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lature, the so-called “vascular niche” (35), where endothelial
cells secrete neurogenic factors, including basic fibroblast
growth factor, vascular endothelial growth factor, and brain-
derived neurotrophic factor, and create conditions condu-
cive to neurogenesis (36). Therefore, vascular regeneration is
assumed to rescue ischemic brain via not only supply of
oxygen and nutrition but also promotion of neurogenesis.
We confirmed in this study that neurogenesis occurred ad-
jacent to neovessels in the ischemic core and the number of
regenerated neurons was correlated with vascular density.
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Fig. 10. Summary of brain remodeling after ischemia and effects of
AM on the ischemic brain observed in this study.
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We have assigned the term “vasculo-neuro-regeneration” to
the entire process of enhancement of vasculogenesis and
subsequent neurogenesis.

We demonstrated that AM promotes vasculo-neuro-re-
generation in the ischemic brain. Blood flow and capillary
density in the ischemic brain after 20m-MCAO was signif-
icantly enhanced in AM-Tg mice after postoperative d 7 with
subsequent promotion of neurogenesis after d 28. The pro-
moted vasculogenesis and neurogenesis observed in AM-Tg
mice was significantly correlated with the functional recov-
ery after 20m-MCAO. This result suggests that these two
regenerative elements might contribute to the functional re-
covery after 20m-MCAO. The neovascularization was pre-
ceded by augmented mobilization of CD34* mononuclear
cells, which are known to differentiate into endothelial cells
and contribute to vasculogenesis (37). Recently, iv infusion
of CD347 cells has reported to promote not only neovascu-
larization but also neurogenesis (38). Furthermore, we ob-
served the direct promoting action of AM on neural differ-
entiation of PC12 cells via cAMP/PKA- and PI3K/Akt-
dependent pathways. The totality of these findings suggests
that the neurogenic action of AM in vive comprises at least
two different mechanisms: a direct action on neuronal cells
through activation of PKA and Akt and an indirect action on
neurogenesis after enhanced neovascularization.

Judging from the ratio of mature AM to total AM as shown
in Table 1, the mature AM concentration in the ischemic brain
of AM-Tg mice was expected to be 1~4 fmol/g tissue. The
concentration seems tc be comparable to the reported effec-
tive concentration of mature AM in vivo (25, 39). The in vivo
concentration of human mature AM in the whole brain (1
fmol/g tissue level) and in the plasma (10 fmol/ml level)
might be lower than the minimal concentration required for
its in vitro action (100 fmol/ml) observed in this study. The
actual effective concentration in witro, however, might be
lower because the administrated peptide is rapidly degra-
dated in vitro. In addition, it is demonstrated in previous
reports including ours (40, 41), that peptides could exert their
significant actions at the stably maintained concentration,
that is, by 2 orders of magnitude lower than that of bolus
administration. In AM-Tg mice, the AM concentration was
maintained at the same level due to the constitutive over-
production by the human serum amyloid P component pro-
moter. Thus, we suppose that the direct neuronal action of
AM in vive could be possible in this stroke model.

In view of clinical application, we also tried exogenous
administration of AM by ip implanted osmotic pump to
determine appropriate amount and timing of AM adminis-
tration after 20m-MCAO. Previous reports on AM adminis-
tration for rodents or human set the therapeutic dose at 2~25
fmol/ml (25, 39). For our experiments, therefore, we used
two lines of transgenic mice with a plasma concentration of
mature AM of 24.9 + 4.2 and 2.6 = 0.6 fmol/ml. The resulis
showed comparable effects of AM in these two lines on
neuroprotection and vascular regeneration. This led us to
conclude that a plasma level of 2~3 fmol/ml of mature AM,
3~5 times higher than its physiological concentration, was
sufficient to attain therapeutic effects for the mice after 20m-
MCAO. We next tried exogenous infusion of AM with an
osmotic pump in the amount reported to achieve a plasma
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concentration of 2~3 fmol/ml. The exogenous AM treatment
which started just after the induction of 20m-MCAOQO or at
24 h after produced significant effects that were comparable
to those seen in the two lines of AM-Tg mice. However, that
from 72 h postoperatively failed to reveal significant effects.
These results showed that appropriate iming to start AM
administration after stroke is less than 72 h after the event.

We performed two different stroke models, nonfatal 20m-
MCAQ and fatal 2 h-MCAOQ. In 2 h-MCAO, we observed
significant reduction of brain edema in AM-Tg mice through
reduction of vascular permeability, which is compatible with
previous report (42). However, infarct size was not reduced
on postoperative d 1 after 2 h-MCAQ. The result suggests
that AM exerts more significant therapeutic effect on the
brain tissue after nonfatal ischemia. The therapeutic potential
for brain edema after fatal stroke is further to be elucidated.

Cerebral ischemia, including stroke, vascular Parkinson’s
disease and vascular dementia, is one of the most serious
medical problems because it causes critical impairment of
activity and quality of daily life. Regenerative medicine is
now in the spotlight as a promising therapy to treat ischemic
brain which has been considered to be irreversible and in-
dicated for no active treatment. Various humoral factors are
anticipated for their therapeutic potential for ischemic brain
through neurogenic (e.g. basic fibroblast growth factor and
epidermal growth factor) and angiogenic {¢.g. vascular en-
dothelial growth factor and hepatocyte growth factor) effects
(43-47). Among them, we believe that the vascular hormone
AM has several advantages as a therapeutic agent for isch-
emic brain. We can expect multiple effects of AM through its
neuroprotective and vasculo-neuro-regenerative actions as
shown in this study. [n addition, AM has already been safely
used for human patients with heart failure or pulmonary
hypertension without any mention of critical adverse effects
resulting from iv administration (39).

