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Regional variations in the expression of a striatal enriched
protein tyrosine phosphatase called STEP were studied in
the adult rat brain by a combination of immunocytochem-
istry, lesion studies, Western blotting, and in situ hybrid-
ization. Monoclonal antibodies generated against STEP
identified multiple polypeptides of M, 46, 37, 33 and a dou-
blet of M, 64-66 kDa on Western blots. Although the three
STEP immunoreactive bands with lower molecular weights
were enriched in cytosolic fractions, the 64-66 kDa doublet
was enriched in membrane fractions. All of the immuno-
reactive forms were abundant in the caudate-putamen and
were present in lower amounts or were undetectable in oth-
er brain regions. In substantia nigra, the M, 64—-66 kDa dou-
blet was not detected but bands with M, 46, 37, and 33 kDa
were present. Immunocytochemical and lesion experi-
ments demonstrated that the cytosolic STEP isoforms
present in the substantia nigra are in presynaptic axons
originating from the projection neurons of the caudate pu-
tamen, which innervate this structure. Additional in situ hy-
bridization studies showed that STEP mRNA expression
patterns correlate with the patterns of immunocytochemi-
cal staining. These findings indicate that there are multiple
polypeptide isoforms of STEP enriched in the basal ganglia
and related structures which differ in terms of their intra-
cellular locations and functional roles.

[Key words: intracellular PTP, basal ganglia, cerebral
cortex, hippocampus, in situ hybridization, imnmunocyto-
chemical localization]

Protein phosphorylation is a common biochemical pathway en-
abling extracellular signals to modulate intracellular responses
(see reviews by Hunter and Cooper, 1985; Greengard, 1987,
Huganir and Greengard, 1990; Ullrich and Schlessinger, 1990;
Wallas and Greengard, 1991). A variety of neuronal proteins are
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regulated by phosphorylation including neurotransmitter and
growth factor receptors, cytoskeletal proteins, ion channels, syn-
aptic vesicle proteins, and transcription factors. For the majority
of these, phosphorylation occurs frequently on serine and thre-
onine residues and rarely on tyrosine residues. In recent years,
however, the number of molecules implicated in the control of
tyrosine phosphorylation has increased dramatically (Fisher et
al., 1991; Charbonneau and Tonks, 1992).

The two major classes of enzymes that regulate levels of ty-
rosine phosphorylation are the protein tyrosine kinases and the
protein tyrosine phosphatases. Members of these two classes
have either transmembrane receptor-like or intracellular forms.
The receptor-like protein tyrosine kinases (PTKs) include nerve
growth factor receptor (TrkA), insulin- and insulin-like growth
factor receptors, epidermal growth factor receptor, and brain de-
rived growth factor receptor. Many of these receptors show de-
velopmentally regulated patterns of expression in the brain, sug-
gesting a role in the establishment or maintenance of neural
pathways (Klein et al., 1989, 1990; Martin-Zanca et al., 1990).

The protein tyrosine phosphatases (PTPs) are subdivided on
the basis of their structural organization (Charbonneau et al.,
1989; Fisher et al., 1991; Charbonneau and Tonks, 1992). All
known PTPs contain a highly conserved 12 amino acid catalytic
domain and are further distinguished on the basis of additional
structural motifs. The receptor-like PTPs exhibit an extracellular
domain, a single transmembrane and one or two intracellular
phosphatase domains (Streuli et al., 1988; Jirik et al., 1990; Kap-
lan et al., 1990; Matthews et al., 1990; Sap et al., 1990; Tian et
al,, 1991; Yang et al., 1991; Levy et al., 1993; Sahin and Hock-
field, 1993; Walton et al., 1993). The nonreceptor cytoplasmic
PTPs contain a single phosphatase domain and additional amino
acid sequences that are homologous to motifs found in other
classes of proteins. In some instances, these domains are thought
to target the PTP to a distinct intracellular compartment. For
example, PTP1B and T-cell PTPs are attached to cellular mem-
branes through a regulatory hydrophobic amino segment at their
C-terminus (Cool et al., 1989, 1990; Frangioni et al., 1992). Two
other tyrosine phosphatases, MEG2 and PTPHI, contain do-
mains which are thought to target them to the cytoskeleton (Gu
et al., 1991; Yang and Tonks, 1991). In other instances, the mo-
tifs are thought to determine substrate specificity. For example,
several intracellular PTPs contain src¢ homology 2 domains
(SH2). These domains bind to phosphotyrosine residues of target
proteins. When found on PTPs, they have been postulated to
allow for the dephosphorylation of tyrosine residues by bringing



them into close association with the catalytic domain of the PTP
(Shen et al., 1991; Feng et al., 1993; Vogel et al., 1993).

Both receptor-like and nonreceptor PTPs have been identified
that exhibit restricted patterns of expression in the adult and
developing nervous system (Guan et al., 1990; Lai and Lemke,
1991; Lombroso et al., 1991; Tian et al., 1991; Yang et al., 1991;
Levy et al., 1993; Sahin and Hockfield, 1993; Walton et al,,
1993). Most of these also undergo developmental regulation.
Two PTPs with highly restricted patterns of expression include
DPTP99A and DPTPI0D. These receptor-like PTPs are ex-
pressed by a subset of pioneering axons in the embryonic Dro-
sophila CNS (Tian et al.,, 1991; Yang et al., 1991). NE-3 is
another receptor-like PTP that is first expressed in the rat olfac-
tory neuroepithelium during neurogenesis and is later found at
lower levels in the pyramidal cells of the hippocampus, thala-
mus, cerebral cortex, and cerebellum (Walton et al., 1993). Sev-
eral other cerebral cortex-enriched PTPs (CPTPs) of both the
receptor-like and nonreceptor classes are expressed at highest
levels in embryonic and neonatal rat cortical neurons but then
are down regulated during maturation (Sahin and Hockfield,
1993).

