phenotype of
the syndrome [7, 18-20]. Despite the high levels of
FMR1 mRNA in brain from human embryos, in the
same study the guantity of FMRP in the brain was very
limited [19], whereas other studies showed in human
fetuses an intense labeling of FMRP in neurons (16,
171. At the subeellular level, FMTRP is mainly localized
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in the cytoplasm either associated with polyribosomes
or ribosomes attached to the endeplasmatic reticulum,
Additionally in some studies a minority of FMRP is
also lound in the nucleus either at. the nucleopore or in
association with the nueleelus [21-23],

Two autosomal homolopues of FMR ! were identified,
named FXRT and FXR2 124, 25], The three homalogues
form a small family of proteins, named FXR preteins,
and are thought to be related in their physiological
function, Their amino acid sequence homolegy in the
N-terminal and central region to FMRI? is 86 and T0%,
respeetively [25]. The two protein isoforms encoded by
the FXRI gene (FXR1P) have a molecular mass of 70
and 78 kDa, while recently two novel isoforms af 81
and 84 kDa were identified, specific for skeletal muscle,
heart, and differentinted cultured myoblasts [20]. The
FXR2 gene encodes a protein, FXR2D, of 95 kDa [25],
Both FXRIP and FXR2P are coexpressed with FMRP
in adult human brain in the eytoplasm of neurons [19].
However, in humen fetal brain FXR1P is in a substan-
tial number of neurons alse present in the nucleus |19,
In human fetal testes, FMRI® and FXRIDT are high
expressed in all primordial germ cells, Additionally,
FXR1P could also be lucalized to a lesser extent in the
nonspermatogenic cells. In contrast, FXR2P was
present only in the interstitial cells [19]. Alsp, in hu-
man adult testes, FMR)?, FXR1P?, and FXR2P arc dif-
ferentially expressed with high oxpression of FXRIP
and FXR2P in the more maturing spermatogenic cells
{19, 20i.

All three proteins have conserved regians for nuclear
localization (NLS) and nuclear export {NES), which
suggests 4 function in shuttling between eytoplasm
‘and nucleus {22, 24-26].They are involved in KNA
binding by their two KH domains and an RGG hox 24,
25, 27|. The three proteins can form homo- and het-
erodimers in eitro (25|, However, reeent studies by
Tamanini et al. illustrated the preferential presence of
homomultimers in vive [28].

Thus far a clear everview of the localization of the
Fxr proteins in mouse tissues within one systematic
study is missing. Such a deseriptive study in combina-
tion with biochemistry might elucidate more about the
role of the three proteins and their possible interac-
tions. The use of Frir! knockout Lissues gives us the
opportunity to study changes in Fxrlp and IF'er2p dis-
tribution as a result of the lack of Fmrp and might
indicate whether they are able to compensate or
whether they have a more regulatory function.

In the study presented here, we deseribe the local-
jzation of Fmrp, Fxrip, and Fxr2p in several adult
tissues Mrom wild-type and Fmrf knockout mice with
specinl emphasix (o Lhe cenlral nervaus system and the
developing neonatal testis. In addition, we have per-
formed immuncelectron microscopy to study the sub-
cellular localization of Lhe Fxr proteins in hippocampal
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neurons and Western blotling Lo identily the diffevent,
molecular forms.

MATERIALS AND METIIODS

Western atting aned antilentics, Wild-type mice were sacrificed
and tisaues (brain, lestis, und skeletal masele) were jmme tely
disseeted pl frozen in tiquid nitrogen. Westorn blotting and immu-
nudetection of Finrp, Fxrlp, and Far2p were performed as deseribed
previously by Tamanini e af. [19] wsing eithur AB1CS [7] ar AL744 (o
rabbit polyclunal antibody inst o GST FMRT fasion protein cov-
ering umine aeid position 248 tw 320 |21, ALZ1CT ta rabbit puly-
vlonal nntibady against the long isofarm of FXIRLP 118]), und Ab1937
1a rubbit polyclonat antibudy against synthetie peptides covering
umino seicl position 625 to G41 of FXA2 191, respectively,

Imummanchistocheniisiry.  Mice were sacrificed by corvienl dislocus

tion und orgnns were disseeted and immediutely embedded in Tis-
&,

sue-Tek (Mi Ine.) and senp-Trozen in liquid nitrogen. Cryostat
seetions (8 ) were fxed with 3% poruformaldebyde (10 min)
Tullowed by 0 methanol step (20 min). Endogenaus peroxidase activ-
ity wus inhidited by n 8 min incubation in PRS- hydrogen peroxide—
sodium nzitle solution (106G ml 0.1 M PRS + 2 ml 50% 1,0, + 1ml
12.5% sodium nzide). Scelions were incubsted with Ab734 at room
tempernture fur 1 h follewed by o 45-min incebntion with o pernyi-
die-vonjugited sucondary atibaxdy. Antigen-antiledy complexes
were visunlized by incubation in substrate solution, cantaining hy-
drugen perexide and 34"-diwminobenzidine « HC1 {Serva). Finally,
the sections were eounterstained with hematoxylin,

For studies on paraffin seclions, mice were prrfused with 3%
purafurmabdehyde and orgnns dissected und postfixed avernight in
A parafrmaldehyee. Orginss were pmbedded in paraffin acenrding
U slandard protocols, Beetions (5 o) were deparnMinized, Mollnwed
by microwave treatment in 0.01 M sodjum citente solution [7]. En-
dogenous peroxidase uclivity was hlocked as deseribed for cryostat
seetions. Sections were incubaled with either monoclonal anlibdy
AbICE against FMRP, AB2107 spainst FXRIP, or Ab1937 ugninst
FXR2P for 1 b at raom temperature. For secondary antibodies, visu-
alizatiun and counterstuining were porformed us deseribe nbove fur
eryastat seetions,

Fmrl knockout Brain was osed os a control for the Inbeling spec-
ty of Lhe z2ntibodivs ngaiust Fmrp. The tabeling specificity of Lhe

untibodies ugninst Fxelp and Fxe2p was checked by performing an

femunolabeling using preimmune serom as primary antibody.

Imnuunoelectran microscopy.  Mice were perfused with parafor-
mablclyde and subsequently the hippocampus was dissected and
stored in 2% paraformaldehydefl M sucrose for 48 h. The hippocam-
pas was Lrimnet in small blecks noil embeddl in Lowicryl IK4M
uccortling to n sundlard protocal. Ulieathin seetisns were eut with o
Redehert Ultrwnt S and imowusiolabeled for Uhe thiree rrotins wsing
AT AD210T, und ALLYST ter rp, Fxelp, and Fxrlp, respee-
tively. Subsequently 2n incubation witl: secondiry antibodsos canju-
gated with 10 e eolloidnl gold was performed. Finally, sections
were staiied with sranylavetate il lead niteste and examined in o
Philips CML00 at BU KV The speciliity of e Tubeting procedure wuy
lested by wmitting the primary antibody or substitulion of the i
mary anlibody with preimimune seram.

RESULTS

In our sbudy we have lested o number of mouse
vrgans, inchading heain, spleon, esophags, liver, po-
nads, skeletal muscle, intestine, thymus, and kidney.
Here we describe only those organs that showed a high
expression of the Txr proteins, Organs displaying dif-
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FIG. 1. Western blot unalysis and immnnodeleetion of protein
snmples from ndult movse brain Uanes b, e and hy, shelelal musele
Clanes ¢, [ wod iy, and Lestis Oones g 3, wd g, TonmunedetseLion is
performend with antibodivs npainst FMRD tlines a, b, and ), FXI2D
{lones d, ¢, and N, and FXRIF danes g, h, and i),

fercnces in protein localization or expression levels
between the different Fxr proteins are also deseribed,

Western Blotting

The Fxr proteins were isolated from brain, tesiis,
and skeletal musele tissue of mice. In these organs the
monospecific antibodies against human FMRP recog-
nized isoforms of 70 10 80 kDa (Figs. 1la~1c). Fxr2p was
predominantly present in brain, testis, and skeletal

FIG. 2.

(e, #, and N, und skeletal muscle (g, b, and ik
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muscle as a 95.kDa form (Figs. 1d-10, Antibodies
apainst human Fxrlp detected izalorms of 70 and 78
kDa in brain and testis and of approximately 81-84
kDa in skeletal muscle (1igs. 1g- 11

Immunohistochemisiry

Figure 2 illustrates the light-microscopic expression
paltern of the Fxr proleins in the corehellum, the ovn-
ries, and skeletal muscle Lissue. Fmrp was highly ex-
pressed in the cytoplasm of most neurons in the central
nervous system, including Purkinje cells located in the
cerebellum (Fig. 2a). Gliz cells were not labeled. In
ovaries, Fmrp was expressed in the eytoplasm of the
ovum, zona pellucida, antrum, and follicular cells of
growing follicles {Fig. 2d), whereas the protein was
virtually absent in skeletal muscle (Fig. 2g).

Immunolabeling of the central nervous system for
Fxrlp results in an expression pitlern similar to that
of Fmrp with a clear presence in the dendrites. Addi-
tionally I'xrlp could be detected in the nucleolus of
motorneurens (hrainstem) and Purkinje cells (Fig. 2b).

Pt

s

B

Immunabistochemistry on paraffin seetions of dierent adull masse argans waing antibodies direeted opainst FMRP Gy d, 0,
FXR1F (h, 0, h), imd FXIRZP (¢, 1, il The hrown staining depivts the Inealization of the dilTerent proteing in the cerebieilan €, b, snd e, ar
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FIG. 3. Immunohistochemistry on cryostat sections of the mouse testis during different developmental stagoe
FMRP {a, b, ¢, ), FXRLP e, [, g, I, and FXR2P (i, j, k, 1. The brown st
testis at Day 3 {a, e, and ik at Day 14 (b 1, and j3, at Day 28 (v, g and kJ, and adult testis (Day 49: d, h, and ik

Also in ovaries Fxrlp showed a labeling pattern simi-
lar to that of Fmrp with the exclusion of the antrum:
however, the overall intensity of the labeling in ovaries
was much higher cempared to Fmrp (Fig. 2e). In par-
ticular, the contractile bands of skeletal muscle tissue
showed a strong labeling for Fxrlp (Fig. 2h).

The labeling pattern for Fxr2p in brain, ovaries, and
skeletal muscle (Figs. 2¢, 2f, and 2i) was similar to that
of Fmrp (Figs. 2a, 2d, and 2g); however, the overall
labeling intensity was less compared te Fmrp.

In mouse testis the Fxr proteins were differentially
expressed. The results for the developing neonatal and
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4, using antibodies ngainst
Aining depicts the localization of the different proteins in a neonatal

adult testis are depicted in Fig. 3. Three days after
birth Fmrp was highly expressed in the cytoplasm of
primordial germ cells and to a lesser extent in the
cytoplasm of Sertoli cells and interstitial cells (Fig. 3a).
At Postnatal Day 7 the labeling pattern was similar to
that of 3 days: however, the overall architecture of the
tubules was changing (Fig. 3b). At Postnatal Day 14
the Sertoli cells were virtually devoid of labeling,
whereas the spermategonia, which had differentiated
from the primerdial cells, showed presence of Fmrp in
the cytoplasm (Fig. 3c). In adult testis Fmrp was lo-
cated in the cytoplasm of spermatogonia and in the
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cytoplasm of very early primary spermatocytes. No
labeling was seen in the later maturing sperm cells
{Fig. 3d).

In contrast, Fxrlp showed a completely different
labeling pattern. At Postnatal Day 3 the protein was
present in high quantities in the cyteplasm of Sertoli
cells and in the nucleoli of primordial germ cells, but
not in the cytoplasm of primordial germ cells. During
later stages Fxrlp was highly expressed in primordial
germ cells in the cytoplasm, while the labeling in the
Sertoli cells was gradually reduced (Fig. 3f). At Post-
natal Day 14 as well as in aduit testis Fxrlp was
predominantly present in the cytoplasm of maturing
sperm cells, which were lecated throughout the semi-
niferous tubules (Figs. 3g and 3h).

At Postnatal Day 3 Fxr2p showed a strong labeling
in the eytoplasm of Sertoli cells and in the cytoplasm of
primordial germ cells (Fig. 3i). In later stages the la-
beling in Sertoli cells disappeared and the presence in
maturing sperm cells became more obvious (Figs. 3j
and 3k}. In adult testis Fxr2p was clearly preseat in
the gytoplasm of spermatogonia and in the cytoplasm
of spermatocytes, whereas spermatids and spermato-
zoa were almost unlabeled (Fig. 310

Low or no expression of the Fxr proteins was found
in esophagus, thymus, intestine, liver, kidney, and
spleen (data not shown).

Tissues of the Fmrl knockout meuse were used to
determine the specificity of the labeling procedure for
Fmrp and to investigate the localization of Fxrlp and
Fxr2p in the absence of Fmrp. Tissues of the Fmrl
knockout mouse were absolutely unlabeled for Fmrp,
but both Fxrlp and Fxr2p were expressed in a pattern
and at levels similar to those in tissues from wild-type
mouse (data not shown}.

Immunoelectron Microscopy

An indirect immunogold procedure was applied to
study in more detail the subcellular localization of the
Fxr proteins in hippocampal neurons of the mouse. All
three proteins were predominantly found in the cyte-
plasm in association with pelyribesomes and ribosomes
attached to the endoplasmatic reticelum (Figs. 4a—4e;
insets). In addition, we could detect a fraction of Frrp,
Fxrlp, and Fxr2p in the nucleus of hippocampal neu-
rons. Besides a labeling in the nucleoplasm, often in
association with heterochromatin, we alsc ebserved the
presence of the three proteins in the nucleolus (Figs.
da—4c). Background labeling using preimmune serum
or without primary antibody step was negligible.

