European Journal of Neuroscience, Vol. 11, pp. 788-802, 1999 © European Neuroscience Association

Activity-dependent regulation of alternative splicing
patterns in the rat brain

Rosette Daoud, Maria da Penha Berzaghi, Frank Siedler,® Mark Hiibener and Stefan Stamm
Max-Planck Institute of Neurobiology and 'Max-Planck Institute of Biochemistry, Am Klopferspitz 18a, D-82152 Martinsried,
Germany

Keywords: clathrin light chain B, c-src, GABA, NMDARH1, plasticity, transformer-2

Abstract

Alternative splicing plays an important role in the expression of genetic information. Among the best understood alternative splicing
factors are transformer and transformer-2, which regulate sexual differentiation in Drosophila. Like the Drosophila genes, the
recently identified mammalian homologues are subject to alternative splicing. Using an antibody directed against the major human
transformer-2 beta isoform, we show that it has a widespread expression in the rat brain. Pilocarpine-induced neuronal activity
changes the alternative splicing pattern of the human transformer-2-beta gene in the brain. After neuronal stimulation, a variant
bearing high similarity to a male-specific Drosophila tra-217° isoform is switched off in the hippocampus and is detectable in the
cortex. In addition, the ratio of another short RNA isoform (htra2-beta2) to htra2-betal is changed. Htra2-beta2 is not translated
into protein, and probably helps to regulate the relative amounts of htra2-betal to beta3. We also observe activity-dependent
changes in alternative splicing of the clathrin light chain B, c-src and NMDAR1 genes, indicating that the coordinated change of
alternative splicing patterns might contribute to molecular plasticity in the brain.

Introduction

Neurons are capable of responding to external stimuli by changinguiramand et al, 1995; Suzukietal, 1995; Yan etal, 1995;
their protein composition. This can be achieved either by a change iBtrohmaieet al., 1996), modulate enzymatic activity (O’Malley al,
promoter activity or by post-transcriptional events, such as differential 995), create different hormones (Amaetal, 1982; Courtyet al.,
mRNA stability or alternative splicing, which is partly made possible 1995) and change properties of ion channels (Somenhat., 1990;
by a neuron-specific set of RNA binding proteins, e.g. ELAV (King Kuhseet al., 1991). Finally, numerous transcription factors are subject
et al, 1994) or ELAV-related proteins (Okano & Darnell, 1997) and to alternative splicing, which contributes to control of gene expression
the neuron-specific Sm protein N (Schmaesal., 1989). This ability ~ (reviewed in Lopez, 1995).
to respond to external stimuli by changing the molecular composition Mechanistically, pre-mRNA splicing is catalysed by numerous
is the basis for neuronal plasticity and thus for complex physiologicaProteins in a macromolecular complex, the spliceosome r(i€ra
phenomena, such as learning and memory (Baitegl., 1996). 1996). Major components of the spliceosome are the small nuclear
Alternative splicing is an important mechanism for the creation offibonucleoproteins (or snRNPs) (Wt al., 1993), proteins associated
protein isoforms from a single gene. While the biological significanceWith lNRNA (hnRNPs) (Weighardet al, 1996) and a large family

of these isoforms is often unclear, it is nevertheless well understooflf Serine/arginine rich proteins (Fu, 1995; Manley & Tacke, 1996).
in some instances. In many cases, stop codons are introduced l%ased on their reactivity with an antibody and biochemical charac-

alternative splicing, which changes the carboxy terminal of proteinst€ristics, the latter group is subdivided into SR-proteins and SR-

This has various physiological consequences: it can create solubl€lated proteins. SR and SR-like proteins are characterized by a
instead of membrane-bound receptors (Baumieaeth, 1989; Eipper modular composition, consisting of one or more RNA recognition
etal, 1992; Toksozetal, 1992; Zhangetal, 1994: Hughes & motifs, and a domain rich in serine and arginine residues (the SR
Crisp;e 199’5_ Tabitet al. i996) (;hange the allfinity tc,)wards ligands domain), in which the serine residues are phosphorylated. SR proteins
(Sugimlotoet él 1993 Xi’nget al’ 1994: Suzukét al., 1995), truncate can complement splicing-deficient nuclear extracts, and are expressed

roteins to produce inactive variants (Swaraial, 1992; van der with different concentrations in all tissues (Zahletal, 1993),
Eogt ot al [1)992. Duncanetal. 1995: Sharm;:tlél 19é5, Eissa indicating that they are essential splicing factors. Using their SR

. domain and RNA recognition motif, they can bind to other SR
etal, 1996) and change endocytotic pathways (Wang & Ross, 1995)proteins and RNA, forming networks of SR-domain-mediated protein—

In addition, inclusion or skipping of alternative exons can add or rotein interactions (Wu & Maniatis, 1993; Manley & Tacke, 1996)
delgte protein modules that change the_ affinity towards _Iigand hat identify splice sites on the pre-;nRNAl. In addition, SR f;md SR-
(Chlquet_et_ al, 1991; Danoffetal, 1991; Girosetal, 1991; Flier, like proteins can bind to exon-enhancer motifs, often purine rich
1992, Miki etal, 1992; Oguraetal, 1993; Ohsakeetal, 1993; sequences, that can stimulate usage of suboptimal splice sites
(Watakabeet al., 1993; Manley & Tacke, 1996). The interaction with
exon enhancers results in a concentration-dependent influence of SR-
CorrespondenceDr Stefan Stamm, as above. proteins on alternative splicing decisions, bistivivo (Cacereset all,
E-mail: slamm@pop1.biochem.mpg.de 1994; Screatort al., 1995; Wang & Manley, 1995) and vitro (Ge
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In mammalian systems, the physiological targets of various SR~ AR ~___.--—"7

proteins have not been determined. In contrast, genetic analysis
Drosophila has revealed a direct influence of the SR-like proteins,
transformer and transformer-2 on exon 4 of the double-sex pre
mRNA, on an alternative fruitless’ Splice sites (Heinrich#t al.,

1998), as well as on exuperantia transcript (Hazelrigg & Tu, 1994]AT
and alternative testis transcript (Madigenal., 1996). Recently, two

mammalian homologues of transformer-2 have been isolated. Th /%\

human alpha gene was identified as an expressed sequence t
and shown to complement transformer-2 deficiencyDiosophila
(Dauwalderet al., 1996).

