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Characterization of a Novel Synapse-specific Protein. l.
Developmental Expression and Cellular Localization of the

F1-20 Protein and mRNA

Rui Sousa, Nancy Hrinya Tannery, Shibin Zhou, and Eileen M. Lafer
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A molecular description of the nerve terminal will be required
to understand synaptic function fully. The goals of this study
were to contribute toward such a description by character-
izing a novel synapse-specific protein. A monocional anti-
body library was screened for antibodies to synaptic pro-
teins. The antibodies were then used to isolate cDNA clones
by expression screening. Here we report a detailed char-
acterization of the protein reactive with monoclonal antibody
F1-20. Immunohistochemical and biochemical analyses re-
vealed that the F1-20 protein is synapse associated. West-
ern blot analyses revealed that the F1-20 protein is a brain-
specific polypeptide with an apparent molecular weight on
SDS-PAGE of 190,000 Da. Northern blot analyses indicated
that probes generated from an F1-20 cDNA clone hybridize
to a single brain-specific mRNA of approximately 4.8 kilo-
bases. In situ hybridization experiments demonstrated that
F1-20 mRNA expression is neuronal specific. Northern and
Western blot analyses indicated that F1-20 mRNA levels
increase abruptly at postnatal day 4 and protein levels in-
crease abruptly at postnatal day 7. This corresponds to a
period of active synaptogenesis and synaptic maturation in
the mouse CNS. We characterized the neuroanatomical dis-
tribution of the F1-20 protein by immunohistochemistry, and
of the F1-20 mRNA by in situ hybridization. We found that
the F1-20 mRNA and protein are expressed nonuniformly in
brain. Variation in the expression of the F1-20 protein is
complex and reveals patterns also exhibited by probes di-
rected against other synapse-associated molecules. The
highest levels of F1-20 protein are found in the cortically
organized regions of the brain. The highest levels of F1-20
mRNA are found in long-distance projection neurons. There
is also variation in the expression of F1-20 mRNA between
different classes of large output neuron, as well as extensive
variation in the expression of F1-20 mRNA between different
nuclear groups.
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The premise that proteins that are expressed exclusively at syn-
apses contribute to their specialized function has fueled the
efforts of many laboratories to provide a molecular description
of the nerve terminal (reviewed in Sudhofand Jahn, 1991; Trim-
ble et al., 1991). Nerve terminal-associated molecules that have
been identified include synapsin I a,b/protein I a,b (De Camilli
et al., 1983a—c; Sudhofet al., 1989b), p65/synaptotagmin (Mat-
thew et al., 1981; Fournier and Trifaro, 1988), tor70 (Carlson
and Kelly, 1983), SV2 (Buckley and Kelly, 1985), p29 (Pfeffer
and Kelly, 1985; Baumert et al., 1990), synaptophysin/p38 (Jahn
et al., 1985; Wiedenmann and Franke, 1985), mediatophore
(Israel et al., 1986), synapsin II a,b/protein III a,b (Browning et
al.,, 1987; Sudhof et al., 1989b), VAMP-1,2/synaptobrevin
(Trimble et al., 1988, 1990; Baumert et al., 1989; Elferink et
al., 1989; Sudhof et al., 1989a), synuclein (Maroteaux et al.,
1988), VAT-1 (Linial et al., 1989), NT75 (Ritchie et al., 1989),
synaptoporin (Knaus et al., 1990), SVAPP-120 (Bahler et al.,
1991), and SNAP-25 (Oyler et al., 1989; Geddes et al., 1990).

The early studies on synaptic molecules concentrated pri-
marily on their identification and isolation. The more mature
studies have now reached the point where insights are being
made into the mechanism of synaptic function (Llinas et al.,
1985; Thomas et al., 1988, 1990; Sudhof et al., 1989Db; Perin et
al., 1990; Hahn et al., 1991; Petrenko et al., 1991).

Monoclonal antibodies (MADbs) offer the ability to detect a
rare synapse-associated protein by a rapid, sensitive, immu-
nohistochemical screen. The antibodies can then be used to
screen cDNA expression libraries for the isolation of cDNA
clones. Consequently, we screened a MAD library (Sousa et al.,
1990) for antibodies to synaptic proteins. Here we report the
characterization of the protein reactive with MAb F1-20. In this
article, we present evidence that the F1-20 protein is a novel,
synapse-associated, neuronal-specific protein expressed in a pat-
tern coincident with synaptogenesis and synaptic maturation.
We also characterize the extensive variation in expression of
both the F1-20 mRNA and the F1-20 protein. In the accom-
panying article (Zhou et al., 1992), we have deduced the amino
acid sequence for the F1-20 protein through the isolation and
sequencing of overlapping cDNA clones. This led to a number
of predictions regarding biochemical properties of the F1-20
protein that were then tested. Evidence is presented that the F1-
20 mRNA has two alternatively spliced isoforms, that the F1-
20 protein is a substrate for calcium-dependent proteolysis that
is specifically inhibited by calpain inhibitors in vitro, and that
the F1-20 protein is phosphorylated in vivo.



Materials and Methods

Antibodies. The preparation of MAb F1-20 was described previously
(Sousa et al., 1990). Fractionated rat cerebral cortex was chosen as our
source of immunogen, since we were concerned that it would be difficult
to produce antibodies against antigens isolated from mice in mice, our
preferred organism for hybridoma work. The antibodies were charac-
terized on mouse tissue, and cDNA clones were isolated from mouse
c¢DNA libraries, since we plan to study the genes and proteins further
using transgenic mice. The heterologous antibody control was a MAb
raised against a 100 kDa Escherichia coli Z-DNA binding protein (Lafer
et al., 1988) that does not cross-react with murine brain tissue. While
not shown, data were only considered meaningful when no staining was
observed with this negative control. The anti-synaptophysin MAb was
clone SY38 (Wiedenmann and Franke, 1985) obtained from Boehringer
Mannheim.

Immunohistochemistry. Immunohistochemistry was performed as
described in Sousa et al. (1990).

In situ Aybridization. In situ hybridization was carried out as described
in Sousa et al. (1989).