DISCUSS10N

Since the discovery of the involvement of the FAME!
gene in the fragile X syndrome, many studies have
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been focused on the unravelment of the physiological
function of the gene product, FMRP. Resolving the
function might lead to a better understanding of the
pathogenesis of the disease. In particular, the cause of
the mental retardation has been the major goal of such
studies. The presence of two homologues, named
FARLP and FXR2P (25, 29], has complicated these
studies because the three proteins are capable of form-
ing in vitro heteromers with each other or homomers
with themselves [25]. However, recent studies in cul-
tured cells have shown in vivo the presence of mainly
homo-multimers, which suggests an independent role
for each individua! Fxr protein under physiclogical
condlitions [28]. Here we describe for the first time a
systematic study of Fmrp, Fxrlp, and Fxr2p distribu-
tion in the neenatal and aduit mouse. The results of
this study contribute to a better understanding of the
physiological function of the Fxr proteins and their
interrelationships in vivo [13, 15]. The results of our
systematic study are discussed on the basis of the
organs that showed the highest expression for the Fxr
proteins. We compare the distribution of the individual
proteins between several organs, whereby the labeling
intensity of the neurons in the brain is used as a
reference (high labeling). The immunocytochemical
methods that were used in this study do not allow
comparison between the intensitiesfquantities of the
different Fxr proteins.

Central Nervous System Distribution

At the cellular leve!l we demonstrated a similar la-
beling pattern of the three proteins in the neurons of
the central nervous system with the most abundant
labeling in the cytoplasm. Additicnally, Fxrlp was also
present in the nucleclus of Purkinje cells and motor-
neurons of the brainstem. At the subcellular level,
using a highly sensitive immunogold technique, we
demonstrated the presence of all three proteins in the
cytoplasm of hippoeampal neurons in association with
active ribosomes. Thus, the Fxr proteins share not only
functional domains, but are also in vivo all three asso-
ciated with ribosomes, suggesting similar cellular func-
tions. A minor amount of the Fxr proteins was present
in the nucleus, often in association with heterochroema-
tin in the periphery of the nucleclus and in the nucle-
olus itself. We were not able to demonstrate this nu-
clear localization of the Fxr proteins at the light
microscapic level, with the exclusion of Fxrlp distribu-
tion in the nucleoius of Purkinje cells, motor neurons,
and primordial germ cells at Day 3. This discrepancy is
probably ¢aused by the higher sensitivity of the immu-
nogold method compared to the indirect alkaline phos-
phatase methed. The picture emerging from these ul-
trastructural in vivo studies in vombination with the
RNA-binding capacities of the three proteins suggests
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a role of the Fxr proteins in interaction with mRNP
complexes and translation of specific mRENA's [30], The
role of the nucleolar localization is unclear; however,
overexpression siudies of FMRP in COS cells have
demonstrated the presence of FMRD in the nucleolus
too |23]. Whether the Fxr proteins play a role in ribo-
somal assembly or are invelved in mRNA export out of
the nucleus remains 1o be elnecidated. Interestingly, a
recent study using epitope-tagged FMRP demon-
strated the presence of FMRI' in a RNP complex to-
gether with mRNA, nucleolin, FXR1P, and FXR2P
131]. The subcettular lacalizatien of nuelealin has been
extensively studied and there is general agreement
that nuclealin is predominantly found in the nucleclus,
although nucleolin itsell does not contain a nucleolar
targeting signal {32], Since targeting of nucleotin to the
nucleolus requires RNA, it is tempting Lo suggest a role
for one of the other proteins in the RNP complex for
targeting the complex 1o the nucleolus. Such a target-
ing signal has recently bueen identified in FXR2P (A,
Hoogeveen, unpublished results). Treatment of trans-
fected COS eells with leptomyein B {LMB), an inhibitar
of the exportinl-mediated nuelear export pathway, re-
sulted in accumulation of FXR2I® in the nucleslus and
both FMRP and IFXRIP were retained in the nucleo-
plasm {33}, The differences between the tacalization of
the FXR proteins after LMB treatment are probably
eaused by the relatively shorl translection Lime (24 -48
h) hefore treatment of LMB, since the initial experi-
ments on FAIR -transtected COS cells resulted only in
labeling of FMRP in the nucleolus aller 72 h alter
transfection (23], Another study using a two-hybrid
assay in yeast deseribed the identification of a novel
protein interacting with FMRP, called NUFIP 343, At
the subceltular level alse NUFIP was demonstrated in
the nucleus. Alternatively, recently it has been sug-
gested that the perinucleolar compartment that is lo-
calized in the vicinity of the nueleolus may play a role
in mRNA export or degradation, which corresponds
with the presence of the Fxr proteins in the roviphery
of the nueleelus |35, 36 In conclusion, our resulls
confirm the nucleocytoplasmic shetiling hypothesis lor
all three proteins,

We were able to demonstrate the lack of eross-reace
tive material with our Fmrp antibodies in tissues fram
Fmrl knockout mice, which was to be expected. In
addition, ovr immunnhistochemienl study an Frl
knockout brain showed that absenee of Prrp in new-

FIG 4. Tmmunieleetron prapy on Avclivas of Lowicryl.em-
heslded hippocampal nenrons Trom the mouse, nsing antibodies
apinat FRUL (A, FXRIP (8, aod FXR21 ), Nu, suclestus. The
areows indicute the gold particles ixated within the nacleolus, ‘e
arrowheads indicote the gold particles Tocoted in the nueleoplasi,
wssnciated with helerochramatin, Insets show ussaciation of the
three protein with the ribasomes attached to Uie endoptasmic retic-
ubinm,

Yo
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rons does not result in abnormal or significant in-
creased or decreased Fxrlp and Fxr2p neuronal distri-
bution. However, despite the normal distribution of
Frx1p and Fxr2p in affected brain, it is possible that
both proteins compensate (partially) for the absence ol
Fmrp. Alternatively, ihe sbsence of Fmrp in neurons
and thus changes in oligomerization may lead to dys-
function of Fxrlp and Fxr2p, leading to mental retar-
dation. The generation of double knockoeut mice (FmrIf
Fxrl or Firl/Fxr2) might help to determine possible
compensatery functions for the FXR proteins, and the
generation of such mice is in progress (B.A. Oostra,
unpubiished results).

In mouse brain we observed isoforms of the Fxr
proteins, which were also deseribed with hese antibod-
ies in human brain [19], suggesting the absence of
specific isoforms in the brain of the mouse compared to
human brain,

Male and Female Reproductive System Distribrtion

The general picture emerging from our immunohis-
tochemical study on mouse testis confirms carlier stud-
ies on adult and fetal human testis (13-20 wecks)
showing a differential expression of the FXR proteins
in the spermatogenic eells. In this study we have ex-
tended aur research and focused on the distribution of
the Txr proteins from developing neonatal lestis te
adull testis. In Sertoli cells of the early neanatal testis
alt three proieins are highly expressed, bul are lest
during further development o the adult testis. Sertoli
cells are supportive cells during germ cell differentia-
tion and maturation, and they produce many proteins
necessary for this function. Perhaps the Fxr proteins
play an important role in specific mRNA transport in
Sertoli cells during very early spermatogenesis, The
sole presence of Pxrlp in the aucleolus of primordial
germ cells in 3-day neonatat testis, in contrast to the
solely cytoplasmic localization of hoth Fmrp and Fxr2p,
suggests a specific rele for Fxrlp in this cell organelle
during very early spermatogenesis. In later stages,
when primerdial geem eells have dilferentinted inte
spermatngonia, spermatoeyles, spermatids, and sper-
malozm, o clear differentind expression of the Fxe pro-
teins can be observed. In the adull testis, Fmrp is only
localized in spermatogonia, which can be explained by
the process of X-inactivation {37], and thus also Fmr?
inactivation, that occurs in the early spermatocytes.
The two autosomal genes, Fxr! and Far2, are not in-
activated in this stage and can be transcribed nor-
mally, resulting in normal prolein praeduction. How-
ever, Fxrlp distribution in the more mature
spermatogenic cells (spermatids} suggests a more im.
portant role in late spermatogenesis for I'xrlp than
Fxr2p. Like in the central nervous system, the distri-
butien of bath Fxrlp and Fxr2p is not changed in the
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testis of Fmrl knockont mice. However, it should be
noted that the methods used in this study do not have
a quantitative character but are mare semiquantita-
tive. Thus subtle differences in quaatities cannot be
detected with this technique. The presence of Fmrp in
Sertoli cells during early spermatogenesis and in later
stages in spermatogonia is not essential for normal
spermatogenesis, since male Fmirl knockoul mice ore
fertile. The function of the Fxr proteing in the testis
remains unclear, including the cause of macraorchid-
ism in fragile X patients and Fmrl knockout mice in
refation to the absence of Fmrp. Interestingly, it has
recently been proposed Lhal incressed Sertoli cell pro-
liferatien during testis development is the cause of
macrearchidism in Fmrl knockout mice {38!, In this
respect, the high expression of Pavrp in Sertoli eells
during very early development justifies further re-
search on develepment of the testis in neonatal mice,
with special emphasis on Serteli cells.

Western blotting experiments for the Fxr proteins in
testis showed lhe presence ol similar isolorms com-
pared to mouse brain, illustrating the absence of spe-
cific testicular isoforms.

The distribotion of the Ixr in the ovaries has never
been described and suggests a function of the Fxr pro-
teins in opgenesis similar to that descibed for the
sperm cells. In this respect it is intriguing that females
carrying a premutation are considered to have o sig-
nificantly higher risk for premalure ovarian failure
(POF) [39]. Only very recently, = comparative study
has shown that POF in fragile X premutation carriers
is inherited paternally and might be caused by pater-
nal genomic imprinting [40]. A role for FMRP in mat-
uration of the follicles might be the basis for this phe-
nomenon. The high labeling for Frarp in the follicular
cells, which divide actlively in the process of matura-
tion, and the anlrum i5 not completely understood.
Although high FMRP expression has been shown be-
fore to occur in milolic active cells, including dividing
cells in the process of wound healing [7].

Sheletad Musele Distribueion

Using immunoeylochemistey, hoth Pmep ond 12
are weakly detectable in skeleta)l muscle tissue,
whereas Fxrlp is highly expressed in skelelal musele
tissue, Fxrlp is mainly localized within the muscle
contractile bands, which can best be ohserved in longi-
tudinal sections. In mouse muscle we could deteet,
using Western blotling, instead of the brain-specific
isoforms of 70-78 kDa, two Fxrlp isoforms of 81-84
lkDa. These results are in line with a recenl study on
hoth Fmrp and Fxrlp characlerization in mouse mus-
cle and murine myoblastic cell lines [20]. Prom these
studies it was suggesied that these novel isoforms
might targel only specific mRNA's thal are present in
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myoblasts and not in differentiated musele. This would
implicate two different functions for these isoforms in
muscle cells, depending on the stage of differentitation.
Immunoelectron mieroscopic studies of the specilic iso-
forms of Fxrlp in muscle are in progress and should
shed same light on this specific function in the contrac-

tile bands of skeletal muscle tissue. The presence of

cross-reactive material in muscle extraets for Fairp
and IPxr2p in Western blotting on the one hand and the
almost absence of labeling for both proteins in the
same Lissue probably refleets differences in sensitivily
between the two techaiques, Also, the denaturing con-
ditions in Lhe Western blot might influence the recog-
nition of the antibodies and thus the elficacy of the
antigen-antibody reaction.

In this study we have given nn averview of the dis-
tribution of ¥inrp, Fxrlp, and Fxr2p in several mouse
organs. Althouph this systematic study is more de-
seriptive, it will help further studies in elucidating the
role of the Fxr proteins in molecular mechanisms. In
particular, immunohistochemical and biochemical
studies on double knockeut mice (FmrliFxrl and
Frr IiFxr2) should give insight and information about.
a possible rele for in vive oligomerization, their inter-

relationships, and possible compensatory functions of

the FXR proteins. In addition, the generation in nn
Fmrl knockout background of transgenic mice that
have tissue-specific or cell-specific Fmrp expression
will enable us to perform rescue studies for the fragile
X phenotype. These mice should provide a means to
test novel therapeutic strategies. Our study presents
the normal distribution of the Fxr proteins and may
comply as a reference for above-mentioned studies.

We thank Tom de Vries Lentseh for prepuring illustrations. This
research wos supperted by grants from the BU (3MH4-CT91563 and
EHE-A001-GT-97-2924), The Netherlands Organization for Seientific
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immunocytochemical characterization of FMRP,
FXR1P and FXR2P during embryonic development
in the mouse

The absence of the FMR1 {fragile X mental retardation gene 1) gene preduct, protein
FMRP {fragile X mentat retardation protein) is causing the fragile X syndrome. FMRP,
together with two homelogues, called FXR1P and FXR2P, belongs to a small family of
RNA-binding proleins (FXR proteins). The precise physiofegical function of the FXR pro-
teins is unknown, but a role in MRMNA transport has been suggested. In the present siudy,
we have performed immunolocalizalion of these proteins during the embryonic develop-
ment of the mouse to get more insight in their physiological function. All three proteins are
expressed during mouse embryonic devalopment, however, the pattern and intensity var-
ies for each protein at the different developmental stages. During early development, the
distripution of [ne Fxr proteins exhibits high simiiarities, however, during late development
and in the neonate a more differential expression is observed especially in some non-
neural tissues, The results of this descriptive study are discussed in relation to the patho-

genesis of the fragile X syndrome.

