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Neurotransmitter release by catecholaminergic cells is nega-
tively regulated by prohormone cleavage products formed from
plasmin-mediatedproteolysis.Here,we investigated the expres-
sion and subcellular localization of Plg-RKT, a novel plasmino-
gen receptor, and its role in catecholaminergic cell plasminogen
activation and regulation of catecholamine release. Prominent
staining with anti-Plg-RKT mAb was observed in adrenal med-
ullary chromaffin cells in murine and human tissue. InWestern
blotting, Plg-RKT was highly expressed in bovine adrenomedul-
lary chromaffin cells, human pheochromocytoma tissue, PC12
pheochromocytoma cells, and murine hippocampus. Expres-
sion of Plg-RKT fused in-frame to GFP resulted in targeting of
the GFP signal to the cell membrane. Phase partitioning, co-
immunoprecipitation with urokinase-type plasminogen activa-
tor receptor (uPAR), and FACS analysis with antibody directed
against the C terminus of Plg-RKT were consistent with Plg-RKT
being an integral plasma membrane protein on the surface of
catecholaminergic cells. Cells stably overexpressing Plg-RKT
exhibited substantial enhancement of plasminogen activation,
and antibody blockade of non-transfected PC12 cells sup-
pressed plasminogen activation. In functional secretion assays,
nicotine-evoked [3H]norepinephrine release from cells overex-
pressing Plg-RKT was markedly decreased (by 51 � 2%, p <
0.001) when compared with control transfected cells, and anti-
body blockade increased [3H]norepinephrine release from non-
transfected PC12 cells. In summary, Plg-RKT is present on the
surface of catecholaminergic cells and functions to stimulate
plasminogen activation and modulate catecholamine release.
Plg-RKT thus represents a new mechanism and novel control
point for regulating the interface between plasminogen activa-
tion and neurosecretory cell function.

Plasmin, a broad spectrum serine protease, is the major
enzyme responsible for dissolving fibrin clots. Plasmin is gen-
erated by proteolytic cleavage of the circulating zymogen, plas-
minogen, by either of the plasminogen activators, tissue type
plasminogen activator (t-PA)2 or urokinase. Studies conducted

in the past decade have revealed key non-fibrinolytic functions
of these proteins that include major interactions between cat-
echolaminergic and plasminogen activation pathways that may
substantially influence catecholamine release. Specifically, pro-
hormones, secreted by cells within the sympathoadrenal sys-
tem, are processed by plasmin into bioactive peptides that
locally modulate (inhibit) sympathoadrenal catecholamine
release to provide an autocrine, homeostatic (negative feed-
back) mechanism to modify the function of the local neurose-
cretory cells and regulate catecholamine release during stress
(1–3). In addition, t-PA is co-stored and co-released with cat-
echolamines and prohormones from catecholamine storage
vesicles within catecholaminergic cells of the sympathoadrenal
system, including chromaffin cells of the adrenal medulla and
sympathetic neurons (4–6). Furthermore, catecholaminergic
cells have a high binding capacity for plasminogen and, there-
fore, plasminogen activation and local prohormone processing
are markedly enhanced when plasminogen is bound to the sur-
face of these cells (1, 7, 8). Carboxypeptidase B treatment
decreases cell-dependent plasminogen activation by �90%,
suggesting that the binding of plasminogen to proteins expos-
ing C-terminal basic residues on the cell surface is required to
promote plasminogen activation (8). �/�-Actin (processed to
expose a C-terminal lysine) represents a component of the car-
boxypeptidase B-sensitive cell surface plasminogen binding
sites on catecholaminergic cells (8). However, although cell sur-
face actin is an important plasminogen binding site, accounting
for a substantial fraction of plasminogen binding and activa-
tion, these observations also suggest a crucial role for other cell
surface plasminogen-binding proteins on these cells.
Recently, we used multidimensional protein identification

technology (MudPIT) to isolate a structurally unique plasmin-
ogen receptor, the novel protein, Plg-RKT (9). The Plg-RKT pro-
tein includes 147 amino acids with a molecular mass of 17,261
Da. Plg-RKT is synthesized with and exposes a C-terminal basic
residue (lysine) on the cell surface, in an orientation to promote
cell-dependent plasminogen activation. Furthermore, Plg-RKT
is highly conserved with high interspecies homology (e.g.
human versus mouse � 94% similarity), high identity, and no
gaps in the sequence among the 20 mammalian orthologs for
which sequence information is available (9). In the present
study,wehave examined catecholaminergic cells and tissues for
expression of Plg-RKT and investigated the subcellular localiza-
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tion and function of Plg-RKT in catecholaminergic cells. The
results of our study suggest that Plg-RKT is a key regulator of
catecholaminergic cell plasminogen activation and of neu-
rotransmitter release.