In previous studies, we cloned and partially characterized a
nonreceptor PTP, called STEP, which has a highly restricted pat-
tern of expression in the adult rat brain (Lombroso et al., 1991,
1993). Polyclonal antisera against STEP detected three brain-
specific STEP immunoreactive polypeptides in cytosolic frac-
tions which were hypothesized to be functionally related forms
of STEP (Lombroso et al., 1993). To test this hypothesis, we
generated monoclonal antibodies (mAbs) against a portion of the
STEP molecule located outside of the catalytic domain. The re-
sulting STEP mAbs detected the triplet of cytosolic STEP poly-
peptides previously described, but in addition, a novel higher
molecular weight doublet enriched in particulate fractions. The
goal of the present study was to investigate regional differences
in the expression of different STEP immunoreactive polypep-
tides by means of Western blotting in combination with immu-
nocytochemical and in situ hybridization analyses. These results
have appeared previously in abstract form (Boulanger et al.,
1993).

Materials and Methods

Production of monoclonal antibodies. Monoclonal antibodies to STEP
were produced by the method of Kohler and Milstein (1975). BALB/c
mice were immunized with 100 wg of STEP peptide conjugated to
keyhole limpet hemocyanin (KLH) in Freund’s complete adjuvant. The
peptide consisted of an 18 amino acid sequence towards the N-terminus
of STEP which lacked homology to any previously characterized PTP.
Mice were boosted subcutaneously with 40 ng of peptide dissolved in
50 mM sodium bicarbonate (pH 8.0) in Freund’s incomplete adjuvant.
Splenocytes were removed, dissociated, and fused with mouse myeloma
cells (NS1/Ag8) in the presence of polyethylene glycol and plated onto
96 well plates at limiting dilution. Selection for hybrids was accom-
plished in HAT medium and tissue culture supernatants were screened
using ELISA assays against STEP fusion protein (Lombroso et al,,
1993). STEP immunoreactive supernatants were rescreened on mini-
Western strips and positives were further screened by immunocyto-
chemical staining of rat caudate-putamen. Positive cells were subcloned
two additional times, propagated in vitro, and grown as ascites tumors.

Twenty-two mouse monoclonal antibody-producing cell lines were
found to secrete supernatants positive in the initial screening process.
The mAbs differed in intensity of their immunocytochemical staining
in selected brain regions and in their relative affinities for different
molecular weight forms of STEP polypeptides on Western blots. Based
on combined biochemical and immunocytochemical staining properties,
mAbs 17E3 and 23E5 were selected for the studies reported here. Com-
parisons indicated that both recognized the same polypeptides on West-

The Journal of Neuroscience, February 1995, 15(2) 1533

ern blots but 23ES gave stronger staining on Western blots and 17E3
produced stronger immunocytochemical staining. Ascites from cell lines
17E3 and 23ES were immunoaffinity purified with protein A (17E3) or
protein G (23ES5) and stored at —80°C. MAb 23ES was used at dilutions
of 1:5000 to 1:10,000 and mAb 17E3 was used at dilutions of 1:500 to
1:2500. Monoclonal antibodies to tyrosine hydroxylase were purchased
commercially (Boehringer Mannheim, dilution 1:200). DARPP-32 an-
tibodies were provided by G. Snyder and P. Greengard.

Lesions of striatonigral and nigrostriatal neurons. Nigrostriatal pro-
jections were eliminated by lesions of the substantia nigra as described
by Perese et al. (1989). This protocol results in selective pathology in
the A9 cell group, largely sparing the A10 ventral tegmental neurons.
Male Sprague-Dawley rats, 280-300 gm received two separate intran-
igral injections of 2 pl of 6-OHDA (2 pg/ul) in 0.9% saline containing
0.1% ascorbic acid as an anti-oxidant as described previously (During
et al., 1992). To determine the extent of the lesions, animals were tested
for rotational behavior in response to apomorphine after a postoperative
period of at least 10 d (Hefti et al., 1980; During et al., 1989). Hefti et
al. (1980) demonstrated that animals with contralateral rotation rates
greater than 6/min to systemically administered apomorphine will have
greater than 90% reduction in striatal dopamine content and tyrosine
hydroxylase activity. This criterion was used to select animals for STEP,
DARPP-32, and tyrosine hydroxylase immunocytochemical staining, 1—
6 months after the lesion.

Striatal lesions were performed to ablate striatonigral projection neu-
rons in two adult male Sprague-Dawley rats (280-300 gm). Each ani-
mal received a striatal lesion made by stereotaxic injection of kainic
acid as described previously, with modifications (Walaas and Green-
gard, 1984). One microliter of kainic acid (5 mm) was injected into the
right caudate-putamen over a 4 min interval. The needle was left in
place for an additional 3 min and withdrawn. One month after the le-
sion, the brains were processed for immunocytochemical staining, as
described below.