Keywords: fragile X syndrome / FMR1/ FXR1 1 FXRZ! embryogenesis,

1 Intreduction

The identification of the FMR T gene was a first and impor-
tant step in the understanding of the molecular basis of the
fragile X syndrome, the most frequent encountered form of
inherited mental retardation in humans [1]. The prevalence
is estimated to be 1:4000 males and 1:6000 females. The
main characleristics in affected males are mental relard-
ation, macreorchidism, and mild facial abnormalities [2]. The
amplification of an CGG trinuclectide repeat upstream the
coding region of FMR1 is the mest frequent mutation, which
results in hypermethylation of the promoter and thus pre-
vents the transcription of the FMR 1. The absence or inacliv-
ity of the FAMR 1 gene product (FMRP) is responsible for the
mental retardation observed in fragiie X palients.

Two autosomal human homologues of the FMR? gens,
called FXR71 and FXRZ, have been identified. FMRP,
FXR1IP, and FXR2P form 2 small family of RNA-binding pro-
teins (FXR protein family). Al three proteins contain two KH
domains and one RGG Box, which are characterislic for
RMA-binding proteins [3-5], and are capable to form multi-
protein complexes in vitro [6). The amino acid sequence of
FMRP {MW 70-80 kDa) is highly hemalogous to these of
FXR1P (MW 70-80 kDa) and FXR2P (MW 95 kDa) aiong
the amino-terminal and central regions (86% and 70%, re-
spectively); however, the carboxy-terminal regions of these
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related proteins are divergent with only 6% similarity [8]. The
presence of a nuclear localization signal in Ihe N-lerminal
part of FMRP and a nuclear expor: signal within exon 14,
suggests a shutting between the nucleus and the cyto-
plasm, Similar signals are present in both, FXR1P and
FXR2P [6-9]. Recently, such a nucleccyloplasmic shuttiing
has been demonstrated for the FXR proleins (2,10].

After cloning the FMR T gene, in situ hybridization was the first
tool to study the expression pattern in a variety of human and
murine tissues [11-13]. Later, when &ntibodies against FMRP
became available, immunocylochemistry was used to study
the {sub)cellular distribution. in human embryos and fetuses,
high levels of FMR T mRNA were found in lhe nervous system
and in several non-neural tissues {14,15]. in early stages of
mouse embryos high expression ¢f Fmr! mRNA is wide-
spread. In later successive stages of mouse embryogenesis
this general high exprassicn disappears leading 1o a specific
pattern of high Fmr f mRNA expression in the brain, testis, and
other tissues [11-13]. The localization of high levels of FMRP,
utilizing monoclonal antibodies, has been observed in most
neurons of human and mouse adult brain and gonads
[16-18}. In human fetal testis, FMRP was predominantly
localized in all the primordial germ cells [17,18]. At the subcel-
lular level, FMRP was mainly present in the cytoplasmin asso-
ciation with either polyribosomes orr bosomes attached to the
endoplasmic reticulum [20-22], and a minority was found in
the nucleus, either at the nucleopore or in association with the
nucleotus [20.21].

In situ RNA hybridization studies of FXR1in human embryos
have shown the presence of large amounts of mRNA in the
nervous system and several non-neural tissues, including
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cartilaginous structures, liver. intestine, skin, kidney, and
gonads [15]. Mouse lissues (fetal and aduit) showed the
presence of Fxr? mRNA in skeletal muscle, central nervous
system, and genads [23]. Immunchistochemistry of human
embrycs and adult lissues showed a similar cytoplasmic la-
beling pattem of FMRP and FXR1P in human adult brain,
whereas in fetal brain, FXR1P was alse observed in the nuy-
cleus of a substantial numbter of neurons. In human adult
testis, FXR1P was localized in spermatids and in human
fetal testis, FXR 1P was present in both primerdial germ cells
and non-spermatogenic cells [17]. In rouse muscle tissue
spegific isoforms (81-84 kDa; long isoform) of FXR1P were
detecled within the muscle contractile bands (18},

Thus far, the information about FXR2P distribution in tissues
is fimited. In human embryos and fetal beain (25 weeks),
FXR2 mRNA expression is similar to FMR1 and FXR1
MRNA expression [15), Immunchistochemistry of FXR2P in
human adult brain showed a similar cyloplasmic expression
pattern as FMRP and FXR1P, whereas in human adult lestis,
FXR2P was the enly FXR protein detectable in all the ceils
of the seminiferous tubules. In human fetal testis, FXR2P
was only strongly exprassed in interstitial cells [171.

Despite all these individual studies, no systermnatic study has
been performed for the distribution of the Fxr proteins during
embryonic development of the mouse. Such a study might
te of greal value to understand the biological function of the
three proteins and possible relationships between the FXR
proteins. An immunccytochemical study, using monospecific
antivadies against the FXR proteins, is more informative
than in situ hybridization studies, because il will allow delec-
tion of the protein instead of mRNA. Furthermore, the high
homelegy between the Fxr genes and the choice of the
probes in earlier studies does no! exclude the detection of
transcripts of the homologous genes. The use of embryonic
Fmrl knockaut tissues will allow studies to compare Fxrip
and Fxr2p distribution in the presence and absence of Fmrp
and may tell more about possible compensatory mecha-

nisms of Fxrip and Fxr2p in the absence of Fmrp. in addi-

tion, knowledge abeut the expression pattern of the three
preteins during embryonic development is essential as a ref-
grence for studies analyzing transgenic {rescue) mice, Hare,
we report the distribution of the Fxr proteins in tigsues from
wild type and Fmri knockout mice from early embryonic
stages until neonatal stage, with special attention i the
central nervous system and gonads.

2 Materials and methods
2.1 Antibodies

Mouse monecionat antisody 1a. which recognizes the N-ter-
minal part of the protein, was used to detect FMRP [18).
Rabbit peiyclonal anlibedies against FXR1P (2107, which
recognizes the long and short iscforms) and FXR2P (1937,
C-terminal part) were used [17).
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2.2 Mouse tissues

Unfertilized cocytes after ovulation, embryes from 0 until 17
days old, and necnates were obtained from wildtype (WT)
and Fmr1 kneckout mice {(KO). Day 0 of the embryos was
determined by checking for the presence of a plug. Initial
immunohistachemical experments of all the different stages
were performed on cryostat sections. To obtain a better mor-
phology, similar siudies on WT {all stages) and KO {9 and
11 days) tissues were performed on paralfin sections, Since
no difference in labeiing pattern was observed betwaen both
technigues, here only resufts from paraffin embedded tis-
sues will be shown. Brain sections from adult WT and KQ
adult mice were used as positive and negative centrol for
FMRP immunostaining.

2.3 Immunochistochemical studies

Mice were sacrificed by cervical dislocation and embryos
were immediately dissected. Embryos were fixed overnight
in 3% paraformaldehyde and embedded in paraffin accord-
ing to standard procedures. Sagittal sections (5;m) of the
whole embryos were made and sections were deparaffinized
in xylene and rehydrated in waler. Anligen retrieval was es-
tablished by microwave treatment in 10 mM sodium citrate
[18]. Endogencus peroxidase activity was blocked and sub-
sequently, sections were washed in phosphate buffered sa-
line (FBS) + (0.1 M PBS, pH 7.3, 0.5% Praotifar, 0.15% gly-
cine). Sections were incubated with the primary antibodies
for 1 hour, followed by an incubation with either rabbit anti-
meuseg or goat anti-rabbit immunoglobulins, conjugated with
peroxidase. Arligen-antibocy complexes were visuaiized
with 3'.,3’ diaminobenzidine-tetrahydrocloride (DAB). The
sections were counterstained with Gill's Haematoxilin, dehy-
drated, and mounted with Enlellan. As a check for the la-
beling specificity of the rabbit polytlonal antibodies, sectisns
were incubated with either rabbit pre-immune serum or with-
aut primary antibedies. Fmrf KO adult train sections and
KO embryos (3 and 11 days) were used as a conlrol for the
labeling specificity of the antibadies against Fmrp. Back-
ground lateling was negligible.

The signal observed under the MICFOSCOpe was scored ac-
cording to the intensity of the labeling with; + (low intensity},
++ (medium intensity), +++ {high intensity) ++++ {very high
intensity}, and - {wilhout signal).

3 Results

In this sludy, we present the expression pattern of the Fxr
proteins during mouse embryonic development, utilizing
monespecific antibodies on paraffin-embedded material. We
have used an indirect immuncperoxidase technigue o visu-
alize the proleins. Al stages throughout embryanic develop-
ment were studied starting with unfertilized oocytes and ferti-
lized eggs as earliest stages lollowed by 2, 7, 9, 11, 13, 15,
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17 days cld embryos and neonates. The indirect immuno-
peroxidase technique is not suitable for comparative quanti-
tative analysis between the Fxr proteins. However, compar-
ison between the different stages during embryonic develop-
ment for the expression of each individual protein is pos-
sible. For this purpose, we have used the expression paltern
for each protein in brain from adult WT mouse as a reference
and scored this labeling intensity with thres plusses. For this
study, we have divided the stages of embryonic develop-
ment in three calegories, i.e., early stages (0-10 days),
middle stages {11-14 days). and late stages (15-19 days).

Gene Funct, Dis, 2000, 1, 28-37

3.1 Expression of Fmrp

Frmrp is not detectable during the earfiest stage of embryonic
development (Figure 1a). The prolein exprassion staris at
day 2 of gestaticnal age with the appearance of small de-
posits in the cytoplasm (Figure 1d, arrows). By day 7 overall
weak signal is present in the embryonic tissue. whereas the
extraembryonic tissue shows a high labeling intensity (Fig-
ure 1g), In 9 days old embrycs, an uniform cytoplagmic sig-
nal is observed in most embryonic cells, including neural
lube {Figure 1j). The expression pattern of Fmrp during the

Figure 1. Immunohistochemistry on parafiin sections of early stages of embryonic development of the mouse.

Antibocies directed against FMRP (a, d, g. j). FXR1P (b, e. h, k), and FXR2F (¢, f, i, ) were used. The brown staining depicls
the localization of the three different proleins in WT mouse embryos of 0 days {a, b, ¢}, 2 days (d, e, f}. 7 days (g, h, i}, and @
days (neural tube; §, k, I). Note the nucleofar labeling of Fxrip {e; arrows).
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Table 1. Expression of the Fxr proteins during sarly embry-
onic development of the mouse

Frarp Fxrip Fxr2p
Unlerilized - ++ e
Qocyles
20hoursp.c.” - ++ Cyloplasm + Cyloplasm
(1 cell slage) (+++ some
deposits)

2days p.c.”  +- Cyloplasm  +++ Cylopiasm  ++ Cyloplasm

{8 cell stagey  (+=+ small +++ Nucleolus (+++ some
deposits) depasils)
7 days p.c” Cyloplasm All cells chplasrq
++ Embryonic ++ Cyloplasm + Embryonic
tissue +++ Nucleolus  + Extraembryonic
+++ Extra- +++ Raichert's
embryonic membrang
9daysp.c”  ++ Cytoplasm  ++ Cyloplasm  ++ Cytoplasm

General signal  General signal  General signal

" p.¢. = post conceptional

Antibodies directed against FMRP {a, d. g, j), FXR1P (. e h,

FXR proteins during mouse embryonic development k]|

early embryonic development is summarized in the left col-
umn of Table 1.

After thess early stages, the immunocylachemical signal in-
creases until the embryos are 11-13 days old; especially,
cells criginating from the ectodermal germ layer show high
labeling intensilies in their cytoplasm, including ganglia (Fig-
ure 2a), neurcns in the brain, and sensory cells. Gonads
(Figure 2d) that originate from the mescdermal germ layer
are the only exceplion from the ectodermal 'germ layer show-
ing a slrong labeling, too. Interestingly, the female primordial
cells exhibit a much higher expression than male primordial
germ cells. Looking at 15 days old embrycs, the labeling
intensily decreases in several tissues, especially in those
thal originate from the mescdermal and endodermal germ
layer {Table 2). During lale stages of embryenic develop-

Py . 15ra

lages of embryonic development of the mouse.