We have cloned another human homologue of transformer-2 in
yeast two-hybrid screen aimed at identifying new components of the*et= = 11T |
neuronal spliceosome (Beétal, 1997). This beta gene has also
been isolated in rat (Matsuet al., 1995) and mouse (Segaeeal., beta 2 [ |
1996), in a differential display and subtractive library screen performec
to identify genes involved in ischaemia and in silica induction, beta 3
respectively. The characterization of the beta gene in the rat, mous
and human demonstrated that the expression of this gene is influenc
by various physiological stimuli: in the brain, ischaemia and re- I SR-dipeptides @ RRM E linker
oxygenation dramatically increase the message level (Matsab,

1995); in macrophages, silica particles increase levels twofold (Segac
etal, 1996) and stimulation of human cultured T-cells changes the ———> changes is hippocampus
expression level of its alternatively spliced variants (Beihl., 1997). > change in cortex = — T~ beta 2

We have determined the gene structure of the htra2-beta gene a
found that at least four alternatively spliced mRNAs are created, that
can encode hree proti soforms (Ngenl, 1998) (i), They - 1., 82T St nd sange o shepete i 2o o e o>
are structurally related to '_S_O_forms foundlmosophila melanogaster ShOW?]. fop) Thg predgminant spliciﬁg event genergates htra2-betal (tﬁlick
(Mattox et al, 1990) andvirilis (Chandleret al, 1997) where they jine). The joining of exon | to Il leads to a truncated form, beta2 (dashed
probably autoregulate their expression levels. line). The joining of exon 1 to exon 4 generates the beta3 form (dotted line).

As transformer-2 regulates sex-specific expression of the neuron&lue to a frameshift caused by the skipping of exon lll, the beta3 isoform lacks
gene fnitess irDrosophia(Heinrhsetal, 1998), we vished o 1he 15t S Soma of beter, ac begn i e st eaon ot
determine whether the alternative splicing patterns of its mammalialapen arrdws for hippocanﬁ)pus arrjld closed arrows for cortex. The directi)(/)n of
homologue are subject to regulation in the brain as well. We used ghe arrow indicates the change of isoforms observed. The translational products
model in which neuronal activity is changed by administration ofand their domain structures are shown below. The SR-dipeptides are indicated
pilocarpine, a cholinergic agonist that crosses the blood—brain barriepy black lines and the RNA recognition motif is shown as a striped box. The
On the basis of electroencephalographic monitoring, behaviouratfetaz isoform is not translated into protein.
analysis and morphological sequelae, pilocarpine-mediated progres- ) ) ) o
sive increases in neuronal activity have been used in an animal moddPn, trityl (Trt) was used for glutamine, asparagine, histidine, and
resembling some aspects of human temporal lobe epilepsy (TurskySteine), t-butyloxycarbonyl (Boc) for lysine and 2,2,5,7,8-penta-
etal, 1983; Turskiet al, 1984). In this report, we demonstrate that Methylchromansulphonyl (Pmc) for arginine. Couplings were per-
pilocarpine administration changes alternative splicing patterns in thiormed following the HBTU/HOBt [2-(1H-benzotriazole-1-yl)-
tra2-beta gene (Fig. 1). As the alternative splicing of other genes},l,3,3-tetramethyluronlum hexafluorophosphate/N-hydroxybenzotri-
such as clathrin light chain B (Stammtal, 1992), NMDARL azol]. progedure with prolonged coupling times in comparigon with
(Zimmer et al, 1995) and rc (Black, 1991), changes in response Appll_ed Blos_ystems ‘FastMoc’ quulgs, v_vh_ereqs deprotection of the
to neuronal activation, this could be part of a cascade of alternativ8oWing chain was performed with piperidine in the usual manner.

splicing decisions ultimately modifying the protein isoform composi- FOr the fir]_gl cleavagg from the resin, a cocktail of trifluoroacetic
tion in neurons. acid/H,Olftri-isopropylsilane (95:2.5:2.5; v:v) was used for 5h.

The crude peptide was purified to homogeneity by reversed-phase
HPLC on a 20x 250-mm column (100-5 C18-PPN; Macherey &

beta 1 beta 2 beta 3

Materials and methods Nagel, Duen, Germany) using the standard acetonitrile/trifluoroacetic
acid system with gradient elution (from 24% to 33% acetonitrile in
Synthesis of tra2-beta2 peptide 15 min with a flow rate of 12.5 mL/min). The final product was

Preloaded p-benzyloxybenzyl alcohol resin [Fmoc-Lys (BOC)_WANGCharacterized by quantitative qmino acid analysis and electrqspray
resin, 0.41 mmol/g] was obtained from Calbiochem-Novabiochenfn@ss spectrometry. The peptide was coupled to keyhole limpet
(Bad Soden, Germany), the protected amino acid derivatives and tg@@mocyanin, and New Zealand rabbits were used in a standard
coupling reagent HBTU were from Alexis (Grberg, Germany) and immunization protocol to create the htra2-beta serum.

all other reagents and solvents from Fluka (Neu Ulm, Germany). The ]

peptide of the sequence MSDSGEQNYGERVNVEEGKCGSRHLTS-Dephosphorylation

FINEYLKLRNK, corresponding to htra2-beta2, was synthesizedDephosphorylation of nuclear extract was performed for 45 min at

automatically on an Applied Biosystems Peptide Synthesizer, ModeB7 °C using 1 U of calf intestine phosphatase (Boehringer Mannheim,

431 A, using the Fmoc/tert-butyl strategy. For the side chain protecGermany) in (in nw) Tris-HCI, 25; MgCb, 1; ZnCh,0.1.
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Cloning TasLE 1. The primers used for PCR

Enhanced green fluorescent protein (EGFP)-tra2 was cloned bycp/EN

amplifying htra2-betal using 26-EcoRI (ttgaattcGGAGTCATG- sense ACCGAACAGGAGTGGCGGGAG

AGCGACAGCGGCGAGCAG) and 26-BamHI (ttggatccCAAAA-  antisense GGGGTCTCCTCCTTGGATTCT

CATTTGAGTGAAATTGG) (Beil etal, 1997), and subcloning the NMDA/exon 21

EcoRI-BamHI fragment into pEGFP-C2 (Clontech, Palo Alto, USA). sense ATGCCCGTAGGAAGCAGATGC

Glutathione S-transferase (GST)-tra2 and Flag-betal was constructed®ntisense CGTCGCGGCAGCACTGTGTC

by subcloning the same fragment into a modified GEX-vectorGABA2 exon 24

(Pharmacia, Freiburg, Germany) or a modified pCR3.1 (Invitrogen, Sense TTGGATCGTTGCTGATCTGGGACG

Carlshad, USA) vector. Flag-beta3 was constructed by subcloning an f‘rggi?se G@ﬁ{ﬁﬁ%ﬁéég%f\gg&%&%

amplicon generated with tradelSR1 (gggaattcaccatggattatcgtagacggcag aexarev CCGGTTCCCAACATGACGCCTTCG

cagc) and 26-BamHI into the same modified pCR3.1 vector.

