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The expression of the synaptic vesicle antigens synaptophysin (SY) and synaptoporin (SO) was studied in the rat striatum. which contains a nearly
homogencow. population of GABAergic neurons. In situ hyhridization revealed high levels of SY transcripts in the striatal anlage !'rom
emhryonic day (E) 14 until birth. In contras!. SO hybridization signals were low. and no immunoreactive eell bodies were detectcd at these stages
of development. At E 14. SY -immunoreaetivity was restricted to perikarya. In later prenatal stages of development SY -immunoreactivity
appeared in puneta (identified as terminals eontaining immunostained synaptie vesicles). fibers. thick fiber bundles and ·patches'. In postnatal
and adult animals, perikarya of striatal neurons exhibited immunoreaetion for SO; ultrastructurally SO antigen was found in the Golgi apparatus
and in multivesieular bodies. SO-positive boutons were rare in the striatum. In the neuropil, numerous presynaptic terminals positive fm SY werc
observcd. Our da ta indieate that the expression of synaptic vesicle proteins in GABAergic neurons of the striatum is developmentally regulatcLi.
Whereas SY is prevalent during embryonic development. SO is the major synaptic vesicle antigen expressed postnatally by striatal neurons which
project to the globus pallidus and the substantia nigra. In contrast synapses of striatal afferents (predominantly from cortex. thalamus amI
substantia nigra) contain SY.

INTRODUCTION

Synaptic vesicles are key organelles in the regulated
release of neurotransmitters and other molecules from
chemical synapses. The membrane of synaptic vesicles
is characterized by specific proteins involved in transmitter uptake, exocytosis and membrane recycling K,25.
These include two members of a putative channel
protein super-family, synaptophysin (SY)9.28 and synaptoporin (SO)I t, SY and SO displayahigh degree of
sequence identity 11 and may form gap junction-like
channels during neurotransmitter release 2.26 .
Synaptophysin and synaptoporin transcripts are differentially distributed in the postnatal and adult rat
central nervous system th, In the striatum, SO transcripts are more abundant than SY mRNA I6 . While
neurons in most brain areas are highly heterogeneous
with respect to transmitters, almost all striatal neurons

are GABAergicIO.17.20.29. These cclls. wh ich projcct to
the globus pallidus and the substantia nigra. reccivc
afferent input from the cortex and the thalamus, and
midbrain dopaminergic neurons 22 . Striatal GABAergic
neurons constitute an essential component of the basal
ganglia and have been implicated in a wide range 01'
kinetic functions 3 . Perturbations of striatal input systems are believed to represent etiological factors underlying several neurological diseases 4 . Thus. analysis
of synaptic organelle development might shed light on
the mechanisms of striatal dysfunction, Here we report
on the spatial and temporal patterns of SY and SO
expression during prenatal and postnatal development
of the striatum and on the cellular and subccllular
expression of these vesiclc proteins in the adult, as
revealed by in situ hybridization histochemistry and
immunocytochemistry at light microscopical and ultrastructural levels.
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MATERIALS AND METHODS
Animals
Adult rats of both sexes and pregnant rats (Sprague- Dawley)
were purchased from Charles River (Sulzfeld, FRG). Embryonie
tissue was obtained from day 14 to day 21 (E 14-21, day of insemination = day 0), In addition, tissue was obtained from newborn (P 0)
and postnatal rats (P 3, P 5 and P 8). The animals were anesthetized
with 4% chloralhydrate (1 ml/1oo g b.wtJ. Brains were removed and
further processed as described below.
In

hybridization histochemistry
Cryostat sections of embryonie rat brains were mounted on
POIY-L-lysine coated slides and fixed in 4% (w Iv) paraformaldehyde
in PBS. In situ hybridization was performed as previously described 16 .
Briefly, the 45-mer antisense oligonucleotide probes ASyl (complementary to nucleotides 514-557 of the rat synaptophysin cDNA14 )
and ASol (complementary to nucleotides 1135-1180) and AS02
(complementary to nucleotides 922-965) specific for rat synaptoporin transcripts l l were used in all experiments. Probes were 3'endlabeled to identical specific activities with 5'-[a- 35 S)dATP 0,200
Ci/mmol, NEN) using terminal deoxynucleotidyl transferase
(Gibco/BRL, Eggenstein, FRG) at a 30: 1 molar ratio of dATP:
oligonucleotide. Control hybridizations were performed in the presence of a fifty-fold excess of unlabelled oligonucleotide. Sections
were dipped in Kodak NTB2 emulsion (diluted 1: 1 with water).
developed and stained with 0.1 % (w Iv) thionin.
SÜll