K), and FXR2P (c, f, i, I) were used. The brown staining depicts

the localization of the trree different proteins in the ropt ganglia of 11 days old WT mouse embryos (a, b, ¢). gonads of 13 days
old WT mouse embryos (d. e, I: on the right site: ovary and on the left site: testis), prolific layer in the telencephalon of 15 days
old WT mouse embryos (g, h, i), and hippocampus of WT neonatal mouse . k. 1.
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ment (15-19 days), the labeling intensity in neurons of the
brain {Figure 2g) and gonads remains high. In neonates,
many organs are virtually devoid of Fmrp {Table 2), as op-
posed to neurons of the brain (see Figure 2] for hippocampal
neurons), gonads, and specific tissues that originate from
ectodermal germ layer. Figure 3 illustrates the labeling pat-
terns of the Fxr proteins in tissues with differential locali-
zation, including the absence of Fmrp in skeletal muscle
(Figure 3a) and the presence in sensory celis of the sense
organs, like olfactory epithelium (Figure 3d), otic cells, and
receptor cells in the retina of the eyes (data not shown}. in
addition, gangiia, respiratary epithelium (Figure 3d}, cho-
roidal plexus {Figure 3g), chromaffin cells in the adrenal me-
duila (Figure 3j), and gonads in the neonate show a high
Fmrp expression, Tissues of the Fmri KO embryos were
devoid of Fmrp (data not shown),

Table 2. Frnrp expression during mouse embryonic develop-
ment

Middle Late Neonate
stages stages
11-14 days 15-1% days
Heart, Vessels, Dermis
Skeletal muscle
Pancreas, Thymus ++ + +-
Digestive epithelium
Lung, Liver
Thyroid
Kidney +h ++ ++
Adrenal cortex
Pituitary, Epidermis
Respiratory epithefium
Ganglions, Spinal cord
Neurons, Hair follicle
Choroidal plexus e i e
Adrenal medulla
Sensory Cells
Gonads +++ R o
Endodermal origin Mesodamal erigin Ectedarmal crigin

3.2 Expression of Fxrip

Farlp expression is generally high during akf the stages of
embryonic development {Table 1 and 3). Expression starts
already in the unfertilized and ferlilized oocyte (Figure 1b)
and continues during later stages. In 2 and 7 days old em-
bryos, Fxrip is present both in the cyloplasm and lhe
nucleolus (Figure 1e, arrows, and 1h, respectively). In
riddle stages the nucleolar labeling disappears and only a
high cytoplasmic labeling remairs, including reural tube
(Figure 2k}, In later the slages (15~19 days), Fxr1p is highly
expressed in ganglia (Figure 2b) and neurons in the brain
(Figure 2 h). Gonads show an intarmediate labeling inten-
sity {Figure 2e).
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Some tissues show low expression at the late stages, includ-
ing exocrine pancreas, thymus, kitney, adrenal gland, and
blnod vessels {Table 3). In necnales, the overall labeling pat-
tern for Fxrip did not change compared to the late embry-
onic stages (see Figure 2k for hippacampal neurons).

Figure 3 shows the Fxrip distribution in the contractile
bands of skeletal muscle tissue from the tongue of a neonate
(Figure 3b), olfaclory sensory cells (Figure 3e}, respiratory
cells {Figure 3e), and choroidat plexus (Figure 3 h). The ab-
sence of Fxr1p in chromaffin cells in the medulla and pres-
ence of Fxr1p in the cortex of the adrenal gland of the nec-
nate is shown in Figure 3k. High levels of Fxrip are also
found in stratum spincsum of the epidermis (cytoplasmic and
nucleolar; data not shown) and endocrine pancrealic tissue
of the neonate, Tissues of the Frr! KO mouse showed sim-
ilar Fxrip labeling patterns and levels compared to the tis-
sues of WT mouse (data not shown).

Table 3. Fxr1p expression during mouse embryenic develop-
ment

Middle Late
stages stages
11-14 days 15-19 days

Neonate

Exocrine pancreas
Thymus

Kidney

Vessels

Adrenal medulla

+-

Cigestive epithelium
Liver, Lung

Gonads

Adrenal cortex

Hair fellicte

Pituitary

Thyroid

Endocrine pancreas
Respiratory epithelium
Heart

Skefelal muscle
Neurons Sensory Cells
Spinal cord, Gangllons
Choreidal plexus
Epidermis

++ ++ ++

+H+ ot

Endodermal origin Aasodermal origin Ectodermal origin

3.3 Expression of Fxr2P

Fxr2p distribution during early embryonic development staris
in the unferilized angd fedilizad oucyte with a clear cyto-
plasmic labeling (Table 1 and Figurz 1c). In 2 days old em-
bryas, Fxr2p, like Frrp, is present in small deposits located
in the cytoplasm (Figure 11, arrows). At day 7, Fxr2p expres-
sion is very high in the Reichert's membrane (Figure 1i, ar-
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row) and only weak in the embryanic and extraembryonic
tissues {Figure 1i). A general signal is found in the cytoplasm
of all the cells in © days old embryos, with a slrong labeling
in the cytoplasm of the cells of the neural tube (Figure # 1y.

Fxr2p labeling intensily does not increase in middle stages,
as is illustrated for ganglia (Figure 2c), gonads (Figure 21),
and neurons of the brain [Figure 2i). Table 4 summarizes the
results found for this protein during the middle and late
stages of embryonic development.

In the neonate, a strong labeling was present in neurons of
the brain, including the hippocampus {Figure 21}, and sensory
cells (Figure 3f). Some lissues were not overlapping with the
labeling of the ather two proteins presented in this work, in-
cluding thyroid gland (see Table 2, Table 3, Table 4}, skeletal
muscle tissue (Figure 3c), respiratory epithelium (Figure 38,
choreidal plexus (Figure 3i), and adrenal gland (Figure 31). In
case of Fxr2p, similar results were obtained for Fmrt KO tis-
sues compared to WT tissues (data not shown).

Table 4. Fxr2p expression during mouse embryonic devekop-
ment

Middle
stages
11-14 days

Late
stages
15-19 days

Neonate

Choroidal plexus
Digistive epithelium
Respiratory epithelium
Liver, Thyroid
Exocrine pancreas
Kidney, Dermnis
Adrenal cortex
Vassels, Heart
Skeietal muscie
Epidermis

Adrenal medulla

+++ +f -

Gonads
Pituitary

+ ++ ++

Endogcrine pancreas
Sensory Cells
Ganglions

Spinal cord
Neurons

L

Endodemal crigin Mesodermal ongin Ectedermal origin

4 Discussion

In the last decade, many studies have been performed to
understand the pathophysiclogy of the fragile X syndrome.
In particular, the unravelment of the physiological function of
FMRP has been a major topic. Despite all the efforts thus
far, the specific funclion of FMRP in refation to the mental

108

FXR proteins during mouse embryonic development kk}

retardation in fragile X patients is still unknown. Qur invest-
gation is the first systematic study dealing with the expres-
sion pattern of the Fxr proteins during ali the different stages
of the embryonic development of the mouse. We have used
the expression level of the individual Fxr protein in the bra‘n
of adult WT mice as a reference (high fabeling) for the in-
tensity qualilication in the embryonic tissues. However, it
should be noted that the techniques used in this study do
nol allow quantification stalements between the different
Fxr proteins.

4.1 Fmrp expression pattern

During early and middle embryonic develepment (0~14
days}, Fmip Is udiquitously expressed, albeil at different
quantities. Dyring late embryonic development {15-19 days)
and in the necnate, Fmp is not generally expressed, but
shows a more specific patten, mainly in tissues from ecto-
dermal origin, fike brain, ganglia, hair follicles, sensory cells,
and adrenal medulla, Only gonads, which originate from the
mescderm, are an exceplion and show a high expression
too, especially the prmordial cells in the ovaries. The ob-
served differential gene expression ¢uring iate embryonic
development and in the neonate is consistent with studies
using lootprinting assays. showing Lhe requirement of neu-
ron specific transcription faclors (Sp1 and AP2) for FMR1
gene promoter activity [24]. On the other hand, the low ex-
pression of Fmep in the other tissues suggests a dual func-
tion of Fmr1. First, a "housekeeping” function in most cell
types that originale from the endoderm and mesoderm, illus-
trated Dy low levels of expressicn and, secondly, a more cell-
lype dependent function illustrated by high fevels of expres-
sion in cells thal eriginate from the ectederm. laterestingly,
the tissue-specific Fmri gene expression coincides with the
organ involvement in the fragile X phenotype. The high ex-
pression of Fmrp in female primordial germ cells is of special
interest with respect ta the significant higher risk for prema-
ture ovarian failure (POF) in femates with a premultation [23].
A recent study has suggested a role for paternal genomic
imprinting as the cause of POF in females carrying a pre-
mulation {26]. The precise cellular mechanism for this phe-
nomenon is unknown, but a fofe for Fmrp in maturation of
the follicles might be the basis, however, it can not be ex-
cluded that the presence of two active X chromosomes in
femaie primordial cells is the sofely reason for the high ex-
pression. Qur immunocytochemical data are net in line with
earlier jn silu hybridization studies where high fevels of Fmr!
mRNA were nat reported in late embryonic stages for gan-
glia. respiratery epithelium, choroid plexus, sensory cells,
and adrena! medulla. In contrast, during late embryenic
stages high Fmrf mRNA levels were described for thymus,
irtestine, submandibular gland, and eye [11]. Apparently, the
probes used in this i sty hybridization study also detect
Fxr! and Fxe2 transcripts as a resull of the high homology
between the Fxr genes. The occurrence of these homolo-
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neo-
natal

4 ;
natal mouse tissues.

Antibodies directed against FMRP (a, d, g. j). FXR1P (b, e, h, k), and FXR2P (c, f, 1, I} were used. Fmrp and Fxr2p are virtually
absent in skeletal muscle tissue from the tongue (a and ¢, respectively), whereas Fxr1p shows a strong labeling. The clfactory
sensory cells are labeled for all three proteins (d, e, f), whereas the respiratory cells (r) are only labeled for Fmrp and Fxrip (d
and e. respectively). A similar pattern is observed for the choroidal plexus {g, h, i). The medulla of the adrenal gland shows a
positive Fmrp labeling in the chromaffin cells {, arrows), whereas Fxrip and Fxr2p are not detectable within these cells {kand ).

gous genes was not known at the lime these studies were
performed. Alternatively, cross-hybridization with unknown
transcripts sharing a high homology with the Frmri gene can
be the cause of these conflicting results. In sitis hybridization
studies of FMR? mRNA and FMRP expressicn in early hu-
man embryos (3-7 weeks) are consistent with our immuno-
cytochemical study in mice [14,15]. Thus far, late stages of
human embryonic development only included brain for
FMRT mRNA (25 weeks) and FMRP (18 and 25 weeks) ex-
pression {14,15,17), Thus, no information is availatle about
the FMRP distribution or FMR? mRNA expression during
late human embryogenesis in other kssues than brain. The
generation of transgenic mice using a reporter gene (f-ga-
lactosidase} finked to the FMR? gene promoter region re-

vealed high expression of the repurter gene at embryonic
day 11.5 in similar cells, as described in this study, including
telencephalon, the genital ridge, and the notochord. How-
ever, no slaining could be detected in cefis of the neural
tube, the neural crest, and the spinat ganglia [27), whereas
we found a clear Fmrp expression. Unfortunately, in this
study only one stage of embryonic development (day 11.5)
was studied. Apparently, Fmrl gene expression during this
particular stage of embryonic development is regulated by
cis-acling sequences not included in the putative 5'-regu-
latory region used in this study. The high Fmirp distribution
in cells that originate from the ectoderm is intriguing. The
current working-hypothasis for the physiological function of
FMRP in relation to the observed mental retardation in fra-
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gile X patients focuses on a role in MRNA transport in neu-
rans, based on the hign expression in neurons and its RNA-
binding capacities. In this way, FMRP might influence the
translation of neuron-specific mRMA's and the reduced
translation efficacy of these neuron-specific mMRNAs is
theught to be the cause of the observed mental retardation
in fragile X patients, The observed altered dendritic sgine
morphology in the cortex of Fmrt KO mice and fragile X
patients, suggesting a reduced maturation for spines, has
been proposed as a result of the absence of FMRP [28]. Our
immunohistochemical data on adrenai glandg and sensory
cells indicate a role for Fmrp in cellular processes of sensory
cells and adrena! gland cells, too. Many patients with fragile
X syndrome have sensory and perceptual processing prob-
lems which distort Ihe way they receive information and their
abilily to use it, to learn, and behave appropriately. Recent
literalure suggests an essential function of corlicosteroid
hormones, secreted by the adrenal gland, for cognilive per-
formance, via glucocorticoid and mineralcarticoid receptors
in hippocampa! neurons [28]. Therefore, our dala justify that
further research should not only be focused on the role of
FMRP in cellular processes of neurons located in the central
nervous system, but also on celivlar processes in sensory
cells and the adrenal gland.

Qur resufts demenslrate the total absence of Fmrp in tissues
of Fmri knockeut embryas, which is in accordance with our
expectations. In addition, we could not detect gross morpho-
logic abnormalities in the tissues of KO embryos, which is in
line with studies on adult KO mice [30).

4.2 Fxrip and Fxr2p expression pattern

A generai and high expression is found for Fxrip during all
the stages of the embryonic development, which suggests a
“housekeeping” function for this gene. The nucleolar locali-
2ation of Fxr1p during early development indicates a specific
rale for Fxrip in this spzcific cell arganelie at this slage of
the mouse embryonic development. At the subcellular level,
a minority of all three Fxr proteins have heen demonsirated
to be present in the nucleolus of mouse hippocampal neu-
rons, too (C. Bakker, unpublished results). In addition,
FXR1P has been spotted in a RNP complex among other
with RNA and nucleolin, a protein known to be predomi-
nantly localized in the nucleolus [31]. Recently, also compo-
nents of another ribonucleoprotein involved in transiation of
mMRNA's, the signal recogrition particle, was detacted in the
nucleolus and suggests a role for the nucleolus in mRNA
export [32-34). The importance of the overall high expres-
sion of Fxrip during mouse embryonic development is fur-
ther illustrated by the early demise (within 24 hours after
birth) of Fxr1 KO mice (Siomi, personal communication), The
strong labeling of Fxrip in embryonic skeletal muscle within
the contractile bands has also been observed in adult mouse
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skeletal muscle and represents the presence of specific iso-
forms of 81-84 kDa [18]. It has been suggested that these
specific isoforms are Invelved in targeting specific mRNA's
in this particular cell type [35]. The solely strong labeling of
Fxrip during late embryonic development and in the neo-
nate in muscle, epidermis, and endocrine pancreatic lissue
(islets of Langerhans) suggests a specific function within
these lissuas, which is not shared by Fmrp and Fxr2p.