Haemagglutinine (HA)-beta2 was amplified with the primers c-ssrgnse AGGCTTCAACTCCTCGGACA

26-HA (ttaagcttggatccgccaccatgtacccatacgatgttccagattacgctATGAG- antisense ATCTTGCCAAAGTACCACTCCT

CGACAGCGGCGAGCAGAAC) and 26-17 (ccggtaccCATTTGA-

GTGAAATTGGGCCTCCTTTGG) (Beikt al,, 1997) and subcloned

into pCR3.1 (Invitrogen). RNA using H MMLV reverse transcriptase (Gibco, Karlsruhe,
Germany), 5 m random primers (Promega, Madison, USA), 0 m

Transfection desoxy nucleotide triphosphates (ANTPs), 10 units of RNasin and

A293 cells (ATCC, Rockville, USA) were grown in Dulbecco’s 10 mu dithiothreitol. The reactions were performed for 60 min at
modified Eagle’s medium (Gibco BRL, Germany) supplemented with*2 °C. PCR was performed using the primers shown n Table 1.
10% foetal calf serum and transfected with i of the appropriate "€ PCR conditions used were denaturation at 94 °C for 2 min,
plasmid DNA using the calcium phosphate method. Protein wadollowed by 40 (light chain B) or 30 cycles of denaturation (94 °C

prepared after one day of transfection and detected on 15% sodiuff" 30 ), annealing (55 °C for 30 s) and elongation (72 °C for 30 s).
dodecy! sulphate (SDS) polyacrylamide gels. The final elongation was performed at 72 °C for 10 min. PCR products

for c-src were analysed on 15% native polyacrylamid gels. All other
products were resolved on 2% agarose and quantified with the

Western blot - )
] ) ) ) ) enhanced analysis system of Herolab (Wiesloch, Germany).
Protein for immunoblotting was prepared from different tissues by

homogenizing 0.25 g of tissue in 1 mL of sample buffer (6@ tris/
HCL, pH 6.8; 2% SDS, 0.1 dithiothreitol), followed by boiling and
centrifugation. Protein was quantified using the Bio-Rad Bradford
assay. Each 3(g of protein was subjected to SDS/polyacrylamide . .
gel electrophoresis (12%) as described (Laemmli, 1970), transferre SA). For each experiment, 1j of total RNA was used with

32 - -
onto ECL-menbranes (Amersham, Braunschweig, Germany), incu -04 c.p.m. of °*P radio Iabglled htra2 be“%z- The RN.A fragments
ated with rabbit htra2 antibody diluted 1: 2000 inXINET/2.5%  Were analysed on 5% native polyacrylamide gels. Dried gels were

gelatine [10x NET (in m): NaCl, 1.5; EDTA, 0.05; Tris, 0.5, pH 7.5, €XPosed overnight on Fuji X BAS phosphoimager plates. Band
with 0.5% triton X-100] and detected with an anti-rabbit antibodyIntenSItIeS were quantified using BAS software (Raytest, Strauben-
coupled to horseradish peroxidase (Amersham) (1 :3000). Othe!?ardt' Germany).

antibodies used were anti-actin (Amersham), 1 : 1000, anti-SF2/ASF . .

(AK96, Oncogene Science, Cambridge, USA) 1 : 1000, amihiStonémmunoh/stochem/stry

(Fitzgerald, Concord, USA), 1 : 1000, anti-HA (Berkley antibodies, For immunohistochemistry, rats were deeply anaesthetized with ether

RNase protection assays

RNase protection assays were performed as previously described
(Beil etal, 1997) using an Ambion Hybspeed RPA kit (Ambion,

USA), 1:500 and anti-Flag (Sigma) 1 : 2000. and killed by decapitation. The brains were immediately removed
and frozen on dry ice. Coronal cryostat sections were cut amn20
Treatment of animals thawed onto gelatinized slides, and stored at —20 °C. The sections

were fixed in 4% paraformaldehyde in Qulphosphate-buffered
aline (PBS) for 30 min and washed three times in PBS. They were
eincubated for 1 h in 3% normal goat serum with 0.5% TritonX in
BS at room temperature followed by overnight incubation at 4 °C
ith the htra2 antibody (1 :500) in PBS containing 0.3% normal
oat serum and 0.5% TritonX. After three washes in PBS, the sections
ere incubated with the secondary Cy3-fluorochrome-conjugated goat

All the animal experiments reported in this study were conducted i
accordance with the statement regarding the care and use of anim
in the Handbook for the Use of Animals in Neuroscience Researc
(1991) of the Society for Neuroscience. Adult male Wistar rats were
used. Pilocarpine was administered intraperitoneally at 300 mg/k
Methylscopolamine (1 mg/kg) was administered subcutaneousl

30 min prior 1o pilocarpine. Both pilocarpine and methyISCOpOIamineanti-rabbit antibody (Jackson ImmunoResearch Laboratories, Inc.
were freshly dissolved in saline before use. Ninety minutes afte(Nestgroove USA) at a dilution of 1 : 200 in PBS for 2 h. Nextlthe '
piloc_arpine administration, th? animals receive_d_ diazepam (.7'5 rngéections We,re counterstained with @g/'mL DAPI (4’,6-diamidin0,-

kg, i.p) to SUppress excessive neuronal activity (Berza;ral., 2-phenylindol; Sigma) in PBS for 10 min, washed again three times
1993) Control animals received an equal volume of saline. with PBS, and coverslipped with Gel-Mount (Biomeda Corporation,

) Forster City, USA). To test the specificity of the htra2 antibody for
Preparation of total RNA and RT-PCR immunohistochemical staining, we incubated the undiluted rabbit
Total RNA was extracted from the hippocampus and cortex of ratserum with the peptide (2.4 mg/mL) used for immunization for 1 h
as described by the guadinium thiocyanate method (Chomcyznski &t room temperature. Staining with the preabsorbed antibody was
Sacchi, 1987). For RT-PCR, cDNA was made fronugl of total then carried out as described above.
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Fic. 2. Properties of the htra2-betal antiserum. (A) Approximatelp@of the proteins indicated were separated on 15% polyacrylamide gels and analysed in
Western blots with anti-tra antiserum. Peptide: peptide htra2-beta2 used to raise the antibody, this peptide is identical to the predicted open reading frame
htra2-beta2. Nuclear extract (NE): nuclear extract from HelLa cells. GST-tra2: recombinant GST-htra2-betaldotinRat brain: total lysates from rat brain.

A293: total lysate from A293 cells. EGFP-tra: total lysates from cells transfected with EGFP-tra2 expression plasmid. The position of endogenous htra2-bete
is indicated with a closed arrow, the position of the fusion proteins is indicated with an open arrow. The GST-fusion protein is de@fadeliand gives

rise to a degradation product ef 34 kDa that comigrates with endogenous htra2-betal. (B) 6f HeLa nuclear extract (NE) was dephosphorylated (NE
dephos.) and separated on a 5% polyacrylamide gel. Protein was detected with the anti-tra2 antiserum. The upper band disappears after dephosphorylation.