Western blots. Long-Evans rats (N = 10) were euthanized by CO,
inhalation. Brains were immediately removed, dissected, and placed im-
mediately into homogenization buffer (HB) containing 320 mm sucrose,
1 mMm PMSE and 1 mMm aprotinin. Dissections from different brain
regions included caudate-putamen, hippocampus, substantia nigra, fron-
tal, and occipital cortex. Tissue was homogenized using a Teflon in glass
homogenizer and centrifuged for 10 min at 1000 X g to obtain super-
natant (S1) and P1 fractions. S1 was centrifuged at 10,000 X g for 10
min to obtain S2 and P2 fractions. For those experiments in which we
were interested in looking at cytosol versus membrane fractions, the S2
fraction was centrifuged at 200,000 X g for 1 hr to obtain S$3 (cytosol)
and P3 (crude membrane) fractions. For those experiments in which we
were interested in also examining synaptosomal fractions (Fig. 1), syn-
aptosomes were lysed by resuspending P2 in 2.5 ml of 320 mM sucrose
buffer to which 25 ml of ice cold H,O was quickly added and the
sample homogenized with three strokes at 2000 rpm. HEPES buffer
(pH 7.5) was added to a final concentration of 10 mm. The sample was
centrifuged at 16,500 rpm to obtain a lysed pellet 1 (LP1) and lysed
supernatant 1 (LS1). LS1 was centrifuged for 2 hr at 100,000 X g to
obtain LP2 and LS2. Fractions were assayed for protein concentration
by the method of Bradford (1976). Purified synaptic vesicles (CPG frac-
tion) were prepared as described in Huttner et al. (1983) and McPherson
et al. (in press) and were kindly provided by Peter McPherson.

The different subcellular fractions were loaded onto 10% SDS-poly-
acrylamide gels, separated by electrophoresis, and transferred onto ni-
trocellulose filters (Laemmli, 1970; Towbin et al., 1979). Blots were
stained with Ponceau S (Sigma) to visualize transferred proteins,
blocked with 5% Blotto, and incubated overnight with monoclonal an-
tibodies. Blots were washed extensively before the addition of alkaline
phosphatase conjugated goat anti-mouse secondary (Bio-Rad, dilution
1:4000), incubated for 1 hr, and processed as previously described
(Lombroso et al., 1993).

Controls. To assess specificity of staining on Western blots or on
tissue sections, 1 pl of STEP monoclonal antibody was diluted 1:500,
preabsorbed with 10 pg to 20 g of STEP peptide for 18 hr, and brought
to a final dilution of 1:1000 prior to incubation with tissue sections. In
addition, some lanes were incubated with preimmune mouse serum and
the blots were processed through secondary antibodies and color de-
velopment solutions.

Immunocytochemistry. Long Evans and Sprague-Dawley rats
(Charles River) were deeply anesthetized with Nembutal (60 mg/kg,
i.p.) and perfused transcardially with 50 ml of 0.1 M phosphate buffered



1534 Boulanger et al. « STEP in the CNS

saline (PBS) containing 0.1 U/ml sodium heparin followed by 4% para-
formaldehyde in 0.1 m PBS, pH 7.4. Brains were removed, blocked,
cryoprotected, embedded in Polyfreeze (Polysciences) and 12 wm thick
sections were placed onto polylysine coated glass slides. Cryostat sec-
tions were stored at —80°C. Alternatively, 40 pm thick sections were
cut and stored free-floating in 50 mM Tris buffered saline (TBS) and
glycerol (1:1) at —20°C until staining was performed.

Sections were incubated in 0.1 M PBS containing 5% normal serum
and 0.5% Triton X-100 for 1 hr and processed for immunoperoxidase
cytochemistry, according to Lombroso et al. (1993), except that mouse
mAbs 17E3 or 23E5 were diluted in 0.1 M PBS containing 5% normal
horse serum. Detection was accomplished with an avidin-biotin—per-
oxidase system (Vector Labs; Lombroso et al., 1993). For lesion studies,
DARPP-32 and tyrosine hydroxylase were used in addition to STEP
mAbs at dilutions as described above.

Digoxigenin in situ hybridization. In situ hybridization studies em-
ployed digoxigenin-labeled cRNA probes and were performed follow-
ing the protocol of Wahle and Beckh (1992), with modifications as
described below. Digoxigenin-labeled cRNA probes for STEP mRNA
were synthesized from a 2.4 kb STEP ¢cDNA and stored at —20°C until
use (Wahle and Beckh, 1992).

Perfusion, hybridization, and detection. Sprague-Dawley rats (N =
4) were anesthetized with Nembutal (60 mg/kg, i.p.) and perfused tran-
scardially with 200 ml of 4% paraformaldehyde in 0.1 m PBS. The
brains were removed, blocked, cryoprotected, and frozen rapidly on dry
ice. Forty micrometer thick cryostat sections were thawed into 0.3 M
sodium chloride containing 30 mm sodium citrate, pH 7.4 (2 X SSC)
and processed free-floating. Permeabilization was performed for 10 min
in 10 mm Tris containing 5 mm EDTA and 1 pg/ml proteinase K, and
then sections were rinsed for 15 min in 2 X SSC/2 mm EDTA, and
equilibrated for 5 min in 2 X SSC/50% prehybridization mix.