In general, the Fxr2p distribulion is similar to Fmrp, however,
the overall intensily of the fabeling in all the lissues is
weaker. The presence of Fxr2p in exocrine pancresatic lissue
(somatostalin cells) during late embryonic development and
absence of Fmrp and Fxrip in these cells suggests a spe-
cific role for Fxr2p in this cell type,

In embryanic and necnatal mouse brain, we cbserved sim-
ilar distribution patterns for the Fxr proteins. In the absence
of Fmrp, using Fmr KO brain, we could not detect abnormal
or significant increased or decreased Fxrip and Fxrzp
neuronal localization. However, despite this normal distribu-
tion of the other two Fxr proteins we cannot exclude {par-
lially] compensatary effects for the absence of Fmrp, The
generation of double KO mice (Fmr#!Fxr1 and FmrilFxrZ)
might be useful to elucidate the contribution of (partialty}
compensatory effects of Fxr1p and Fxr2p in the phenotype
of the Fmrt? KC mouse. The general picture emerging from
our immunohistochemicat study on embryonic and neoratal
mouse lissues shows neaily similar distribution patterns for
the Fxr protains, albelt with same minor differences regard-
ing intensity and (subjcellular {ocalization, during early em-
bryonic development of the mouse. At Iater stages and in
the necnate, a more differentiated expression pattern is ob-
served, especially between Fmrp and Fxr2p on the one hand
and Fxr1p on the other hand. Further research should be
focused on those tissues, involved in fragile X syndrome,
showing only expression of one of the Fxr proteins because
the effect of compansatery mechanisms is minimal. This
ovarview of the distribution of the Fxr proteins during mouse
embryonic develepment may comply as a reference for fu-
ture studies using transgenic mice, including transgenic
mice with cell specific Fmrp expression in a Fmr! KO back-
ground to perform rescue studies for the fragile X pheno-
type.
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Fragile X syndrome is one of 14 trinucleotide repeat
diseases. It arises due to expansion of 3 CGG repeat
which is present in the 5°-untranslated region of the
FMRT gene, disruption of which leads to mental
retardation. The mechanisms involved In trinucieotide
repeat expansion are poorly understood and to date,
transgenic mouse models containing transgenic
expanded CGG repeats have failed to reproduce the
instability seen in humans, As both ¢is-acling factors
and the genomic context of the CGG repeatl are
thought to play a role In expansion, we have now
generated a knock-in mouse Fmr? gene In which the
murine (CGG),; repeat has been exchanged with a
human (CGG)y, repeat. Untike other CGG transgenic
models, this model shows maoderate CGG repeat
Instability upon both in maternal and paternal trans-
mission. This model will now enable us to study the
timing and the mechanism of repeat expansion in
mice.

INTRODUCTION

The fragile X syndrome is one of over 14 human diseases
associated with expanded trinucleotide repeats. Althcugh
much has been elucidated about the genetics of the rinucleo-
tide repeat diseases, little is known about the mechanism{s)
that cause the repeat instability, The highly polymorphic CGG
trinucleotide repeat which is located in the 5'-untranslated
region (5-UTR) of the fragile X mental retardation gene
(FMRI), is ossociated with the disease phenotype when the
allele carries more than 200 wiples (1-3). Such alleles underga
methylation which extends across both the CpG island
promoter region and the CGG repeat iself. This methylation
blocks transcription of the gene which is normally translated
into the fragile X mental retardation protein (FMRP) (4.5).
This absence of FMRP results in the fragile X phenotype. The
main characteristics of the fragile X syndrome are mental
retardation and macroorchidism (6). with adult male mental
relardation ranging from profound to borderline, with an average
1Q in the moderate range. Macroorchidism is a common finding
in post-pubescent affected males. With an incidence of 1:4000
males and 1:6000 females, this X-linked disorder is the most
common form of inherited mental retardation (7.8).

FMRL CGG repeat alleles can be divided irto toree groups:
normal, premutation and full mutasion alleles. Normal alleles
range between 5 and 50 triplets. These alleles are stble upon
ransmission between generations. Premutations alleles, of
between 5C to 200 wiplets (9.10), are unstable upon transmis-
sion between generations with both expansions and comrac-
tions oceurring. Since they allow FMRP expression (3,11} they
de not result in the development of the: fragile X phenotype, but
they are prone to expand to full mutations of mere than 200
triplets in the next generation. As described abovs, full muta-
tion alleles with over 200 triplets undergo methylation and
resultin the absence of FMRP and thus the fragile X phenatype
(5,11). These full mutations only arise upon Tansmission
through the female germline, and males never wansmit a full
mutatien to their daughters.

The exact timing of the repeat expansion &s stll under
debate. Repeat expansions must occur during meiosis or early
embryonic development (12.13). The most accepred mode!
assumnes that full mutations are already present in the oocyte
and, thus, all cells in the resulting embryo wil also have a full
mutation, One, or several, mitotic contraction events to a
premutation-length repeat could explain the mesaic patiern
which is quite often abserved in fragile X patieats. The ebsarv-
ation that oocytes of full mutation female fetuses also carry full
mutation alleles appears to cenfirm this modzl. although it
cannct be ruled out that the expansion from a premutation to a
full mutation occurs during early embryogenesis 112.13), The
repeat length(s) present in oocytes of premutation females is
not knowrn. In the male germline some kind of selection mech-
anism has to be assumed (14). as patients with a f!l mutation
have only premutation alleles in their sperm. This mechanism
appears, therefore, to protect the mals germline agzainst rans-
mission of full mutations. The basis of such a selection
mechanism is not known,

Examination of the mode of inheritance of premutations in
fragile X families has shown that the risk of expansion to ful)
mutation depends upen the size of the premutazion. Small
premutations give rise to both expansions and contraclions,
whereas premutations of over 90 triplets almost always expand
to a full mutatdon in the next generation, The risk of this
expansion 10 & full mutation increases with the length of the
CGG repeat (15). This variation in risk accounts for the
Sherman paradox (10,16). A more detailed insizhr inte the
repeat length and its behaviour upon transmission was gained
by sequencing a large number normal and premutzrion alleles.
[t was found that most normal allelss are interspersed with
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Figure 1. The targetizg constnuct pCBG6, The mouse endogenous Fer! (CGGyis exchanged for a (C GGy repear of human origin. X, temoved Xhal site, N, cemoved

Narl site,

AGG triplets {17). The most common alleles of between 29
and 32 triplets are interspersed with two AGG interruplions.
These AGG interruptions are normally found downstream of
shorter tracts of 9 or 10 CGG tripiets. [n premutations, fewer
AGG interruptions are present compared ta normal alleles,
variation in repeat length is polar and instability accurs always
at the 3’ end of the repent: the region where no or fewer AGG
interruptions are present (17,18},

The most 3' uninterrupred CGG tract appears 1o be the most
important element of the CGG repeat: a pure CGG tracl of
more than 34-35 CGG wiplets is ¢nough to cause instabitity
(19}, Most premuwation alleles contain only one or two AGG
repeats, and the 3" CGG tract is greater than 35 CGG triplets.
Since the lorgest pure CGG tract is always found at the 3’ end
of the CGG repeat and thes is also the region where expansion
occurs in fragile X Families. this mighr give some insight into
the mechanism of insability,

To study the timing and the mechanism of the CGG repeat
expansion observed in the fragile X syndrome, it is, for
ebvious rezsons. necessary to have an animal model. With
such a model it w ould be possible to study the behaviour of the
repeat through both the female and male germline and during
(early) embryonic development, We have reported previously
that a {CGGY, AGG(CG G, CAGICGG),) repeal was trans-
mitted without any detectable fength change through several
generations of tansgenic mice (203, Similar results were
obtained in mice with a [[CGGC}, TCGICGG) ,TGG{CGG)y, )
tractand with tracis having a pure 3' CGG wract up to 97 triplets
(21,22), Several hypotheses have been put forward o explain
the stability of these repeats in mice. Firstly, the interiptions
present in the first two tansgenes discussed above may be
acting as stabilizers. However, in the mice carrying a 97 repeat
CGG tract at the 3° end, other factors might be involved,
Amongst these, the chromosomal or genomic cantext might be
an important factor.

The FMR! gens is highly conserved among ventebrates. The
murine homologue, Fmrd, is 97% identical in amino acid
sequence 1o the kuman gere and exhibits an expression paitern
very similar to that observed in humans {23,243, This homology

extends to the repeat region and also across the promoter. We
therefore gemerated a mouse model in which the endogenous
mouse CGG repeat was replaced by a human CGG repeat
carrying 98 CGG triples. This was done using a homologous
recombination strategy with a mouse promoter construct where
the mouse endogenous (CGG)y repear was exchanged for a
(CGG)sy repeat of human origin. We describe the first genera-
tion of such a *knock-in" CGG triplet mouse and report the
behaviour of the premutation allele in the Finrf gene,

RESULTS

Construct FMRI promoter region

The mouse hemologue of human FMR! was isolated from an
El4 ES cell phage library (kindly provided by D.Meijer,
Department of Genetics, Erasmus University, Rotrerdam), A
neo casselie, flanked by foxP sttes, was cloned in the BamH!
site. The endogenous (CGG); present in the mouse promater
wus replaced by a (CGGiyg of human origin. To atlow cloning
of the human CGG repeat minimal ehanges were made to the
mouse promoter region (Fig. 1). Cloaing of the CGG repeat
was the last cloning step. becuuse deletions wers often found in
plasmids containing the expanded CGG repeat.

Cloning of the mouse promoter region revealed that the
mause promoler region cloned jnto @ vector and propagated in
bacteria was, in itself, prone to deletions, Even in the absence
of the CQG wriplet repear, deletions were often observed after a
simple digestion, re-ligation and wransformation inte bacteria
(different strains were used but in most cases we used the strain
E.coli DH3a). The frequency of these deleticns appeared to be
dependent on the restriction enzyme being used or the localiza-
tion of the restriction sites in the construct, as well as the liga-
tion buffer used (data not shown). Since for most DNA
constructs digestion, re-ligation and transformation is a very
straightforward ¢xperiment, this could indicate that cis-acling
factors important for instability might be present in the mouse
promoter region. Comparison of the promoter sequence of
FMRI and Fmrl showed that all the identified regulatory
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elements were conserved, Whether or not all these elements
are functional is not known.

Generatien of the mice

Homologous recombinants were recognized by the absence of
the endogenous mouse (CGG), allele, and the presence of the
expanded (CGG)gy allele. OF the 1200 screened ES cell clones.
13 were identified as possible homologous recombinants. The
length of the observed expanded CGG repeat differed between
the clones. These different lengths most likely represent dele-
tions of the repeat andfor flanking sequences in the plasmid
DNA.

Clone 651 contained exactly the same lergth as the cloned
(CGGlyg repeat in the plasmid. This clone was therefore
selected for blastocyst injection from which three chimeras
with the same repeat length were identified. These animals
were crossed onto an FVB background and the repeat length
was determined in the next generation, The first heterozygous
femalas were crossed either with a wild-type male or a male
expressing Cre-recombinase. Expression of Cre-recombinase
allows deletion of the nee cassetie present between the forP
sites, minimizing the changes to the mouse peromic flanking
sequence in the resultant iransgenic animal, {CGG)gy mice with
[(CGG)ggfneo] and without [(CGGgyneo] the inserted neo
marker were subsequently ¢rossed and the offspring examined
for repeat length.

In total, 155 (CGG)gy ransmissions were studied, (CGG)ggien
was transmitted 3 times, 15 male transmissions and 19 female
transrnissions. {CGG)gyfreo™ was wansmitted 121 times. 80
maternal  transmissions and 41 paternal transmissions.
Offspring homozygous for the expanded repeat were included
for paternal (13) and maternal (13) transmission. 1n total, 15
instabilities were found using a radioactive PCR assay to
detect CGG length (Fig. 2). Confirmation and exact sizing of
the repeat was carried out using the CGG expansion methad of
Perkin-Elmer, An example is shewn in Figure 3 and a
summary is presented in Table 1. In total, we have observed 15
alterations in tength of the CGG repeat: two contractions and
13 expansions. Both contractions (of 11 triplets) were observed
after (different) paternal transmission, but male transmission
also led to six expansions. Five expansions were observed in
transmission via the female germline. Two instabilities were
observed in homozygous {CGG)yy female offspring and in
these cases the origin of the instability could be either paternal
or maternal. The shortest CGG repeat present in the descendent
mice is 87 CGGs and after passages through several genera-
tions the longest repeat is 108 CGGs, While the number of
paternal changes (at least eight) outweigh maternal ones (at
least five), the number of maternal transmissions (ar least §6)
appsars to be greater than paterna] ones (at least 43). Thus, the
rate of change in paternal wansmission of unstable repemts
would appear w be 3-fold that of maternal ransmission.

