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EXPRESSION OF SYNAPTOPHYSIN DURING THE
PRENATAL DEVELOPMENT OF THE RAT SPINAL CORD:
CORRELATION WITH BASIC DIFFERENTIATION
PROCESSES OF NEURONS

M. BERGMANN,* G. LAHR, A. MAYERHOFER and M. GrRATzZL}
Abteilung Anatomie und Zellbiologie der Universitit Ulm, D-7900 Ulm, F.R.G.

Abstract—The development of the spinal cord involves the proliferation of neurons, their migration to
well-defined areas, fiber outgrowth and synapse formation. The present study was designed to correlate
the spatiotemporal pattern of expression of synaptophysin, an integral membrane protein of small synaptic
vesicles, with these basic processes occurring during the embryonic development of the rat spinal cord.

Thoracic segments of spinal cords from embryonic days 12, 14, 16, 18, 20 and of adult spinal cords
were studied. S1 nuclease protection assays and immunoblots revealed minute amounts of specific mRNA
and synaptophysin at embryonic day 12. There was a steep increase of mRNA between embryonic days
14 and 16, after which levels reached a plateau. A rise in the amount of synaptophysin in the spinal cord
occurred between embryonic days 12 and 14, and the levels changed only slightly until the end of
embryonic development. Even higher levels of synaptophysin, found in the adult spinal cord, may indicate
that its biosynthesis continued after birth.

In situ hybridization histochemistry revealed the localization of specific synaptophysin mRNA in the
neuroepithelium. However, immunocytochemistry failed to detect synaptophysin in the neuroepithelial
cells. Following migration of the neuroblasts, synaptophysin was found in neurons concomitantly with
the onset of fiber outgrowth. Thus, already at embryonic day 12, outgrowing fibers of the dorsal root
sensory neurons and of motoneurons were synaptophysin positive. From embryonic day 14 throughout
the prenatal period, strong synaptophysin immunoreactivity was seen in the ventrolateral and dorsal parts
of the marginal layer. Most likely this staining pattern indicates transient functional synaptic contacts
because, in the adult spinal cord, the corresponding region, the white matter, exhibited only faint
synaptophysin immunoreactivity. In the intermediate layer of the embryonic spinal cord, which
corresponds to the gray matter of the adult spinal cord, synaptophysin-positive fibers were observed prior
to the formation of functional synapses. The latter are most likely permanent, since synaptophysin in the
adult spinal cord is mainly confined to the gray matter.

Our data (i) show transcription and translation of synaptophysin within the neurons of the spinal cord
and correlate these processes with proliferation, migration, fiber outgrowth and the formation of transient
or permanent synapses, and (ii) prove that synaptophysin is a marker for fiber outgrowth in addition to

synapse formation.

The developing spinal cord represents an area of the
central nervous system in which cell replication and
cell migration have been well examined.! In contrast,
details of further differentiation during neurogenesis
including fiber outgrowth and formation of mature
(functional) synapses have been studied far less. One
prerequisite of neuronal signalling is the storage and
release of neurotransmitters from synaptic vesicles.
The synaptic vesicle membranes are known to con-
tain several unique proteins. Synaptophysin, the most
abundant one, is well characterized in its biochemical
and molecular properties.®!16323 In some areas of
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the central nervous system™'* the formation of
synapses and the expression of synaptophysin occurs
simultaneously, suggesting that synaptophysin is a
marker for synaptogenesis. With this in view we
investigated the expression of synaptophysin in the
developing spinal cord at protein and mRNA levels.

EXPERIMENTAL PROCEDURES

Animals

Adult and pregnant female rats (Sprague-Dawley) were
purchased from Charles River (Sulzfeld, F.R.G.). The day
after mating was defined as embryonic day 1 (ED 1).
Embryonic material was obtained from the 12th to the 20th
day of gestation (ED 12-20).