STEP cRNA sense and antisense probes were diluted 1:100 to 1:300
in prehybridization buffer and applied to tissue sections overnight at
45°C. Control sections were incubated in the same buffer without sense
or antisense cRNA. Digoxigenin labeled probes were detected by in-
cubation in Fab portions of alkaline phosphatase conjugated anti-digox-
igenin antibody (Boehringer Mannheim, 1:1500) followed by several
rinses and incubation in alkaline phosphatase color substrates BCIP and
NBT. Sections were mounted onto polylysine-coated slides, air dried,
and coverslipped in water-based compound (Airvol, Air Products).

Results

STEP monoclonal antibodies recognize four STEP
immunoreactive polypeptides in the brain

Previous studies with a rabbit antiserum specific for STEP iden-
tified a major cytosolic band of 46 kDa in rat whole brain frac-
tions and two additional bands of 37 and 33 kDa in striatal
fractions (Lombroso et al., 1993). The mouse monoclonals gen-
erated for the present study also reacted strongly with these
bands, as shown in Figure 1. Additionally, the mAbs detected a
new doublet with a mobility of 64-66 kDa, enriched in partic-
ulate fractions. The specificity of the staining patterns was dem-
onstrated by preabsorption of the mAbs with STEP peptide or
by omission of the mAb from the staining procedure and both
conditions abolished immunoreactivity. Western blot compari-
sons of the rabbit polyclonal and mAbs 17E3 and 23ES indicated
that although both the polyclonal and monoclonal antibodies rec-
ognized the 46 kDa polypeptide, the polyclonal antiserum was
significantly less sensitive and did not detect the 65 kDa mem-
brane enriched band (data not shown). The remaining cytosolic
bands of 37 and 33 kDa were faintly labeled by the antiserum
but strongly detected by the mAbs (not shown). Due to the great-
er sensitivity of the two monoclonal antibodies, the remainder
of the experiments described here were carried out with these
reagents.

The STEP immunoreactive bands described above were des-
ignated STEP,, STEP,,, STEP,,, and STEP,,. Although the
STEP,; and STEP,, bands were detected in whole brain homog-
enates (H) and in initial subcellular fractions containing nuclei

and blood vessels (P,) or crude membranes (P,), we found a
striking enrichment of STEP,,, STEP,,, and STEP,, in the cy-
tosolic fraction (S;) and selective enrichment of STEP,; in the’
membrane-enriched fractions containing small organelles (P,)
and crude synaptic vesicles (LP,) (Huttner et al., 1983) (Fig. 1).
The lower molecular weight STEP-immunoreactive bands were
depleted, but not completely removed from the membrane-en-
riched fractions, most likely due to the limited presence of some
cytosolic components in the P, and LP, fractions.

The enrichment of STEP,, STEP,,, and STEP,, in the S3
fraction corroborates a previous study in which these STEP iso-
forms were detected in brain homogenate and partitioned into
the aqueous phase following Triton X-114 extraction experi-
ments (Lombroso et al., 1993). Although the increased abun-
dance of STEP, in the LP2 fraction suggested a specific asso-
ciation with synaptic vesicles, STEP immunoreactivity was
depleted from a purified synaptic vesicle fraction (Fig. 1, lane
CPG; synaptic vesicles courtesy of Peter McPherson and Pietro
DeCamilli).

STEP polypeptides are differentially enriched in various
cortical and subcortical regions

We next examined whether STEP immunoreactive polypeptides
varied in their patterns of expression within different brain
regions. When equivalent amounts of protein from the S3 frac-
tions of different regions were probed for STEP immunoreactiv-
ity on Western blots, we found that frontal cortex exhibited a
greater enrichment in STEP,, (Fig. 2A, lane 1) compared with
occipital cortex (Fig. 24, lane 2) or hippocampus (Fig. 24, lane
3). STEP,, was faintly detected in frontal cortex and hippocam-
pus (Fig. 2A, lane 1) but not in occipital cortex. In contrast,
STEP,, STEP,,, and STEP,, were all strongly enriched in S3
fractions prepared from the striatum (Fig. 24, lane 4). When we
examined S3 fractions prepared from the substantia nigra,
STEP,, and STEP;, were clearly present and STEP,, was faintly
detectable (Fig. 24, lane 5). Preabsorption of the antibodies with
STEP peptide abolished the staining (Fig. 2C, lane 1). We pre-
sent evidence below that this nucleus contains only STEP im-
munoreactive axons and synaptic terminals and no immunoreac-
tive cell bodies, suggesting that STEP,,, STEP,,, and STEP,, are
transported from the cell body of striatal neurons to their axonal
endings in the substantia nigra (see Fig. 3).

We compared regional variations in STEP,; in different cor-
tical and subcortical regions, and the results are shown in Figure
2B. When equivalent amounts of protein from P3 fractions from
different brain regions were compared for levels of STEP,;, we
found that nearly equivalent levels were present in frontal cortex
(Fig. 2B, lane 1), occipital cortex (Fig. 2B, lane 2), and hippo-
campus (Fig. 2B, lane 3). By contrast, a slight increase in levels
of STEP,; was found in striatum P3 fractions (Fig. 2B, lane 4)
whereas STEP,; was not detectable in P3 fractions of the sub-
stantia nigra (Fig. 2B, lane 5). The staining was abolished by
preabsorption with STEP peptide (Fig. 2C, lane 2).