Western blot analyses. Whole tissues were homogenized at 4°C in a
Dounce homogenizer in 66 mm Tris (pH 6.8), 10% glycerol, 2% SDS,
5% 2-mercaptoethanol, 1 mm p-methylsulfonyl fluoride (15 ml buffer/
gm of tissue) followed by boiling for 5 min. The homogenate was cleared
of insoluble material by centrifugation at 100,000 g,.., for 60 min at
4°C, and loaded directly onto 7.5% polyacrylamide SDS Phastgels (Phar-
macia). The gels were run on the Pharmacia Phastsystem followed by
unidirectional diffusion blotting for 20 min at 70°C in the Phastsystem
apparatus. The rest of the procedure was carried out at room temper-
ature. Blots were blocked in 10 mm Tris, pH 8.0, 150 mm NaCl, 0.5%
Tween 20 (TBST) containing 3% BSA for 30 min. Filters were incubated
in the primary antibody for 30 min, followed by three 10 min washes
in TBST. Filters were incubated in an alkaline phosphatase-labeled
secondary antibody (Promega Biotec) for 30 min, followed by 3 10 min
washes in TBST. Filters were then incubated in a substrate solution of
330 pg/ml nitro blue tetrazolium, 165 pg/ml 5-bromo-4-chloro-3-in-
dolyl phosphate, 100 mm Tris (pH 9.5), 100 mm NaCl, 5 mm MgCl,
until appropriate color development occurred.

Subcellular fractionation. Synaptosomes were prepared by the method
of Huttner et al. (1983). Mouse cerebral cortex was homogenized in
0.32 M sucrose, 4 mm HEPES, pH 7.3 (buffered sucrose). The homog-
enate was spun at 800 x g for 10 min to generate a pellet (P1) and
supernatant (S1). The supernatant was then spun at 9200 x g for 15
min to generate a supernatant (S2) and pellet (P2). The pellet was re-
suspended in buffered sucrose and spun at 10,200 x g for 15 min to
generate supernatant (S2') and pellet (P2'). Pellet P2’ was referred to as
the “well-washed crude synaptosomal fraction” by Huttner et al. (1983).
The pellet (P2’) was resuspended in buffered sucrose and transferred to
a glass-Teflon homogenizer, This suspension was lysed by adding 9 vol
of ice cold dH,O and homogenizing with three up-and-down strokes at
3000 rpm. The P2’ lysate was adjusted to 7.5 mm HEPES-NaOH, pH
7.2, and kept on ice 30 min. It was then centrifuged for 20 min at 25,000
x g to yield a lysate pellet (LP1) and a lysate supernatant (LS1). LS1
was centrifuged for 2 hr in a Beckman Ti70 rotor at 165,000 x g, to
generate a pellet (LP2) and a supernatant (LS2). LS2 was concentrated
in an Amicon Minicon concentrator to 25 x.

Northern blot analyses. Total RNA was isolated from tissues by the
RNAzol method (CINNA/BIOTECX) of Chomczynski and Sacchi
(1987). Ten micrograms of RNA were loaded per lane and electropho-
resed on 1.0% agarose gels containing formaldehyde (Lehrach et al.,
1977), transferred to GeneScreen membranes (New England Nuclear),
and fixed to the filters by UV cross-linking (Church and Gilbert, 1984).
The Bluescript phagemid containing the 1.2 kilobase (kb) F1-20 cDNA
clone was used as a template to prepare *?P-labeled DNA probes by the
oligonucleotide random-priming technique according to the method of
Feinberg and Vogelstein (1983, 1984). Specific activities of 1-2 x 10°
cpm/ug of DNA were routinely obtained. Hybridization and posthy-
bridization washes were performed at 43°C and 50°C, respectively
(Amasino, 1986). Approximately equal amounts of total RNA (deter-
mined by measurement of UV absorbance) were loaded in different
lanes of single gels for purposes of comparison of F1-20 mRNA ex-
pression in various tissues or developmental stages. Examination of
ethidium bromide-stained gels showed sharp bands corresponding to
18S and 28S rRNA that were of equal intensity in different lanes. As a
further control to demonstrate the presence of hybridizable mRNA in
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all tissue and developmental stage samples, all blots were rehybridized
with a probe for a ubiquitous mRNA (chicken B-actin).

Results

The FI1-20 protein is synapse associated

The following experiments were designed to demonstrate that
the antigen being recognized by the F1-20 MAD is a synapse-
associated protein. Immunohistochemical as well as biochem-
ical analyses were utilized. Figure 1 shows a section through
mouse cerebellar cortex immunohistochemically stained with
the F1-20 antibody and lightly counterstained with cresyl violet.
Figure 14 shows this section photographed in green light allow-
ing visualization of both the cresyl violet and the brown per-
oxidase product while Figure 1B shows the section in blue light
allowing visualization of the brown peroxidase product only.
Specific immunoreactivity is distributed in the cerebellar mo-
lecular layer and the synaptic glomeruli within the granule cell
layer in a fine punctate pattern. Immunoreactivity is excluded
from cellular somata and white matter, and in the molecular
layer, the dendrites of the Purkinje cells appear outlined by
immunohistochemical staining. Such features have been pre-
viously interpreted as being indicative of proteins specifically
associated with nerve terminals or synapses (Bloom et al., 1979;
De Camilli et al., 1983a; Jahn et al., 1985; Wiedenmann and
Franke, 1985). High-magnification light microscopy of F1-20
immunoreactivity in various brain regions shows that the punc-
tate pattern of staining is consistently present. In regions with
lower synapse densities the punctate pattern is clearer and neu-
ronal cell bodies can sometimes be observed to be surrounded
by a number of fine intensely immunoreactive points (Fig. 2C,
D). Examination of the cerebellar granule cell layer reveals nu-
merous strongly staining puncta ~0.5-1.0 um in size within the
glomerulus (Fig. 2E-G).

Further evidence at the light microscope level for the asso-
ciation of the F1-20 protein with synapse-rich areas can be
obtained from examination of staining in other cortically or-
ganized regions. When immunoreactivity in the cerebral cortex
is examined (Fig. 24), outlining of neuronal cell bodies and
pyramidal cell apical dendrites is clear. In addition staining is
observed to become stronger in the neuronal cell-poor layer 1.
Many neurons in the other layers of the cerebral cortex send
their dendrites into layer 1, where they ramify extensively to
make multiple synaptic contacts. Consequently, layer 1 is rel-
atively synapse rich. The heightened immunoreactivity in layer
1 is therefore consistent with an association of the F1-20 protein
with synaptic zones. In the olfactory bulb (Fig. 2B) immuno-
reactivity is seen in the large olfactory glomeruli where the in-
coming olfactory nerve fibers establish synapses with the apical
dendrites of the mitral and tufted cells. Within the internal
granule cell layer, islands of strong staining are surrounded by
clusters of unstained granule cell bodies. No staining of mitral
cell bodies or periglomerular cells in the glomerular layer is
observed. There is a relatively low level of staining in the ex-
ternal plexiform layer (EPL), a cell-poor dendritic plexus.