Immunohistochemistry and immunoblotting

Embryos of ED 12 and 14 were fixed by immersion in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for
6h at 4°C, while embryos of ED 1620 were fixed by
intracardiac perfusion using the same fixative. The thoracic
segments of the spinal cord were dissected and immersed
overnight in a 20% sucrose in 0.1 M phosphate buffer at
4°C. Transverse sections (10 or 20 um) were cut on a
cryostat (Reichert) and mounted onto gelatin-coated glass
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slides. For immunocytochemical visualization of synapto-
physin, a polyclonal rabbit antiserum directed against rat
synaptophysin (see Refs 10, 11; kindly provided by Dr R.
Jahn, Martinsried) and the avidin—biotin—peroxidase com-
plex (ABC) technique® was used. Endogenous peroxidase
activity was blocked with 0.03% H,0, and 10% methanol
in phosphate-buffered saline (PBS). The sections were incu-
bated for 12-20h at 4°C with a 1:8000 dilution of the
primary antiserum in PBS containing also 0.5% bovine
serum albumin and 0.05% sodium azide. Biotinylated anti-
rabbit immunoglobulin (IgG) (diluted 1:500, from Vector,
Burlingame, CA, U.S.A.) and ABC (diluted 1:200, Vector,
Burlingame, CA, U.S.A.) were used in the second and third
steps of the immunostaining. Both incubations were carried
out for 2 h at room temperature. The immunoreaction was
visualized by a freshly prepared solution of 0.05%
3,3’diaminobenzidine-tetrahydrochloride (Aldrich, Milwau-
kee, WI, U.S.A)) and 0.01% H,0, in 0.05M Tris—HCI
buffer (pH 7.6) for 10 min. Controls were incubated with
2% mnormal swine serum in PBS. Sections were pho-
tographed using a Zeiss photomicroscope. We used the
established nomenclature of Altman and Bayer' to describe
the immunocytochemical as well as autoradiographic histo-
chemical results.

For immunoblotting, spinal cords (ED 12 and 14; ED
16-20, thoracic segments) were removed from the embryos
and homogenized in a Teflon-to-glass homogenizer followed
by sonication. After sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and blotting to nitrocellulose, immuno-
reactive bands were visualized with the same synaptophysin
antiserum used for immunocytochemistry at a dilution of
1:8000 by autoradiography using iodinated protein A. The
method has been described previously in detail.

c¢DNA and cRNA probes

The rat synaptophysin cDNA (kindly provided by Dr H.
Betz, Frankfurt, F.R.G) has been previously character-
ized.!® In brief, the 971 bp cDNA of the protein coding
region of rat synaptophysin was cloned via synthetic
adapters into the EcoRI site of the Bluescript M13 (+),
KS-vector (Stratagene, La Jolla, CA, U.S.A\) in both orien-
tations. These clones referred to as P38/S41 M13 (+) and
P38/S42 M13 (+) were used to generate cRNA (P38/S41)
and cDNA (P38/S42) antisense strands of the rat synapto-
physin mRNA.

For S1 nuclease (S1) analysis, single stranded DNA was
isolated after infection of the bacterial strain CMK603,
containing the P38/S42 M13(+) plasmid, with the helper
phage fl, according to the protocol of Promega Biotec
(Madison, WI, U.S.A.). Uniformly labeled single-stranded
c¢DNA probe was prepared as previously described.!”?” The
labeled primer extended P38/S42 M13(+) subclone was
digested with Pvull, yielding three fragments, which were
separated on 5% polyacrylamide gels (8.3 M urea); the
1055-nucleotide fragment was isolated and re-run on a 1%
agarose gel. The DNA fragment was then transferred
electrophoretically to a NA45 DEAE-cellulose membrane
(Schleicher & Schiill, F.R.G.) and eluted from the filter as
described previously.'®

The 1055-nucleotide fragment yielded was used for the Sl
assay. This cDNA probe contains 905-nucleotide of the
translated part of the sequence initiating at the 5" end of the
rat synaptophysin sequence, extending into 39-nucleotide of
the 3" untranslated part of the sequence, and 111-nucleotide
of vector sequences (see Fig. 2A).