STEP immunoreactivity is present in the projection neurons of
the striatum and their axons

To further compare regional variations in STEP, immunostaining
was performed on tissue sections. STEP immunoreactivity was
evident within a majority of striatal neuron cell bodies and den-
drites (Fig. 3A). In addition, there were immunoreactive axons
of striatal neurons which were observed to descend into the glo-
bus pallidus (Fig. 3D). Additional immunoreactive axons de-
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Figure 1. Western blot of subcellular fractions of whole adult brain. STEP,,, STEP,,, and STEP;, are enriched in cytosol fractions (lane ;).
STEP,, is enriched in particulate fractions (lanes P3 and LP2). Molecular weight of standard proteins shown on left. Abbreviations: H, whole brain
homogenate; P/, nuclei, unbroken cells, and blood vessels; P2, crude membranes; 53, cytosol; P3, small organelles; LP/, lysed synaptosomal
membranes and mitochondria; LP2, synaptic vesicles and small organelles; LS2, synaptic vesicle supernatant; CPG (controlled-pore glass beads),

purified synaptic vesicles. One hundred micrograms of protein/lane, 7-20% gradient gel.

scended toward and into the substantia nigra, pars rcticulata (Fig.
3B), and the entopeduncular nucleus (Fig. 3C). By contrast,
STEP immunoreactive cell body staining was absent in these
three target nuclei of the striatum.

STEP immunoreactive axons present in the substantia nigra and
entopeduncular nuclei could not be followed directly back to im-
munoreactive cell bodies in the striatum. Hence, we conducted
lesion experiments to determine whether these axonal populations
originated from striatal projection neurons. Kainic acid lesions of
the caudate-putamen or 6-hydroxydopamine (6-OHDA) lesions of
the substantia nigra were performed. The efficiency of the lesions
was assessed with behavioral measurements as well as by im-
munocytochemistry with antibodies against tyrosine hydroxylase,
dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-32)

and STEP. Tyrosine hydroxylase staining was examined to deter-
mine the extent of dopamine containing cell bodies and axons,
since this enzyme is rate-limiting in the synthesis of dopamine.
The DARPP-32 phosphoprotein has been found previously to be
enriched in dopaminoceptive neurons and is particularly abundant
in striatal projection neurons (Hemmings et al., 1984; Ouimet et
al., 1984). Since DARPP-32 colocalizes with STEP in striatal
neurons, this marker also served as a positive control for any
reductions found in STEP (Lombroso et al., 1993). Striatal lesions
produced by injection of kainic acid resulted in a loss of neurons
intrinsic to the caudate-putamen and as a consequence, both STEP
and DARPP-32 immunoreactivity in the caudate-putamen were
depleted (Fig. 4A,B; see Walaas et al., 1984, for similar results
using DARPP-32).
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Western blots of different brain regions showing STEP immunoreactive bands in cytosolic and membrane fractions. A, S3 (cytosol)

fractions; B, P3 (membrane) fractions. For both A and B: lane I, frontal cortex; lane 2, occipital cortex; lane 3, hippocampus; lane 4, striatum;
lane 5, substantia nigra. Specific staining was abolished by preincubation of STEP antibodies with STEP peptide as shown in blot C, lane I (striatum
cytosol), lane 2 (striatum membrane fractions); 100 pg protein/lane, 10% acrylamide gels.

6-OHDA lesions of the substantia nigra resulted in degener-
ation of dopaminergic neurons in the substantia nigra and de-
pletion of dopaminergic afferents to the caudate-putamen, as
shown by a striking reduction in tyrosine hydroxylase immu-
noreactive cell bodies in the substantia nigra and a loss of ty-
rosine hydroxylase immunoreactive axons innervating the cau-
date-putamen (Fig. 4F; see also During et al., 1992).

Kainic acid injections in the rostral caudate reduced STEP (Fig.
4A) and DARPP-32 immunoreactive fibers in the ipsilateral sub-
stantia nigra (Fig. 4B) but did not affect tyrosine hydroxylase
immunoreactivity in neuronal cell bodies of the substantia nigra
(Fig. 4C). By contrast, 6-OHDA lesions of the substantia nigra
destroyed nigral dopaminergic neurons and fibers and abolished
nigral tyrosine hydroxylase staining (Fig. 4F) but did not affect
levels of STEP (Fig. 4D) or DARPP-32 (Fig. 4F) immunoreac-
tivity in the caudate-putamen. Several cases in which surgical
hemisections were made to induce degeneration of both the ni-
grostriatal and striatonigral fiber tracts resulted in reduced STEP
and DARPP-32 staining in the substantia nigra, and reduced TH
staining in the caudate-putamen (data not shown). In summary,
the presence of STEP immunoreactivity in afferent axons but not
within intrinsic cell bodies of striatal target nuclei and the aboli-
tion of this staining following direct striatal lesions or transection
of striatal efferent pathways, demonstrated that striatal neurons
supply the STEP immunoreactive axons observed in the substan-
tia nigra. These findings are consistent with the fact that the den-
sity of STEP immunoreactive axons in the other major terminal

zones of the caudate-putamen were also diminished after striatal
lesions.