Biochemical evidence for association of the F1-20 protein
with synaptic regions was obtained from Western blot analysis
of cellular subfractions prepared from mouse brain cerebral cor-
tex (Fig. 3). Western blot analysis with the F1-20 MAD of total
brain protein had revealed a single immunoreactive band with
an apparent molecular weight of 190,000 Da (Fig. 4C). Char-
acterization of synaptophysin by others (Jahn et al., 1985; Wie-
denmann and Franke, 1985) had demonstrated that it was an
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Figure 1. The main features of the im-
munohistochemical staining pattern of
the F1-20 MAD are illustrated in this
lightly cresyl violet—counterstained sec-
tion through the mouse cerebellar cor-
tex. 4 was photographed in green light
so that both the cresyl violet and im-
munohistochemical stains are visible.
B was photographed in blue light to
demonstrate clearly the density due to
the immunohistochemical stain alone.
The F1-20 protein is seen to be exclud-
ed from cellular somata (P, Purkinje cell
layer) and white matter fiber tracts (W)
but is concentrated in the molecular
layer (M) and the synaptic glomeruli
(SG) within the granule cell layer (G)
(synaptic glomeruli form irregularly
shaped regions surrounded by granule
cell bodies staining darkly with cresyl
violet in 4). The F1-20 protein is also
observed to be distributed in a fine
punctate pattern throughout the molec-
ular layer and within the synaptic glo-
meruli. The fine punctate pattern is
clearest in 4, because the image in B
was photographed in blue light, which
greatly enhances the contrast for the
brown peroxidase product, resulting in
overexposure and blurring of the fine
structural details of the distribution of
the peroxidase product. Scale bar, 50
pm.

intrinsic membrane protein of synaptic vesicles, rendering it a
suitable marker for the biochemical fractionation. We utilized
the fractionation of Huttner et al. (1983). Mouse cerebral cor-
tices were homogenized in buffered sucrose (H). The crude ho-
mogenate was spun at 800 x g to generate the supernatant (S1).
S1 was spun at 9200 x g to generate the crude synaptosomal
pellet P2, which was resuspended in buffered sucrose and pel-
leted at 10,200 x g to generate the well-washed crude synap-
tosomal pellet P2’. P2’ was then lysed by hypo-osmotic shock,
and spun at 25,000 x g to generate the supernatant LS1. LS1
contains the soluble proteins of the synaptosome, as well as the
synaptic vesicles. The synaptic vesicles were then pelleted from
LS1 by centrifugation at 165,000 x g. To illustrate visually the
fact that the specific activity (concentration of F1-20/unit total
protein) of the F1-20 protein increased throughout the frac-
tionation, equal quantities of each successive fraction were load-
ed onto the SDS polyacrylamide gel. The concentration of the
F1-20 protein increased up to the synaptosomal lysate LS1 but
did not further copurify with the synaptic vesicles. Synapto-
physin, as expected, continued to purify with the synaptic ves-
icles.

We carried out an exhaustive search for conditions that would
reveal the ultrastructural location of the F1-20 antigen by im-
munoelectron microscopy utilizing both monoclonal and poly-
clonal antibodies reactive with the F1-20 protein. We were un-

successful at finding conditions that would preserve both the
tissue ultrastructure and F1-20 immunoreactivity, We were able
to demonstrate the labeling of synaptic vesicles by anti-synap-
tophysin antibodies, indicating that our inability to detect the
F1-20 protein at the ultrastructural level was not due to technical
mishandling of the tissues.

The F1-20 protein is expressed tissue specifically in brain

If the F1-20 protein has a nervous system-specific function,
then we expect its expression to be restricted to nervous tissue.
We tested this by examining a variety of tissues for expression
of the F1-20 protein by Western blot analysis, and for expression
of the F1-20 mRNA by Northern blot analysis. The Western
blot was stained with the F1-20 MAb. The Northern blot was
hybridized with a 32P-labeled F1-20 cDNA clone, which is de-
scribed in the accompanying article (Zhou et al., 1992). The F1-
20 ¢cDNA probe labels a single brain-specific RNA of approx-
imately 4.8 kb (Fig. 44). This RNA was just detectable in brain
RNA after a 12 hr exposure, while no hybridization could be
observed to RNAs from liver, kidney, heart, spleen, or lung
even after a 10 d exposure (shown). As a positive control, the
blot was stripped and reprobed with a 8-actin probe (Fig. 4B)
that labeled a single RNA in all tissues. Figure 4, C and D, shows
Western blots of total protein isolated from the same set of
tissues stained with either the F1-20 MAb (C) or india ink (D).
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An immunoreactive band with an apparent molecular weight
of 190 kDa was detected in the protein extract from the brain
tissue but not in any of the other extracts. In subsequent ex-
periments performed identically to the ones shown here, we
could not detect the F1-20 protein in muscle or adrenal medulla
(data not shown).

The FI1-20 protein is expressed exclusively by neurons

The synaptic distribution of the F1-20 protein (Figs. 1-3) and
tissue-specific expression of the F1-20 mRNA and protein (Fig.
4) suggested that the F1-20 protein and mRNA would be ex-
pressed exclusively by neuronal cells. We tested this by exam-
ining the localization of F1-20 mRNA in areas of the brain
containing both neuronal and non-neuronal cell types utilizing
in situ hybridization. Sections probed with an 3S-labeled an-
tisense transcript of the F1-20 cDNA are photographed in dark
field to illustrate clearly the hybridization signal or bright field
(giemsa counterstained) to reveal the cells in the same field. For