Results polyacrylamide gel. Using a lower acrylamide concentration, an

. . . additional band of lower intensity running slightly above the
Hitra2-betal and beta2 protein levels in rat brain predicted 34-kDa band was detected. As this band disappears after
We recently identified htra2-betal as an interactor of splicing compondephosphorylation, it probably represents a different phosphorylation
ents (Beilet al, 1997). At that time, our analysis was limited to RNA status (Fig. 2B). In addition, in total brain lysates, the antibody weakly
levels measured by semiquantitative RT-PCR and RNAse protectiofecognizes a band of 110 kDa, which is more strongly expressed in
analysis. In mouse, it was shown that several transcripts are creategstis (Nayleret al., 1998).

due to alternative polyadenylation that changes mRNA stability We were unable to detect a band corresponding to the translational
(Segadeet al,, 1996), which would ultimately influence protein product of beta2 (4.4 kDa). We therefore tested whether this variant
expression. We therefore generated a rabbit antiserum to study tlwan be expressed as a protein in cells. A293 cells were transfected

protein levels. with an HA-tagged expression plasmid pCR-HA-beta2 and probed
with the htra2-betal antibody. The antibody detected htra2-betal as
Characterization of an antiserum against htra2-betal well as the beta2 peptide used to raise it, but it failed to recognize

In order to create a specific antiserum that does not crossreact Wiﬁ)ﬂaz-betaz in transfected cells (Fig. 34). The signal was abolished

other members of the large family of RNA binding proteins (Birney after preabsorbtion of the antiserum with tra2-peptide, indicating the

. [P, - - \/ah specificity of the antiserum (Fig. 3B). To further test the protein
etal, 1993) or with the SR f‘f"m"y of pro_telns (Fu 1995_’ Ve xpression of htra2-beta2 and -beta3 we expressed them as HA- or
& Green, 1996), we synthesized a peptide corresponding to htra

beta2, an alternative splice variant of betal (Bsilal., 1997). It lag-tagged CDNAs in A293 cells (Fig. 3C,D). While we can detect

! . . htra2-betal (36 kDa) and -beta3 (24 kDa) with antibodies against
contained the common N-terminus of htra2-betal and beta2, which ;. tags, we cannot detect the htra2-beta2 isoform (5.6 kDa).

has only weak similarities to htra2-alpha and other SR-proteins and |, gymmary, we conclude that the serum is specific for htra2-betal.
the unique C-terminus of htra2-beta2. Database searches revealed grthermore, htra2-beta3 can be translated into protein. In contrast,
high homologies of this peptide to other known proteins. The peptidg,ra2_heta2 is not translated. As the stop codon found in htra2-
was coupled to keyhole limpet haemocyanin and injected into rabbitgyeta2 is located 195 nt upstream, therSost exon—exon junction,
The specificity of the antibody was tested against the peptide, HeLghe termination-codon position rule (Nagy & Maquat, 1998) predicts

nuclear eXtraCt, recombinant htl’a2-betal, total rat brain |ysateS, Az%at this is probab|y due to nonsense-mediated RNA decay (Ruiz_
lysates, and lysates of cells transfected with pEGFPtra-2 (Fig. 2A)Echevarriaet al., 1996).

A band of 34 kDa corresponding to the predicted size of htra2-betal

was observed in all lanes. In addition, GST-tra2 and EGFP-tra2 weréevel of htra2-betal in brain development

detected with the predicted sizes of 61 and 62 kDa, respectively. ISR-proteins have been shown to change splice site selection in a
order to separate htra2-betal and beta2 on one gel, we used a 1%%ncentration-dependent manner, bithvivo (Cacereset al., 1994;

© 1999 European Neuroscience AssociatiBanropean Journal of Neuroscienckl, 788-802
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Fic. 3. Htra2-beta2 is not translated into protein. (A) Protein extracts and cell lysates, from the transfection experiments indicated, were tested with anti-tra
antiserum in Western blot. Peptide: peptide htra2-beta2 used to raise the antibody; this peptide is identical to the predicted open reading frame of htra2-bet
Nuclear extract: nuclear extract from HelLa cells. HA-beta2: expression plasmid of beta-2. (B) An identical filter was probed with anti-tra antiserum preabsorbe
with peptide htra2-beta2. (C) Transfection of HA-tagged htra2-betal (HA-betal) and HA-tagged htra2-beta2 (HA-beta2) in A293 cells. A293: untransfecte
cells. The closed arrow indicates the position of the expected HA-betal protein (36 kDa) and the open arrow the expected position of HA-beta2 (5.6 kDa). (C
Transfection of flag-tagged htra2-betal (flag-betal) and flag-tagged htra2-beta3 (flag-beta3) in A293 cells. A293: untransfected cells. The closed arrow indica
the position of the expected flag-betal protein (36 kDa) and the open arrow the expected position of flag-beta3 (24 kDa).

Screatonet al, 1995; Wang & Manley, 1995) anih vitro (Ge & nuclei during development (Williams & Herrup, 1988), the fraction
Manley, 1990; Mayeda & Krainer, 1992). As there are numerousof nuclear protein present in total lysate seems to decrease as brain
examples of changes in alternative splice site selection duringlevelopment continues, and this results in a decline of the htra2-
development in the brain (Stamet al, 1994), we examined the betal and SF2/ASF signal in total lysates.

levels of htra2-betal protein in the developing rat brain. Using
constant amounts of total protein lysate, we observed a steady decline . . .
in the concentration of the htra2-betal protein between embryoni%eve/ of htra2-betal in brain regions

day 14 and adulthood (Fig.4A). Equal loading of protein wasNext, we examined the amount of htra2-betal immunoreactivity in
confirmed by probing against actin (Fig. 4B). Using an antibodylysates prepared from different regions of the brain (Fig. 5). There
against SF2/ASF, a member of the SR-protein family, we observed are slight differences between regions that correspond to changes in
similar decline of the signal during development (Fig. 4C). In orderintensities of the histone signal, and they can therefore be explained
to test if this decline reflects a change in the ratio of nuclear proteindy different amounts of cell nuclei in various tissues. Again, we did
towards total protein in the brain lysates, we used an anti-histonaot detect protein corresponding to htra2-beta2 in any region of the
antibody and observed a similar decline of signal. Thus, on averagdarain. Thus, on average, the protein levels of htra2-betal remain
the amount of htra2-betal and SF2/ASF remains constant in theonstant during CNS development and are similar in different regions
nuclei during brain development. However, reflecting the decrease aff the adult brain.
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Fic. 4. Expression of htra2-betal in brain development. Eachg36f total rat protein was subjected to Western blot analysis with the antibodies indicated.
Protein samples were from whole brain at embryonic stages E14, E16, E18 and E20, postnatal stages P5, P15 and P20, and adult rat brain. (A) Htra2-be
immunoreactivity, detected with the anti-tra2 antibody. Antibody was removed and the filter was probed with anti-actin (B), anti-SF2/ASF (C) and anti-histone (D).