Thus, we are prompted to propose a new strategy torescue
ischemic brain by using vascular hormone AM for the com-
bined neuroprotective and vasculo-neuro-regenerative ther-
apy to improve impaired neurological function.
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Molecular mechanisms underlying mineralocorticoid recep-
tor (MR)-mediated gene expression are not fully understood.
Various transcription factors are post-translationally modified
by small ubiquitin-related modifier-1 (SUMO-1). We investi-
gated the role of the SUMO-1-conjugating enzyme Ubc9 in MR
transactivation. Yeast two-hybrid, GST-pulldown, and coim-
munoprecipitation assays showed that Ubc9 interacted with
N-terminal MR-(1-670). Endogenous Ubc9 is associated with
stably expressing MR in 293-MR cells. Transient transfection
assays in COS-1 cells showed that Ubc9 increased MR transac-
tivation of reporter constructs containing MRE, ENaC, or
MMTYV promoter in a hormone-sensitive manner. Moreover,
reduction of Ubc9 protein levels by small interfering RNA
attenuated hormonal activation of a reporter construct as
well as an endogenous target gene by MR. A sumoylation-
inactive mutant Ubc9(C93S) similarly interacted with MR
and potentiated aldosterone-dependent MR transactivation.
An MR mutant in which four lysine residues within sumoylation
motifs were mutated into arginine (K89R/K399R/K494R/
K953R) failed to be sumoylated, but Ubc9 similarly enhanced
transactivation by the mutant MR, indicating that sumoylation
activity is dispensable for coactivation capacity of Ubc9. Coex-
pression of Ubc9 and steroid receptor coactivator-1 (SRC-1)
synergistically enhanced MR-mediated transactivation in tran-
sient transfection assays. Indeed, chromatin immunoprecipita-
tion assays demonstrated that endogenous MR, Ubc9, and
SRC-1 were recruited to an endogenous ENaC gene promoter in
a largely aldosterone-dependent manner. Coimmunoprecipita-
tion assays showed a complex of MR, Ubc9, and SRC-1 in mam-
malian cells, and the endogenous proteins were colocalized in
the nuclei of the mouse collecting duct cells. These findings sup-
port a physiological role of Ubc9 as a transcriptional MR coac-
tivator, beyond the known SUMO E2-conjugating enzyme.
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The human mineralocorticoid receptor (MR,*> NR3C2), a
ligand-dependent transcription factor that belongs to the
nuclear receptor superfamily, mediates most of the known
effects of aldosterone (1, 2). Besides its involvement in the reg-
ulation of electrolyte balance in epithelial cells, most notably in
the distal collecting duct of the kidney and the colon, MR is also
present in a variety of nonepithelial cells, such as cardiomyo-
cytes and neurons (2~4). Two clinical trials, the Randomized
Aldactone Evaluation Study (5) and Eplerenone Post-acute
Myocardial Infarction Heart Failure Efficacy and Survival Study
(6), shed new light on MR as an important pathogenic mediator
of cardiac and vascular remodeling, because treatment with MR
antagonist spironolactone or eplerenone was effective in signif-
icantly reducing the morbidity and mortality of patients with
congestive heart failure. However, molecular mechanisms to
account for the successful treatment remain to be elucidated.

MR functions are directed by specific activation domains,
designated as activation function 1 (AF-1), which resides in the
N terminus, and activation function 2 (AF-2), which resides in
the C-terminal ligand-binding domain. Regulation of gene
transcription by MR requires the ligand-dependent recruit-
ment of proteins characterized as coactivators (7—12). Among
these coactivators, three so-called p160 family coactivators, ste-
roid receptor coactivator-1 (SRC-1) (13, 14), SRC-2, and SRC-3,
can interact with most nuclear receptors and are ubiquitously
expressed in various tissues. These coactivators have histone
acetyltransferase activity to overcome repressive effects of
chromatin structure on transcription.

Besides these factors, several coregulators have various enzy-
matic activities, thus contributing to their abilities to enhance
receptor-mediated transcription. The SUMO post-translation-
ally modifies various proteins with roles in diverse processes,
including regulation of transcription, chromatin structure, and
DNA repair (15-19). Like ubiquitylation, the covalent attach-

2 The abbreviations used are: MR, mineralocorticoid receptor; GST, glutathi-
one S-transferase; SF-1, steroidogenic factor-1; SUMO, small ubiquitin-re-
lated madifier; ENaC, epithelial sodium channel; MMTV, mouse mammary
tumor virus; SRC-1, steroid receptor coactivator-1; E1, SUMO-activating
enzyme; E2, SUMO carrier protein; E3, SUMO-protein isopeptide ligase; IP,
immunoprecipitation; Sgk, serum- and glucocorticoid-regulated kinase;
p/CIP, p300/CBP cointegrator protein; CBP, cAMP-response element-bind-
ing protein-binding protein; EGFP, enhanced green fluorescent protein;
DsRed, Discosoma sp. Red; YFP, yellow fluorescent protein; ChiP, chroma-
tin immunoprecipitation; WB, Western blot; DMEM, Dulbecco’s maodified
Eagle’s medium; RT, reverse transcription; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; siRNA, small interfering RNA; HA,
hemagglutinin.
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ment of SUMO to itstargets (sumoylation) involves three enzy-
matic reactions as follows: the SUMO El-activating, E2-conju-
gating enzymes, and E3 ligase. The SUMO E1 is a heterodimer
of SAE1/SAE2 in mammals (Aos1/Uba2 in yeast). In contrast to
the ubiquitin system where dozens of E2 enzymes have been
identified, sumoylation uses only a single E2 enzyme, Ubc9.
SUMO-1 is conjugated to target proteins at the consensus
sequence YKXE (where s is any hydrophobic amino acid, and X
is any amino acid). Three unrelated proteins have SUMO E3
ligase activity to promote transfer of SUMO from E2 to specific
substrates as follows: the protein inhibitor of activated signal trans-
ducer and activator of transcription 1 (PIAS1) protein (20-22),
RanBP2 (23, 24), and polycomb group protein Pc2 (25).

Considerable numbers of nuclear receptors, including glu-
cocorticoid receptor {26-30), androgen receptor (21, 22,
31-36), progesterone receptor (36, 37), MR (38), estrogen
receptor « {39), peroxisome proliferator-activated receptor y
(40—42}, and SF-1 (43—45), are modified by SUMO through a
series of enzyme reactions, and sumoylation of the receptors
mostly resulted in repression of the receptor-dependent tran-
scription. In this study, we focused on the protein-protein
interaction between Ubc9 and MR. We describe a new function
of Ubc? as a coactivator of MR by formation of a complex with
N-terminal MR and SRC-1 beyond the known SUMO E2-con-
jugating enzyme, although sumoylation of MR repressed the
receptor-dependent transactivation.

EXPERIMENTAL PROCEDURES

Antibodies—Goat anti-human MR (N-17) antibody, goat
anti-human SRC-1 (M-341) antibody, and normal goat IgG
were obtained from Santa Cruz Biotechnology. Mouse mono-
clonal anti-Xpress IgG was obtained from Invitrogen. Mouse
anti-Ubc9 antibody was obtained from Pharmingen. Rabbit
anti-HA antibody was obtained from Clontech. Mouse anti
a-tubulin antibody was obtained from Oncogene.