Figure 2. Representative examples of
the immunohistochemical staining pat-
tern of the F1-20 MADb reveal that the
F1-20 protein is consistently excluded
from cell bodies and dendrites, and is
distributed throughout the neuropil in
the punctate pattern typical of nerve
terminal-associated proteins. 4, Cere-
bral cortex. B, Main olfactory bulb (Mtr,
mitral cell layer; G/, synaptic glomeruli;
IGr, internal granule cell layer; EP/, ex-
ternal plexiform layer). C, Hippocam-
pal hillus. D, Cerebral frontal cortex. E,
Cerebellar granule cell layer (immu-
nostained only). F, Cerebellar granule
cell layer (granule cells counterstained
with cresyl violet). G, High-magnifica-
tion view of a single synaptic glomer-
ulus within the cerebellar granule cell
layer (granule cells counterstained with
cresyl violet) reveals numerous strongly
staining puncta ~0.5-1.0 um in size
within the glomerulus. Scale bars: B,
100 um for A and B; C, 25 um for C-
F, G, 25 um.

comparison, dark-field views of sections of similar regions in
the brain probed with an *S-labeled antisense transcript of glu-
cocorticoid hormone receptor (GR) cDNA (Sousa et al., 1989)
are shown. We have previously demonstrated that glucocorti-
coid hormone receptor mRNA is expressed in choroid plexus,
meninges, and both neuronal and glial cells (Sousa et al., 1989).

The strong expression of F1-20 mRNA in the neuronal cells
of the cerebellar cortex is evident (Fig. 5D,E), as well as its
absence from the meninges at the exterior of the cerebellar folia.
In contrast, GR is expressed strongly in the meninges (Fig. 5F).
The absence of F1-20 mRNA in choroid plexus is well illustrated
in Figure 5, 4 and B. While the area of the brain shown adjacent
to the choroid plexus is not rich in neuronal cells, weak hy-
bridization with the F1-20 probe is observed over neurons (in-
dicated by short bars). Hybridization observed over the choroid
plexus with the GR probe contrasts with the pattern observed
for the F1-20 probe (Fig. 5C). Figure 5, I-K, illustrates the
absence of F1-20 mRNA from glial cells located within fiber
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Figure 3. A comparative Western blot analysis of subcellular fractions
of mouse brain analyzed for total protein (A, stained with india ink),
the F1-20 protein (B, stained with the F1-20 MAb), and synaptophysin
(C. stained with SY38). Lanes labeled H, S1, P2’ LS1, and LP2 cor-
respond respectively to the fractions generated by the procedure of
Huttner et al. (1983), which were electrophoresed on 7.5% polyacryl-
amide SDS gels and blotted onto nitrocellulose. Pellet P2’ was referred
to by Huttner et al. (1983) as the “well-washed crude synaptosomal
fraction.” After hypotonic lysis of the crude synaptosomal fraction, the
lysate was spun for 20 min at 25,000 x g to yield a lysate pellet (LPI)
and a lysate supernatant (LS7). LS was centrifuged for 2 hr at 165,000
% g, to generate a pellet (LP2) and a supernatant (LS2). Shown on the
gel are LS1, which contains the soluble proteins and synaptic vesicles,
and LP2, which contains the pelleted synaptic vesicles. Equal concen-
trations of total protein of the indicated fractions were loaded in each
lane.

tracts. Both the GR probe and the F1-20 probe show strong
hybridization within the anterodorsal nucleus, and the hybrid-
ization within this nucleus is distributed in large, irregularly
spaced clusters indicative of hybridization to large neurons (Fig.
51, J). The GR probe also shows hybridization within the fim-
brium hippocampus, but in this case the hybridizing cells are

smaller and distributed with more regular spacing [this is par-
ticularly evident in lower-magnification views where a larger
field can be seen and the pattern of GR probe hybridization to
small cells distributed in a regular array throughout fiber tracts
is evident (Fig. 5K)]. Such a pattern provides unambiguous
demonstration of glial cell expression of GR mRNA (Sousa et
al., 1989). In contrast, hybridization of the F1-20 probe to cells
lying within the fimbrium hippocampus (or other fiber tracts)
is never seen. Demonstration of neuronal specificity within gray
matter where glial cells lie closely intermixed with neurons is
more problematical. Figure 5, G and H, shows a field within
the anterior cingulate cortex hybridized with the F1-20 cDNA
probe. F1-20 mRNA can be seen to be present in the cells
containing a pale staining soma surrounding an intensely stained
nucleus (neurons). Cells with glial morphology (i.e., the small
moon-shaped cells indicated by arrowheads and the small, round,
strongly staining cells) show no hybridization. In all areas ex-
amined, we were unable to detect hybridization to cells with
such morphology while the GR probe was found to hybridize
to such cells.

Expression of the FI1-20 protein is developmentally regulated
in a pattern coincident with active synaptogenesis and
synaptic maturation

We found by immunohistochemistry with the F1-20 MAD that
the F1-20 protein was not expressed in the CNS of 11.5 and
14.5 d mouse embryos, or newborn animals. Expression of F1-
20 protein was not detected immunohistochemically at post-
natal day 3 but was detected at postnatal day 7. Because the
first two postnatal weeks in mice constitute a period of active
synaptogenesis (Bloom, 1972; Vaughn, 1989) and synaptic mat-
uration (Kosik et al., 1989), we were prompted to analyze care-
fully the developmental regulation of F1-20 mRNA and protein
during this critical developmental period using Northern (Fig.
6A4,B) and Western (Fig. 6C) blot analyses. Only small amounts
of F1-20 mRNA were detected prior to postnatal day 4, at which
point an abrupt increase to apparently adult levels of F1-20
mRNA is observed (Fig. 6.4). As a positive control, the blot was
stripped and reprobed with a g-actin probe (Fig. 6B), which
labeled B-actin RNA from all of the developmental stages ex-
amined. A sharp increase in the expression of F1-20 protein to
apparently adult levels was observed between postnatal days 6
and 7 (Fig. 6C), corroborating our immunohistochemical ob-
servations.

The F1-20 protein is expressed nonuniformly in brain

We considered that understanding the neuroanatomical distri-
bution of the F1-20 protein and mRNA would contribute to
our long-term goal of determining the role of the F1-20 protein
in synaptic function. Consequently, we set out to characterize
the neuroanatomical distribution of the F1-20 protein by im-
munohistochemistry, and of the F1-20 mRNA by in situ hy-
bridization. A series of mouse brain sagittal sections were im-
munohistochemically stained with the F1-20 MAb. A
representative section is shown in Figure 74. Table 1 summa-
rizes the observed variation in immunoreactivity.