. e  *e=e e tra2 antibody

o wn s et @ @ histone

Fic. 5. Expression of htra2-betal in various adult brain regions. Eaghg3ff total rat protein, from the regions indicated, were subjected to Western blot
analysis. Top) tra-2 immunoreactivity andbptton) the same blot was reprobed with anti-histone.

Immunohistochemistry indicating that there is no major change in htra2-betal concentration

The protein analysis described so far was limited to total tissue. [ffter neuronal stimulation.

order to obtain information on protein expression at the cellular and At higher magpnification it becomes evident that most cells in the
subcellular levels, we performed immunohistochemistry with thePyramidal cell layer are htra-2-positive (Fig. 6E and F). However, a
htra-2 antibody (Fig.6). In agreement with the Western blotsmall number of DAPI-labelled nuclei outside the pyramidal cell
analysis shown in Fig. 5, we found that htra-2-positive cells werelayer were not labelled with the htra-2 antibody (arrowheads in
present in all parts of the adult rat brain. Figure 6 shows the stainindrig- 6E and F). The location, as well as the size and shape of these
pattern in the CA1 region of the hippocampus. Overall, we observeduclei, suggests that most of these htra-2-negative cells are glial cells.
a close match between the distribution of htra-2-labelled and DAPIThus, despite its widespread expression in the brain, htra-2 seems to
counterstained nuclei, indicating that the majority of cells are htra-2be regulated in a cell-type-specific manner. Figure 6 (E and F) also
positive (Fig. 6A and B). We did not detect any obvious changes irconfirms that the staining was always confined to the nuclei. Moreover,
the staining intensity in the hippocampus of pilocarpine treatedconfocal microscopy revealed a speckled staining pattern in the
animals (compare Fig. 6A and C). This is in agreement with our PCRauclei (Fig. 61), a pattern which has previously been shown for htra2-
(Fig. 7), RNAse protection (Fig. 8) and Western blot analysis (Fig. 9),betal (Beilet al., 1997).
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Change of htra2-beta isoforms in response to pilocarpine observations prompted us to examine whether neuronal activity would
administration also influence the ratio of htra2-betal to htra2-beta2.

Due to alternative usage of exons IV, the htra2-beta gene can !N order to measure the ratio of htra2-betal to -beta2, we
create at least four RNA isoforms (betal—4) that can be conceptuall§MPloyed an RNA protection assay using a probe complementary to

translated into three proteins. A schematic diagram of theehe rat tra2-beta2. This probe protects a 114 nt fragment corresponding
structure is shown in Fig.7A. In all species examined thelo htra2-beta2 and a 42 nt fragment corresponding to htra2-betal or
transformer-2 protein is composed of three major protein motifsP€ta3 (Fig. 8A and B). Each 3y of total RNA was tested in a

an N- and C-terminal SR domain and an RNA recognition motif RNAse protection assay. As can be seen in Fig. 8(C and D), neuronal
(Fig. 1). In Drosophila alternative usage of intron M1 creates a stimulation decreases the ratio of the 114-42-nt protected fragment
splice variant lacking the first SR domain, which exists only inin the hippocampus. As the beta3 isoform is only significantly

cells of the male germline. In the rat and human, a structurafXPressed in untreated hippocampus (Fig. 7B), the change in this
related protein lacking the N-terminal SR-domain is created in thdatio reflects, approximately, the change from betal to beta? isoforms.
tra2-beta gene by skipping ex®® and 3. This variant, termed The maximum decrease occurs after 3 h, when the ratio drops by

beta3, is predominantly expressed in adult brain, liver and testi@Pout two-thirds. After 3 h, the ratio begins to go back to normal
(Nayler et al, 1998). levels, which are reached after 24 h.

A similar effect was observed in the cortex. Here, the ratio of the
betal to beta2 isoforms also drops by two-thirds after pilocarpine
o o treatment. However, the time course is slightly slower than in the
In order to test the effects of neuronal activity on this isoform, ratshippocampus. The maximum decrease is found after 6-12 h and
were treated with pilocarpine and sacrificed after 1, 3, 6, 12, 24 anflormg| jevels are reached after48 h. In addition, the basal ratio of
48 h. Following extraction from hippocampus and cortex, RNA from 45 peta1 to beta2 is higher in the cortex than in the hippocampus.
several time points after pilocarpine induction was reverse-transcribed \we conclude that pilocarpine-induced activity changes the ratio of
and amplified using exon 1- and 4-specific primers. In untreateqpe petal and beta2 isoforms as well. As with the beta3 isoform,
hippocampus we found roughly equal amounts of betal and betage time course of changes in the cortex is slightly slower than in

mRNA. One hour after pilocarpine stimulation, the beta3 isoformine hippocampus, which again might reflect the time necessary for
can no longer be detected, whereas it reappears 24 h after stimulgye activity to move from the hippocampus to cortex.

tion (Fig. 7B).
In contrast, the beta3 isoform cannot be detected in the corte . L .
However, after 6 and 12 h of stimulation, this isoform appears in th:P rotein level of hira2-betal in stimulated brain
cortex and later disappears again (Fig. 7C). The experiments shown in Figs 7 and 8 were designed to determine
These findings show that pilocarpine treatment influences théhe relative ratios of the RNA of htra2-isoforms. Since it is not clear
generation of the beta3 isoform in the brain. The isoform is switchedvhich messages would stay constant during pilocarpine treatment,
off in the hippocampus and, later in time, turned on in the cortexWe used the same amount of total RNA in each protection. Based on
The time course of switching between the betal and beta3 isoforifhe total RNA, there might be an increase (in hippocampus only) of
in the cortex is slightly slower than in the hippocampus. Thistotal htra2-beta mRNA levels between 1 and 6 h of pilocarpine
might reflect the fact that, characteristically, the pilocarpine-inducedreatment. However, we did not observe a dramatic change in the
activity changes originate in the hippocampus and progressively buil@mount of htra2-betal mRNA like that detected in ischaemia (Matsuo
up into an electrographic seizure that is registered initially in€tal, 1995) and upon macrophage induction (Sege&., 1996).
hippocampus while cortical recordings display minor changes. Laterdn order to determine whether there is an effect on htra2-betal protein,
the electrographic seizures become highly synchronized in the hippave tested its protein expression levels in Western blots using total

Beta3-isoform

campus and cortex (Turskt al., 1983, 1984). lysates from different time points after induction and our htra2-betal
antibody, which recognizes betal and 2, but not beta3. As shown in
Betal/beta2 isoform ratio Fig. 9, we did not observe a change in htra2-betal protein in