EXPERIMENTAL PROCEDURES

Proteins—Glu-plasminogen was purified from fresh human
blood as described (1, 10). Single-chain recombinant human
t-PA was from EMD Chemicals (San Diego, CA). Polyclonal
anti-Plg-RKT antibodies were raised in rabbits and monoclonal
anti-Plg-RKT antibodies were raised in mice against the syn-
thetic peptide, CEQSKFFSDK (corresponding to the nine
C-terminal amino acids of rat Plg-RKT with an amino-terminal
cysteine added for coupling), coupled to keyhole limpet hemo-
cyanin. Antibodies were selected for direct binding to immobi-
lized CEQSKFFSDK coupled to bovine serum albumin and for
the ability to inhibit specific plasminogen binding to
CEQSKFFSDK. Anti-Plg-RKT mAb was pan-specific, reacting
with the C-terminal nonapeptides of mouse, rat, and human
Plg-RKT with equivalent affinity. Monoclonal anti-uPAR anti-
body 3936 was from American Diagnostica (Stamford, CT).
Polyclonal anti-GFP was from Invitrogen.
Cells—PC12 cells derived from rat pheochromocytoma (11)

were obtained fromDr. David Schubert (Salk Institute, La Jolla,
CA) and were grown as described in DMEM supplemented
with 5% fetal calf serum, 10% horse serum, 100 units/ml peni-
cillin G, and 100 �g/ml streptomycin at 37 °C, 6% CO2 (1, 2, 5,
12). Hoxa9-ER4 cells (13) were a kind gift from Dr. Mark P.
Kamps, University of California, San Diego and were cultured
as described (14) and differentiated with murine macrophage
colony-stimulating factor (M-CSF) (EMD Chemicals) as
described (9). Bovine chromaffin cells were isolated from
bovine adrenal glands as described (1, 5, 8) andwere cultured in
minimal essential medium containing 1% non-essential amino
acids, 1% L-glutamine, 10% fetal calf serum, 1% amphotericin B,
100 units/ml penicillin, and 100 �g/ml streptomycin.
Constructs and Transfections—We subcloned the full-length

443-bp Plg-RKT cDNA into the mammalian expression vector
pAcGFP1-C1 (Clontech) using BglII and SalI cloning sites to
produce the pAcGFP-Plg-RKT construct (encoding the GFP-
Plg-RKT fusion protein with Plg-RKT fused in-frame at the C
terminus). We also subcloned the full-length 443-bp Plg-RKT
cDNA into the mammalian expression vector, pCIneo (Pro-
mega, Madison,WI), driven by the CMV promoter, to produce
the construct, pCIneo-Plg-RKT. Constructs were transfected
into cells using Lipofectamine 2000 (Invitrogen), and stable
transfectants were selected with 1 mg/ml G418 (Promega).
Immunohistochemistry—Normal human and mouse adrenal

samples were on tissue microarrays (Imgenex array IMH-372)
(Imgenex, San Diego, CA) or histological slides. After dewax-
ing, tissue microarrays or histological slides were incubated
with anti-Plg-RKT mAb followed by secondary anti-mouse IgG
antibody and developed using the Envision Plus HRP system
(DakoCytomation and diaminobenzidine-based detection
method) in an automated Dako Autostainer universal staining
system (15). The slides were scanned on a ScanScope CM-1
scanner (Aperio Technology, Vista, CA).

Western Blotting—Tissues were lysed in 50mMTris-HCl, pH
7.2, containing 150 mM NaCl, 0.1% sodium dodecyl sulfate
(SDS), 1% Triton X-100, and Complete protease inhibitor mix-
ture (Roche Applied Science). Subcellular fractionation was
carried out by Dounce homogenization followed by centrifuga-
tion steps as used previously in our laboratory (9). Proteinswere
subjected to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) on 4–20% gradient gels under reducing conditions,
transferred to nitrocellulose (Amersham Biosciences), and
incubated with anti-Plg-RKT antibodies. The membranes were
incubated with an anti-mouse antibody-HRP conjugate, devel-
oped using an ECL substrate (Pierce), and exposed to Kodak
BioMax MR film (Fisher). Harvesting of mouse tissue was per-
formed under an experimental protocol approved by The
Scripps Research Institute Institutional Animal Care and Use
Committee.
Laser Scanning ConfocalMicroscopy—Confocal images were

captured using a Zeiss confocal laser scanningmicroscope run-
ning the latest Zen 2009 Zeiss software suite (Carl Zeiss Inc.,
Thornwood, NY). All images were then imported and fur-
ther analyzed for quantitative colocalization using two inde-
pendent software packages: LSM examiner (Zeiss) and ImageJ
(National Institutes of Health; rsb.info.nih.gov/ij). Colocaliza-
tion between fluorescently labeled Plg-RKT with wheat germ
agglutinin (WGA)-Alexa Fluor 555 (Invitrogen) was quantified
by obtaining the threshold range of real over background signal
and then using the average real threshold range to calculate the
correlation coefficients (M values) of at least 40 cells in three
separate experiments. To define the number and size of each
fluorescently labeled aggregate, images were imported into
Image Pro Plus (Media Cybernetics Inc., Bethesda MD) where
each cell was outlined and a similar threshold range (as
described above) was used to define a real signal within each
cell. Once this range was defined, the software then automati-
cally extracted parameters, such as area, perimeter total num-
ber, and average fluorescence intensity of the fluorescently
labeled proteins per cell.
Plasminogen Activation Assays—Cells were preincubated

with 2.7 �M Glu-plasminogen at 37 °C for 30 min. Then 20 nM
t-PA was added. Plasmin activity (expressed as optical density
at 405 nM) was measured after 3 min by diluting the reaction
mixture 1:10 into D-VLK-pNA (DiaPharma Group Inc., Frank-
lin, OH) to a final concentration of 1 mM and monitoring
absorbance at 405 nM as described (16).
Fluorescence-activated Cell Sorting (FACS) Analysis—Sub-