Immunocytochemistry
For light microscopic immunocytochemistry, brains were immersed in Bouin's fixative for 12 hand embedded in paraffin. Serial
sections (6 j.tm) were cut and mounted on gelatin-coated glass sUdes.
For immunohistochemical detection of SY and SO, polyc\onal rabbit
antisera directed against rat synaptophysin 9 (kindly provided by R.
lahn, New Haven) or synaptoporin ll were used. Preliminary studies
had shown that antibody dilutions of 1: 1,000 (SY) and 1: 200 (SO)
resulted in highly specific labeling signals. These dilutions were
therefore used in all experiments reported here. Details of the
immunocytochemical procedures have been described previously 1,12.
Antigen/antibody complexes were visualized by the avidin-biotinperoxidase complex (ABC) technique 6 . Controls incubated with 2%
(v Iv) goat serum in PBS or with normal rabbit serum (I: 1,000) were
negative.
To obtain specimens for electron microscopy, pregnant or nonpregnant rats were anesthetized (4% wIv) chloral hydrate, I ml/lOO
g b.wt.). Fetuses were removed by Cesarean section and perfused
transcardially for 5-6 min with 2% (w Iv) paraformaldehyde, 3%
(v Iv) glutaraldehyde, 1% (w Iv) acrolein, 2.5% (v Iv) dimethyl sulfoxide (v Iv), 9 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.4. Adult rats
were perfused through the ascending aorta with the same fixative for

15 min. Subsequently, brains were removed, postflxed in the same
fixative at 4°C for 3-4 h. and placed in PBS overnight. Coronal
sections (30 j.t m) of the forebrain were cut on a vibratome (Oxfo[(j
Instruments) and processed for pre-embedding staining employing
the ABC technique 6 Briefly, after treatment in 5% (v /v) goat serum
the sections were incubated for 12 h a! room temperature alld for 24
h at 4°C with anti-SV (1: 1,000) or anti-SO (J: 2(0), respectively.
Biotinylated goat anti-rabbit IgG (I : 250 dilution. I h) and avidinbiotin-peroxidase complex (1: 200 dilution. 2 h. Vector, Camon.
Wiesbaden, FRG) were used in the second and third steps of
immunostaining. All incubations were carried out at room temperature under gent1e shaking. The peroxidase substrate consisted of
0.05% 3,3'-diaminobenzidine-tetrahydrochloride (Aldrich, Steinheim, FRG). After washing in 50 mM Tris-HCI, pH 7.6, some
sections were coverslipped for light microscopical observations. From
other sections the striatal anlage was dissected, postfixed in 1%
(w Iv) OS04 in 0.1 M phosphate buffer. pR 7.2, for 45 min. rapidly
dehydrated and embedded in Epon 812 (Fluka, Neu-Ulm, FRG). For
polymerization sections were placed between coverslips and slides
precoated with dimethyldichlorosilane. Ultrathin sections were
viewed unstained or poststained with lead citrate and uranyl acetate.
Controls were carried out as described above.

RESULTS

First, SY and SO transcript levels were analyzed
during prenatal development. At days E 14 and E 19
strong hybridization signals for SY mRNA were observed over the cells of the striatum (Fig. 1A and
2A,B). In contrast, SO mRNA signals were 10w at E 14
(Fig. lB) and aIl later prenatal stages (data not shown).
Apparently only the SY gene is efficiently transcribed
in the prenatal striatum, whereas paucity of SO transcription is obvious in prenatal striatal neurons.
These data are supported by immunocytochemical
observations, which revealed that numerous ceIls in the
E 14 striatal anlage were intensely stained for SY
whereas others showed moderate or weak reactions
(Fig. 3A). SY-immunolabeling was found in cap-like
arrangements around ceIl nuclei (Fig. 3B). Outside the
perikarya no SY immunoreactivity was observed at E
14.
In contrast, at E 17 and at later stages perikaryal SY
immunolabeling was absent (Fig. 4A,C and D). How-

Fig. 1. Visualization of SY and SO transcripts in the striatal anlage at E 14. In situ hybridization histochemistry revealed a strong signal for SY
(A) and a low one for SO transcripts (B). Horizontal sections. Dark field. Bar = 200 j.tm. m, medial; r, rostral.
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Fig. 2. Visualization of SY transeripts in siriatal cell bodies al E 14 and E 19. High levels of SY transeripts are evident over cell bodies of striatal
neurons at E 14 (A, same section shown also in Fig. JA) and E 19 (B). No signal was detected over slrialal neurons if a [ifty-fold excess uf
unlabelled SY oligonucleotide was used (C). Bars = 50 !lm.