. . . . hippocampus (Fig. 9A) or cortex (Fig. 9C). In addition, we did not
Inspection of _the alternatlvely_ spliced exon 2 (Bedal, 1997) observe expression of beta2 isoform at any time point (Fig. 9C) in
reveals th_e emst_ehce of a palindrome flanked t_)y two repeats. T_h_'éortex or hippocampus (data not shown).
structure is reminiscent of a sequence found in the male-specific
intron M1 of theDrosophilatransformer-2 gene and could be a target
for regulatory proteins (Beiét al., 1997). In fact, it has been shown
that Drosophilatra-2 protein binds to this region of tHerosophila ~ These experiments demonstrate that pilocarpine treatment can
M1 intron (Amreinet al., 1994), indicating that this region is involved change the alternative splicing patterns of the htra2-beta gene.
in autoregulation. To this end, we could previously show that theGenetic analysis irDrosophila has revealed a direct influence of
ratio of htra2-betal to htra2-beta2 changes in response to stimulatidransformer-2 on exon 4 of the double-sex pre-mRNA, on an

in T-cells and primary spleen cultures (Baital, 1997). These alternative 5 splice site in fruitless (Heinrichtal, 1998), as

Effect of neuronal activity on other alternatively spliced genes

Fic. 6. Immunohistochemical localization of the tra2-betal protein in the hippocampus. Panels on the left show staining with the htra-2 antibody; those on th
right show the same fields of view with a DAPI-counterstain. (A and B) Staining with the htra-2 antibody in the CAL region of the hippocampus. The pyramidal
cell layer contains many densely packed stained nuclei, while there are only a few scattered nuclei in other layers of the hippocampus. (C and D) Increas
neuronal activity after pilocarpine treatment (3 h) does not change the staining intensity. (E and F) High power view of htra-2 staining in the hippocampal CA!
region, showing that the staining is strictly confined to the nuclei. While most nuclei are htra-2-positive, some are clearly devoid of staining (arrowheads). (C
and H) Negative control: no stained nuclei are found after preabsorption of the antibody with the peptide used to generate the antibody. (I) Confocal microscoy

reveals the speckled distribution of the antigen in the nuclei. Scale bargis@—D), 100um (E-H) and 1Qum (1).
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Fic. 7. Change of htra2-betal to -beta3 ratio after stimulation with pilocarpine (A). Schematic diagram ofeth@ &f the htra2-beta gene. Location of the
primers and splicing patterns generating the betal and beta3 isoforms are indicated. (B) RT-PCRugdioig/IRNA from normal (C) and stimulated

(1-48 h) hippocampudd(ft) and cortex fight). The structure of the PCR products is schematically indicated on the right. The band running between the 404
and 242-nt bands is probably a heterodimer (Zorn & Krieg, 1991) of those two bands. 0: PCR with RNA. 00: PCR without template. The diagram below show:
a statistical evaluation of three independent experiments, error bars are standard deviations. (C) The same experiment was performed for cortex.

well as on exuperantia (Hazelrigg & Tu, 1994) and on alternativerepression of the neuron-specific form after stimulation, both in
testis transcript (Madigaretal, 1996). However, there are no hippocampus (Fig. 10M and N) and cortex (Fig. 100 and P).
mammalian homologues for these target genes and, owing to the These experiments indicate that pilocarpine-induced neuronal
lack of genetic systems, target RNAs for various splice factorsactivity changes the alternative splicing pattern of some, but not all,
have not been determined in mammals (Manley & Tacke, 1996).alternatively spliced messages.

We therefore tested the influence of pilocarpine induction on several
alternatively spliced cassette exons, where the ratio of exon indUSiOBiscussion
to exclusion can be determined by RT-PCR. First, we tested the
clathrin light chain B gene expressing a neuron-specific exon ENDur results provide evidence that alternative splicing patterns are
(Stammetal,, 1992). Exon EN is surrounded by weak splice sitesinfluenced by pilocarpine-induced changes of neuronal activity in the
and its expression is enhanced by the SR-protein SF2/ASKvo rat brain. Pilocarpine is a muscarinic cholinergic agonist whose
(Cacereset al, 1994). As shown in Fig. 10A-D, pilocarpine treatment systemic application leads to electrographic seizures, brought about
leads to an increase of exon-EN-skipping both in hippocampus anby the stimulation of cholinergic neurons (Turskial.,, 1983, 1984).
cortex. Neuron-specific exons have been analysed in cerebellds pre-mRNA splicing takes place in a multienzyme complex, the
neurons by quantitative single cell PCR, and it was found that thespliceosome, we investigated the effects of neuronal stimulation on
alternative exon of the GABA(Y2)-receptor and NMDARL1 exon 21 a component of this complex, htra2-beta. First, we raised an antibody
show expression profiles similar to those of clathrin light chain Bagainst htra2-betal and used it to test the protein levels of htra2-
(Wang & Grabowski, 1996). We therefore analysed these exons bpetal in developing and adult brain. We found that, on average, the
RT-PCR, using RNAs from stimulated rat hippocampus and cortexamount of htra2-betal stays constant during development. Often,
As shown in Fig. 10E—H, we did not detect a change in the alternativalternative exons are surrounded by weak splice sites (Statan
splicing pattern of the GABA(y2)-receptor. However, we found a 1994), whose usage can be stimulated by the presence of exon-
small change in the expression of NMDAR1 exon 21 (Fig. 10K-L) enhancer motifs that are recognized by members of the SR or SR-
in cortex. Finally, we tested the influence of neuronal activity on thelike family of proteins (Fu, 1995; Valeeel & Green, 1996). It has
neuron-specific exon NI of skc (Levy et al, 1987; Pyper & Bolen, been demonstrated boih vivo andin vitro that alternative splicing
1989; Black, 1992) and, as with clathrin light chain B, we foundis influenced by the concentration of SR-proteins or other RNA
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Fic. 8. Change of htra2-betal to -beta2 RNA ratio after stimulation with pilocarpine. (A) Schematic diagram betited the htra2-beta gene. (B) Schematic
diagram of RNAse protection assay used. The alternative exon Il is indicated by dark shading. The protected fragments are 42-nt nucleotides for htra2-bet
and 114 nt for htra2-beta2. Exon | is used by the variants betal and beta3, and exon | and exon Il are joined in the beta2 and beta4 RNA isoform. (C) Analys
of exon | to exon (I+ II) ratio in hippocampus with RNAse protection assay. The structure of the protected fragment is indicated on the right. Riboprobe:
untreated riboprobe. M: end-labelled Mspl pBR 322 marker. O: riboprobe without RNA. C: untreated hippocampal RNA. 1-48 h: time after pilocarpine induction
when the hippocampi were isolated. (D) Statistical representation of four independent experiments from hippocampus. The ratio of exon | to exon Il was set
one in control hippocampus. Standard deviations are indicated. (E) Analysis of exon | to exdh) (atio in cortex with RNAse protection assay. The details

are similar to those in (C). (F) Statistical representation of four independent experiments from cortex. The ratio of exon | to exon Il in control hippocampus
was set to one and used to normalize the ratio in cortex. Standard deviations are indicated.