confluent, adherent PC12 cells that had been cultured for 48 h
without a change of medium were harvested by rinsing flasks
twicewith PBS at 4 °C and then detachedwith 5mMEDTA/PBS
at 37 °C for 5 min. All FACS analyses were performed as
described (17). Briefly, for the detection of cell surface Plg-RKT
on viable PC12 cells, indirect immunofluorescence staining and
dual-color FACS analyses were performed. Cells (2 � 105 cells)
were incubatedwith 40�g/ml anti-Plg-RKTmAb IgGor isotype
control IgG for 30 min in binding buffer (Hanks’ balanced salt
solution containing 0.1% BSA) at 4 °C. The cells were washed
once with 200 �l of binding buffer and incubated with FITC-
labeled secondary IgG for 30 min at 4 °C in the dark. The cells
were washed again, resuspended in 500 �l of binding buffer
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containing the non-vital dye, propidium iodide (PI), at 5�g/ml,
and the cells were immediately analyzed by dual-color FACS as
described (8). Populations of cells were gated according to the
fluorescence intensity of PI staining. The population of cells
with low cell-associated PI fluorescence intensity (cells that
excluded PI) was defined as viable cells, whereas the population
of cells with high PI fluorescence intensity (inclusion of PI) was
defined as non-viable.
Secretagogue-stimulated Catecholamine Release—Chromaf-

fin cell catecholamine secretion was determined as described
(1, 2, 12). Briefly, PC12 cells were labeled for 2 h with [3H]nor-
epinephrine (PerkinElmer Life Sciences) at 1 �Ci/ml in cell
culture medium, washed twice with release buffer (150 mM

NaCl, 5 mM KCl, 2 mM CaCl2, 10 mM HEPES, pH 7.0), and
incubated at 37 °C for 15 min in release buffer in either the
presence or the absence of 60 �M nicotine. After aspirating the
release buffer, the cells were harvested and lysed in release
buffer containing 0.1%TritonX-100. [3H]Norepinephrine con-
tent of release buffer and cell lysates was determined by liquid
scintillation counting. The percentage of release was calculated
as the percentage of secretion (amount released/(amount
released� amount in cell lysate)), and results were expressed as
net release (percentage of secretagogue-stimulated release
minus percentage of basal release).
In control studies, the density of secretory vesicles was

assessed and compared in transfected PC12 cells. Electron
micrographs were obtained using methods similar to those we
have used previously to evaluate transfected PC12 cells (12).
Briefly, PC12 cells were fixed with 3% glutaraldehyde in 0.1 M

sodium cacodylate with 3 mM calcium chloride, washed twice
with 0.2 M sodium cacodylate, and postfixed with 1% osmium
tetroxide in 0.1 M sodium cacodylate. The cells were enrobed
with 2% agarose, cut into 1-mm cubes, and stained en bloc with
4% uranyl acetate in 50% ethanol. A graded ethanol series was
used for dehydration, and propylene oxide was used as a tran-
sitional solvent. Cell cubes were embedded in Embed 812 and
polymerized in a 60 °C oven. Semithin sections of 1 �m were
cut on a Reichert Ultracut S ultramicrotome and stained with
toluidine blue. Thin sections were cut at 70 nm, collected on
200 mesh copper grids, and stained with 2% uranyl acetate fol-
lowed by lead citrate. Grids were imaged at 80 kV using a Zeiss
EM 10C transmission electron microscope equipped with a
Gatan ES1000W digital camera. Secretory vesicle density was
determined in random electron micrographs, evaluating cyto-
plasmic area within 1 �m of the plasma membrane surface,
using Image-Pro Plus software version 6.3, Media Cybernetics,
Inc.
Statistics—Data are presented as means � S.E. Results were

analyzed by analysis of variance followed by Student-Newman-
Keuls post hoc tests for multiple comparisons.

RESULTS

Plg-RKT Is Prominently Expressed in Catecholaminergic Tis-
sues and Cells—In our previous analysis of catecholaminergic
cell plasminogen receptors, a major unknown carboxypepti-
dase B-sensitive protein migrating with an Mrapp of 17.2 � 103
was detected in plasminogen-ligand blotting of two-dimen-
sional gels of PC12membrane preparations, in addition to actin

(8). Therefore, we investigated expression of Plg-RKT, a novel,
structurally unique plasminogen receptor (Mrapp � 17.2 � 103)
(9), in human and murine adrenal tissues. Prominent staining
with anti-Plg-RKT mAb was observed in adrenal medullary
chromaffin cells in both human (Fig. 1A) and murine (Fig. 1C)
adrenal tissue samples. In specificity controls, no immuno-
staining was detected in cells preincubated with the peptide
used for immunization, CEQSKFFSDK (corresponding to the
nine C-terminal amino acids of rat Plg-RKT with an amino-
terminal cysteine added for coupling) (Fig. 1, B and D).
Expression of Plg-RKT was also detected inWestern blotting

of catecholaminergic cells and tissues (Fig. 2). Plg-RKT was
detected as a specific immunoreactive band migrating with an
Mrapp of 17.2 � 103 in bovine adrenal medullary chromaffin
cells. The Plg-RKT protein was also prominently expressed in
human pheochromocytoma, a catecholamine-producing
tumor of the adrenal medulla, and hence, a source of human
chromaffin cells, and PC12 cells (a well established chromaffin
cell line with abundant catecholamine storage vesicles, derived
from rat pheochromocytoma (11)). Plg-RKT was also highly
expressed in murine hippocampus, representing a non-adrenal
source of catecholaminergic cells. The bandsmigrated with the
same Mrapp as the protein expressed by M-CSF-differentiated
Hoxa9-ER4 cells, fromwhich Plg-RKTwas initially isolated (Fig.
2). In additional specificity controls, minimal expression of Plg-
RKT was detected inmembranes of undifferentiated progenitor
Hox9-ER4 cells as described (9), and no reactivity was detected
with isotype control (not shown). These results demonstrate
prominent expression of the Plg-RKT protein in catecholamin-
ergic cells and tissues.
Plg-RKT Is Localized in the Plasma Membrane of Cat-