Synthesis of ¥S-labeled cRNA (spec. act. 4 x 10°
c.p.m./ug) for in situ hybridization was carried out accord-
ing to the T3-polymerase protocol of Promega Biotec
(Madison, WI, U.S.A.) using 107 uCi of a-[**S]CTP (spec.
act. 37 TBq/mMol) and P38/S41 M13(+) linearized with
HinfI. The resulting cRNA probe contained 142-nucleotide
of the 3’ end and 39-nucleotide of the 3’ untranslated
sequence of the rat synaptophysin gene and 70-nucleotide of
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vector sequences (see Fig. 2A)). For the synthesis of the
control sense RNA (spec. act. 2.5 x 10% ¢.p.m./ug) we used
clone p38/542 M13(+) linearized with Hinfl. The resultant
sense cCRNA probe contained 21-nucleotide of the 5’ end and
70-nucleotide of vector sequences.

S1 nuclease protection assay

Total RNA was isolated by a modified guanidinium
thiocyanate—CsCl method" from extracted thoracic embry-
onic spinal cord at different embryonic stages and adult
animals from pooled male and female rats.

Twenty micrograms total RNA (determined photometri-
cally) was hybridized with an excess of **P-labeled cDNA
probe (5 x 10* c.p.m.; spec. act. 1 x 10% c.p.m./ug) in 75%
formamide, 400 mM NaCl, | mM EDTA and 20mM
Tris-HCl (pH 7.4)” for 16h at 58°C. Hybridization was
terminated by digestion with 680 U S1 nuclease (S1) (AGS,
Heidelberg, F.R.G.) for 2 h at 37°C. After phenol extraction
and ethanol precipitation, samples were separated electro-
phoretically on 0.3-mm-thick 5% polyacrylamide gels
(8.3 M urea). Gels were dried and exposed on X-ray film at
—70°C using intensifying screens. The densitometric evalu-
ation of the gels (as well as of the immunoblots) was carried
out with a video-adapted image analysis program based on
a PFG-PLUS-512 board (Imaging Technology, Woborn,
MA, U.S.A)) developed by W. Warchol.

In situ hybridization histochemistry

Tissues were immediately immersed in Bouin’s fixative for
12 h. Subsequently they were embedded in paraffin and
serial sections were cut (5um) and mounted on 3-
aminopropyl-triethoxysilan (Sigma)-coated slides.

The sections were deparaffinized by running through
xylene and ethanol, chloroform and ethanol, they were dried
under vacuum and prehybridized at 50°C for 3 h with 1 ml
hybridization solution [50% formamide, 0.75M NaCl,
25mM PIPES, pH 6.8; 25mM EDTA; 5x Denhardt’s;
0.2% sodium dodecyl sulfate; 10mM DTT; 250 pg/ml
denaturated herring sperm DNA (Boehringer, Mannheim,
F.R.G.); 250 ug/ml yeast tRNA (Boehringer, Mannheim,
F.R.G.) and 10% dextran sulfate]. Subsequently they were
hybridized at 50 °C overnight with 5 ng labeled cRNA probe
(spec. act. 4 x 10® c.p.m./ug) in 150 ul hybridization sol-
ution in a humified chamber. Controls consisted of sections
pretreated with 100 pg/m] RNAse A (Boehringer) at 37°C
for 30 min prior to hybridization and by use of 5 ng labeled
sense CRNA probe (spec. act. 2.5 x 10® c.p.m./ug) in 150 ul
hybridization solution. After hybridization, sections were
rinsed twice in 4 x sodium chloride/sodium citrate (SSC),
20 mM f-mercaptoethanol and twice in 4 x SSC at room
temperature. In order to reduce background, sections were
treated for 30 min at 37°C in a buffer containing 0.5 M
NaCl, 10mM Tris-HClI pH 7.5, ImM EDTA and
100 ug/ml RNAse A. They were then incubated for 30 min
at 37°C in the same buffer without RNAse A added and
washed twice with 2 x SSC at 50°C for 15 min. Slides were
rinsed in ascending alcohol solutions, air-dried and dipped
in Iliford K2 emulsion diluted 1:1 with H,0. They were
exposed for four weeks at 4°C and developed with Kodak
D19 at 16°C for 4min. The sections were counterstained
with Hemalaun (Mayer) and eosin.