Fig. 3. Immunocytochemical detection of SY in the striatal anlage at E 14 Numerous SY immunoreactive perikal)'a were found (A). At higher
magnification (B), a cap-Jike arrangement of the reaclion product, c10sely associated with the nucleus, was observed. These structures may
represent reservoirs of synaptic vesicles. Horizontal section . Bar in A = 200 ,um, in B = 30 ,um. m. medial.
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Fig, 4. Immunocytochemical detection of SY in the striatum at E 17. E 20 and PO. A: at E 17, immunostaining for SY was evident in puneta and
in numerous fiber bundles (arrows). Note that no patches were seen in this developmental stage. B: terminals containing synaptic vesicles
immunostained for SY were observed in the late prenatal period (E 20). C: at P 0, strong immunostaining for SY in fiber bundles (arrow) and
numerous 'patches' (arrowheadsl was found. D: at higher magnification, a punctuate staining is revealed within the patches. Scale bar in A = 25
/oLm. in B = n.5 /oLm, in C = 40 /oLm, in D = 12.5 /oLm.

ever SY antigen was found in thin nerve fibers and
puncta. In addition, thick SY-immunoreactive axon
bundles were conspicuous in the striatum at E 17 and
P 0 (Fig. 4A,C and D). Ultrastructural investigations
revealed that the puncta of SY immunoreactivity within
the striatum represent presynaptic endings (Fig. 4B).
Moreover. at E 19 'patches' of SY-immunoreactivity

became evident. Their number increased between E 19
and P O. Numerous puncta, fibers, bundles and
patches, intensely stained for SY, were found in the
striatum at P 0 (Fig. 4C and D). No significant SO
immunoreactivity was seen du ring the entire period of
prenatal development.
Also within the first postnatal week the striatal

Fig. 5. SO immunoreactivity in striatal perikarya at P 3 and P 8. Immunoreactivity is mainly confined to cell bodies (arrowheads) and fibers
(~rrow,)

A' P1 R: PS. Rars = l'i um.
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Fig. 6. SO amt SY immunoreactivity in the adult striatum A: eross-sectioned axon hundles (stars) are unlahelled, whereas perikarya (arrows) show
intensc immunolabding for SO. B: numerous SY-immunoreactive puneta were deteeted in the striatal neuropil. Unlabelled cross-sectioncd thick
internal eapsule bundles are marked hy stars. C: ultrastruetural loealization of SO immunoreaetivity in the Golgi apparatus of a slria1al neuron.
Section poststained with lead citrate and uranylaeetate. 0: the SY-immunoreactive puneta (see C) correspond to nerVt: endings. I'resynaptic
terminals with SY-containing synaptie vesic\es are shown. The arrow points 10 an (axospinous) synapse. No poststaining. Bars in A amt C ~ 20
/Lm, in Band 0 ~ 0.5 /Lm.

neuropil was heavily immunostained for SV. ]n contrast, SO immunoreactivity was mainly confined to the
perikarya of striatal neurons (Fig. 5). ]n addition, immunoreactivity was found in some puncta and processes.
]n the adult striatum numerous SY immunoreaetive
puncta (Fig. 6B) were revealed in the neuropil wh ich
were identified as presynaptic endings at the ultrastructural level (Fig. 60). Compared to the situation
seen around birth (see above) no SY immunoreactivity
was seen in fibers. Also the internal capsule axon
bundles respresenting corticofugal fibers exhibit no SY
immunoreactivity (Fig. 6B). ]mmunoreactivity for SO
was observed mainly in neuronal cell bodies (Fig. 6A).
Ultrastructurally, immunoreaction product was found
in the Golgi apparatus (Fig. 6C) and in multivesicular
bodies (not shown). Only a few presynaptic boutons,
immunoreactive for SO, were detected in the striatum
(not showrÜ.