echolaminergic Cells—To assess subcellular localization of Plg-
RKT and to determine whether the Plg-RKT protein contains a
dominant plasmamembrane trafficking signal, PC12 cells were
transiently transfected with pAcGFP-Plg-RKT (in which the
Plg-RKT cDNA was inserted in-frame for expression of a GFP-
Plg-RKT fusion protein, with Plg-RKT at the C terminus) or with
the pAcGFP empty vector. Cell lysates were Western blotted
with anti-Plg-RKT polyclonal IgG (Fig. 3A, lanes 1 and 2) or
anti-GFP antibody (Fig. 3A, lanes 3 and 4). In cells transfected
with pAcGFP-Plg-RKT, an immunoreactive band migrating
with anMrapp of�40� 103was detectedwith both anti-Plg-RKT
and anti-GFP antibodies (Fig. 3A, lanes 2 and 4), consistentwith
expression of the GFP-Plg-RKT fusion protein. In cells trans-
fected with the pAcGFP empty vector, a band with an Mrapp of
23 � 103 was detected using the anti-GFP antibody, corre-
sponding to GFP expressed by the vector without insert (Fig.
3A, lane 3). A band migrating with anMrapp of 17.2 � 103, cor-
responding to the endogenous Plg-RKT protein, was also
detected with the anti-Plg-RKT antibody in cells transfected
with pAcGFP-Plg-RKT or transfected with the pAcGFP empty
vector control (Fig. 3A, lanes 1 and 2). In controls, no bands
were detected with preimmune IgG (data not shown).
Confocal microscopy was performed to examine the subcel-

lular localization and expression of the GFP-Plg-RKT fusion
protein. Cells expressing GFP-Plg-RKT showed membrane
localization that was highly colocalized (79� 5%) withWGA, a
well established cell surfacemarker onnon-permeabilized fixed
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cells (Fig. 3B). In contrast, the GFP fluorescent signal in cells
transfected with vector alone was diffuse and cytoplasmic and
did not significantly colocalize (9 � 5%) with WGA. Thus,

fusion of GFP to Plg-RKT resulted in trafficking of GFP to the
plasma membrane.
We also testedwhether endogenously expressed (native) Plg-

RKT behaved as an integralmembrane protein in catecholamin-
ergic cells. Non-transfected PC12 cells were subjected to phase
separation in Triton X-114 as described (18, 19). In this tech-
nique, integral membrane proteins are recovered in the deter-
gent phase, whereas hydrophilic proteins remain in the aque-
ous phase. An immunoreactive band corresponding to Plg-RKT

was detected in the detergent phase, but was not detected in the
aqueous phase (Fig. 4A). In controls for the method, when the
cell lysates were spiked with BSA and subjected to phase parti-
tioning, BSA was detected in the aqueous, but not the deter-
gent, phase.
To further assess the plasma membrane localization of

endogenous Plg-RKT, we assessed the physical association of
Plg-RKT with the urokinase-type plasminogen activator recep-
tor (uPAR), a glycosylphosphatidylinositol-anchored cell sur-
face receptor (20). In co-immunoprecipitation studies, anti-
Plg-RKT antibody immunoprecipitated both Plg-RKT and uPAR
from membrane fractions of non-transfected PC12 cells (Fig.
4B).
To evaluate the cell surface expression of the C terminus of

endogenous Plg-RKT, PC12 cells were subjected to FACS anal-
ysis with anti-Plg-RKTmAb, raised against the C-terminal pep-
tide of Plg-RKT. Prominent binding of anti-Plg-RKTmAb to the

FIGURE 1. Expression of Plg-RKT in adrenal medulla. Human (A and B) and mouse (C and D) adrenal medulla tissue sections were stained with anti-Plg-RKT
mAb, as described under “Experimental Procedures,” in the absence (A and C) or presence (B and D) of the decapeptide used for immunization, CEQSKFFSDK
(corresponding to the nine C-terminal amino acids of rat Plg-RKT with an amino-terminal cysteine added for coupling). Positive tissues are indicated by brown
staining with diaminobenzidine. Scale bar � 100 �m.

FIGURE 2. Expression of Plg-RKT in catecholaminergic cells. Membrane
fractions were prepared from PC12 cells, Hoxa9-ER4 monocyte progenitor
cells, and Hoxa9-ER4 cells differentiated with M-CSF as described (9). Lysates
were prepared from human pheochromocytoma tissue, bovine adrenomed-
ullary chromaffin cells, and mouse hippocampus. A quantity of 40 �g of pro-
tein was loaded in each lane and Western blotted with anti-Plg-RKT mAb. No
bands were detected with isotype control (not shown). In additional specific-
ity controls with anti-Plg-RKT mAb, minimal expression of Plg-RKT was
detected in membranes of progenitor Hox9-ER4 cells, but the 17.2-kDa Plg-
RKT band was highly expressed in M-CSF-differentiated Hoxa9-ER4 cells as
described (9).
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cell surface was observed (Fig. 4C). These data are consistent
with Plg-RKT behaving as an integral plasmamembrane protein
on the surface of catecholaminergic cells.
Plg-RKT Regulates Plasminogen Activation on Catecholamin-