Cortically arranged areas of the brain show the strongest im-
munoreactivity (Fig. 74, Table 1). The entire mes- and rhom-
boencephalon (and deep cerebellar nuclei) show uniformly low
immunoreactivity, but higher-magnification views reveal that
the cell bodies of many neurons (particularly the larger neurons)
within these regions are outlined by strong immunoreactivity.
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However, this concentration of staining is limited to the im-
mediate vicinity of the neuronal cell bodies, and the levels of
staining within the neuropil of the mes- and rhomboencephalon
are low. The lowest levels of immunoreactivity are observed in
the components of the tripartite pallidum: the globus pallidus
(including the ventral pallidum), the entopeduncular nucleus,
and the substantia nigra pars reticulata.

F1-20 immunohistochemistry reveals complex variations in
expression that are also revealed by probes for other synaptic
molecules (Fig. 78-F). Within the hippocampus, F1-20 im-
munoreactivity is distributed in a laminated pattern (Fig. 7B).
Two lamina are evident in the dentate area molecular layer. A
thin intensely immunoreactive layer is seen to lie immediately
superficial to the dentate granule cell layer. AChE histochemistry
also shows intense staining of this layer, which contains the
nerve terminals of hippocampal hilar neurons that send their
excitatory axons ipsi- and contralaterally back to this sharply
delimited lamina (Paxinos and Watson, 1986). A second, thick-
er, and less intensely immunoreactive layer is present in the
superficial area of the molecular layer and corresponds to the
termination region of the excitatory perforant path. Finally,
while immunoreactivity is strong throughout the radiatum and
oriens layers, in the CA3 region the staining in the radiatum
layer is laminated with weak staining evident in the one-third
to one-half of this region, which is superficial to the CA3 py-
ramidal cell layer. The weakly staining region of the CA3 ra-
diatum layer corresponds to the dentate granule cell mossy fiber
termination zone (the lucidum layer). Interestingly, synapsin I
immunoreactivity was also reported to be similarly laminated
in the CA3 (but not CA 1 or CA2) radiatum layer but, in contrast
to F1-20 immunoreactivity, was relatively stronger in the mossy
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Figure 4. The F1-20 mRNA and pro-
tein are expressed tissue specifically.
Northern (4 and B)and Western (Cand
D) blots were probed either with a ¥P-
labeled F1-20 cDNA fragment (4), a
“#2P-labeled actin cDNA fragment (B),
or the F1-20 MAD (C) or were stained
for total protein with india ink (D). To-
tal protein or total RNA (10 ug/lane)
was prepared from a variety of tissues
as indicated: brain (B), liver (Li), spleen
(:5), kidney (K), heart (H), and lung (Lu).
In A, the positions of the 28S and 18S
rRNAs are indicated and a 10 d ex-
posure of the autoradiogram is shown.
In C, the F1-20 MADb is observed to
react with a single polypeptide with an
apparent molecular weight of 190,000
Da (arrowhead). (Note: band at the bot-
tom of the gel is the dye marker Pyronin
Y.) In C and D, fivefold more protein

| =212
| —170

-116

—53 was loaded in the non-brain versus brain
lanes. The limit of detection of the F1-
20 protein by this Western analysis pro-
tocol is 1/20th of the amount loaded in
D this experiment.

fiber termination zone (Bloom et al., 1979; De Camilli et al.,
1983a). In the striatum, F1-20 immunohistochemistry reveals
patches of staining (Fig. 7C,D). Enkephalin, glutamic acid de-
carboxylase (GAD), and substance P (SP) have all been found
to be distributed in patches that correspond to the AChE-poor
striosomes (reviewed in Heimer et al., 1985). The thalamic nu-
clei display extensive variation in F1-20 immunoreactivity (Fig.
TE,F). In general, the dorsal thalamic nuclei show the strongest
immunoreactivity with the F1-20 MAb, but a completely con-
sistent pattern along these lines is not present.

Regional variation in F1-20 mRNA content is detected in
sagittal mouse brain sections probed with 33S-labeled antisense
F1-20 transcripts (Fig. 84—F). Becasue F1-20 mRNA localizes
to cellular somata, areas in which neuronal cells are concentrated
such as the olfactory cortex, the cerebellar granule cell layer, the
Ammon’s horn and dentate gyrus cellular layers, and the olfac-
tory bulb mitral and internal granule cell layers (Fig. 8M) show
the densest hybridization. However, within these regions the
levels of F1-20 mRNA are not equal. The densest hybridization
is observed in the cellular layers of the olfactory bulb. Within
the Ammon’s horn neurons, levels of hybridization within the
CA2/CA3 neurons are distinctly increased over those in the
CA1 neurons (the border between the CA1 and CA2/CA3 regions
is indicated by the short bar). The striatum and tripartite pal-
lidum give the lowest levels of hybridization. While the content
of F1-20 protein in the mes- and rhomboencephalon and deep
cerebellar nuclei 1s relatively low (Fig. 7), expression of F1-20
mRNA is moderately strong in these areas (i.e., the overall
density of hybridization is higher than in the basal ganglia but
somewhat lower than in the cerebral cortex). Furthermore, many
nuclei within the mes- and rhomboencephalon contain large,
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Figure 5. F1-20 mRNA is expressed exclusively in neuronal cells. 4, D, G, and / represent dark-field views of mouse brain sections hybridized
with **S-labeled F1-20 antisense transcripts and giemsa counterstained. B, E, H, and J represent bright-field views of the respective sections shown
in 4, D, G, and I. As a positive control, dark-field views of sections probed with GR antisense transcripts (Sousa et al., 1989a) are presented in C,
F, and K. Views are shown that include the choroid plexus (ChP) (4-C), the cerebellar cortex (the cellular layers are labeled with a C, and the
meninges at the exterior of the cerebellar folia are indicated by short parallel bars) (D-F), a field within the anterior cingulate cortex (large cells
with neuronal morphology are indicated by bars; small moon-shaped cells with glial morphology are indicated by arrowheads), the anterodorsal
nucleus, and the adjacent hippocampal fimbrium fiber tract (the border is indicated by the broken linesin I and K, and is evident from the increased
background staining with giemsa in the fiber tract in J). Scale bars: B, 100 pm for A-C; E, 100 pm for D-K.

strongly hybridizing neurons. These nuclei are evident, on films
exposed to sections hybridized with radiolabeled probes, as ir-
regular dark regions within the mes- and rhomboencephalon
and deep cerebellar nuclei (dark areas indicated by arrowheads
in Fig. 84-F; note especially the pontine nucleus in Fig. §F).
Because the poor resolution of film in situ can make distin-
guishing artifacts from genuine hybridization difficult, these fea-
tures were confirmed by dark- and bright-field light microscope
examination of emulsion-dipped sections probed with **S-la-
beled antisense F1-20 transcripts. For example, Figure 8 X shows
strong hybridization to neurons within the deep cerebellar nu-
cleus (boxed region labeled “k™ in Fig. 8F) while Figure 8L
confirms the very strong expresesion of F1-20 mRNA detected
in the anterodorsal nucleus by film in sifu (boxed region labeled
“I” in Fig. 8F).