Cell Culture, Transfections, and Luciferase Assays—CQS-1
cells, COS-7 cells, and HEK293 cells were routinely maintained
in DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen). Twenty four hours before transfection, 5 X
10* cells per well of a 24-well dish were plated in the medium.
All transfections were carried out by using Lipofectamine 2000
(Invitrogen) with 0.3 ug/well of the luciferase reporter, 0.01
pg/well of pRL-null internal control plasmids, and the indi-
cated amounts of expression plasmids according to the manu-
facturer’s instructions. After 18-24 h, the medium was
changed to DMEM with 10% fetal bovine serum and 1078 u
aldosterone or vehicle. After an additional 24 h, cell extracts
were assayed for both Firefly and Renilla luciferase activities
with a dual-luciferase reporter assay system (Promega). Rela-
tive luciferase activity was determined as ratio of Firefly/Renilla
luciferase activities, and data were expressed as the mean
(£8.D.) of triplicate values obtained from a representative
experiment that was independently repeated at least three
times.

Generation of Human MR Expressing Cell Line, 293-MR—Hu-
man 293F embryonic kidney cells and transformants were rou-
tinely maintained in DMEM {Invitrogen) supplemented with
10% fetal bovine serum (Hyclone, UT). To establish stable
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transformants (293-MR cells), parent 293F cells were trans-
fected with pNTAP-hMR (Stratagene) with Lipofectamine Plus
reagents (Invitrogen) and cultured for 2 weeks in the presence
of 700 pg/ml G418 for transformant selection as described pre-
viously (46-48). Individual colonies were selected and
expanded for further analysis.

Plasmid Constructs—Several Ubc9 constructs, such as
pcDNA3.1/His-Ubc9, pcDNA3.1/His-Ubc9(C93S), pGADT7-
Ubc9, pGEX4T-1-Ubc9, pGEX4T-1-Ubc9(C93S), and pEGEP-
Ubc9 were described previously (49, 50). pCMV-YFP-SRC-1
was a generous gift from Dr. Toshihiko Yanase (Kyushu Uni-
versity), 3xMRE-Elb-Luc and pCR3.1-SRC-1 were generous
gifts from Dr. Bert W. O’'Malley (Baylor College of Medicine,
Houston). pGL3-MMTV (—1146/+88)-Luc was a generous
gift from Dr. Jorma J. Palvimo (University of Helsinki, Finland).
pRShMR was a generous gift from Dr. Ronald M. Evans (The
Salle Institute for Biological Studies). pcDNA-HA-SUMO-1
was a generous gift from Dr. Ronald T. Hay (University of St.
Andrews). pGL3-ENaC(—1388/+55)-Luc (51) was a generous
gift from Dr. Christie P. Thomas (University of lowa College of
Medicine). Several MR fragments, such as MR-(1-984), - (1- 670),
and -(671-984), were subcloned into pGBKT7, pcDNA3.1/His,
and pDsRed vectors using a PCR amplification with primers
containing oligonucleotide linkers of restriction enzyme sites.
In detail, each MR fragment was first obtained by PCR amplifi-
cation with primers containing oligonucleotide linkers of
restriction enzyme sites (Smal-Sall for pGBKT7, Kpnl-Xhol for
pcDNA3.1/His, and Xhol-Xmal for pDsRed), followed by TA
cloning into pCRII-TOPO vector (Invitrogen). These pCR-
TOPO-MR constructs were then digested with Smal-Sall,
Kpnl-Xhol, or Xhol-Xmal and subcloned into the pGBKT7
yeast expression vector (Clontech), pcDNA3.1/His, or
pDsRed2-C1 (Clontech) mammalian expression vector
(Invitrogen). pRShMR-KRmut, in which the lysine residues
positioned at 89, 399, 494, and 953 amino acids were substi-
tuted for arginine residues, was generated by the QuickChange
site-directed mutagenesis kit (Stratagene). DNA sequencing of
all the constructs was confirmed by ABI PRISM dye terminator
cycle sequencing analysis (Amersham Biosciences).

Yeast Two-hybrid Assay—Yeast two-hybrid assays were used
to determine interaction of MR with Ubc9. Yeast Y187 cells
were transformed with yeast expression plasmids encoding
hMR and Ubc9. B-Galactosidase activity in liquid culture was
determined with chlorophenol red B-p-galactopyranoside as
described previously (49, 50, 52, 53).

Glutathione  S-transferase  Pulldown  Assay—Glutathione
S-transferase (GST) (pGEX4T-1) protein, GST-Ubc9 (pGEX4T-
1-Ubc9), and GST-Ubc9(C93S) (pGEX4T-1-UbeH(C93S)) fusion
proteins were expressed and extracted in Escherichia coli DH5a
as described previously (49, 52). GST pulldown assay was per-
formed as described (49, 52), with modifications: 50 pl of glu-
tathione-Sepharose beads 4B (Amersham Biosciences) stored
in beads incubation buffer (50 mm potassium phosphate buffer
{pH 7.4), 100 ma NaCl, 1 mm MgCl,, 10% glycerol, and 0.1%
Tween 20) were incubated with bacterial extracts containing
GST fusion proteins together with beads incubation buffer for
30-60 min at room temperature. Preparation of bacteria
extracts containing GST fusion protein was as described previ-
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ously (49, 52). The supernatant was then removed, and the
beads were washed three times with beads incubation buffer. In
vitro-translated *°S-labeled proteins were obtained by using
TNT Coupled Reticulocyte Lysate Systems (Promega). Crude
lysates were incubated with the beads in 200 pl of beads incu-
bation buffer for 60 min at 4 °C with a circle rotator. Finally the
beads were washed five times with 1 ml of beads incubation
buffer, and the proteins were solubilized in SDS loading buffer
and analyzed on SDS-PAGE (12.5% polyacrylamide gel). The
input lanes contained 20% of the labeled protein used for
binding.

Western Blot Analysis and Coimmunoprecipitation—The
cells were lysed with lysis buffer (10 ma Tris-HCI (pH 8.0), 150
mu NaCl, 1% Triton X-100, 5 mm EDTA, 2 mm phenylmethyl-
sulfonyl fluoride), and Western blots were performed before
the immunoprecipitation (IP) steps to confirm protein expres-
sion by corresponding antibodies as described previously (49,
50). The same samples for the Western blots were diluted to 1
mlin IP buffer (20 mum Tris-HCl (pH 7.5), 150 ma NaCl, 10 mm
dithiothreitol, 5 ng/ul aprotinin, 0.5 mum phenylmethylsulfonyl
fluoride, 0.1% Tween 20) and precleared with protein G plus-
agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA), and
antibodies were added for 1 h. Immune complexes were
adsorbed to protein G plus-agarose beads and washed four
times in IP buffer. Proteins were then separated on 12.5% poly-
acrylamide gels and transferred onto Hybond ECL nitrocellu-
lose membranes (Amersham Biosciences). The primary anti-
bodies used for immunoprecipitation were anti-MR (Santa
Cruz Biotechnology) or anti-Xpress (Invitrogen) antibodies,
and antibodies used for the Western blots were anti-MR, anti-
Xpress, anti-HA (Oncogene), and anti-SRC-1 (Santa Cruz Bio-
technology) antibodies.