ergic Cells—Plasminogen activation is enhanced when plas-
minogen is bound to catecholaminergic cells (1, 7, 8). There-
fore, we investigated the role of Plg-RKT in plasminogen
activation.We subcloned the full-length 443-bp Plg-RKT cDNA
into themammalian expression vector, pCIneo, for constitutive
overexpression of full-length Plg-RKT driven by the CMV pro-
moter. Transfection of PC12 cells with pCIneo-Plg-RKT
resulted in prominent enhanced expression of Plg-RKT on the
cell surface (Fig. 5A) that was substantially greater than the
surface expression of endogenous Plg-RKT by cells stably
expressing the control pCIneo vector without insert (Fig. 5B).
We compared plasminogen activation on cells stably overex-

pressing Plg-RKT with plasminogen activation on control cells
stably expressing the pCIneo empty vector. Cells stably trans-
fected with the pCIneo empty vector stimulated plasminogen
activation in a cell concentration-dependent fashion, consistent
with our previously published results (1, 7, 8). With cells stably
overexpressing Plg-RKT, stimulation of plasminogen activation

was markedly enhanced when compared with stimulation with
cells transfected with empty vector (p � 0.001 at all cell concen-
trations tested) (Fig. 5C).These results support aprominent roleof
Plg-RKT in cell surface plasminogen activation.
Role of Plg-RKT in Catecholamine Secretion—Localization of

plasminogen on catecholaminergic cell surfaces results in pro-
cessing of prohormones (released from catecholamine storage
vesicles after secretagogue stimulation) to bioactive peptides
that inhibit secretagogue-stimulated catecholamine release
(1–3). Therefore, we tested the effect of overexpression of Plg-
RKT on secretagogue-stimulated catecholamine release from
catecholaminergic cells. We compared secretagogue-stimu-
lated catecholamine release from PC12 cells stably overex-
pressing Plg-RKT with catecholamine release from control cells
transfected with empty vector. The cells were labeled with
[3H]norepinephrine and stimulated with the chromaffin cell
secretagogue, nicotine, acting through nicotinic cholinergic
receptors, at 37 °C for 15 min, and catecholamine release was
measured by liquid scintillation counting. Norepinephrine
release in response to nicotinewasmarkedly suppressed in cells
overexpressing Plg-RKT (by 52.2� 7.6%,n� 9, p� 0.001)when
compared with release by cells expressing vector alone (Fig. 6).

FIGURE 3. Plg-RKT redirects GFP to the cell membrane. PC12 cells were transiently transfected with pAcGFP-Plg-RKT (in which the Plg-RKT cDNA was inserted
in-frame for expression of a GFP-Plg-RKT fusion protein, with Plg-RKT at the C terminus) or with control pAcGFP vector. A, cell lysates were prepared and Western
blotted with polyclonal anti-Plg-RKT IgG (lanes 1 and 2) or anti-GFP IgG (lanes 3 and 4). No reactivity was observed with preimmune IgG (not shown). B, the
transfected cells were grown on coverslips and fixed in 2% formaldehyde and then washed and stained with a combination of DAPI and WGA-rhodamine at
20 °C in PBS. Cells were washed and mounted in IMMUNO-FLUORE mounting medium. Images were captured using a Zeiss confocal laser scanning microscope
and then imported into the LSM Examiner and ImageJ programs for further processing as described under “Experimental Procedures.” The first and third panels
of the images represent maximum projections of a series of optical slices through the cells. The GFP-Plg-RKT signal was localized primarily to the plasma
membrane. The second and fourth panels of the images represent sagittal (apical-basal) slices through the same cells along the white dotted line indicated. Here,
the peripheral plasma membrane localization of GFP-Plg-RKT is also evident throughout the vertical stacks of images that were acquired. The scale bar in the
bottom right corner of the image represents 10 �m.
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In controls, catecholamine levels in cells stably overexpress-
ing Plg-RKT were comparable with those of cells transfected
with empty vector (2321 � 97 cpm of [3H]norepinephrine/106
cells, n � 9, for Plg-RKT overexpressing cells, versus 2281 � 81
cpm of [3H]norepinephrine/106 cells, n � 9, for cells trans-
fected with empty vector, p � 0.756). In additional controls,
secretory vesicle density obtained from scanning of electron
micrographs did not differ between PC12 cells overexpressing
Plg-RKT and cells transfected with empty vector (4.65 � 0.44
vesicles/�m2, for Plg-RKT overexpressing cells, versus 4.16 �
0.50 vesicles/�m2, for control transfected cells, n � 12 random
electron micrographs evaluated for each cell type, p � 0.470).

In other controls, we measured catecholamine release stim-
ulated by another secretagogue, 55 mM KCl (high K�), acting
through membrane depolarization. Release stimulated by high

K� from Plg-RKT overexpressing cells did not differ from that
from control transfected cells (21.1� 1.6%, n� 6, versus 23.0�
1.5%, n � 6, p � 0.407). These results suggest that the observed
differences in catecholamine release are specific for nicotine-
evoked release.
We also evaluated the functional role of endogenous Plg-RKT

on non-transfected PC12 cells. In the presence of function
blocking anti-Plg-RKT mAb, cell-dependent plasminogen acti-
vation was markedly suppressed (Fig. 7A). Correspondingly,
when non-transfected PC12 cells were preincubated with func-
tion blocking anti-Plg-RKT mAb, norepinephrine release was
significantly increased when compared with secretion from
cells pretreated with isotype control (Fig. 7B).