RESULTS

In an attempt to analyse the time-course of synap-
tophysin expression in the rat spinal cord, we first
determined the amounts of synaptophysin mRNA
and of synaptophysin in spinal cord extracts at
different embryonic days. At ED 12 only minute
amounts of synaptophysin and its mRNA could be
detected in immunoblots and S1 nuclease analyses,
respectively (Figs 1, 2). Between ED 12 and 14 both
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Fig. 1. Western blot of synaptophysin in embryonic and adult rat spinal cords. Synaptophysin increases

between ED 12 and 20 approaching the adult level (see also Fig. 3). At ED 12, 14 and 16 an additional

immunoreactive band with a molecular weight of around 67,000 is visible. Fifteen micrograms of protein
loaded per slot. The sizes of the molecular weight markers are indicated on the left side.
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synaptophysin and its mRNA increased. The amount
of synaptophysin reached a plateau between ED 14
and 18 followed by a moderate increase prior to birth.
However, the level of synaptophysin at ED 20 was
lower than that observed in the adult rat. At ED 12,
when synaptophysin itself exhibited only a very weak
band (see Fig. 1), an additional immunoreactive
doublet of bands at approximately 67,000 mol. wt
was prominent. This doublet gradually decreased
between ED 14 and 18. The time-course of expression
of synaptophysin mRNA was different to that of the
protein. A steep increase in synaptophysin mRNA
was observed between ED 14 and 16. Then a high
level of specific mRNA was maintained throughout
the embryonic period (Fig. 3).

In situ hybridization histochemistry and immuno-
cytochemistry were used to identify the neurons of
the spinal cord engaged in transcription and trans-
lation of synaptophysin (Figs 4-8). At ED 12 and 14
transcription occurred in the neuroepithelium (Fig.
4A, B), as well as in neurons, which had migrated.
This is shown for ED 14 in Fig. 4A, B, where synapto-
physin mRNA was found in the motor neurons of the
ventral horn and in the neurons of the lateral horn.
In addition, the dorsal root ganglion exhibited strong
labeling. No specific labeling could be detected with
the sense cRNA (Fig. 4C) or after treatment with
RNAse A prior to hybridization (not shown).

The in situ hybridization data support the obser-
vations obtained by immunocytochemistry. At ED
12, when the neural tube consists of the neuroepithe-
lium and the primitive ventral horn, faint synapto-

physin immunoreactivity could be observed in the
motor neurons of the ventral horn (Figs 5A, 6C).
Immunoreactivity was more pronounced at its exter-
nal border as well as in the outgrowing nerve fibers
of the motoneurons of the ventral horn (Fig. 6C). A
faint staining was also seen in the dorsal root
ganglion (Figs 5A, 6A). Its fibers approaching the
immature dorsal horn exhibit stronger immunoreac-
tivity (see the higher magnification of the dorsal root
and the dorsal root entrance zone in Fig. 6A). In
contrast to the postmitotic neurons described above,
the proliferating cells within the neuroepithelium
were unstained at ED 12 as well as in all later stages
(see Fig. SA, B). Also, the ependymal cell layer
surrounding the central canal was immunonegative
for synaptophysin in all sections studied (Fig. SA, B).