RNA Interference—COS-7 cells were transfected with
siRNAs, and luciferase assays were performed as described
previously (50). COS-7 cells were plated into 24-well plates,
grown until reaching 70 — 80% confluence, and transfected with
30 pmol of negative control sequence, Ubc9-specific siRNA
duplex using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. Whole cell extracts were prepared
as described previously as follows: siRNA Ubc9#1 sense, 5'-
GGCCAGCCAUCA CAAUCA ATT-3'; siRNA Ubc9#1 anti-
sense, 5'-UUG AUU GUG AUG GCU GGC CTC-3"; siRNA
Ubc9#2 sense, 5'-GGA ACU UCU AAA UGA ACC ATT-3/;
siRNA Ubc9#2 antisense, 5'-UGG UUC AUU UAG AAG UUC
CTG-3'; and Silencer Negative Control #1 siRNA (Ambion)
were used.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay
was performed as described previously (50). The cross-linked
sheared chromatin solution was used for immunoprecipitation
with 3 pg of anti-MR (N-17) antibody (Santa Cruz Bictechnol-
ogy), anti-Ubc9 antibody {Pharmingen), or normal IgG. The
immunoprecipitated DNAs were purified by phenol/chloro-
form extraction, precipitated by ethanaol, and amplified by PCR
using primers flanking the MRE region or control region as
follows: ENaC MRE sense primer, 5'-TTC CTT TCC AGC
GCT GGC CAC-3" (—1567/—1547); ENaC MRE antisense
primer, 5-CCT CCA ACC TTG TCC AGA CCC-3’
(—=1317—1297); ENaC control sense primer, 5'-ATG GGC
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ATGGCCAGG-3" (+1/+15); ENaC control antisense primer,
5"-CCT GCT CCT CAC GCT-3' (+251/+265). DNA samples
with serial dilution were amplified by PCR to determine the
linear range for the amplification (data not shown).

Immunohistochemical Staining—Tissues were isolated from
2-month-old wild type male mice, fixed in 4% paraformalde-
hyde overnight at 4 °C, dehydrated in graded ethanol, and then
processed for paraffin embedding. Sections (7 um) were incu-
bated for 2 h in blocking buffer, which is constituted by 1%
bovine serum albumin, 5% normal donkey serum, 20 pg/ml
donkey anti-mouse lgG Fab fragment (Jackson Immuno-
Research, West Grove, PA), and 0.02% Triton X-100 in phos-
phate-buffered saline, and followed by incubation with the pri-
mary antibodies overnight at 4 °C. Primary antibodies used in
this experiment were as follows: mouse anti-MR, rabbit anti-
UbcY (Santa Cruz Biotechnology), and rabbit anti-SRC-1
(Santa Cruz Biotechnology), and the optimized dilutions were
1:50 -1:100. After incubation with the combination of primary
antibodies (MR and Ubc9, MR and SRC-1), slides were incu-
bated with Alexa Fluor 488-conjugated donkey anti-mouse [gG
and Alexa Fluor 594-conjugated donkey anti-rabbit IgG
(Molecular Probes, Eugene, OR) for 30 min at 4 °C. 4',6-Dia-
mino-2-phenylindole (DAPI) was used for nuclear staining.

Flyorescence Imaging—The images of EGFP-tagged Ubc9
and YFP-tagged SRC-1 were described previously (49, 54).
HEK293 cells were transiently transfected with expression vec-
tors of pDsRed-MR with pEGFP-Ubc9 or pYFP-SRC-1. Live
cell microscopy of DsRed fusion, EGFP fusion, or YFP fusion
proteins was performed on a confocal microscope (Axiovert
100 M, Carl Zeiss Co., Ltd.). Imaging for DsRed and EGFP or
YFP was performed by excitation with 543 and 488 nm, respec-
tively, from an argon laser, and the emissions were viewed
through band passes ranging from 550 to 600 and 500 -550 nm,
respectively, by band pass regulation with LSM510 (Carl Zeiss
Co., Ltd.). All images were processed as tagged image file for-
mat (TIFF) files on Photoshop 7.0 using standard image-
processing techniques.

Semiquantitative RT-PCR—The effect of endogenous Ubc9
on the endogenous Sgk, Ubc9, and GAPDH levels in the pres-
ence of 107% m aldosterone was investigated by semiquantita-
tive RT-PCR. For semiquantitative RT-PCR, total RNA was
extracted from 293-MR cells and reverse-transcribed as
described previously. Procedures of RT-PCR were performed
as described previously elsewhere. Preliminary experiments
were conducted to ensure linearity for the semiquantitative
procedures. Hot start PCR was performed by heat-activating
AmpliTaq Gold DNA polymerase (PerkinElmer Life Sciences)
at 94°C for 4 min. Optimized cycling condition was 30 cycles
(for Sgk) or 20 cycles (for Ubc9 and glyceraldehyde-3-phos-
phate dehydrogenase) for 1 min at 94 °C, 1 min at 55 °C, and 1
min at 72 °C. Oligonucleotide primers were constructed from
the published ¢cDNA sequences of Sgk, Ubc9, and GAPDH
cDNA. The sequences of the primers were as follows: Sgksense,
5'-TGG GAT GAT CTC ATT-3' (1078 -1092), and Sgk anti-
sense, 5'-AAA GCC TAG GAA AGC-3' (1249-1263); Ube9
sense, 5’ -GAG CGAAGG GTA CACATT-3’ (1-18), and Ubce9
antisense, 5'-TTC ATG TCG GGG ATC GCC-3" (250~267);
GAPDH sense, 5'-CCC ATC ACC ATC TTC CAG GAG-3'
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FIGURE 1. Interaction of Ubc9 with human MR in yeast two-hybrid assays.
Interactions of Ubc9 with full-length (1-984), C-terminal domain (671-984),
or N-terminal domain (1-670) of MR were determined in the presence and
absence of 107% m aldosterone in yeast two-hybrid assays. 3-Galactosidase
activity was assayed in liquid cultures in three separate experiments, each
with triplicate samples. Values were expressed as the average Miller units
(x£S.D.) of triplicate values.

(211~231), and GAPDH antisense, 5'-GTT GTC ATG GAT
GAC CTT GGC-3' (475-495). The predicted sizes of the
amplified Sgk, Ubc9, and GAPDH ¢DNA products were 186,
230, and 285 bp, respectively.