DISCUSSION

Plasminogen binding sites on catecholaminergic cells mark-
edly stimulate plasminogen activation and, consequently, pro-
hormone processing by plasmin (1, 3, 8). For example, plasmin
processes the prototypical prohormone chromograninA to lib-
erate a specific peptide (human chromogranin A-(360–373))
that inhibits nicotine-stimulated catecholamine release (1, 2).
These interactions represent a local proteolytic system on cat-
echolaminergic cells that markedly influences catecholamine
secretion.
Here, we have examined the expression and subcellular

localization of the novel plasminogen receptor, Plg-RKT, in cat-
echolaminergic cells and tissues and investigated the role of
Plg-RKT in cell surface plasminogen activation and regulation
of catecholamine release. We found that 1) Plg-RKT was highly
expressed in catecholaminergic cells and tissues of different
species; 2) cloning of GFP upstream of the Plg-RKT cDNA
directed GFP to the plasma membrane of catecholaminergic
cells; 3) Plg-RKT behaved as an integral plasma membrane pro-
tein on the surface of catecholaminergic cells; 4) Plg-RKT
exposed its C terminus (with a C-terminal lysine) on the cat-
echolaminergic cell surface in an orientation to promote plas-
minogen activation; 5) overexpression of Plg-RKT resulted in
substantial enhancement of plasminogen activation on the cat-
echolaminergic cell surface, and antibody blockade of endoge-
nous Plg-RKT resulted in inhibition of plasminogen activation;
and 6) overexpression of Plg-RKT resulted in inhibition of nico-
tine-stimulated catecholamine release, and antibody blockade
of endogenous Plg-RKT resulted in augmentation of nicotine-
stimulated catecholamine release. Taken together, these results
suggest a key role for Plg-RKT in the regulation of cate-
cholamine release through promoting local, cell surface plas-
minogen activation.
Our data suggest that Plg-RKT is highly expressed in cat-

echolaminergic tissues. Prominent, specific immunochemical
staining of chromaffin cells within the medulla of both human
and murine adrenal tissue was detected. These results were
corroborated in Western blotting in which a specific immuno-
reactive band migrating with anMrapp of 17.2 � 103 (consistent
with the Mrapp of Plg-RKT) was also detected in human pheo-
chromocytoma tissue, bovine adrenal medullary chromaffin
cells, and PC12 cells, demonstrating the presence of this novel
protein in these catecholaminergic tissues. Plg-RKT was also
highly expressed in murine hippocampus, representing a non-

FIGURE 4. Plg-RKT is an integral plasma membrane cell surface protein.
A, phase partitioning of Plg-RKT. Non-transfected PC12 cells were solubilized
in 3% Triton X-114. After heating at 37 °C and separation of the phases by
centrifugation, an aliquot of both phases was electrophoresed and Western
blotted with polyclonal anti-Plg-RKT. An immunoreactive band correspond-
ing to the Mrapp

of Plg-RKT was detected in the detergent phase, but not in the
aqueous phase. In controls for the method, when the cell lysates were spiked
with BSA and subjected to phase partitioning, BSA was detected in the aque-
ous, but not the detergent, phase (data not shown). No bands were detected
using control preimmune IgG (data not shown). B, co-immunoprecipitation
(IP) of Plg-RKT with uPAR. Membrane fractions from non-transfected PC12
cells were prepared as described under “Experimental Procedures” and
immunoprecipitated with polyclonal anti-Plg-RKT IgG or preimmune IgG.
Membrane fractions and immunoprecipitates were electrophoresed on SDS-
PAGE and immunoblotted for uPAR and for Plg-RKT. No bands were detected
using control preimmune IgG isotype control for immunoblotting (data not
shown). C, FACS analysis of Plg-RKT expression on intact PC12 cells. Non-trans-
fected PC12 cells were analyzed by dual-color FACS analysis as described
under “Experimental Procedures.” Viable cells were gated from non-viable
cells, and histogram plots of viable cells are shown. Dotted tracings � anti-Plg-
RKT mAb IgG. Black tracings � isotype control IgG. Dashed tracings � autofluo-
rescence (Auto).
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adrenal source of catecholaminergic cells. In addition, results
obtained by searching the Gene Expression Atlas (E-GEOD-
3594) indicated prominent expression of the Plg-RKT transcript
in murine adrenal tissue and in murine hippocampal tissue in
expression profiling of tissues from five inbred mouse strains,
consistent with our results demonstrating expression of Plg-
RKT protein in these tissues.
Our results show that Plg-RKT is located in the plasmamem-

brane of catecholaminergic cells. In subcellular localization
studies, PC12 cells were transfected with pAcGFP-Plg-RKT (in
which the Plg-RKT cDNA was inserted in-frame for expression
of a GFP-Plg-RKT fusion protein, with Plg-RKT at the C termi-
nus) or with the pAcGFP empty vector. Confocal microscopy
showed marked colocalization (79 � 5%) of the GFP-Plg-RKT
fusion protein with WGA, a cell surface marker. In contrast,
transfectionwithGFP vectorwithout insert led to expression of