Cellular localization of STEP in other brain areas

We examined the extent and localization of STEP in some of the
other brain regions exhibiting STEP immunoreactive bands on

- Western blots. In the forebrain structures, the most striking stain-

ing was in cerebral cortex and hippocampus. In the frontal cortex,
pyramidal cell bodies and proximal dendrites in layers 2+3, 5,
and 6 were strongly STEP immunoreactive, with layer 5 and up-
per layer 2 containing the strongest staining (Fig. 54). Some cor-
tical areas, such as the piriform cortex, exhibited enhanced im-
munoreactive staining in comparison to other sensory or motor
areas of cerebral cortex (Fig. 5B). In the hippocampus, pyramidal
cells in region CA2 were more intensely labeled than the pyra-
midal cell bodies in areas CAl and CA3 (Fig. 5C,D) and other
cell populations of the hippocampus were nonimmunoreactive.
A number of subcortical areas also exhibited prominent STEP
immunoreactivity. These included the lateral septal nucleus (Fig.
SE; see also Lombroso et al., 1993) and the dorsal medial nu-
cleus of the hypothalamus (Fig. 5F,G). Both of these neuronal
populations exhibited intense somatic and dendritic labeling.
Other areas of the thalamus, midbrain and brainstem exhibited
weaker, but detectable STEP immunostaining in cell bodies or
axons. Camera lucida tracings in Figure 6 summarize these and
other labeled areas with axonal (left half of brain sections) or
cell body labeling (right of sections). A detailed list of STEP




immunoreactive structures throughout the brain is given in Ta-
ble 1.

STEP mRNA expression overlaps with the distribution of STEP
immunoreactive polypeptides shown by Western analyses and
by immunocytochemistry

To determine whether brain regions containing high levels of
STEP immunoreactivity correlated with levels of STEP message,
in situ hybridization was performed with digoxigenin labeled
cRNA probes. Hybridization signals were most intense in cau-
date-putamen (Fig. 7A), cortical areas, including piriform cortex
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Figure 3. Photomicrographs of STEP
immunoreactivity in the caudate-puta-
men and its efferent targets. A, Coronal
sections through the caudate-putamen
showing STEP immunoreactive cell
bodies and neuropil. STEP immuno-
reactive axons but not cells are present
in striatal target nuclei; B, substantia
nigra pars reticulata; C, entopeduncular
nucleus; and D, globus pallidus. Scale
bar, 30 pm.

(Fig. 7B), layers 243, 5, and 6 of frontal cortex (Fig. 7C) and
pyramidal cells of the hippocampus (Fig. 7D). STEP mRNA was
not detected in areas containing only STEP immunoreactive fi-
bers such as the substantia nigra, pars reticulata, entopeduncular
nucleus, and the pontine nucleus. Signals were absent from
regions which lacked immunostaining and from white matter
fiber tracts (Fig. 7D), indicating no significant mRNA in glia.

Discussion

Previously, a cDNA was isolated and determined to encode for
a protein with a predicted molecular weight of 42 kDa (Lom-
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Figure 4. STEP, DARPP-32, and tyrosine hydroxylase immunoreactivity following lesions of caudate-putamen or substantia nigra. A-C, Caudate-
putamen lesions. D—F, Substantia nigra lesions. Following striatal lesions, both STEP (A) and DARPP-32 (B) immunoreactive axons are lost in the
ipsilateral substantia nigra (arrows). This lesion does not alter tyrosine hydroxylase immunoreactivity in the substantia nigra (C). In contrast, nigral
lesions fail to alter STEP (D) or DARPP-32 (E) immunoreactivity in the ipsilateral striatum but result in a marked loss of tyrosine hydroxylase
immunoreactivity in the striatum (F, arrows). Rostral is at the top.

broso et al., 1991). A subsequent study showed that three STEP
immunoreactive bands were present in the striatum (Lombroso
et al., 1993). A major finding of the present study is that there
are additional STEP immunoreactive bands that vary in their
relative enrichment in different brain regions and subcellular
fractions.

In our previous study describing STEP immunoreactive pro-
teins, a polyclonal antisera was utilized which was generated by
immunizing rabbits with the same 18 amino acid peptide utilized
in the present study for monoclonal antibody production (Lom-
broso et al., 1993). With the polyclonal antisera, dilutions of
1:25 to 1:50 were required to detect STEP,, STEP,,, and
STEP;,. Despite the low dilutions, the higher molecular weight
form of STEP,, was not detected. In addition, we previously
utilized a procedure for preparing brain homogenates which did
not involve the preparation of cytosolic and membrane fractions
which were shown in our present study to enrich for the different
STEP isoforms selectively. It seems likely that the failure to

detect STEP,, in our previous study was due to a combination
of factors including the lower titer of the antiserum as compared
with the monoclonal antibodies and methodological differences
in the preparation of subcellular fractions for biochemical anal-
yses.

Differences in the relative abundance of STEP polypeptide
Jforms may correspond to differences in their functional roles

The triplet of STEP,,, STEP,,, and STEP,, was selectively en-
riched in cytosolic fractions and expressed at highest levels in
the caudate-putamen. Of these, STEP,, was the isoform also
most abundantly expressed within cortical and subcortical
regions. Further differences in the relative abundance of these
isoforms were found in different cortical areas. Combined im-
munocytochemistry and lesion experiments showed that STEP,,,
STEP,,, and STEP,, were present selectively in the axons of the
medium-sized spiny neurons of the caudate-putamen which pro-
ject to the substantia nigra, pars reticulata, The substantia nigra
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Figure 5. Photomicrographs showing STEP immunoreactivity in cortical and subcortical brain regions. A, STEP immunoreactive pyramidal neurons
are visible in cortical layers II+III, V, and VI in occipital cortex; B, piriform cortex; C, hippocampus, low power view; D, hippocampal pyramidal
cell layer, high magnification view; E, dorsomedial hypothalamic nucleus, low power view; F, dorsomedial hypothalamic nucleus, high power view.
Scale bars: A—C and E, 100 pm; D and F, 10 pm.
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A