Faint synaptophysin immunoreactivity in the peri-
karya and increased staining in the more peripheral
parts of the nerve fibers were also a consistent
observation at ED 14. This could be observed in the
region of the contralaterally projecting fibers of
the ventral commissure, as well as in the region of the
ipsilaterally projecting fibers of the interneurons (Fig.
5A). However, at ED 14 most prominent immuno-
staining occurred at two places, namely within the
bifurcation zone of the dorsal root and in the ventral
funiculus of the marginal layer (Figs SA, 6B, D). The
latter was interrupted by faintly stained channels,
which contain fibers of the motoneurons leaving the
spinal cord (see Figs 5, 6D, 7). The staining of these
fibers became stronger with increasing distance from
the perikarya (Fig. 7).
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At ED 16-20, synaptophysin immunoreactivity
was mainly confined to the ventral marginal layer
(Fig. 5A, B). Its ventral funiculus becomes continu-
ous with the newly formed lateral funiculus (out-
growth of the ipsilaterally projecting fibers of the
relay neurons) (Fig. SA). In addition, the dorsal
funiculus exhibited synaptophysin immunoreactivity
due to the growth of the intrasegmental primary
afferent colaterals to the dorsal horn at ED 16 (Figs
SA, 8). At ED 18, within the dorsal spinal cord, the
dorsal funiculus ascending zone is formed, which
exhibited strong immunoreaction (Fig. 5B). At ED 20
the strongly stained dorsal funiculus could clearly be
distinguished from the adjacent dorsal horn and the
posterior sulcus becomes deeper (Fig. SB).

In the adult spinal cord, synaptophysin immunore-
activity occurred in the entire gray matter, especially
in the superficial layers (L I-III) of the dorsal horn.
Staining was weak or absent in the perikarya, but
punctuate staining was obvious, indicating, most
likely, surrounding nerve terminals. In contrast, the
white matter exhibited only faint staining (Fig. 5B).

DISCUSSION

There are two principal novel findings concerning
the expression of synaptophysin during the ontogeny
of the spinal cord: Its mRNA is already present in the
neuroepithelium, but the protein synaptophysin is
not present before postmitotic neurons have mi-
grated. Furthermore, synaptophysin is disposed in
outgrowing nerve fibers and is not restricted to
synapses.

Synaptophysin transcription and translation precedes
synapse formation

Proliferation of neurons in the developing spinal
cord exclusively occurs in the neuroepithelium of the
neural tube, giving rise to cells which differentiate
into mature neurons.! We observed that synapto-
physin mRNA was already present in the neuro-

epithelium which was devoid of synaptophysin
immunoreactivity. The protein synaptophysin was
only expressed in postmitotic cells: e.g. neurons which
have migrated and formed the primitive ventral horn
at ED 12. This suggests that expression of synapto-
physin is under post-transcriptional control. Recently
a similar delay between the appearance of specific
mRNA and the immunocytochemically detectable
protein has been observed in the mitral cells of the
olfactory system for a cell surface protein.®

In the motor neurons of the ventral horn at ED 12,
fiber outgrowth and the expression of synaptophysin,
the integral membrane protein of small synaptic
vesicles occurred in a parallel way. Moreover, choline
acetyltransferase, an important enzyme for transmit-
ter biosynthesis, is present within motor neurons
when their axons have projected from the spinal
cord.” Thus, the biosynthesis of two prerequisites for
future synaptic transmission at the neuromuscular
junctions starts as early as ED 12.

The synaptophysin-containing nerve fibers spread
out between ED 12 and 14. The outgrowing fibers are
known to reach the myotomes as early as ED 13.
Moreover, although a direct comparison between two
species cannot be made, neuromuscular junctions
containing a synaptic vesicle antigen have been ob-
served at ED 14 in another rodent species, the
mouse.”” In the rat, the motor neurons become
excitable around ED 14% and electrical as well as
chemical excitability appear one week before birth.
The first evidence for functional synaptic trans-
mission within rat intercostal muscles was reported to
occur at ED 15:° ie. three days after the onset of
synaptophysin translation.