fluorescence in a diffuse cytoplasmic pattern that did not sig-
nificantly colocalize with WGA, demonstrating that Plg-RKT
provided a dominant trafficking signal to direct GFP to the cell
membrane. In additional studies addressing subcellular local-
ization, endogenous Plg-RKT was immunochemically detected
in the detergent phase in phase partitioning experiments. Fur-
thermore, Plg-RKT co-immunoprecipitated with uPAR, a gly-
cosylphosphatidylinositol-anchored cell surface receptor (20).
In addition, the C terminus of endogenous Plg-RKT was
detected on the surface of PC12 cells in FACS analysis. Thus,
Plg-RKT behaves as an integral plasma membrane protein on
the surface of catecholaminergic cells.
Our results indicate that Plg-RKT functions to promote plas-

minogen activation on the catecholaminergic cell surface. In
FACS analysis of intact PC12 cells, Plg-RKT was detected with
an mAb directed against the C-terminal nonapeptide of Plg-
RKT, demonstrating that the C terminus of Plg-RKT (with its
C-terminal lysine) was expressed on the surface of cat-
echolaminergic cells, thus providing an orientation for interac-
tion with the kringle domains of plasminogen. Cell-dependent
plasminogen activationwasmarkedly augmented on PC12 cells
stably overexpressing Plg-RKT when compared with that on
cells transfected with empty vector (Fig. 5C). Conversely, spe-
cific antibody blockade of Plg-RKTmarkedly decreased cell-de-
pendent plasminogen activation. These results support a prom-
inent role of Plg-RKT in cell surface plasminogen activation.

Our results suggest that Plg-RKT serves as a key control point
for modulation of catecholamine release. We compared secre-
tagogue-stimulated catecholamine release from cells stably
overexpressing Plg-RKT with cells transfected with empty vec-
tor.Norepinephrine release in response to nicotinic cholinergic
stimulation was markedly suppressed in cells overexpressing
Plg-RKT (by 52.2� 7.6%, n� 9, p� 0.001)when comparedwith
release by cells expressing vector alone. This result is consistent
with plasmic processing of prohormones to produce peptides
that feed back to inhibit catecholamine release as we have dem-

FIGURE 5. Overexpression of Plg-RKT increases cell surface plasminogen activation. A and B, PC12 cells stably overexpressing Plg-RKT (pCIneo-Plg-RKT) (A)
or vector alone (pCIneo) (B) were analyzed by dual-color FACS analysis as described under “Experimental Procedures.” Viable cells were gated from non-viable
cells, and histogram plots of viable cells are shown. Dotted tracings � anti-Plg-RKT mAb IgG. Black tracings � isotype control IgG. Dashed tracings � autofluo-
rescence (Auto). C, PC12 cells stably overexpressing Plg-RKT (pCIneo-Plg-RKT) or vector alone (pCIneo) were incubated with plasminogen (2.7 �M) for 30 min, and
then t-PA (20 nM) was added and plasminogen activation was measured as cleavage of the tripeptide substrate D-VLK-pNA (1 mM) after 3 min. Cell-mediated
plasminogen activation was substantially greater in Plg-RKT overexpressing cells than in control cells (p � 0.001 at each cell concentration tested). OD405
indicates optical density at 405 nM.

FIGURE 6. Effect of overexpression of Plg-RKT on catecholamine release.
PC12 cells stably overexpressing either Plg-RKT (filled bars) or vector alone
(open bars) were treated with 60 �M nicotine (Nicotine) or buffer (Basal) at
37 °C for 15 min, and catecholamine release was measured by liquid scintilla-
tion counting as described under “Experimental Procedures.” The percentage
of release was calculated as the percentage of secretion (amount released/
(amount released � amount in cell lysate)), and results were expressed as net
release (the percentage of secretagogue-stimulated release minus the per-
centage of basal release). Results are mean � S.E., n � 9 for each experimental
group. **, p � 0.001 for the Plg-RKT transfectants stimulated with nicotine
when compared with corresponding values for the vector control cells.
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onstrated previously (1–3). Consistent with these results, anti-
body blockade of Plg-RKT markedly enhanced catecholamine
release.
Thus, the current study identifies a key component, Plg-RKT,

as a crucial molecular focal point in the regulation of the cell
surface-dependent mechanism underlying the ability of cat-
echolaminergic cells to promote local plasminogen activation.
Plg-RKT is unique among plasminogen-binding proteins in that
it is an integral membrane protein synthesized with a C-termi-
nal basic residue. It is noteworthy that Plg-RKT was highly
expressed in human, mouse, and bovine adrenal medullary tis-
sues as well as hippocampal tissue. Expression of Plg-RKT and
additional binding sites for plasminogen (1, 7) and t-PA (1, 21),
along with trafficking of t-PA to catecholamine storage vesicles
(5, 22), constitute a local catecholaminergic cell plasminogen
activation system that regulates cell surface-dependent neu-
roendocrine prohormone processing, which plays a key role in