Light microscopic examination of emulsion dipped sections
hybridized with 3*S-labeled antisense F1-20 transcripts reveals
awide range of variation of F1-20 mRNA expression in different
neuronal cell types. A complete cataloging of this variation has
not been carried out, but illustrative comparisons are presented
in Figure 9. In general, smaller neurons (granule cells) and me-
dium-sized interneurons express reduced levels of F1-20 mRNA
relative to large output neurons even after taking into account
differences in expression expected solely on the basis of cell size.
For example, Figure 9D shows that density of hybridization of
the F1-20 probe in the granule cell layer of the cerebellar cortex
is low relative to that observed over the soma of the larger
neurons in this figure. Similarly low levels of hybridization are
observed in the dentate gyrus granule cell layer (not shown). It
is the very high cell densities in these regions that account for



the strong areal hybridization levels visible in film exposures
(Fig. 8) despite the relatively low levels of expression in indi-
vidual granule cells. Large output neurons are not uniform in
their levels of expression. Figure 94-G compares the levels of
expression of F1-20 mRNA in olfactory bulb mitral cells (4 and
E), large telencephalic pyramidal cells (B and F), and cerebellar
cortex Purkinje cell (C, D, and ), all of which are large output
neurons of cortically arranged regions. As a class, mitral cells
show the strongest expression of F1-20 mRNA, telencephalic
pyramidal cells show intermediate levels, and Purkinje cells
show exceptionally low levels. Neurons from nuclear groups
also display extensive variation: the particularly strong expres-
sion of F1-20 mRNA in the neurons of the anterodorsal tha-
lamic nucleus and pontine nucleus (Fig. 8) have already been
noted. Higher-magnification dark-field microscopy illustrates
the extent of this variation in neurons of three rhomboence-
phalic nuclei, the gigantocellular reticular nucleus (Fig. 9H), the
reticulotegmental pons nucleus (Fig. 97), and the oral pontine
reticular nucleus (Fig. 9J). Expression in the large neurons of
the gigantocellular reticular nucleus is observed to exceed even
the levels of expression of F1-20 mRNA in mitral cells.

Discussion

The association of the F1-20 protein with synapses is supported
by both high-resolution light microscopy (Figs. 1, 2) and bio-
chemistry (Fig. 3). Light microscopic examination of tissue sec-
tions stained with the F1-20 antibody reveals that the highest
concentrations of the protein are present in synapse-rich areas
(cerebral cortex layer I, cerebellar cortex molecular layer) or
specialized synaptic structures (cerebellar glomeruli, olfactory
bulb glomeruli). Specific immunoreactivity is always distributed
in a fine punctate pattern, outlining neuronal cell bodies and
dendrites. Immunoreactivity is always excluded from white
matter and cellular soma. Synapsin I (Bloom et al., 1979; De
Camilli et al.,, 1983a) and synaptophysin (Jahn et al., 1985;
Wiedenmann and Franke, 1985) immunoreactivity has also been
shown to be distributed in a fine punctate pattern that outlines
neuronal cell bodies and dendrites and is excluded from white
matter. These features have been interpreted as indicative of
proteins specifically associated with nerve terminals or synapses.
Within the olfactory bulb, the relatively low level of staining in
the EPL is particularly significant. Any membrane-associated
protein might show superficial similarity to the pattern of dis-
tribution of the F1-20 protein (exclusion from cell bodies, out-
lining of dendrites). However, the EPL is primarily a dendritic
plexus with some tufted cells in its external half. It is therefore
cell poor, but as can be seen it shows relatively low levels of
immunoreactivity. This low level of immunoreactivity parallels
the relative sparseness of axonal-dendritic or axonal-somatic
synapses in the EPL relative to the concentration of such syn-
apses in such specialized structures as the olfactory glomeruli.

The biochemical evidence for the association of the F1-20
protein with synapses is also strong. Simply to find a protein in
a synaptosomal fraction could represent a minor contaminant,
but the fact that the specific activity (concentration of F1-20/
unit total protein) of the F1-20 protein increased throughout
the fractionation indicates that the F1-20 protein is enriched in
synaptosomes. Upon hypotonic lysis of the synaptosome, the
F1-20 protein is released into the soluble fraction, indicating
that it is not strongly associated with synaptic vesicles or syn-
aptic plasma membranes. This makes it unlikely that the Fl-
20 antigen is the previously described 180 kDa postsynaptic
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Figure 6. Expression of F1-20 mRNA and protein is developmentally
regulated postnatally. Northern (4 and B) and Western (C) blots of total
mouse brain RNA or protein from the indicated postnatal days were
probed with 32P-labeled F1-20 cDNA (4), *2P-labeled-actin cDNA (B),
or F1-20 MAb (C).

density protein (Gurd, 1985). While its molecular weight is
similar to the neuronal-specific protein NP185 that is associated
with brain clathrin-coated vesicles, the pl of NP185 is reported
to be near 6 (Kohtz and Pruszkin, 1988; Su et al., 1991), while
in the accompanying article we report the pI of the F1-20 protein
as 3.85 (Zhou et al., 1992). Its apparent molecular weight is not
similar to any other previously described synaptic molecules.
Many of the features brought out by immunochistochemistry
for the F1-20 protein are also revealed by analyses with probes
for other molecules associated with synapses or synaptic trans-
mission (Fig. 7). *H-GABA uptake (Walaas, 1983), 3H-p-as-
partate uptake (Walaas, 1983), synapsin I immunohistochem-
istry (DeCamilli et al., 1983a—), and AChE histochemistry
(Paxinos and Watson, 1986) all reveal laminar patterns in the
hippocampus, though all of these patterns are distinct from the
pattern of staining revealed by F1-20 immunohistochemistry.
These laminated variations in expression can be quite subtle
and complex: F1-20 immunohistochemistry differentiates not
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Table 1. F1-20 immunoreactivity in the mouse brain