Pattern of synaptophysin expression during develop-
ment indicates transient synaptic contacts

At ED 14, synaptophysin within the spinal cord
was mainly observed in the marginal layer. It ap-
peared first in the developing ventral funiculus, fol-
lowed by the lateral (ED 16) and the doral funiculus

Fig. 2. S1 protection analysis of extracted mRNA of rat tissues. For hybridization, a single-stranded
anti-sense DNA probe for synaptophysin derived from P38/S42 M13(+) clone, which is an EcoRI
subclone of 1055 nucleotides (nt) (see Experimental Procedures), was used. (A) Localization of the
single-stranded cDNA probe relative to the 5’ end of synaptophysin. Restriction sites are indicated. Bold
numbers below the restriction sites mark the positions of synaptophysin nucleotide sequence.'® The bold
line corresponds to the translated part of the synaptophysin transcript initiating near the 5" end (905
nucleotides), while the thin line (39 nucleotides) corresponds to the 3’ untranslated sequence up to the
internal EcoRI restriction site. Bluescript M13 (+) vector sequences are indicted as well as the universal
M 13 primer binding site. The cDNA probe synthesized (see Experimental Procedures) and the fragment
protected from SI digestion are indicated. All sizes of fragments are given above the lines with the
exception of the nucleotides corresponding to the cRNA probe. The in vitro run-off transcription start
site for synthesis of the cRNA probe is indicated by the T3 promoter. For the run-off transcription the
template was digested with Hinf 1. The length and the relative position of the cRNA probe synthesized
(see Experimental Procedures) is indicated. (B) *?P-labeled ¢cDNA probe defined in A served as a
hybridization probe for 20 ug total RNA each. Extracted RNA of various EDs and of the adult spinal
cord are indicated at the bottom lane. As a size marker, Hpall-digested pPBR322 was applied to the right.
The sizes are indicated on the right side. The 1055 nucleotide band represents undigested cDNA probe
(Pr) containing flanking Bluescript M13(+) vector sequences, while the 944 nucleotide fragment
(arrowhead) indicates from S1 digestion protected synaptophysin mRNA sequences in the tissues
analysed. Duration of film exposure was three days.
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Increase of synaptophysin and its mRNA
in the developing rat spinal cord
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Fig. 3. Densitometric evaluation of synaptophysin and its
mRNA in the developing and the adult spinal cord. The
autoradiographs of the S1 protection assay (Fig. 2B) and of
the immunoblot (Fig. 1) were densiometrically scanned
using a video-adapted computer system (see Experimental
Procedures). The relative values of gray levels of the bands
were plotted on the vertical axis. The values of the adult
were arbitrarily set to 1. Squares equal the relative amount
of synaptophysin mRNA synthesized. Circles give the rela-
tive amount of translated synaptophysin.
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(ED 16) of the marginal layer and was present until
ED 20. This distribution is almost a mirror image of
the adult spinal cord, where synaptophysin is con-
fined to the gray matter, while the white matter is
largely unstained. The preferential location of synap-
tophysin in the gray matter of the adult animal has
also been observed by other investigators.*** This
radical difference in the expression of synaptophysin
between embryonic and adult animal could be due to
breakdown of synaptic contacts in the marginal layer
and their formation in the intermediate layer during
development of the white and gray matter. A similar
reorganization has been observed in the cerebral
cortex, in which immunostaining for another synaptic
vesicle antigen was found to be transiently present in
the area which becomes the white matter in the adult.?