the regulation of neurotransmitter release. Molecules of the
plasminogen activation system are expressed broadly in neu-
roendocrine sites, including the cerebral cortex (23), cerebel-
lum (23–25), hippocampus (23, 25–29), sympathetic neurons
(30, 31), as well as the adrenal medulla (5, 25). Notably, the
transcript for Plg-RKT is expressed in all of these tissues (Gene
Expression Atlas). Hence, Plg-RKT may play a key role in the
regulation of local neurosecretory cell plasminogen activation
in both central and peripheral nervous systems, with important
implications for a variety of noteworthy neuronal/neuroendo-
crine plasminogen-dependent processes, including: neurite
outgrowth (32, 33); synaptic transmission, NMDA receptor-
mediated signaling, and excitotoxin-induced neuronal degen-
eration (34, 35); long term potentiation, learning, and memory
(26, 28, 36–40); cleavage and activation of other neuroendo-
crine substrates such as the neurotrophin brain-derived neu-
rotrophic factor (proBDNF) (40), �-endorphin, and �-melano-
cyte-stimulating hormone (41); as well as systemic metabolic
and cardiovascular physiologic responses under the control of
sympathoadrenal and sympathoneuronal activities (1–3, 30).
Our current results identifying Plg-RKT as a novel cell mem-
brane plasminogen receptor on catecholaminergic cells impli-
cate Plg-RKT as a focal point for regulating the interface
between plasminogen activation and catecholaminergic neuro-
secretory cell function. These interactions between fibrinolytic
and neurosecretory pathways thus may have major implica-
tions for regulating catecholamine secretion during sympa-
thoadrenal activation/stress responses. Taken together with
results demonstrating widespread expression of Plg-RKT in
neuronal and neuroendocrine tissues, these results may also
suggest a broader paradigm for regulating cell surface proteol-
ysis and neurotransmitter release in other neuronal and neu-
roendocrine sites.
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16. Félez, J., Miles, L. A., Fábregas, P., Jardí, M., Plow, E. F., and Lijnen, R. H.
(1996) Thromb. Haemost. 76, 577–584

17. Ranson, M., Andronicos, N. M., O’Mullane, M. J., and Baker, M. S. (1998)
Br. J. Cancer 77, 1586–1597

18. Bordier, C. (1981) J. Biol. Chem. 256, 1604–1607
19. Estreicher, A., Wohlwend, A., Belin, D., Schleuning, W. D., and Vassalli,

J. D. (1989) J. Biol. Chem. 264, 1180–1189
20. Blasi, F., and Sidenius, N. (2010) FEBS Lett. 584, 1923–1930
21. Pittman, R. N., Ivins, J. K., and Buettner, H. M. (1989) J. Neurosci. 9,

4269–4286
22. Parmer, R. J., andMiles, L. A. (1998) Trends Cardiovasc. Med. 8, 306–312
23. Sappino, A. P., Madani, R., Huarte, J., Belin, D., Kiss, J. Z., Wohlwend, A.,

and Vassalli, J. D. (1993) J. Clin. Invest. 92, 679–685
24. Friedman, G. C., and Seeds, N. W. (1995) J. Comp. Neurol. 360, 658–670
25. Zhang, L., Seiffert, D., Fowler, B. J., Jenkins, G. R., Thinnes, T. C., Loskut-

off, D. J., Parmer, R. J., and Miles, L. A. (2002) Thromb. Haemost. 87,
493–501

26. Qian, Z., Gilbert, M. E., Colicos, M. A., Kandel, E. R., and Kuhl, D. (1993)
Nature 361, 453–457

27. Tsirka, S. E., Rogove, A. D., Bugge, T. H., Degen, J. L., and Strickland, S.
(1997) J. Neurosci. 17, 543–552

28. Baranes, D., Lederfein, D., Huang, Y. Y., Chen, M., Bailey, C. H., and

Kandel, E. R. (1998) Neuron 21, 813–825
29. Salles, F. J., and Strickland, S. (2002) J. Neurosci. 22, 2125–2134
30. Jiang, X., Wang, Y., Hand, A. R., Gillies, C., Cone, R. E., Kirk, J., and

O’Rourke, J. (2002)Microvasc. Res. 64, 438–447
31. Hao, Z., Guo, C., Jiang, X., Krueger, S., Pietri, T., Dufour, S., Cone, R. E.,

and O’Rourke, J. (2006) Blood 108, 200–202
32. Pittman, R. N., and DiBenedetto, A. J. (1995) J. Neurochem. 64, 566–575
33. Gutiérrez-Fernández, A., Gingles, N. A., Bai, H., Castellino, F. J., Parmer,

R. J., and Miles, L. A. (2009) J. Neurosci. 29, 12393–12400
34. Tsirka, S. E., Gualandris, A., Amaral, D. G., and Strickland, S. (1995) Na-

ture 377, 340–344
35. Tsirka, S. E., Rogove, A. D., and Strickland, S. (1996)Nature 384, 123–124
36. Carmeliet, P., Schoonjans, L., Kieckens, L., Ream, B., Degen, J., Bronson,

R., De Vos, R., van den Oord, J. J., Collen, D., and Mulligan, R. C. (1994)
Nature 368, 419–424

37. Frey, U., Müller, M., and Kuhl, D. (1996) J. Neurosci. 16, 2057–2063
38. Huang, Y. Y., Bach, M. E., Lipp, H. P., Zhuo, M., Wolfer, D. P., Hawkins,

R. D., Schoonjans, L., Kandel, E. R., Godfraind, J. M., Mulligan, R., Collen,
D., and Carmeliet, P. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 8699–8704

39. Seeds, N. W., Basham, M. E., and Ferguson, J. E. (2003) J. Neurosci. 23,
7368–7375

40. Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., Teng,
K. K., Yung, W. H., Hempstead, B. L., and Lu, B. (2004) Science 306,
487–491

41. Wang, N., Zhang, L., Miles, L., and Hoover-Plow, J. (2004) J. Thromb.
Haemost. 2, 785–796

Plg-RKT and Catecholaminergic Function

SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 33133