Statistics—All experiments were performed in triplicate sev-
eral times. The error bars in the graphs of individual experi-
ments correspond to the S.D. of the triplicate values.

RESULTS

Characterization of the Ubc9-MR Protein Interaction—We
have recently shown that nuclear orphan receptor chicken
ovalbumin upstream promoter-transcription factor 1 activates
human CYPI1B2 gene transcription in cooperation with Ubc9
and PIASI, thus resulting in aldosterone secretion in the adre-
nal zona glomerulosa cells (49, 50). During the studies, we
found that Ubc9 also markedly interacts with MR. We therefore
described functional interaction of Ubc9 with MR in this study.
Yeast B-galactosidase liquid assays were performed to examine
interaction of MR with Ubc¢9. The full-length human MR
encoding amino acids 1-984 interacted with Ubc9 in the
absence of hormone, and the interaction was significantly
enhanced in the presence of 107% m aldosterone (Fig. 1, lanes 3
and 4). The ligand-binding domain of MR encoding amino
acids 671-984 did not interact with Ubc9 in the absence or
presence of aldosterone (Fig. 1, lanes 7 and 8). On the other
hand, the N-terminal fragment of MR encoding amino acids
1-670 markedly interacted with Ubc9 (Fig. 1, lanes 9 and 10).
These data indicate that Ubc9 interacts with the N-terminal
MR in an aldosterone-sensitive manner.

To confirm this interaction biochemically, we performed
GST-pulldown assays using GST-Ubc9 protein and in vitro
translated [>°S]Met-labeled MR. The full-length MR-(1-984)
interacted with GST-Ubc® both in the absence and presence of
aldosterone but not with GST alone (Fig. 2, upper panel).
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FIGURE 2. Ubc9 interacts directly with N-terminal MR-(1-670) but not
C-terminal MR-(671-984) in GST-pulldown assays. Ubc9 and Ubc9(C935)
were expressed as GST fusion proteins in £. coli. These proteins were coupled
to glutathione-Sepharose and incubated with full-length (1-984), C-terminal
damain (671-984), or N-terminal domain (1-670) of MR protein that was
translated and **S-labeled in vitro in the presence and absence of 1078 m
aldosterone. Bound materials as well as 20% of the input were analyzed by
SDS-PAGE and autoradiography.

Remarkably, the N-terminal MR-(1-670) strongly interacted
with GST-Ubc9 (Fig. 2, lower panel); however, the ligand-bind-
ing domain of MR-(671-984) showed no interaction with Ubc9
(Fig. 2, middle panel). These in vitro interaction data are com-
patible with those in yeast cells. Furthermore, a sumoylation-
inactive mutant Ubc9(C93S) similarly interacted with the full-
length as well as N-terminal MR (Fig. 2, upper and lower
panels), indicating that sumoylation activity is dispensable for
interaction of Ubc9 with MR.

To analyze the physical interaction between MR and Ubc9 in
mammalian cells, coimmunoprecipitation assays were per-
formed. Mammalian expression plasmids of MR and Xpress-
tagged Ubc9 were transfected into HEK293 cells. Proteins pre-
cipitated with anti-MR antibody were resolved by SDS-PAGE,
and Western blot using anti-Xpress antibody was conducted.
The coimmunoprecipitation experiments clearly showed that
both N-terminal (residues 1-670) and full-length MR were
associated with UbcS (Fig. 3, 4, lane 2, and B, lane 2). In addi-
tion, both wild type- and sumoylation-inactive mutants of Ubc9
(C938) were associated with MR at similar levels (Fig. 358, lanes
2and 3). To investigate physiological relevance of these obser-
vations, we have generated MR stable transformants of 293-MR
cells. Although HEK293F cells express no MR, a significant
level of expression of MR protein was shown in 293-MR cells by
Western blot and coimmunoprecipitations (Fig. 3C, upper
panel), We were able to show a significant interaction of endog-
enous UbcY with stably expressing MR in 293-MR cells (Fig. 3C,
lower panel). Taken together with the interaction data in yeast
cells, in vitro, and mammalian cells, Ubc9 interacts with the
N-terminal region of MR.

Ubc9 Functions as a Coactivator of MR-mediated Transacti-
vation in an Agonist-dependent Manner—To address func-
tional effects of interaction between MR and Ubc9, transient
transfection assays were performed. Transfection of human
MR ¢DNA expression plasmid significantly activated three
reporter constructs containing 3xMRE, ENaC, or MMTV in an
aldosterone-dependent manner in COS-1 cells (Fig. 44, lanes 6,
13, and 20). Coexpression of Ubc9 potentiated MR-mediated
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FIGURE 3. Ubc9 is associated with MR in mammalian cells. 4, HEK293 cells were transfected with Xpress-tagged MR-(1-670) and/or Xpress-tagged Ubc9, and the
amount of DNA was kept constant by the addition of empty expression vectors. Whole cell extracts were subjected to immunoprecipitation (/) with anti-MR antibody,
and immunoprecipitates were subsequently analyzed by Western blotting (WB8) with anti-Xpress antibody (top panel) or anti-MR antibody (middie panel). Levels of
corresponding proteins were determined by Western blotting with anti-Xpress antibody (bottom panel). Arrows a—e correspond to Xpress-MR-(1-670), Xpress-Ubc9,
MR-(1~670), Xpress-(1~670), and Xpress-Ubc9, respectively. B, HEK293 cells were transfected with MR-(1-984} with Xpress-tagged wild type or C93S mutant of UbcS,
and the amount of DNA was kept constant by the addition of empty expression vectors. Whole cell extracts were subjected to IP with anti-MR antibody, and
immunoprecipitates were subsequently analyzed by WB with anti-Xpress antibody (top panel) or anti-MR antibady (2nd panel). Levels of corresponding proteins were
determined by WB with anti-MR (3rd panel) or anti-Xpress antibody (bottom panel). C, to investigate interaction of stably expressing MR with endogenous Ubc9,
293-MR cells were utilized. HEK293 cells were used as a control that expresses no MR protein. Both Western blotting and coimmunoprecipitation clearly showed that
MR was expressed in 293-MR cells but not in HEK293 celis (upper panel). Whole cell extracts from 293-MR or HEK293 cells were subjected to IP with anti-MR antibody,
and immunoprecipitates were subsequently analyzed by WB with anti-Ubc9 antibody (fower panel). * indicates nonspecific protein.
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FIGURE 4. Ubc9 enhances MR-mediated transcriptional activities of three reporter genes in COS-1 cells. 4, Ubc9 enhanced aldosterone-induced MR
transactivation of reporter genes, 3xMRE-£1b-Luc, ENaC-Luc, and MMTV-Luc in COS-1 cells. COS-1 cells were transfected with 0.61 wg of total DNA, including 0.1
1g of empty vector (pRS) or MR {pRShMR) and 0.2 g of Ubc9 construct, 0.01 g of phRL-null with 0.3 g of 3xMRE-E1b-luciferase (3xMRE-E1b-Luc), ENaC-
(—1388/+55)|uciferase (ENaC-Luc), and MMTV~(— 1146/ 88)-luciferase (MMTV-Luc) reporter DNA for each well of the 24-well dish indicated. Forty eight hours
post-transfection, cells were harvested, and the extracts were assayed for luciferase activity. Assays were performed in three separate experiments, each with
triplicate samples. 8, Ubc3 modulation of aldosterone-mediated MR transactivation properties in a concentration-dependent manner. COS-1 cells were
transfected with 0.61 11g of total DNA, including 0.1 ug of MR plasmid (pRShMR), 0.01 11g of phRL-null, and 0.3 wg of 3XMRE-E16-Luc reporter with 0.2 (g of
empty (pcDNA3.1/His) or Ubc9 (pcDNA3.1/His-Ubc9) plasmid. Twenty four hours post-transfection, cells were treated with vehicle, 1072, 1078, or 1077 m