The synaptophysin-positive ventrolateral parts of
the marginal layer consist of an extensive network
of dendritic branches of the motor neurons and axons
of the contralaterally and ipsilaterally projecting
interneurons.?? 2*3 In this area, also, a growth cone-
specific protein (SCG 10) is transiently expressed
around ED 14.5-16.5' However, as opposed

Abbreviations used in figures

cpf  contralaterally projecting nerve fibers
df dorsal funiculus

dfa  dorsal funiculus ascending zone

DG dorsal root ganglion

DH dorsal horn

dr dorsal root

drb  dorsal root bifurcation zone

dre  dorsal root entrance zone

ic intrasegmental primary afferent colaterals

ipc  ipsilaterally projecting cells
If lateral funiculus

LH lateral horn

marginal layer

ne neuroepithelium

sg sympathetic ganglion

vf ventral funiculus

VH  ventral horn




Fig. 4B. Fig. 4C.

Fig. 4. In situ hybridization histochemistry of the transverse sections of a rat spinal cord (ED 14). (A) Bright-field. Expression of synaptophysin mRNA in the dorsal root
ganglion (DG), the ventral horn (VH), the lateral horn (LH) and the neuroepithelium (ne). Scale bar = 125 gm. (B) Dark-field. Scale bar = 80 um. (C) Control with sense RNA.
Scale bar = 80 pm.
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to synaptophysin, this protein is neither expressed in  presently unknown whether this band corresponds to
the late prenatal period nor in the adult spinal cord. a stable synaptophysin dimer.

Interestingly, the time-course of SCG 10 resembles Sophisticated electrophysiological studies of the

that of the 67,000 mol. wt band cross-reacting with  developing rat spinal cord indicate functional axo-
the synaptophysin antibody used in this study. It is  dendritic synapses (between motor neurons and inter-

Fig. 5A.
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Fig. 5. A summary of the development of synaptophysin immunoreactivity in the prenatal period and in
the adult illustrated by graphics and photographs of transverse sections of the spinal cord. (A) ED 12-16.
In the dorsal spinal cord, immunoreactivity was particularly seen in the dorsal root entrance zone (dre)
at ED 12 (arrowhead), the dorsal root bifurcation zone (drb) at ED 14 (arrowhead), the dorsal funiculus
(df) at ED 16 (arrowhead), and at the intrasegmental primary afferent colaterals (ic) at ED 16 (curved
arrow) close to the dorsal horn (DH). In the ventral spinal cord, immunoreactivity was particularly seen
in the developing marginal layer (ventral funiculus) (ML/vf). Note at ED 14 the staining of the
contralaterally projecting nerve fibers (cpf, triangle) and the ipsilaterally projecting cells (ipc, asterisks),
which form at ED 15-16 the lateral funiculus (1f) of the marginal layer. (B) ED 18-20. In the dorsal spinal
cord, immunoreactivity is found in the dorsal funiculus where the ascending zone (dfa) is formed at ED
18 which later becomes the fasciculus gracilis and cuneatus in the upper thoracic segments. In the ventral
spinal cord, immunoreactivity is mainly confined to the ventral and lateral funiculus. The ependymal layer
was always immunonegative. Adult. Immunoreaction is mainly confined to the gray matter, particularly
in the laminae L I-III (arrow) of the dorsal horn (DH). Scale bars in A, B =20 um.
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LA
- s9

Fig. 7. Immunocytochemical detection of synaptophysin at ED 14. Efferent fibers of the ventral horn (VH)

and afferent fibers to the dorsal root ganglion (DG) are strongly stained. Note that the nerve fibers (arrow)

are slightly more strongly stained when followed into the periphery. A heavily stained sympathetic
ganglion (sg) is shown at the bottom. Scale bar = 10 um.
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Fig. 6. Immunocytochemical analysis of synaptophysin at ED 12 and 14. Higher magnification of spinal
cord transverse sections shown also in Fig. 5. (A) At ED 12, compared to the dorsal root ganglion (DG)
an increased level of immunoreactivity was observed in the fibers of the dorsal root (arrow) and in the
dorsal root entrance zone (arrowhead). (B) At ED 14, the dorsal root bifurcation zone (arrowhead) shows
strong staining. Ipsilateral projecting cells (¥ %) and dorsal root (arrow) are also stained. (C) At ED 12
a faint staining could be observed in the ventral horn (VH) particularly at its external border (open arrows)
and in the ventral root (arrow). (D) At ED 14, the marginal layer (ventral funiculus) exhibits strong
staining. Note the faintly stained channels (+) within the marginal layer through which the axons (arrow)
of the motor neurons leave the spinal cord. Scale bars in A-D =1 ym.
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Fig. 8. Immunocytochemical detection of synaptophysin at ED 16. At this stage a separate lateral (1f)