DISCUSSION

The mechanism underlying fragile X repeal instability in
humans is still unknown, although many pathways and inter-
mediates have been implicated. It has been postulated that
during DNA replication, slippage synthesis can occur within
the repeat due to the repetitive aature of the sequence. Through
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Figure 2, CGG repeat instabilities detected by radioagtive PCR, On top of the
lanes are the sizes a8 delermined with the Fragile X polymorphism assay.

this and the formation of single-stranded breaks, both expan-
sion and contraction can occur {25.26). [t has also been
suggested that secondary structures such as hairpins and tetra-
plex DNA might also play a role in repeat expansion, but the
existence of these remains to be established in vivo (27). From
in vitro studies, as well as studies in bacteria and yeast, it is
alse clear that repeat stability is dependent on the length of the
repeat and the number of AGG interruptions. reminiscent of
the sitnation in fragile X families (28.29). Furthermore, for
yeast and bacteria it has been observed that host cell geno-
types, the orientation of the repeat with respect to DNA repli-
cation and the position of the cloned repear within the vector
can all influence instability (30).

In humans carrying expanded CGG repeats, their length
increases over generations. Once beyond a specific threshold
the repeat becomes dramatically unrstable, expanding rapidly
up to a few thousand triplets. This phenomenon has given rise
to¢ the term ‘dynamic mutation’ (31). Although for some
trinucleotide repeat mouse models small expansions or
contractions have been observed, dynamic mutations such as
these in human disease have never been observed. Before this
study, transgenic mouse medels have carried non-targeted
autosemal CGG repeats and all have failed 10 show any
evidence of instability (20-22). The absence of important eis-
acting factors and the random integration of the wransgene on
one of the autosomes instead of the X chromosome are both
possible explanations for the relative stability of the CGG
repeats in the earlier mouse medels (20).

Ta circumvent this, we penerated o mouse with an expanded
CGG repeat within the endogenous Frerd promoter by using a
homalogous recombination technique, In this way. the
behaviour of the expanded CGG repeat can be studied in its
endogenous genomic tocalization. In total, 135 ransmissions
of the expanded (CGG)yg allele were studied and L3 instabilities
were observed: (we contraction events and |3 expansions. As
detection was performed using a radioactive PCR technique
{where small changes are difficult 1o deteet} this equates o a
rate of instability of at leas( 10%. Both contractions occurred
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Table 1. Total numbers of male and female tansmissions for both (CGG),freo
and {CGGy fnea”

Female/male ransmissions Instabilities
{CGG)nen Fentale 19 L]
(CGG), dneo Mate 15 4+, 46, +4, +4)
(CGGgnes™  Female §7 S(+2, 42,41, +1, 41}
(CGG g nen” Male 23 d (=1L =11 +5,+3)
(CGGY,fnevs Female/Male 13113 2(+2,+3)

Most instabilities are found upon male transmission, Only for a limited
number the size of the inslabilities is determined. Length changes are depicted
in parentheses,

by paternal transmission, as did six of the expaasions. Two
exXpansions could be of cither paternal or maternal origin.
Given the total number of maternal and paternal transmissions,
these results are surprisicg. Although the numbers are sill
limited, there appears to be a tendency of higher instability
(both expansion and centraction) upon paternal transmission.
In human fragile X premutations, small changes in repear
tength of this magnitude are observed upon both male and
female transmission. In contrast, dynamic mutations in humans
are only observed upon female transmission. However, in this
(CGGYyy mouse model, no dynamic mutations were observed.
In contrast to fragile X syndrome. most other trinucleotide
repeat disorders show praferential instabilicy upon male trans-
mission. For one transgenic mouse model containing an
expanded CAG repeat, it was found that the gender of the
offspring determined the degree of instability (32). Whether
the gender of the offspring in ovr CGG repeat mouse mode!
pliys a role in instability could not be determined.

The human and mouse FMRI gene promoter regions are
very homologaus, With the humnan promeoter, four *footprints®
have been identified reflecting positions of various DNA-
protein interactions. These footprints correspond 1o consensus
binding sites of various transcription factors and are absent in
fragile X patients, indicating that they reflect functional regu-
latory elements (33). These regulatory elements are also
present in the mouse promoter regicn. It is not known whether
these sequences in the promoter region might be influencing
the behavicur of the repeat instability. Despite the overall
homology between the mouse and human promoters, it does
not necessarily mean that DNA elements which influence
repeat instability are conserved between mouse and human.
Theoretically, there is still a possibility that the mounse
promoter region does not contain the cis-acting elements
involved in (large/dynamic} repeal instability which is seen in
the humun FMR! pene.

Interestingly. cloning of the mouse Fnr! promoter showed
that this region was prone 10 deletions when maintained in
plasmids in bacteria. These deletions occurred after digestion
of the DNA, re-ligation and transformation into bacteria. Most,
although not all, deletions occurred in the region directly down
and upstream of the (CGG), repeat. These results indicale that
the Fairi promoter regicn itself is unstable in bacteria. The
reasen for this tnstability might be the high GC contens of the
region flanking the CGG repeat. Although there is no direct
evidence that a DNA region which is highly unstable in
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bacteria might influence instability in the mouse genome, this
may well contribute 1o the instability of the CGG repeat,
although we hypothesize that factors other than cis-acting
factors alone play a role in determining instability,

Length variation found in fragile X alleles appears to be
polar, instability always occurriag at the 3 end. This might be
nfluenced by the direction of DNA replication through the
repeat (29,30). The direction of replication is important in
determining repeat instability in both Escherichia coli and
yeast. The posilion of the origin of zeplication in artificial
DNA constructs determines whether the 3-CGG-3' or the
5'-CCG-3 strand is the leading or the lagging strand during
DNA synthesis. For the mouse and human genomic FMR/ loci
the direction of replication is not known. It may well be that the
direction of replication in the human situation might favour the
occurrence of expansions, but that the siwation might be
different for the mouse Frmr/ locus.

Flap endonuclease 1 (FENL), a protein involved in DNA
replication and long-patch base excision repair, is thought 10
play a role in trinucleotide repeat instability (34). In yeast, loss
of flap endonuclease activity (rad27 mutants) increases instab-
ilities throughout the whole genome, including uinucleotide
repeats {35-37). For normal and premuwtation size CGG
epeats, a 10-fold elevated frequency of expansion in rad27
yeast strain has been found {33). This suggests that FENI
could play a role in CGG trinucleotide repeat instability.

The endogenous mouse Fmr! 5-UTR contins a CGG
repeat of between B and12 wriplets. In the ES cells vsed in this
study, the (CGG)y repeat was exchanged with 2 (CGG)yy repeat
in the cxpectation that this length of repeat exceeds a threshold
of instability in the mouse. In humans, repeat instability occurs
when the mumber of CGG triplels is greater than 50; the
threshold for repeat instability in mice is as yer unknown. In
mice containing an expanded Huntington CAG repeat, it has
been found that the rare of instability is less than that observed
for similar sized repeats in humans (39), Mice heterozygous
for the CAG expansion show intergenerational repeat insta-
bility {+2 to -6) ata much higher frequency in maternal trans-
mission than in paternal transmission. The majority of changes
transmitted through the female germline were small contrac-
lions, as in humans, whereas small expansions occurred more
frequently in paternal ransmission. (40). The mouse Hdh gene
with a knock-in of 90 and 109 units produced a graded increase
in the mutation frequency to >70%, with instability being more
evident in female transmissions. No large jumps in CAG
length were detected in either male or fernale transmissions.
Instead, size changes were modest increases and decreases,
with expansions typically emanating from males and contrac-
tions from females, (41). For the Forl mouse model described
here, the rawe of change in patemal transmission of unstable
repeats would appear to be 3-fold that of maternal transmis-
sion. Extrapolation of the data obtained from the expanded
trinuclestide mice suggests that, if there is a threshold for
instagility in mice, the threshold might be higher in mice than
for humans.

Results of this CGG repeat expanded mouse model, together
with the studies of other trinucleotide repeats, suggest that
mouse might not be a perfect model in which to study repeat
instability. This might be due 1o the fact that the mechanism
involved i repear instability in humans might be absent in
mice, or perhaps that the environment leading Lo the instability
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Figuze 3. The Fragile X polymorphism assay is used to determing the exact repeat

in humans might be absent in mice. The mechanisms which
have been preposed to play a role in repeat instability involve
meiosis as well as DINA replication, recombination and repair.
Durcing all these processes, duplication of the DNA occurs,
allowing an opportunity for DNA murtations and secendary
structures like hairpins or tetraplex to form, errors which must
be removed by proof-reading and repair processes. These
processes, which aim to keep mistakes in the copying of DNA
to a minimum, are balanced by processes in meiosis such as
recombination which generate maximum genetic variation for
a species. Although these processes are knownr to occur in
humans as well as in mice. the balance between them might be
different between the two species, giving rise to repeat
instability in humans, but not in mice. .

The involvement of DNA repair processes in repeat instab-
ility might be studied by crossing mice with expanded CGG
repeats with mice deficient for different repair pathways. In
yeast and E.coli it has been shown that the rate of instability
changed in certain repair-deficient sirains (38,42.43). Cross-
ings between zrinucleotide repea: mice and mice with certain
repair deficiencies might give more insight into repeat
instability in mice as well as in humans. Furthermore, it might
be worthwhile to study the timing of the small repeat instabili-
ties that occur as this might give more insight in the difference
observed between male and female transmission.

Cur transgenic (CGG gy Tepeat might also eventually also be
used to study inactivation of FMRP expression. In the {CGG )y,
mice described in this study, FMRP expression was present,
suggesting that the promoter region was not inactivated (dara
not shown). As small expansions are observed, it might be
possible that expansion over several generations will generate
a larger expanded allele which will inactivate the FMRI gene
and lead to loss of FMRP expression. Subsequently, both
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length of the observed instabilities.

repeat expansion and FMRP expression could be sudied in
descendent generations. 5t has been reported recently that
premutation alleles result in clevated mRNA levels (44) in
human Eragile X carriers. In contrast to this, FMRP expression
in lymphocytes of premutation cartiers with over 100 CGG
triplets was reduced, This mouse model might, therefore, also
bz used to study the mRNA levels in premutation alleles, the
translation of Fmrl mRNA containing expanded CGG repeats,
and maybe the mechanistic switch, which occurs when the
Fmrl gene is silenced,

MATERIALS AND METHODS

Caonstruction of pCB66 and ES cell electroporation

The construct pCBO6 contained a 7 Kb FindIl] fragment of the
mouse Fmr} promoter region serted in a pRR322 derived
vector (pBR322 - BamHI 375-Narl 1205). In this fragment, a
reev cassette flanked by loxP sites was cloned in the BamH] site
present in intron 1 (Fig. 1). The mouse {CGG)g repeat was
exchanged for a {CGG)y, repeat of human erigin. The human-
derived (CGG),q repeat was isolated as an $fol-Xhol fragment
from a cloned expanded CGG repeat. This cloned repeat was
isolated from a yeast stain carrying a transgenic human
premutation as described in seferences 28 and 38. To clone the
expanded human CGG repeat in the murine Fmrf promoter,
minimal changes were made to the flanking sequence. These
changes involved a point mutation to abolish an Marl site in
intron | and the substitution of 4 bp (TCGA) 1o abalish an Xhel
site in intron 1. The Xhol site flanking the CGG repeat in the
human situation was not present in the mouse promoter. To
facilitate the cloning of the expanded (CGGy; repeat an Xhol
site was generated by an A—G (ransition based on the
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homology between the human and the mouse premoter. The
integrity of the cloned fragment was determined by sequencing
and restriction enzyme digestion. Cloning was performed
using standard procedures,

For electroporation of E14 ES eells o allow homologous
recombination plasmid, pCB66 was linearized by an Xbai
digest. After purification, linearized plasmid DNA was used to
transfect ES cells. Electroporation was performed with 107 ES
cells in 400 pl PBS using a Progenetor I Gene Pulser (120G pF
and 117 V during 10 ms). Using double selection with G418
(200 pg/mly and Fiau (2 uM) the cells were cultured to allow
colony forming. Colonies were picked and cultured separately.
for DA isolation.

DXNA analysis

ES cell clones were grown to confluency in a 24-well plate.
The mediem was removed and 300 pt (10 mM Tris-HCI,
400 mM NaCl, 2 mM EDTA pH 7.3-7.4) and 30 pl of 10 mgfml
Prot K was added to lyse the cells during overnight incubation
at 55°C. An aliquot of 150 pl of 6 M NaCl was added and the
suspension was cenwifuged. To the supernatant, 2 vol of 965
cthano! were added 1o precipitate the DNA. DNA was dissolved
in 50 pl H,0, For radioactive PCR, 1 il DNA was used.

Radioaciive PCR was performed to determine the repeat
lengih in the ES clones. Primers C (5-GCTCAGCTCCGTTT-
COGTTTCACTTCCGGT-3" and F (5-AGCCCCGCACTT-
CCACCACCAGCTCCTCCA-3") were used, PCR conditions
were as described by Deelen ¢ af. (45). PCR products were rup
in a 6 % denaturing polvacrylamide gel.

Generation of knockout mice

ES clone 651 was used for injection into C57/BL6J blasto-
cysts. Fhese blastacysts were transferred to pseudopre gnant
female mice. Three chimeras were generated and crossed with
wild-type FVB and C57/BI6) females. Eemale offspring of
these chimeras was tested for the presence of the expanded
(CGQ)y; repeat. Mice containing the expanded CGG repeat
were cressed with wild-type mice as well as with (CGQ)y;
livermates. Repeat instability upon transmissien to offspring
was tested by radioactiva PCR. )

The neo cassette inserted into the BamH| was Aanked by
laxP sites. Because the presence of the nee cassette might
disturb the natural environment of the CGG repeat, knock-in
mice were crossed with mice expressing Cre recombinase. In
this way the changes made to the Fmri/ gene were kept
minimal. These (CGGlygfneo™ mice were also crossed with
wild-type mice, and with (CGG)yyfmeo™ littermates.