binding factors, such as hnRNPs (Ge & Manley, 1990; Mayeda & Using the muscarinic cholinergic agonist pilocarpine, we induced
Krainer, 1992; Ceereset al, 1994; Mayedeet al, 1994; Wang &  seizures in rats, and determined the effects on the splice variants of
Manley, 1995)In vitro experiments show that htra2-alphal and betalhtra2-beta. A schematic diagram of the human htra2-beta gene and
can act as exon enhancers, binding to the purine-rich enhancés splicing variants is given in Fig. 1. Sequencing of various rtra2-
sequence A3 (Tacket al, 1998). However, since the htra2-betal beta isoforms generated by RT-PCR from rat tissues revealed that the
concentration remains constant, we conclude that it does not act aseaxon—intron structure is completely conserved between human and
global alternative exon enhancer during brain development. rat (data not shown).

We next investigated tra2-betal levels in adult rat brain and found In hippocampus, pilocarpine induction represses the beta3 isoform
that they are expressed roughly at the same concentrations in differeabhd simultaneously increases the amount of the beta2 isoform. We
brain regions. However, using immunohistochemistry we could showhave no indication that the promotor activity of the htra2-beta gene
that not all nuclei contain the htra2-betal protein. Thus, while theor its mMRNA stability is severely affected by pilocarpine treatment.
protein is present in all regions of the adult brain, its expression aTherefore, we assume that this splicing regulation will allow the
the cellular level seems to be regulated in a highly specific mannerhtra2-betal isoform to stay constant by replacing the beta3 with the
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Fic. 9. Expression level of htra2-betal protein in stimulated hippocampus and cortex. Lysates from brains at the time indicated after pilocarpine injection wer
tested with anti-tra2 antiserum and anti-actin in Western blot. C: untreated control. (A) The tra-2-betal immunoreactivity in stimulated hippocampus, (B) the
same filter reprobed with anti-actin and (C) tra-2-betal immunoreactivity in stimulated cortex, tra-beta2 peptide was loaded to demonstrate that no bet:
expression can be detected in stimulated cortex. (D) The same filter reprobed with antiactin.

beta2 isoform from a possibly constant pre-messenger tra2-beta RNA Therefore, it is likely that changes in the alternative splicing pattern
pool. Thus, the beta2 isoform could form an RNA ‘reservoir’ helping of the htra2-beta gene will affect other alternatively spliced genes as
to regulate the relative amounts of betal to beta3. well. In fact, we found a strong effect on the alternative splicing of
In the cortex, pilocarpine-induced stimulation shifts the splicingthe clathrin light chain B gene; pilocarpine-induced neuronal activity
pattern towards the beta2 isoform as well. In addition, there is ancreases skipping of the neuron-specific exon EN (Fig. 10A-D).
small amount of beta3 isoform detectable after 6 and 12h offhis exon encodes a calmoduline binding site that probably results
stimulation. Taken together, pilocarpine induction changes the expresn an enhanced calcium sensitivity of neuronal clathrin-coated vesicles
sion of the beta3 protein, which disappears in the hippocampus an@ackson, 1992). A decrease of the neuronal relative to the non-
appears in the cortex. Since the beta2 variant is not translated inqeyronal form would therefore result in an endocytotic machinery
protein,_this means th?‘t’ at the protein Ieve!, the beta3 _i5°f°rmwhich is less sensitive to calcium after pilocarpine stimulation.
expression changes while the full length betal isoform protein Ievelﬁthanges of clathrin light chains after stimulation have also been
remain constant. The changes of alternative splicing are reversible,, o ateq implysia Here, serotonine-induced increases in the

becau_se_the_ ratios of splice variants approach normal levels aft%\rmount of clathrin light chains in sensory neurons have been linked
48 h, indicating that the changes we see are probably caused by ey

. . L 0 long-term facilitation (Huet al,, 1993). It is conceivable that a
increase in neuronal activity and not by cell death or damage . L - ; .

Co . . : thange in alternative isoforms of clathrin light chains might also
which is also suppressed by the diazepam administered 90 min after . S .
pilocarpine. accompany synaptic plasticity in rat brain.

In Drosophila a tra-2 protein, traZ® with a domain structure IAfs|m|Iar§ffe_ct oft_neulrcipal stimulation was Ob?f;‘ved on the exo_?
similar to tra2-beta3, has been described as a male germlin@ ofc-src. Again, simulation represses usage of the neuron-speciic

specific factor (Mattoxet al, 1990). Complementation experiments €X0n NI (Fig. 10M-P). As Nl is located in a conserved SH3 domain
in Drosophila(Amrein et al, 1994) and binding studies of the htra2 (Levy etal, 1987; Martinezetal, 1987), this change might also
beta variants (Nayleet al, 1998) did not reveal differences between modulate receptor—ligand interaction in response to neuronal activity.
the isoforms containing/lacking the first SR-domain. Not every alternative exon is influenced by pilocarpine. For
Therefore, it has been proposed that theff3@oform is involved ~ €xample, we detected a modest response of NMDAR1 receptor exon
in the ‘fine tuning’ of splicing decisions (Mattoat al., 1990). Using 21 after pilocarpine treatment only in cortex. A similar observation
a minigene of clathrin light chain B bearing a splice site mutation inwas made by Vezzarét al. (1995); prolonged kindling of rats was
the alternatively spliced exon EN that causes neuronal exon usage #own to change this splice variant after 1 week. In contrast, we did
fibroblasts, we observed exon repression by htra2-betal but not htrapet observe a significant change of splice variants of the GAB2)-
beta3in vivo (Stammet al., 1999), indicating a difference between receptor. These experiments show a high degree of specificity in the
the two isoforms. regulation of alternative splicing in the CNS; some, but not all
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Fic. 10. The effect of pilocarpine on other
alternatively spliced genes. RT-PCR analysis of
RNA from pilocarpine-treated hippocampus
and cortex. Removal of tissue after pilocarpine
injection was at the time indicated.

C: untreated control. A statistical evaluation
for three experiments is given on the right.
Standard deviations are indicated. Location of
primers and cDNA structure are schematically
indicated for each gene. For each reaction, the
ratio of exon inclusion to exon exclusion was
arbitrarily set to one in the control tissue.

(A) RT-PCR for clathrin light chain B in
hippocampus, alternative exon EN.