aldosterone, and cells were harvested at 48 h post-transfection, and the extracts were assayed for fuciferase activity, Assays were performed in three separate

experiments, each with triplicate samples.

transactivation of the reporter constructs in the presence of
aldosterone (Fig. 44, lanes 7, 14, and 21); however, the extent of
potentiation by ectopic expression of Ubc9 varied depending
on the reporter construct. Overexpression of Ubc9 alone had
no significant effects on these reporter activities (Fig. 44, lanes
5, 12, and 19), indicating that the ability of Ubc9 in enhancing
MR-mediated transactivation is dependent on interaction with
MR. In addition, increasing concentrations of aldosterone
treatment activated MR-mediated transactivation, and coex-
pression of Ubc9 significantly enhanced its transactivation (Fig.
4B), indicating that Ubc9 potentiates MR-dependent transacti-
vation in an aldosterone concentration-dependent manner.
The increase in reporter activity was not because of increased
cellular concentration of MR, because Western blot did not
reveal alterations in immunoreactive MR protein content (Fig.
3B, 2nd and 3rd panels in larnes I and 2). These findings indicate
that Ubc9 has transcriptional coactivator capacity of MR in
vivo. We next tested effects of ligands on Ubc9’s ability in MR-
mediated transcription. To examine the influence of the nature
ofthe ligand on MR responses to Ubc9, experiments performed
with cortisol but not spironolactone led to the same potentiat-
ing effects (data not shown). These results indicate that a par-
ticular ligand-binding domain conformation induced by the
nature of the bound agonistic ligand is crucial for Ubc9 action
on MR and thus is presumably dependent on the AF-2.
Endogenous Ubc9 Is Required for MR-mediated Transac-
tivation—1f Ubc9 functions as a coactivator of MR, reducing the
endogenous level of Ubc9 should decrease the transcriptional
activity by MR in transient transfection assays. As described
previously (Fig. 44), overexpression of MR activated 3xMRE-
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E1b-Luc reporter activity by 20-fold. Cotransfection of two sets
of Ubc9 siRNA (siRNA-Ubc9#1 or siRNA-Ubc9%2), but not
negative control (siRNA-Control), effectively reduced the
endogenous levels of Ubc9 protein but had no effect on the
a-tubulin protein level as shown in Western blot (Fig. 5B).
Reduction of endogenous Ubc9 protein level decreased the
MR-mediated transactivation by 63% (siRNA-Ubc9#1) (Fig.
54, lane 7) and 37% (siRNA-Ubc9#2) (Fig. 54, lane 8) in the
presence of aldosterone but not in the absence (Fig. 54, lanes
I-4). We also examined the effect of reducing endogenous
Ubc9 on aldosterone-dependent activation of the Sgk gene in
293-MR cells. In a typical experiment siRNA against Ubc9 low-
ered endogenous levels of L/bc9 mRNA by about 90%, com-
pared with cells receiving a control siRNA (Fig. 6, 4, lower
panel, and B). The addition of the MR agonist aldosterone
caused strong induction of Sgk mRNA levels by 3.5-fold, indi-
cating that the stably expressing MR protein functions physio-
logically (Fig. 6, A and C). The siRNA against Ubc9 lowered the
aldosterone-induced level of Sgk mRNA by 48%, as compared
with the level by introduction of control siRNA (Fig. 6, 4 and C,
lanes 3 and 4). The Ubc9 and Sgk mRNA levels were normalized
to GAPDH mRNA levels, thus demonstrating that the effects of
the Ubco-directed siRNA were gene-specific. Thus, although
many different coactivators are involved in mediating tran-
scriptional activation by MR, endogenous Ubc9 is necessary for
efficient induction of the endogenous Sgk gene in response to
hormones. These findings indicate that endogenous Ubc9 nor-
mally functions as a transcriptional coactivator for the MR-
medijated transactivation.
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FIGURE 5. Endogenous Ubc9is required for MR-mediated transactivation. A knockdown of the Ubc protein reduces the MR-mediated transcription of the
3xMRE-E1b-Luc reporter construct. COS-7 cells in 24-well dishes were transiently transfected using Lipofectamine 2000 with 0.41 1ng of total DNA, including 0.1
g of MR, 0.01 ug of phRL-null, and 0.3 ug of 3xMRE-E1b-Luc reporter DNA, and 20 pmol of either Ubc9#1, Ubc942, or negative controf siRNA duplex, as
indicated. Forty eight hours post-transfection of siRNA, plasmid DNAs were consecutively transfected, and cells were treated with 108 m aldosterone at 24 h
after DNA transfection. Ninety six hours post-transfection, cells were harvested, and luciferase reporter assays were performed according to the manufacturer’s
instructions. B, Western blot analysis of endogenous Ubc9 protein level that was efficiently reduced by transfection of either Ubc-specific siRNA duplex
(SIRNA-Ubc9#1 or siRNA-Ubc9#2) but not of negative control siRNA duplex {siRNA-Controf).
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FIGURE 6. Ubc9 is necessary for efficient transcriptional activation by MR. siRNA against Ubc9 or control siRNA was transfected into 293-MR cells. After
growth with or without 107° v aldosterone, cDNA was synthesized from total RNA and analyzed by semiquantitative RT-PCR, The level of Sgk mRNA or
Ubc9 mRNA was normalized to that of GAPDH; all ratios are expressed relative to the vehicle and siRNA control (fane 7). Statistical significance was calculated
using an unpaired ¢ test on three independent experiments. 293-MR cells were treated with siRNA and 1078 m aldosterone.