Fragile X size polymorphism assay

Radioactive PCR as described above is informative 10 deter-
mine whether instability eccurs. but it does net give the exact
length changes observed. Also, small changes + 1 CGG wiplet
might be missed. The fragile X size polymorphism assay
(Perkin Elmer Biosysterns) aliows us to determine the exact
length of the CGG repent. This test was used to determine the
exact size changes. PCR conditions were as deseribed by the
marufacturer. PCR sarples were analysed using an ABI377
sequencer (PE Biosystems).
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Summary

Summary

The Fragile X syndrome is characterized by mental retardation, behavioural deficits,
facial abnormalities and macroorchidism (enlargement of the testes). The molecular
mechanism underlying the fragile X syndrome is the expansion of a polymorphic
trinucleotide (CGG), repeat in the 57 untranslated region of the fragile X gene, FMR/. A
CGG repeat of over 200 repeat units is called a full mutation. The presence of a full
mutation repeat coincides with methylation of this CGG repeat and of the promoter
region of the FMR/ gene, thereby inactivating the gene. This results in the absence of
the fragile X protein FMRP and the presence of the fragile X phenotype,

In the normal population the CGG repeat has a length of 5 to 50 repeat units with an
average of 30 repeat units. This repeat does not show instability, in contrast to the
premutation CGG repeat of 50 to 200 repeat units that is instable upon transmissien to
the next generation. Individuals with a normal or premutation length CGG repeat have
expression of FMRP in their cells.

To study the molecutar mechanisms involved in CGG repeat instability and expansion,
the physiological function of FMRP and the pathogenesis of the fragile X syndrome,
model systems are needed. [mmortalized cells of patients were studied and experiments
with yeast did shed some light on the possible mechanisms involved in CGG repeat
instability. Since the FAM/R/ gene is highly conserved among different species, the gene
has been isolated from organisms like the fruit fly Drosophila melanogasier, the zebra
fish Danio rerio or the frog Xenopus leavis. But the mammal mostly resembling the
human, that is convenient to use in an experimental setting, is the mouse.

The mouse Fmr! gene is very homologous to the human FMR/ gene and via genetic
modification the mouse gene was inactivated (Chapter 4.1). The resulting Fmr/
knockout mouse is lacking Fmrp. It is showing macroorchidism, but no gross
neuroanatomical abnormalities have been found in the knockout mouse. The knockout
mouse shows increased activity and exploratory behaviour and behavioural tests
measuring spatial learning and memory dependent on hippocampal function show
abnormalities in the knockout mouse. Long-term potentiation, which is involved in the
process of learning and memory, is not altered in knockout mice. Cn the other hand,
long-term depression in the knockout hippocampus is enhanced, suggesting interference
with the formation and maintenance of strong synapses required for normal brain
function. Indeed, in the knockout mouse abnormalities in the dendritic spines have been
described. Also the susceptibility to audiogenic seizures is increased in the knockout
mouse,
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Summary

To study the timing and mechanism of CGG repeat expansion several mouse models
with long CGG repeats have been made. Like humans, mice have a polymorphic CGG
repeat in their Fmr/ gene. Introduction of a repeat sequence on an autosome in the
mouse has not resulted in repeat instability. Replacement of the murine CGG repeat in
the Fmr! gene by a human premutation repeat of 98 CGG units has revealed mild CGG
repeat instability (Chapter 4.5). However, the instability is less than the instability seen
in humans and no increase from the premutation repeat to a full mutation size has been
observed. Further experiments with this mouse model are still in progress.

To understand the role of the FMRP and the effect of its absence on the development of
mental retardation, it is important to determine in which cells the Fmr] gene is
expressed and whether there are differences in expression during the stages of
(embryonic) development, Descriptive studies on embryonic, neonatal and adult tissues
of mice have been performed in order to localize the three Fxr proteins: Fmrp and its
two homologs Fxrlp and Fxr2p (Chapter 4.3 and 4.4), During early embryonic
development, the expression pattern of the Fxr proteins exhibits similarities, however,
during late embryonic development and in the neonate a more differential expression
pattern is observed, especially in some non-neural tissues. The high tissue-specific Fmrp
expression during late embryonic and neonatal development, which coincides with the
organ involvement in the fragile X phenotype, suggests an early cell-type dependent
function for Frnrp. In the brain of adult mice the three Fxr proteins are associated with
ribosomes in the cytoplasm and localized within nucleus of neurons. In addition, the
resuits illustrate that the absence of Fmrp in neurons from Fmr/ knockout mice does not
result in an abnormal (sub)cellular distribution or significantly changed expression
levels of Fxrlp or Fxr2p. In maturing and adult testis a differential expression pattern is
observed for the Fxr proteins in spermatogenic cells. Skeletal muscle tissue shows only
a high expression for Fxrlp. The similarities and differences between the distributions
of the Fxr proteins have implications with respect to their normal function and the
pathogenesis of the fragile X syndrome, It can be concluded that the three genes cannot
complement each other, despite their high homology and their largely overlapping
expression pattern.

The knockout mouse model for the fragile X syndrome has been used to reintroduce the
FMRI gene in order to observe a rescue of the phenotype {Chapter 4.2). The rescue
mouse shows FMRP expression in brain tissue, but is not showing a reversal of the
phenotype. This is most likely because the level of FMRP expressed from the transgene
is inadequate, or the timing of gene expression or the cell type specificity of expression
is different from that in the wild type situation. These problems can be overcome by
introduction of the gene with all its control elements. With this and other rescue studies
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it has become clear that many problems need to be encountered before the fragile X
phenotype will be rescued.

In conclusion, the studies using mouse maodels have demonstrated that mouse models
are valuable tools to study the fragile X syndrome and mouse models have already

elucidated many aspects of the physiological function of FMRP and the pathogenesis of
the fragile X syndrome.
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Samcnvatling

Samenvatting

Het fragiele X syndroom wordt gekarakteriseerd door mentale retardatie, abnormaal
gedrag, afwijkingen aan het gezicht en macro-orchidisme (vergroting van de testes). Het
moleculaire mechanisme dat ten grondslag ligt aan het fragiele X syndroom is de
expansie van een polymorfe (CGGY), repeat in het 5° onvertaalde gebied van het fragiele
X gen FMRI. Een CGG repeat met meer dan 200 repeat eenheden wordt een volledige
mutatic genoemd. De aanwezigheid van een volledige mutatie gaat samen met
methylering van deze CGG repeat en het promoter gebied van het FMR/ gen, waardoor
het gen wordt geinactiveerd. Dit resulteert in de afwezigheid van het fragiele X eiwit
FMRP en de aunwezigheid van het fragiele X fenotype.

In de normale populatie heeft de CGG repeat een lengte van 5 tot 50 repeat units, met
cen gemiddelde van 30 vepeat units. Deze repeat vertoont geen instabiliteit, in
tegenstelling tot de premutatie CGG repeat, die 50 tot 200 repeat units lang is, en
instabiliteit vertoont bij overdracht naar de volgende generatie. Individuén met een
normale of premutatiec CGG repeat brengen FMRP tot expressie in hun cellen.

Om het moleculaire mechanisme betrokken bij CGG repeat instabiliteit en expansie, de
functie van FMRP en het ziekteproces van het fragiele X syndroom te bestuderen, zijn
modelsystemen nocdzakelijk. Cellen van patiénten zijn bestudeerd en experimenten met
gist hebben een tipje van de sluier opgelicht over de mechanismen die mogelijk
betrokken zijn bij CGG repeat instabiliteit. Omdat het FMR/ gen heel geconserveerd is
in verschillende soorten organismen, heeft men het gen kunnen isoleren van organismen
zoals de fruitvlieg Drosophila melanogaster, de zebravis Dania rerio en de klauwpad
Xenopus leavis. Maar het gewervelde dier dat het meest op de mens lijkt en dat geschikt
is om in een experimentele setting te gebruiken, is de muis.

Het muizen Fmrl gen is heel homoloog aan het humane FMR/ gen en via genetische
modificatie is het muizen gen geinactiveerd (Hoofdstuk 4.1). De ontstane Fmr/! knock-
out muis mist het eiwit Fmrp. De muis vertoont macro-orchidisme, maar er zijn geen
grote neuro-anatomische afwijkingen waargenomen. De knock-out muis laat verhoogde
activiteit en verkenningsdrang zien. In gedragsproeven, die hippocampus afhankelijke
leer- en geheugenfuncties bestuderen, vertoont de knock-out muis afwijkingen. Long-
lerm potentiation, een proces dat is betrokken bij leer- en geheugenfuncties, is niet
veranderd in de knock-out muis. Aan de andere kant is long-term depression in de
knock-out hippocampus verhoogd, wat betrokkenheid suggereert bij de vorming en
instandhouding van sterke synapsen, die nodig zijn voor normale hersenfunctie.

Inderdaad zijn in de knock-out muis abnormaliteiten van de dendritische zenuwen
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beschreven. Ook de gevoeligheid voor door geluid opgewekte toevallen is verhoogd in
de knock-out muis,

Om de timing en het mechanisme betrokken bij de expansie van de CGG repeat te
hestuderen zijn verschillende muismodellen gemaakt. Net als de mens heeft de muis een
polymorfe CGG repeat in het Fmr/ gen. Introductie van een CGG repeat sequentie op
gen autosoom in de muis heeft niet tot instabiliteit geleid. Vervanging van de muizen
CGQG repeat in het Fmr/ gen, door cen humane premutatie repeat van 98 CGG units,
heeft tot een kleine CGG repeat instabiliteit geleid (Hoofdstuk 4.5). De instabiliteit is
minder dan de instabiliteit die gezien wordt in de mens en een toename van de
premutatie naar een volledige mutatie is niet waargenomen. Vervolgexperimenten zijn
momenteel in volle gang.

Om de rol van FMRP en de gevolgen van de afwezigheid van FMRP op de
ontwikkeling van mentale retardatie te bestuderen, is het belangrijk om te bepalen in
welke cellen het FMR/] gen tot expressie komt en of er verschillen in expressie zijn
gedurende de stadia van (embryonale) ontwikkeling. Beschrijvende studies met
embryonale, neonatale en volwassen weefsels van muizen zijn vitgevoerd om de drie
Fxr-eiwitten, Fmrp en zijn twee homologen Fxrlp en Fxr2p, te lokaliseren (Hoofdstuk
43 en 4.4). Gedurende de vroege embryonale ontwikkeling vertoontl het expressie
patroon van de Fxr-eiwitten veel overeenkomsten, terwijl tijdens de late embryonale
ontwikkeling en in de neonaat een meer afwijkend expressie patroon is waargenomen,
vooral in enkele niet-ncuronale weefsels. De hoge weefselspecifieke Fmrp expressie
tijdens de late embryonale en neonatale ontwikkeling, die samengaat met de
orgaanbetrokkenheid in het fragicle X fenotype, suggereert een vroege, celtype
afhankelijke functie voor Fmrp, In de hersenen van volwassen muizen zijn de drie Fxr-
eiwitten geassocieerd met ribosomen in het cytoplasma en bevinden ze zich in de kern
van neuronen, Daarbij laten de resultaten zien dat de afwezigheid van Fmrp in neuronen
van de Fmrl knock-out muis niet leidt tot een afwijkende (sub)cellulaire lokalisatie of
een significant veranderde expressie van Fxrlp of Fxr2p, In de rijpende en volwassen
testis is een verschillend expressiepatroon voor de Fxr-eiwitten waargenomen. Alleen
skeletspierweefsel laat een hoge expressie zien voor Fxrlp. De wverschillen en
overeenkomsten tussen de distributie van de Fxr-eiwitten hebben implicaties voor wat
betreft de normale functie en de betrokkenheid van de Fxr-eiwitten bij het fragiele X
syndroom. Het kan geconcludeerd worden dat de drie genen elkaar niet kunnen
complementeren, ondanks de hoge mate van homologie en de grote overlap in
expressicpatroon van de Fxr-eiwitten.
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De knock-out muis voor het fragiele X syndroom is gebruikt voor de herintroductie van
het FMR/ gen, om zo een herstel van het fenotype waar te nemen {Hoofdstuk 4.2). De
zo ontstane rescue-muis laat FMRP expressie zien in hersenweefsel, maar het fenotype
wordt niet hersteld. Dit wordt mogelijk veroorzaakt doordat het expressicniveau van het
transgene FMRP niet voldoende hoog is, of omdat de timing van genexpressie of de
celspecificiteit van de expressie verschillend is van die in de normale situatie. Deze
problemen kunnen worden verholpen door het FAMR/ gen met al zijn regulerende
sequenties te introduceren. Door deze en andere rescue-studies is het duidelijk geworden
dat nog veel problemen verholpen moeten worden, voordat het fragiele X fenotype
herstelt zal kunnen worden.