and dorsal (df) funiculus can be distinguished. Note the staining of the intrasegmental primary afferent

colaterals (arrow) from the dorsal funiculus to the dorsal horn (DH). The dorsal root (dr) is also stained.
Scale bar = 10 um.

neurons as described above) since intersegmental
reflex discharges can be elicited around ED 16.%
Axodendritic synapses have also been observed elec-
tronmicroscopically in rat and mouse at a similar
developmental stage within the ventrolateral
marginal layer.'>3*3 However, functional axoden-
dritic synapses present in the ventrolateral marginal
layer do not persist because the intersegmental re-
flexes gradually disappear during further pre- and
postnatal development.”® Qur results show that this
process is paralleled by reduction of synaptophysin
immunostaining in the marginal layer in later stages
of the prenatal period and during the first week after
birth during the formation of the adult white matter
(see Ref. 4, Bergmann et al, unpublished obser-
vations).

Synaptophysin expression in the afferent fibers of the
spinal cord

A parallelism of fiber formation and synaptophysin
expression was also observed in this study in the
dorsal root ganglia and the sensory afferents. At ED
12, transcription in the perikarya of the dorsal root
ganglia is followed by translation and export of
synaptophysin to the dorsal root entrance zone of the

spinal cord. Interestingly enough, at ED 14 strong
synaptophysin immunoreactivity is observed in the
dorsal root bifurcation zone concomitantly with the
ventrolateral marginal layer. Indeed, multiple synap-
tic contacts have been observed in the developing
dorsal funiculus of the mouse embryo.’

The first synaptophysin-positive collaterals of the
primary afferent fibers from the dorsal root ganglion
extend to the dorsal horn at ED 16 (see Fig. 8). Thus,
in the intermediate layer the first functional synaptic
contacts between the afferent and the efferent part of
the reflexogenic circuit are formed. These synapses, in
contrast to the synaptophysin-rich areas in the mar-
ginal layer, are probably permanent because synapto-
physin in the gray matter of the dorsal horn is also
present in the adult (see also Fig. 5B). Since intraseg-
mental reflex arcs and reflexogenic movements start
around ED 16,>2'%3% the synaptophysin-positive
fibers projecting to the dorsal horn described here
immediately become functional.

Comparison with other brain areas

We found that expression of synaptophysin in the
rat spinal cord starts at ED 12 and after ED 14

iy
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reached an almost constant level, which was kept
until birth followed by a postnatal rise to reach the
adult level. In the cerebral cortex, synaptophysin
expression occurs mainly after birth and there it has
been reported to be a reliable marker for synapto-
genesis.”* In contrast, our results are more in agree-
ment with those in other brain areas where
synaptophysin expression and synaptogenesis do not
occur in a parallel way. For example, in the rat
cerebellar cortex, in which synaptophysin expression
exhibits a similar postnatal rise as in the cortex,
neuronal growth cones express synaptophysin before
mature synapses are present.'> Also, in the rat retina
a synaptic vesicle membrane protein has been ob-
served to be present in the nerve fiber layer before
synaptogenests.”

CONCLUSION

In the developing rat spinal cord, expression of
synaptophysin mRNA starts within the neuroepithe-
lium. However, translation to the protein occurs after
migration of the neuroblasts to the intermediate layer
concomitantly with the outgrowth of nerve fibers.
Thus, synaptophysin as a regular constituent of
synaptic vesicles can be used as a differentiation
marker to monitor both fiber outgrowth and sub-
sequent synapse formation.
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