Modification of MR by SUMO-1—SUMO-1 modification of
transcription factors, including nuclear hormone receptors, is
known to affect transcriptional activity, and we therefore exam-
ined whether MR is a substrate for SUMO-1 modification. MR
displays several sumovylation consensus motifs, previously
described as synergy control motifs (55). We generated a
mutant MR construct in which four lysine residues within
sumoylation consensus motifs were mutated into arginine,
K89R/K399R/K494R/K953R, designated as KRmut MR by site-
directed mutagenesis. The ability of wild type and KRmut MR
proteins to undergo SUMO-1 modifications was analyzed by in
vivo sumoylation assays as described previously (38). The wild

2004 JOURNAL OF BIOLOGICAL CHEMISTRY

type- and KRmut-MR with or without HA-tagged SUMO-1
were transfected into HEK293 cells. Whole cell extracts from
transfected HEK293 cells were immunoprecipitated with
anti-MR antibody, followed by immunoblotting with anti-HA
oranti-MR antibody (Fig. 7). The results showed that the slower
migrating multiple bands were detected only when
HA-SUMO-1 and wild type MR were coexpressed (Fig. 7, lane
2). Interestingly, sumoylation of MR appeared to be decreased
in the presence of aldosterone than in the absence for unknown
mechanisms (Fig. 7, fop panel, lanes 2 and 4). When
HA-SUMO-1 and KRmut MR were coexpressed, these high
molecular weight protein bands were almost disrupted (Fig. 7,
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FIGURE 7. in vivo sumoylation of hMR. The wild type- but not KRmut-hMR
(K89R/K399R/K494R/KI53R) was sumoylated in HEK293 cells. HEK293 cells
were transfected with wild type (pRShMR) or KRmut MR {(pRShMR-KRmut)
and SUMO-1 (pcDNA3-HA-SUMO-1). Twenty four hours post-transfection,
cells were treated with 107° m aldosterone or vehicle (ethanol). Forty eight
hours post-transfection, cells were harvested. Whole cell extracts were [P with
anti-MR antibody, and immunoprecipitates were subsequently analyzed by
WBwithanti-HA (top panel) oranti-MR (2nd panel) antibody. Levels of expres-
sion of SUMO-1 (bottom panel) were determined by WB with anti-MR and
anti-HA antibodies, respectively. Brackets showed sumoylated MR (top pane)
and multiple sumoylated proteins (bottom panel). * indicates nonspecific pro-
tein (top panel).

lanes 5~ 8), suggesting that Lys-89, Lys-399, Lys-494, and Lys-
953 are the main sumoylation sites of MR.

Ubc9 Potentiates MR-mediated Transcription Independent of

Sumoylation Activity—T o elucidate whether E2 SUMO-1-con-
jugating enzyme activity of Ubc9 is required for coactivation of
MR, transient transfection assays were performed utilizing the
sumovylation-inactive mutant Ubc$ (C93S). Coexpression of
Ubc9 (C93S) potentiated the transcriptional activity of wild
type MR by 4-fold (Fig. 84, lane 6 versus lane 4) in a similar
manner to coexpression of wild type Ubc9 (Fig. 84, lane 5 ver-
sus lane 4). The transcriptional properties of KRmut MR on
3xMRE-E1b-Luc reporter activity showed enhanced transcrip-
tional activities by ~5-fold (Fig. 84, lane 10 versus lane 4) com-
pared with the wild type MR. This finding was also supported
by data that overexpression of SENP1, a SUMO-1 isopeptidase,
similarly potentiated MR-mediated transactivation (data not
shown). Therefore, sumoylation of MR is likely to repress its
transcriptional activities as shown previously (38). Coexpres-
sion of Ubc9 or Ubc9 (C93S) further potentiated the KRmut
MR-mediated transactivation by 3-fold (Fig. 84, lanes 10-12).
These findings suggest that sumoylation activity of Ubc9 is not
necessary for enhancement of MR-mediated transcription.
Because KRmut MR displayed stronger transactivation than
wild type MR, it is tempting to test whether interaction of MR
with Ubc9 was affected. The coimmunoprecipitation assays
showed that wild type- as well as KRmut-MR similarly inter-
acted with Xpress-tagged Ubc9 (Fig. 8B, top panel, lanes 2 and
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3), indicating that interaction between MR and Ubc9 is not
altered depending upon sumoylation status of MR. Similarly,
both Ubc9 and Ubc9 (C93S) equally interacted with MR (Figs. 2
and 3B), indicating that interaction between MR and Ubc9 is
not altered depending upon sumoylation activity of Ubc9.

Ubc9 and SRC-1 Synergistically Potentiated MR-mediated
Transcription—Ubc9 is a strict ligand-dependent coactivator
of MR, but Ubc9 does not directly interact with the ligand-
binding domain of MR. Therefore, it is tempting to test that
Ubc9 is associated with certain coactivators interacting with
MR AF-2 domain. We investigated the combined effects of
Ubc? and several known AF-2 coactivators on MR-mediated
transcription in transient transfection assays. Among several
known AF-2 coactivators, we found that SRC-1, but not p/CIP
or CBP/p300 (data not shown), synergistically potentiated MR-
mediated transactivation in cooperation with Ubc9. As shown
in Fig. 9, overexpression of either SRC-1 (lanes 5-7) or Ubc9
{lanes §—10) in cells enhanced aldosterone-induced MR-de-
pendent transcription by ~4-fold (Fig. 9, lanes 7 and 10), com-
pared with untransfected cells (Fig. 9, lane 4) in a dose-depend-
ent manner. When both Ubc9 and SRC-1 were overexpressed
in cells, reporter gene activity was synergistically elevated to
levels 12-13-fold higher than in untransfected cells (Fig. 9,
lanes 13 and 16 versus lane 4) in a manner that was more than
additive of the effects of either protein alone. These results sug-
gest that UbcY contributes to MR-dependent transcriptional
activation at least partly by binding SRC-1 and recruiting it to
cellular transcriptional machinery. Because recent reports (56)
showed that relatively few coactivators, including SRC-1,
strongly interact with MR in the presence of aldosterone, these
findings are consistent with our data that Ubc9 and SRC-1
cooperatively function as coactivators of MR.