Area Immunoreactivity
Cerebral cortex

Layer I e+

Layers II-V1 ++
Cerebellar cortex

Molecular layer ++++

Granule cell layer synaptic glomeruli +++
Main olfactory bulb

Olfactory glomeruli ++++

External plexiform layer +

Internal granule cell layer (cell-free regions) +++
Hippocampus

Molecular layer R A e

Lacunosum molecular layer +

Radiatum layer +++/+<

Oriens layer +++
Striatum

Striosomal ++

Matrix +
Thalamus”

DLG, MG, VPL, Po, VL, RE, LP +++

LD, AV, Rt, ZI ++

APT, PIL, Sth +
Hypothalamus +
Tripartite pallidum

Globus pallidus -

Entopeduncular nucleus -

Substantia nigra pars reticulata -
Amygdala ++
Septum +
Mesencephalon +
Rhomboencephalon +¢

2 Reactivity in the molecular and lacunosum molecular layers of the hippocampus shows extensive variation in a

laminated fashion.

» For abbreviations, see Figure 7 caption.
¢ General neuropil staining is weak, but some neurons are outlined by strong reactivity.

only between the molecular, lacunosum molecular, radiatum,
and oriens layers but also distinguishes the termination region
of the excitatory perforant path, the lucidum layer, and the
termination zone of the hilar neuron axons on the granule cell
dendrites. Many molecules associated with synapses or synaptic
transmission are also found to exhibit variations in expression
between the patch and matrix compartments in the striatum.
Enkephalin, GAD, SP, and AChE are examples of such mole-
cules (reviewed in Heimer et al., 1985). Immunohistochemistry
for F1-20 also reveals concentration of this protein in patches
within the striatum. A final example of this type of variation is
found in the thalamic nuclei, which show extensive variation
in F1-20 protein content [e.g., the border between the AChE-
rich reticular thalamic nuclei—zona incerta and AChE-poor ven-
troposteriolateral nucleus is starkly revealed by F1-20 immu-
nohistochemistry, although the distribution of the F1-20 protein
isinversely related to AChE (Paxinos and Watson, 1986)]. While
these complex variations in F1-20 protein expression do not
reveal its function, we can conclude that they do identify a
pattern of expression compartmentalized along borders revealed
by probes for other synapse-associated molecules.

Expression of F1-20 protein and mRNA is both tissue specific
and neuronal cell specific. The F1-20 MADb detects a single band
with an apparent molecular weight of 190,000 Da on Western
blots of extracts prepared from brain tissue. No immunoreac-
tivity is detected in extracts prepared from liver, spleen, kidney,
heart, or lung (Fig. 4), or from adrenal medulla or muscle (data
not shown). In these experiments, fivefold more total protein
was loaded from the non-brain tissue extracts than the brain
tissue extracts. In other experiments we have found that the
limit of detection of the F1-20 protein using this Western blot
protocol with the F1-20 MAD lies at approximately 1/20th the
concentration of total brain protein loaded in the blots shown
in Figure 4. The F1-20 protein is therefore present in at least
100-fold greater concentration in brain than in the non-brain
tissues analyzed here. Probes prepared from the F1-20 ¢cDNA
clone hybridize with a single band of 4.8 kb on Northern blots
of RNA isolated from brain tissue, but do not hybridize with
RNA isolated from liver, spleen, kidney, heart, or lung. The
RNA was just detectable after a 12 hr exposure in the lane
containing brain RNA, while no hybridization could be ob-
served to RNA from other tissues even after a 10 d exposure,
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Figure 7.

The F1-20 protein is distributed nonuniformly in brain. 4, A sagittal section of mouse brain immunohistochemically stained with the

F1-20 MAb. B, Hippocampus. C and D, Striatum. E and F, Thalamus. Abbreviations in B: CA/-CA3, regions CA1-CA3 of the hippocampus;
AH, Ammon’s horn cellular layer; o, oriens layer; r, radiatum layer; /m, lacunosum molecular layer; 7, molecular layer; H, hilus of the hippocampus;
GrDG, dentate gyrus granule cell layer. Abbreviations in £ and F: Ri, reticular thalamic nucleus; VPL, ventral posterolateral thalamic nucleus; str,
superior thalamic radiation; VLG, ventrolateral geniculate nucleus; MG, medial geniculate nucleus; DLG, dorsal lateral geniculate nucleus; Sth,
subthalamus; ZJ, zona incerta; LD, laterodorsal thalamic nucleus; AV, anteroventral thalamic nucleus; VL, ventrolateral thalamic nucleus; m/,
medial lemniscus; RE, retroethmoid thalamic nucleus; Po, posterior thalamic nuclear group; APT, anterior pretectal nucleus; PIL, posterior
intralaminar thalamic nucleus; VPM, ventral posteromedial thalamic nucleus; LP, lateral posterior thalamic nucleus. Scale bars: 4, 2 mm; B, 0.5

mm for B, E, and F; C, 0.6 mm for C and D.

indicating at least 20-fold higher levels of F1-20 mRNA in brain
versus other tissues. The restriction of mRNA expression within
the brain to neuronal cells is clearly demonstrated by the in situ
hybridization experiments (Fig. 5).

Expression of F1-20 mRNA and protein was found to be
developmentally regulated postnatally (Fig. 6). Abrupt increases
in mRNA and protein levels occur at postnatal days 4 and 7,
respectively. The delay of approximately 3 d in the point of
abrupt increase in expression of F1-20 mRNA versus protein
was unexpected but is consistent with the work of Kosik et al.
(1989), who also found a 2-3 d disparity between the shift to
mature tau mRNA expression and mature tau protein expres-