Figure 6. Camera lucida tracings of coronal sections through adult rat brain showing STEP immunostaining with mAb 23ES. Only strongly
immunoreactive regions are represented. A—F are ordered rostral to caudal. Immunoreactive somata represented as dots on right of tracings and
immunoreactive axons are represented as cross-hatching on left side of sections. Dot density corresponds to density of immunoreactive somata and
dot size corresponds to staining intensity. Abbreviations: AC, accumbens nucleus; DC, dorsal cochlear nucleus; IC, islands of Calleja; ST, corpus
striatum; SO, supraoptic nucleus; LS, lateral septal nucleus (intermediate); MH, dorsomedial hypothalamic nucleus; /G, indusium griseum; HP,
hippocampus; SN, substantia nigra; RN, red nucleus; ON, oculomotor nucleus; PN, pontine nucleus; FN, facial nucleus. Scale bar, 2 mm.

lacked STEP immunoreactive cell bodies and further biochem-
ical studies will be necessary to determine whether STEP,,,
STEP;,,, and STEP,;, are also found within other targets of striatal
projection neurons.

A major new finding of the present study was that STEP,;
alone was further enriched in the particulate fractions P3 and
LP2. In these fractions, STEP,, clearly exists as a doublet with
a sharp polypeptide band of 64 kDa and broader band of ap-

proximately 66 kDa. The two bands forming this doublet coen-
rich in particulate fractions with the upper band appearing more
intense in P3 and LP2 fractions. The molecular weight range
and upward smearing of the 66 kDa band is suggestive of post-
translational modification by either phosphorylation or glyco-
sylation. Although enrichment of STEP,, occurred in fractions
containing membranes of small organelles and synaptic vesicles,
additional Western blots showed no association of STEP,, with



Table 1. Distribution of STEP immunoreactive cells and
processes in different brain regions

STEP-ir STEP-ir
Brain region cell bodies neuropil
Amygdala ++ -
Anterior pretectal nucleus + -
arcuate nucleus ++ -
CAl, hippocampus + -
CA2, hippocampus ++++ -
Caudate-putamen ++++ 4+
Central gray + -
Cortex layers II + III, V and VI +++ +
Dentate gyrus ++ —
Dorsal cochlear nucleus ++ -
Dorsal fornix — Py
Dorsomedial hypothalamic nucleus +++ -
Entopeduncular nucleus - ++
Facial nucleus ++ _
Globus pallidus - +++
Hypoglossal nucleus + -
Indusium griseum ++++ +4+
Inferior olive - +
Internal capsule - ++
Interpeduncular nucleus ++ -
Islands of Calleja ++++ 4+
Lateral posterior thalamic nucleus + -
Lateral septal nucleus ++++ -
Medial geniculate +++ -
Medial preoptic area ++ -
Medullary reticular field + -
Nucleus accumbens ++++ -+
Nucleus optic tract ++ -
Oculomotor nucleus + +
Olfactory tubercle ++ -+
Pontine nucleus — 4
Red nucleus ++ _
Reticular thalamic nucleus ++ ++
Septohippocampal nucleus +++4+ ++++
Spinal trigeminal nucleus ++ -
Substantia nigra — 4
Superior colliculus + -
Supraoptic nucleus +++ +++
Tanycytes — ++
Tenia tecta ++ _
Transverse fibers pons - +H+

Relative intensity of STEP immunoreactivity in cell bodies and neuropil in
various structures in the adult rat brain. ++++, strong staining; ++, moderate
staining; —, no staining.

purified synaptic vesicle membranes. Taken together, these data
suggest that STEP,; is associated with membranes of small or-
ganelles present both in neuronal soma and synaptosomes (i.e.,
endoplasmic reticulum). Preliminary studies also suggest that the
association of STEP; with membranes is not disrupted by high
ionic strength, and biochemical studies are now underway to
identify the precise subcellular location of STEP, and the nature
of its association with the membrane. Whether STEP, is a phos-
phatase has yet to be determined and clarification will require
purifying and sequencing of the 65 kDa protein.

The regional comparisons of different STEP immunoreactive
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polypeptides showed highest levels of all STEP immunoreactive
bands in caudate-putamen. A moderate enrichment of STEP,
was found in frontal cortex relative to other cortical regions.
STEP,; was found to be enriched in several cortical areas in
addition to the caudate-putamen, but was not detected in sub-
stantia nigra. At the present time, we are unable to distinguish
between the possibilities that STEP,; is produced selectively by
cortical neurons and then transported within their axons to the
striatum, or produced within both cortical and striatal neurons.
If striatal projection neurons express all isoforms of STEP, but
only STEP,; is not detected in the substantia nigra, it suggests
that the lower molecular forms of STEP are transported within
striatonigral axons, while STEP,; is not.