Tot slot hebben de studies met de muismodellen aangetoond dat muismodellen
waardevol zijn in het onderzoek naar het fragiele X syndroom en hebben muismodellen
al vele aspecten van de fysiologische functie van FMRP en het ziekteproces
opgehelderd.
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Abbreviations

AGS audiogenic seizure susceplibility

Asn asparagine

DNA deoxyribonucleic acid

ES embryonic stem cell

FBS FMRP binding site

FMRI1 fragile X mental retardation gene 1 (human)

Fmrl fragile X mental retardation gene 1 {mouse)

FMRP fragile X mentai retardation protein (human)

Frarp fragile X mental retardation protein {mouse)

FSH follicle-stimulating hormone

FXR]1 FMR l-crossreacting relative gene 1 (human)

Fxrl Frrl-crossreacting relative gene 1 (mouse)
FXRIP FMR i-crossreacting relative gene 1 protein (human)
Fxrlp Frarl-crossreacting relative gene 1 protein {mouse)
FXR2 FMR 1-crossreacting relative gene 2 (human)

Fxr2 Fmrl-crossreacting relative gene 2 (mouse)
FXR2P FMR1-crossreacting relative gene 2 protein (human)
Fxr2p Fmrl-crossreacting relative gene 2 protein (mouse)
GluR glutamine receptor

Ile isoleucine

IRES internal ribosome entry site

kb kilobase

kD kilo Dalton

KH K-homology

LTD long-term depression

LTP long-term potentiation

MCH mean corpuscular haemoglobin

MRI magnetic resonance imaging

RNA ribonucleic acid

mRNA messenger ribonucleic acid

mRNP messenger ribonucleoprotein

NES nuclear export signal

NLS nuclear localisation signal

PCR polymerase chain reaction

RGG box arginine/glycime-rich RNA-binding motif

UTR untranslated region

YAC yeast artificial chromosome
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Dankwoord

“Er was eens...”

Nee, een sprookje is het niet geworden, maar wel een lang verhaal.

De afgelopen elf jaar hebben een mooi stuk werk opgeleverd en heel veel contacten.
Over het werk zijn de voorgaande bladzijden volgeschreven, over de contaclen ga ik er
nu nog enkele vullen.

Veel personen hebben positief bijgedragen aan uiteindelijk de totstandkoming van dit
boekje. Natuurlijk zou ik iedereen daarvoor persoonlijk willen bedanken, maar ik weet
ook dat dat op deze laatste bladzijden niet gaat Jukken. Niet uit onwil, maar als gevolg
van de tand des tijds!

Allereerst wil ik graag prof. Galjaard, en zijn opvolger prof. Wiadimiroff, bedanken
voor de kans die ik heb gekregen om mijn promotie-onderzoek uit te vosren.

De leden van de kleine promotiecommissie, prof. Anton Grootegoed, prof. Chris de
Zeeuw en dr. Bert de Vries, wil ik bedanken voor het kritisch lezen van mijn
manusctipt. Prof. Peter de Deyn en dr. Bert van der Horst bedank ik voor het zitting
nemen in de grote promotiecommissie. Tet mijn promotor, prof. Ben Qostra, en mijn
copromotor, dr. Rob Willemsen, richt ik mij verderop in dit dankwoord uitgebreid.

Op een hoog niveau, de 24% verdieping, is het zo’n twaalf jaar geleden begonnen.
Tegelijk met Arjenne zat ik daar te wachten op een sollicitatie gesprek, dat voor ons
beiden positief verliep. In de fragiele X groep werd ik snel ingewerkt door Annemicke,
Robert en... Ben (toen nog actief declnemend aan pipeteerwerkzaamheden!), want het
fragiele X gen moest gekloneerd worden. Het patigntenwerk deed Bert de Vries, die ik
nu als Dr. Bert zeer erkentelijk ben voor het zitting nemen in mijn commissie. En toen
het gen gekloneerd was, kwam er ook een fragicle X eiwit- en histologieclub. Zij
leverden, op hun eigen wijzen, een bijdrage aan dit proefschrift. Bedankt André (ik ben
ook nog op zoek naar de juiste drukpunten), Joke, Coleta, Filippo (voor ons tikt de klok
nog even verder!), Leontine, Joris, Surya, Elly en Lies-Anne, Serita, Yolanda, Tanya,
Ron, Prawien, Mariéite en Sandra (... Rob, ie moet nég iets langer wachten!).

Op het DNA lab waren daar verder voor praktische hulp en soctaal vertier De Gilles de
la Touretters, Guido (Jammer dat je geen ‘lijstjes’ meer bijhoudt!), Peter, Marja en later
in de groep van Peter, Leon, fan, Marcel, Henk, Marijke, Jeltje, Herma, Patrizia, Robert-
Jan, Burcu, Esther van H., Iraad, Bianca, Onno, Vincenzo, Erik en Jeroen. Maar ook de
TSers Arjenne, Bart, en later Mark en Marjon. Natuurlijk de collega’s van de DNA
diagnostiek: Dicky, Wout, Miecke, Jorien, Carolien D., Lida en later Ton, Sarvan,



Carolien H., Carola, Ans, Monique, Lisbet, Renske, Dennis, Raoul, Joan, Marianne,
Erwin, Peter,... en toen verhuisde ik naar de 10% en ben ik helaas de tel kwijt geraakt!
Ook mijn collega’s van de andere diagnostische labs, pre- en postnataal, biochemie,
stofwisseling en het eiwitlab, bedankt voor jullie hulp, waar nodig, en de gezellige
{baby) talk tijdens de koffiepauzes.

En ondertussen groeide de fragiele X DNA groep ook verder. Esther, alias E*, het was
(en is weer) leuk met jou. Altijd in voor een geintje (was het wipstoeltje niet wat krap?),
maar ook voor serieuze zaken. Beste Carola, het waren woelige jaren, maar we hebben
veel van elkaar geleerd. Het ga je goed. En Ingeborg, ons muizenmeisje, jouw werklust
is geweldig. We staan al jaren samen aan de bench en nu ben Jje één van mijn
paranimfen, ook geweldig. Pietro, mijn ltaliaanse vriend! Nu zijn we (straks) allebei
Doctor. Dennis was maar heel kort in onze fragiele X groep. Marianne, Edwin (gelukkig
kun jij mij vaak redden uit de computermalaise) en Lau zijn recentelijk de groep komen
versterken. Allen bedankt voor jullie positieve bijdrage en invloed.

De knock-out muis kwam er met hulp van Frank Oerlemans uit Nijmegen en Anne
Bygrave uit Mill Hill, Londen (Bedankt en thanks). Het muizenwerk kwam verder tot
stand met hulp van collega’s van de 7%, met name Nikos (voor het leren van het micro-
injecteren) en Ton de Wit (dé export-man). En natuurlijk de vele dierverzorgers,
waarvan ik i het bijzonder Lien, Patrick, Daniélie en Krista wil bedanken voor hun
goede zorg voor mijn muizen.

Bij de karakierisering van de knock-out muizen waren mensen uit vele disciplines
betrokken. Een aantal mensen wil ik met name bedanken. Voor het uitvoeren van onder
andere de eerste gedragsproeven in Antwerpen: Patrick Willems, Frank Kooy, Edwin
Reyniers, Peter De Deyn en Rudy D’Hooge. De testis is uitvoerig bekeken en
beschreven door Axel Themmen en Karin Slegtenhorst-Eegdeman en de hersenen door
Marcel Vermey. Momenteel loopt er nog de samenwerking met de mensen achter de
eyeblink-test, Bjorn Dortland en Bas Koekkoek uit de groep van Chris de Zeeuw. And |
would like to thank David Nelson and coworkers for their part in our collaborative
studies. En de eer die al “mijn” muizen toekomt, heb ik ze proberen te bewijzen op de
cover,

Zonder hulp van de computermensen, Ton, Sjozef en Pim, en “onze’ fotograaf Tom (jij
bent voor mij weer tot op de bodem van het archief gegaan, en met succes), was dit
boekje niet onstaan. Ook de secretariéle hulp, met name van Jeanette, was onontbeerlijk,
en natuurlijk de hulp van de dames van de bestellingen, Melle en Micke, en de dames
van de spoelkeuken. Bedankt allemaal.

Met mijn *Stichting” collega’s in de ondernemingsraad, Ans, Arjenne, Martin en Robert,
heb ik een heel andere, boeiende kant van het werk gezien. Qok het traject van het
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oprichten van de OR, samen met Gerard, Simone, Ton (zijn allemaal vlak voor of na de
oprichting vertrokken; hoe zou dat nou komen?!) en Frans Los, was spannend en
leerzaam. Het was een leuke tijd. Bedankt.

Beste Ben, jij bent mijn promotor en al die jaren ‘mijn baas’ geweest. We hehben samen
voor hete vuren gestaan, maar jij hebt het met mij gered en ik met jou. Bedankt dat ik
toch steeds de draad weer mocht oppakken. (Nu dan eindelijk) Rob, mijn copromotor,
wat hebben we veel gepraat. Het was goed dat Jij er was {en nog bent!). Bedankt voor al
jouw hulp en goede kritieken. Annemieke, sinds jij terugbent is het weer als vanouds.
We relativeren wat af, over van alles en neg wat, gezellig tijdens de lunch.

Ja, Arjenne, we begonnen als collega’s samen, en ondanks dat we het vaak over
opstappen hadden, zijn we er nog steeds. Als collega’s, maar inmiddels ook als
vriendinnen, want we gingen door dik en dun, over bergen en door dalen. Natuurlijk ben
jij €én van mijn paranimfen. Bedankt voor jouw steun en alle gezelligheid.

Anneke, mijn zusje, het mag dan wel gewoon jouw werk zijn, maar het is geweldig dat
Jij, en jouw collega Rob, voor mij zo™n mooie kaft hebben ontworpen. Marcel. ..

Last, but not least, mijn stabiele basis,

Mijn ouders ben ik dankbaar voor de mogelijkheden die ze mij hebben gegeven en de
stimulans die ze altijd zijn geweest om te gaan studeren. En pap en mam, het is
geweldig te weten dat jullie nu heel trots op mij zijn!

Lieve Hans, bij jou ben ik al heel wai jaartjes lekker thuis. Je bent mijn steun en
toeverlaat en wat geweldig dat we de ruimte hebben gevonden om ‘dit werkstuk’ voor
elkaar te krijgen. Qok toen er twee keer een spelbrekertje voorbij kwam.

Ja, dan die twee spelbrekertjes! Cas en Maeve, jullie zijn voor mij waar het om gaat in
het leven, eindeloos geluk. Mama heefi nu weer alle tijd om van jullie te genieten!
Bedankt lieve Hans, Cas en Maeve.

Zo.
Het boekje is af en daarmee uit,
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Stellingen behorende bij het proefschrift

Mouse models for the fragile X syndrome

De hoge FMRP expressie in Sertoli cellen gedurende de vroege postnatale fase
suggereert een directe rol voor FMRP in de regulatic van Sertoli cel proliferatie, waarbij
afwezigheid van FMRP leidt tot de ontwikkeling van macro-orchidisme bij fragiele X
patiénten.

(Slegtenhorst-Eegdeman et al. (1998), Endocrinology 139: 156-162)

(Dit proefschrift)

Het hoge mRNA niveau en het (bijna) normale eiwit niveau bij mannelijke dragers van
een grote premutatie wijst op een probleem in de translatie van het FMR/ mRNA.
(Tassone et al. (2000), Am. J. Hum. Genet. 66: 6-15)
(Kenneson et al. (2001), Hum. Mol. Genet. 10{14): 1449-1454)
(Dit proefschrift)

De interlab verschillen, die gerapporteerd worden door Crabbe ef al., laten zien dat
technieken die gedrag in muizen analyseren zich nog steeds aan het ontwikkelen zijn en
dat communicatie tussen de wetenschappers onontbeerlijk is.

(Crabbe et al. (1999), Science 284: 1670-1672)

(Comments, Science 284: 1599/ Science 285: 2067-2070)

(Dit proefschrift)

De start van een therapeutische studie met antagonisten van de glutamaat receptor bij
fragiele X patiénten is voorbarig.

(Huber et al. (2002), Proc. Natl. Acad. Sci. US4 99:7746-7750)

(Dit proefschrifi)

De term ‘normal transmitting male’ voor mannelijke dragers van een premutatic is
achterhaald.

(Hagerman et al. (2001), Neurology 57: 127-130)

(Greco et al. (2002), Brain 123. 1760-1771)

Zowel dFmrp als PERIOD2 shuttien tussen het cytoplasma en de celkern, maar ze
vervullen een functie op een verschillend niveau in het clock mechanisme.
{Dockendorff et al. (2002}, Neuron 34: 973-984)
Yagita et al. (2002), EMBO 21(6): 1301-1314)

Als een behoorlijk deel van de totale variantie in 1Q wordt bepaald door seksgebonden
genen, is het voor een jongen belangrijk een pientere moeder te hebben.

(Hogben 1932, quoted by Lehrke 1974)

(O'Donnell & Warren (2002), Ann. Rev. Newrosci. 25: 315-338)



Als de duur van het onderzoek naar de oorzaak van het Gilles de la Tourette syndroom

een maat s voor de bijzonderheid van het betrokken mechanisme, schept dit hoge
verwachtingen.

Hypospady bij zonen van vrouwen die in utero zijn blootgesteld aan diethylstilbestrol
(DES) is het cerste transgeneratie effect van DES beschreven in de mens.
(H. Klip et al. (2002), Lancet 359: 1102-1107)

In onze gejaagde maatschappij is inbakeren voor enkele van de allerkleinsten een
probaat hulpmiddel om het tij te doen keren van onrust naar rust en regelmaat.
{Lopend wetenschappelijk onderzoek in het Wilhelmina Kinderziekenhuis
te Utrecht door B. Sleuwen en R. Blom)
{Persoonlijke ervaring)

De overlap van de biomedische wetenschap met de autotechniek beperkt zich tot de

term “ontsteking”, Zelfs de inhoud van de term is in beide vakgebieden geheel
verschillend.

Rotterdam, 11 december 2602 Cathy Bakker
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