(B) Statistical evaluation for (A). (C) RT-PCR
for clathrin light chain B in cortex.

(D) Statistical evaluation for (C). (E) RT-PCR
for GABAA(y2)-receptor, in hippocampus,
alternative exon 24. (F) Statistical evaluation
for (E). (G) RT-PCR for GABA\(y2)-receptor

in cortex, alternative exon 24. (H) Statistical
evaluation for (G). (I) RT-PCR for NMDARI

in hippocampus, alternative exon 21.

(J) Statistical evaluation for (1). (K) RT-PCR
for NMDARI in cortex, alternative exon 21.

(L) Statistical evaluation for (K). (M) RT-PCR
for c-src in hippocampus, alternative exon NI.
(N) Statistical evaluation for (M). (O) RT-PCR
for c-srcin cortex, alternative exon NI. (P)
Statistical evaluation for (O).
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alternative splicing patterns are changed in the brain after pilocarpinBailey, C.H., Bartsch, D. & Kandel, E.R. (1996) Toward a molecular definition
treatment. of long-term memory storag@roc. Natl Acad. Sci. USA3, 13445-13452.

. o . aker, B.S. (1989) Sex in flies: the splice of lifdature 340, 521-524.
In mammalian systems, specific targets of splice factors are n aumbach, W.R., Horner, D.L. & Logan, J.S. (1989) The growth hormone-

known. In contrast, inDrosophila genetic analysis has enabled pinding protein in rat serum is an alternatively spliced form of the rat
identification of target genes of splice factors that often play an growth hormone receptoGenes Dev.3, 1199-205.

important role in deve|0pn"|ent7 e.g. in Suppression of the WhitéBe“, B., Screaton, G. & Stamm, S. (1997) Molecular cIoning of htraZ-beta-_l
apricot phenotype or in sex determination. Sexual differentiation in 2nd htra2-beta-2, two human homologues of tra-2 generated by alternative

D hilai trolled b de of alternati licing decisi splicing. DNA Cell Biol, 16, 679-690.
rosophiiais controlled by a cascade of aliernative Splicing 0€CISIONS g, 4 ghi M. P, Cooper, J., Castren, E., Zafra, F., Sofroniew, M., Thoenen, H.

in which the two SR-related proteins tra and tra-2 play a crucial role g Lindholm, D. (1993) Cholinergic regulation of brain-derived factor
(Baker, 1989). Sex determination in mammals and flies is completely (BDNF) and nerve growth factor (NGF) but not neurotrophin-3 (NT-
different, but the biochemical characteristics of a major component, 3) MRNA levels in the developing rat hippocamptis. Neurosci. 13,
tra-2, have been conserved (Dauwaldeal., 1996). It has therefore 3818-3826.

b d that . lat dule’ isti f ?ingham, P.M., Chou, T.-B., Mims, |. & Zachar, Z. (1988) On/off regulation
een propose at a regulatory module consisting or severa of gene expression at the level of splicifgends Genet4, 134-138.

components of thérosophila sex-determination pathway has been gjney, £., Kumar, S. & Krainer, A.R. (1993) Analysis of the RNA-recognition
conserved and is used for other purposes in humans (Dauwaldermotif and RS and RGG domains: conservation in metazoan pre-mRNA
etal, 1996). Our finding, that the alternative splicing of the tra2-beta splicing factorsNucleic Acids Res21, 5803-5816.

gene is changed after pilocarpine induction, and the observation @lack, D.L. (1991) Does steric interference between splice sites block the
other changes in alternative splicing support this view. From the Eﬂy'gggégjggn ¢-src neuron-specific exon in non neuronal ceitstes

experiments presented here we cannot conclude that changes gfxck, D.L. (1992) Activation of c-src neuron-specific splicing by an unusual
alternative splicing, e.g. clathrin light chain B, are influenced directly RNA element in vivo and vitroCell, 69, 795-807.

by the change in htra2-beta isoforms. It is possible that paralleFaceres, J., Stamm, S., Helfman, D.M. & Krainer, A.R. (1994) Regulation of
pathways exist that eventually affect alternative splicing. However, alternative splicing in vivo by overexpression of antagonistic splicing

in mammals, htra2-betal probably has specific target genes, as is tE%Zﬁtéi;'sg'eﬁféﬁ% ;7&6E17g%kur J. Yao. J. Baker. B. & Mattox. W.

case irDrosophila Therefore, a change in alternative splicing patterns (1997) Evolutionary conservation of regulatory strategies for the sex

of htra2 will probably coordinate changes in alternative splicing for determination factor transformer-Rlol. Cell Biol., 17, 2908—2919.

a subset of genes in response to neuronal stimulation. Chiquet, E.R., Matsuoka, Y., Hofer, U., Spring, J., Bernasconi, C. & Chiquet,
Neurons are different from other cell types in that they cannot M. (1991) Tenascin variants: differential binding to fibronectin and distinct

L - iees distribution in cell cultures and tissueSell Regul, 2, 927-938.
divide. Therefore, for these cells it will be more difficult to change Chomcyznski, P. & Sacchi, N. (1987) Single-step method of RNA isolation

the DNA methylation pattern or the histone acetylation pattern in -y acid guanidinum  thiocyanate/phenolichloroform  extractidmalyt.
response to external stimuli. As these mechanisms regulate transcrip-Biochem, 162, 156-159.

tion by influencing binding of transcription factors (Tate & Bird, Courty, Y., Rosinski, C.I. & Rougeon, F. (1995) Various transcripts are
1993; Siegfried & Cedar, 1997) and chromatin structure (Jeppesen, generated from the VCSAL gene by alternative splicing and poly (A)

; : ‘i ; oo processing in the rat submandibular gla@®ne 162, 291-296.
1997), respectively, alternative splicing might be an attrac'ﬂveDanoff, S.K,, Ferris, C.D., Donath, C., Fischer, G.A., Munemitsu, S., Ullrich,

altemativ_e for the _fegu'ation of gene ?CtiVity' e.g. by_producing A., Snyder, S.H. & Ross, C.A. (1991) Inositol 1,4,5,-trisphosphate receptors:
nonfunctional protein isoforms. In fact, it has been estimated that Distinct neuronal and nonneuronal forms derived by alternative splicing
~ 5% of on/off regulation inDrosophilais caused by alternative differ in phosphorylationProc. Natl Acad. Sci. US/88, 2951-2955.

splicing (Binghanet al., 1988). In conclusion, a change of alternative Dauwalder, B., Amaya-Manzanares, F. & Mattox, W. (1996) A human

-~ : o : ; homologue of the Drosophila sex determination factor transformer-2 has
splicing .|n response to neuronal aCFIYIty. might b? an important conserved splicing regulatory functionBroc. Natl Acad. Sci. USA93,
mechanism to convey molecular plasticity in the brain. 9004-9000.
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