Evidence that STEP polypeptides are generated by alternative
splicing of a single STEP gene

We hypothesize that the different molecular weight forms of
STEP are members of a family of polypeptides generated
through alternative splicing of a single STEP gene. The strongest
support for this hypothesis has been obtained in studies in which
the original full length STEP ¢cDNA clone was used as a probe
to screen a mouse cDNA brain library. Over 100 positive clones
were obtained after stringent hybridization and several of these
have been sequenced. Some of these clones contain sequences
which diverge from the original sequence and represent alter-
natively spliced variants. The novel sequences were determined
not to be cloning artifacts by locating the identical sequences
within a mouse genomic clone for STEP (Lombroso et al.,
1994). All of the clones isolated to date maintain the 18 amino
acid sequence used to generate both the monoclonal used in the
present study and the polyclonal antibody used in our previous
study (Lombroso et al., 1993). Several of the alternatively
spliced clones encode for proteins with predicted molecular
weights greater than the original STEP sequence of 42 kDa and
two clones encode for proteins with a predicted molecular
weight of approximately 65 kDa. We are investigating whether
these candidate cDNA clones encode for STEP,;.

Additional support for our hypothesis was obtained in previ-
ous Northern blot analyses of STEP mRNA in rat brain. Two
distinct mRNA transcripts were expressed in different brain
regions: a 3 kb transcript was highly enriched within the cau-
date-putamen and detected in several cortical regions, while an
additional, 4.4 kb mRNA transcript was only detected in cortical
structures (Lombroso et al., 1991). Southern blots of genomic
DNA using the original full length STEP ¢DNA as a probe,
demonstrated the existence of a single gene (Lombroso et al.,
1991). These observations taken together suggest that the STEP
immunoreactive bands observed in the present study are the
products of alternatively spliced variants of a single STEP gene.

There are several other explanations that could account for
the data presented in this study and these cannot yet be ruled
out. Some of the muitiple STEP polypeptides could arise from
normal proteolytic cleavage and/or posttranslational modifica-
tions of a single STEP polypeptide. These forms might have
distinct functional roles within cells. This explanation probably
cannot account for all STEP forms because the smallest form,
STEP.;, is expressed during development several days prior to
the appearance of any of the other higher molecular weight
bands (Boulanger et al., 1993).

An alternative explanation is that the multiple STEP immu-
noreactive bands correspond to unrelated polypeptides with a
shared epitope. This explanation seems unlikely for several rea-
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Figure 7. Photomicrographs of STEP mRNA localized by in situ hybridization with digoxigenin-labeled STEP ¢cRNA probes. A, Caudate-putamen;
B, retrosplenial cortex; C, piriform cortex and olfactory tubercle; D, pyramidal cell layer of hippocampus; E, occipital cortex, Scale bar, 100 um.

sons. First, all of the 22 mAbs generated against STEP in the 1993). Third, with either the polyclonal or monoclonal antibod-

present study labeled the same set of STEP polypeptide bands. ies, immunocytochemical staining was abolished by preabsorp-
Second, immunocytochemical staining patterns produced by tion of antibodies with either the peptide or STEP fusion protein
these monoclonal antibodies were identical to the patterns pro- (Lombroso et al., 1993). More definitive proof that the different

duced by a previous polyclonal antiserum generated against the ~ bands are related will entail purification and sequencing of the
identical 18 amino acid peptide from STEP (Lombroso et al., individual bands.



The relationship between STEP, dopamine innervated brain
regions, and subclasses of dopamine receptors

STEP immunoreactivity was found previously to colocalize with
DARPP-32, a dopamine- and cAMP-regulated phosphoprotein,
in medium-sized spiny neurons of the caudate-putamen (Lom-
broso et al., 1993). This population of striatal neurons also con-
tains additional members of the set of cAMP-regulated phos-
phoproteins besides DARPP-32 (Ouimet et al., 1984) including:
ARPP-21 (Ouimet et al., 1989), ARPP-19, and ARPP-16
(Girault et al., 1990). In addition, these neurons are known to
utilize GABA, enkephalin, dynorphin, and substance P as trans-
mitters (reviewed in Graybiel, 1990) and receive glutamatergic
inputs from the cortex and dopaminergic inputs from the sub-
stantia nigra. The distribution of STEP immunoreactive poly-
peptides and mRNA also correlates well with the pattern of ex-
pression of mRNA for the D,, subtype of dopamine receptor
which is expressed at highest levels in the caudate-putamen, the
nucleus accumbens, olfactory tubercle, and to a lesser extent, in
the cerebral cortex, hippocampus, hypothalamus, and thalamus
(Fremeau et al., 1991).

The colocalization of DARPP-32 and STEP within striatal
neurons raises the question of whether there is some level of
cross-talk between these two proteins. However, DARPP-32 is
a potent serine and threonine phosphatase inhibitor and does not
inhibit the phosphatase activity of STEP (Lombroso and Hem-
mings, unpublished observations). In addition, DARPP-32 is not
phosphorylated on tyrosine residues and thus does not serve as
a substrate for STEP. These observations suggest that DARPP-
32 and STEP do not interact directly. The possibility exists that
their paths may converge on an unidentified substrate molecule
which requires both serine/threonine and tyrosine phosphoryla-
tion.

In conclusion, our results indicate that there are multiple
forms of STEP in the adult rat brain which show differential
enrichment in brain regions implicated in aspects of cognitive,
affective, and motor behaviors. The neural circuits enriched in
STEP isoforms and their corresponding mRNAs constitute a
functional pathway extending through frontal and limbic cortex,
striatum, thalamus, and hypothalamus. It is likely that some, if
not all, of the STEP isoforms are generated through alternative
splicing of a single STEP gene and that each has unique intra-
cellular targets and functions.
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