sion. The reasons for such a delayed onset of protein expression
are unknown. This corresponds to the period of active synap-
togenesis in the rodent CNS (Bloom, 1972). The time around
P& has been characterized as a developmental epoch in the
biochemical maturation of the rodent brain (Kosik et al., 1989).
The switch to the adult pattern of tau protein expression and
expression of a Ca?*/calmodulin-dependent protein kinase II
kinase subunit both occur around postnatal day 8 (Kosik et al.,
1989). Expression of at least one activity-dependent protein, the
Cat-301 protein, has also been shown to begin postnatally and
to reach adult levels within weeks, leading to the conclusion
that this protein could be involved in the selection or stabili-
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Figure 8. In situ hybridization with riboprobes transcribed from the F1-20 cDNA clone. A series of mouse brain sagittal sections are probed with
338 labeled antisense transcripts from the F1-20 cDNA clone (4-F), sense transcripts from the F1-20 cDNA clone (G, negative control), and
antisense transcripts from a GR ¢cDNA clone (H; positive control: compare the hybridization pattern in the Ammon’s horn of the hippocampus
to that observed for the F1-20 cDNA clone). Also shown are mouse liver sections probed with F1-20 antisense transcripts (/) and GR ¢cDNA
antisense transcripts (J). The bar in the hippocampal region in 4-F indicates the approximate position of the border between the CA1/CA2 regions
of the hippocampus. Within the mes- and rhomboencephalon, a number of nuclear groups showing particularly strong hybridization with the F1-
20 ¢cDNA probes are evident; some of these are indicated by unlabeled arrowheads in F. The deep cerebellar nuclei also exhibit strong hybridization
and are indicated by an arrowhead labeled C in 4-D and F. Also indicated is the exceptionally strong hybridization observed in the thalamic
anterodorsal (arrowhead labeled A) and pontine (labeled P) nuclear groups in F. Higher magnification dark-field views of emulsion dipped in situ
hybridized sections taken from the boxed areas in F labeled k, I, and m are shown in K, L, and M, respectively. G/, glomerular layer; EP/, external

plexiform layer; Mir, mitral cell layer; Igr, internal granular cell layer. Scale bars: F (for A-F), 2 mm; K, 50 mm; L, 0.3 mm; M, 100 gm.

zation of the mature set of synapses on a neuron (Hockfield et
al., 1983; Kalb and Hockfield, 1988; Sur et al., 1988). The
regulation of F1-20 protein expression reflects this pattern of
postnatal biochemical maturation of adult synaptic structures.

Within the brain, the distribution of both the F1-20 protein
and the F1-20 mRNA is nonuniform (Figs. 7-9, Table 1). While
the variation in F1-20 immunoreactivity is complex, we can
contrast its gross features with synapsin I. For example, the
strongest levels of F1-20 immunoreactivity are observed in the
cortically organized regions of the brain. The lowest levels of
F1-20 immunoreactivity are observed in the components of the
tripartite pallidum: the globus pallidus (including the ventral
pallidum), the entopeduncular nucleus, and the substantia nigra
pars reticulata. In contradistinction to F1-20 immunoreactivity,
synapsin I immunoreactivity in the tripartite pallidum has been
shown to be quite strong and was stronger than in the molecular

layers of some cortical regions (Bloom et al., 1979; De Camilli
et al., 1983a). Regional variation in F1-20 mRNA expression
is also complex (Figs. 8, 9). In general, smaller neurons and
medium-sized interneurons express reduced levels of F1-20
mRNA relative to large output neurons, even after taking into
account differences in expression expected solely on the basis
of cell size. There is also variation in the expression of F1-20
mRNA between different classes of large output neurons, as well
as extensive variation in the expression of F1-20 mRNA be-
tween different nuclear groups. It should be noted that unlike a
number of other macromolecules that have been shown to be
differentially expressed in different neurons (Zipser and McKay,
1981; Hendry et al., 1984), F1-20 expression does not differ-
entiate between otherwise identical neurons. That is, while ex-
pression of the CAT-301 protein, for example, has been shown
to vary in neurons localizing to the same nucleus and that are
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Figure 9. Variation in expression of F1-20 mRNA in cortical regions. Mouse brain sagittal sections are hybridized with **S-labeled antisense
transcripts from the F1-20 cDNA clone. Variation in expression is evident in a comparison of hybridization levels in mitral cells [4 (dark field)
and E (bright field, giemsa counterstained); three mitral cells are indicated by bars in A], telencephalic pyramidal cells (B and F; two pyramidal
cells are indicated in B), and cerebellar cortex granule and Purkinje cells (C, D, and G; three Purkinje cells are indicated by bars in C and D). Dark-
field microscopy illustrates the variation in F1-20 mRNA in neurons of three rhomboencephalic nuclei: the gigantocellular reticular nucleus (H),
the reticulotegmental pons nucleus (7}, and the oral pontine reticular nucleus (J). Scale bars: 4, 30 pm for A-D; E, 20 pm for E-G; H, 30 pm for

H-J.

otherwise morphologically indistinguishable (Hendry et al.,
1988), neurons of similar morphology within a single nucleus
or cortical region apparently express roughly equal levels of F1-
20 protein and mRNA.

Axonal processes are often quite long. Consequently, one would
expect that the location of a nerve terminal protein could be
some distance away from the cell body that synthesized it. We
note a lack of correspondence between F1-20 mRNA levels and
the local concentration of the F1-20 protein. For example, the
relative levels of F1-20 mRNA detected in the mes- and rhom-
boencephalic nuclei and the deep cerebellar nuclei by in situ
hybridization are higher than the relative levels of F1-20 protein
detected in these areas by immunohistochemistry. As another
example, we observe that the thalamic anterodorsal nucleus

displays levels of F1-20 mRNA severalfold above that of neigh-
boring thalamic nuclei while its content of F1-20 protein is
slightly below that of the neighboring thalamic nuclei. It can be
concluded either that different neurons differentially regulate
F1-20 mRNA translation/F1-20 protein stability, or that the
major fraction of the F1-20 protein synthesized in some neurons
is transported away from the cell body for considerable dis-
tances. Given the association of the F1-20 protein with synapses,
the latter may be the more probable explanation.

In this article, we have presented evidence that the F1-20
protein is a novel synapse-associated, neuronal-specific protein
expressed in a pattern coincident with synaptogenesis and syn-
aptic maturation. We have also characterized the extensive vari-
ation in expression of both the F1-20 mRNA and the F1-20
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protein. In the accompanying article (Zhou et al., 1992), we
have deduced the amino acid sequence for the F1-20 protein
through the isolation and sequencing of overlapping cDNA
clones. This led to some predictions about the biochemical prop-
erties of the F1-20 protein that then were tested. Evidence is
presented that the F1-20 mRNA has two alternatively spliced
isoforms, that the F1-20 protein is a substrate for calcium-
dependent proteolysis that is specifically inhibited by calpain
inhibitors in vitro, and that the F1-20 protein is likely to be
phosphorylated in vivo.
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