DISCUSSION

The striatum is composed of a large fraction (approximately 95%) of medium-sized spiny projection
neurons and a sm all number of interneurons~·.'2 ..''!. Essentially all of the former and many 01' the latter are
GABAergieIO.17.2Y. Thus, signals to brain areas receiving striatal input, e.g. pallidum and substantia nigra,
are predominantly conveyed via the inhibitory amino
acid GABA. Striatal afferents are also weil characterized and comprise mainly glutaminergic cortical and
thalamic as weil as dopaminergic inputs from the substantia nigra4.211.22.
The homogeneity of the striatal neuron population
and the weil documented striatal afferents provide an
ideal basis to address pertinent questions regctrding
correlations between the biosynthesis 01' characteristic
synaptic vesicle membrane proteins, fiher outgrowth
and synaptogenesis. In addition, the adult striatum is
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one of the rare brain areas where SO transcripts are
more abundant than SY transcripts whereas neurons
projecting to the striatum (from the cortex, the thalamus and the substantia nigra) are rich in SY transcripts 16. Data describing SO and SY protein expression during prenatal development of the striatum and a
comparison with that seen in the postnatal and adult
rat therefore may help to elucidate basic mechanisrns
of basal ganglia development and function.

stage of development. Also, in the adult striaturn both
SO mRNA16 and SO protein (this study) are seen in
most striatal neurons, which project to the globus pallidus and the substantia nigra. The few SO-positive
boutons observed within the striaturn rnay arise horn
local axon colaterals of striatal GABAergic neurons or
corticostriatal projections. The latter interpretation is
consistent with the presence of SO transcripts in the
rat cortex 16.

Striatal neurons express mainly SY during prenatal development
At E 14 a strong hybridization signal for SY mRNA,
an intense perikaryal immunolabeling and the absence
of immunopositive fibers imply that massive biosynthesis of SY takes place in the striatal anlage at this stage
prior to striatal fiber outgrowth. Presumably, development of striatal neurons followed by fiber outgrowth,
occurs between E 14 and E 17 when dopaminergic
axons from the substantia nigra reach the striatum 2 1. 23 .
Also, expression of glutamic acid decarboxylase, enhanced under the influence of dopaminergic mesencephalic neurons, has been observed at this stage I3 .l 5,27.
Taken together these data suggest that fiber outgrowth, expression of the synaptic vesicle antigen SY
and GABA synthesis in striatal neurons are induced by
dopaminergic afferents.
Around E 17 and E 19, the striatum receives ample
synaptic input from the cerebral cortex 2\ but also from
the 'thalamus7 . The formation of these different inputs
rnay be reflected by the strong SY immunoreactivity
observed in fibers and thick striatal axon bundles followed by the formation of abundant synapses containing SY positive synaptic vesicles at E 20. The presence
of SY in outgrowing fibers prior to synaptogenesis has
also been noted in the developing spinal cord 1. In
addition between E 19 and P 0, groups of neurons
become surrounded by an intense network of SY-irnmunopositive structures. These 'patches' may correspond to 'dopamine islands' or 'striosomes', wh ich represent ingrowing dopaminergic afferents from the substantia nigra 4 ,19. In the developing cat striatum these
'patches' react with antisera against the synaptic vesicle protein synaptotagmin and tyrosine hydroxylase l8 .

SY persists in adult striatal afferents
In the adult striatum, SY immunolabeling is restricted to nerve terminals but is absent in fibers. Since
most synaptic endings in the adult contain SY immunoreactivity (this study), and since SY transcripts
have been found in all brain areas projecting to the
striatum 16 , we conclude that SY is the predominant
synaptic vesicle protein present in corticostriatal, nlgrostriatal and thalamostriatal afferents.
Thus, synaptic inputs to the striatum differ from
outputs with respect to the prevalent synaptic vesicle
antigen. While striatal neurons produce SO as a major
synaptic vesicle membrane protein, the terminals of
striataI afferents contain SV. However, during prenatal
development striatal neurons preferentially synthesize
SY. This implies that around birth, striataI synaptic
vesicles containing SY are replaced by vesicles containing SO. This may contribute to the stabilization and/or
plasticity of the synaptic connection during the major
phase of synaptogenesis in this brain region.

SO is the major synaptic vesicle antigen produced by
postnatal and adult striatal neurons
Expression of SO mRNA was found to be low
throughout the entire prenatal period, and no SO
antigen could be detected immunocytochemically (this
study). After birth, the signals of SO mRNA in the
striatum increase dramaticallyl6. We found that striatal
neurons effectively accumulate SO protein at the same
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