Next, to prove that an MR-Ubc9-SRC-1 complex contributes
to MR-dependent transactivation in cells, we examined the
physical association between MR, Ubc9, and SRC-1 using
colmmunoprecipitation assays. First of all, endogenous Ubc9
was clearly associated with SRC-1 (Fig. 104, lasne 1), and the
interaction was more pronounced when Ubc9 was ectopically
overexpressed (Fig. 104, lane 2). In addition, the N-terminal
domain of MR-(1-670) was coimmunoprecipitated with
SRC-1 (Fig. 108, top panel, lanes 3 and 4), and the interaction
was slightly enhanced when ectopic Ubc9 was overexpressed,
which suggests Ubc9 may stabilize SRC-1 protein, thus increas-
ing in MR-SRC-1 association as shown recently (57). Full-
length MR was coimmunoprecipitated with Ubc9 as well as
SRC-1 in the presence of aldosterone (data not shown). Taken
together with these coimmunoprecipitation data, both Ubc9
and SRC-1 were shown to form a complex with the N-terminal
domain of MR-(1-670), thus transactivating MR-dependent
transcription.

MR and Ubc9 Are Specifically Recruited to the MRE of
Human ENaC Gene Promoter—As mentioned abave, the MR-
Ubc9 complex activated the human ENaC gene transcription
(Fig. 44). ChIP assays were used to test whether stably express-
ing MR and endogenous Ubc9 are recruited to the endogenous
ENaC gene promoter in 293-MR cells. The cross-linked,
sheared chromatin preparations were subjected to immuno-
precipitation with various antibodies, and the precipitated
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FIGURE 8. Both Ubc9 and Ubc9 (C935) enhance aldosterone-mediated transcription of wild type as
well as K89R/K399R/K494R/K953R MR. A, both Ubc9 and Ubc9(C935) enhanced aldosterone-mediated
transactivation of wild type- as well as KRmut-MR (K89R/K399R/K494R/K953R). HEK293 cells were trans-
fected with 0.61 1.g of total DNA, including 0.3 ug of 3xMRE-ETb-Luc reporter, 0.1 ug of wild type (pRShMR)
or K89R/K399R/K494R/KI53R (pRShMR-KRmut), 0.2 g of wild type Ubc9 or Ubc9 (€93S), and 0.01 png of
phRL-null. Twenty four hours post-transfection, cells were treated with vehicle or 107% m aldosterone.
Cells were harvested at 48 h post-transfection and assayed for luciferase activity. Assays were performed
in three separate experiments, each with triplicate samples. 8, Ubc9 is associated with wild type as well as
K89IR/K399R/K494R/KI53R MR in HEK293 cells. HEK293 cells were transfected with wild type (pRShMR) or
KRmut MR (pRShMR-KRmut) and Xpress-tagged Ubc9 (pcDNA3.1/His-Ubc). Cells were harvested at 48 h
after transfection. Whale cell extracts were immunoprecipitated (/P) with anti-MR antibody, and immu-
noprecipitates were subsequently analyzed by WB with anti-Xpress (upper panel) or anti-MR (2nd panel)
antibody. Levels of proteins of MR and Ubc9 were determined by WB with anti-MR (3rd panel} and anti-

Xpress (bottom panel) antibodies, respectively.
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FIGURE 9. Ubc9 and SRC-1 synergistically enhance MR-mediated
transactivation. Ubc9 and SRC-1 synergistically enhance aldosterone-
mediated MR transactivation of 3xMRE-E1b-Luc reporter in COS-1 cells.
COS-1 cells were transfected with 0.81 g of total DNA, including 0.1 g of
MR {pRShMR), 0.03, 0.1, or 0.2 s»g of SRC-1 (pCR3.1-hSRC-1),0.03,0.1,0r 0.2
j+g of Ubc9 constructs (pcDNA3.1/His-Ubc9), 0.01 1.g of phRL-null with 0.3
149 3XMRE-E1b-luciferase (3xMRE-E1b-Luc) reporter DNA for each well of
the 24-well dish indicated. Twenty hour hours post-transfection, cells
were tredted with vehicle or 1078 m aldosterone and harvested at 48 h
post-transfection. The cell extracts were then assayed for luciferase activ-
ity. Assays were performed in three separate experiments, each with trip-
licate samples.
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DNA was analyzed by PCR amplifi-
cation of the MRE (—1567/—1297)
of the ENaC promoter. We have
confirmed the size of the sonicated
DNA was ~300—-600 bp, and these
bands looked uniform (data not
shown). When aldosterone is pres-
ent in 293-MR cells, antibodies
against MR, SRC-1, and Ubc9 effi-
ciently immunoprecipitated the
MRE (—1567/—1297) of the ENaC
promoter only in the presence of
aldosterone but not in the absence
(Fig. 11). Normal IgG and no anti-
, body (data not shown) failed to pre-
& cipitate the ENgC promoter. In con-

2 3 5
-t = o - - trast to the MRE of the ENaC
: : : ~ * : promoter, the control region (+1/

+265) of the ENaC gene was not
detected in association with MR or
Ubc9 (Fig. 11). These data highlight
a finding that endogenous MR and
UbcY are recruited to an aldoster-
one-sensitive gene promoter in a
largely hormone-dependent man-
ner in the context of chromatin
in vivo.

Colocalization of MR with Ubc9
and SRC-1 in Cultured HEK293
Cells and the Collecting Duct Cells
Jfrom Mouse Kidney—To determine whether MR, Ubc9, and
SRC-1 could interact within a cellular environment, HEK293
cells were transfected with DsRed-tagged MR, EGFP-tagged
Ubc9, YFP-tagged SRC-1, alone or in various combinations,
and photographed using fluorescence microscopy (Fig. 12, A
and B). After cotransfection of HEK293 cells with pEGFP-
Ubc9 and pDsRed-MR, EGFP-Ubc9 was localized in both
nucleus and cytoplasm, whereas DsRed-MR was mainly local-
ized in the cytoplasm in the presence of ethanol (vehicle).
Treatment with 107% M aldosterone resulted in nuclear accu-
mulation of DsRed-MR, which was overlapped with EGFP-
Ubc9 (Fig. 124). Similarly, after cotransfection of HEK293 cells
with YEP-SRC-1 and DsRed-MR, YFP-SRC-1 was localized in
the nucleus and cytoplasm, whereas DsRed-MR was mainly
localized in the cytoplasm in the presence of ethanol (vehi-
cle). Treatment with 1078 M aldosterone resulted in nuclear
accumulation of DsRed-MR and YFP-SRC-1 with occasional
dot formation. These findings indicate that MR was colocal-
ized with Ubc9 and SRC-1 in the nuclei only in the presence
of aldosterone. The fluorescence imagings of ectopic
expressing MR, Ubc9, and SRC-1 support colocalization of
these proteins in cultured cells.

Finally, to examine whether the physical interaction between
MR, Ubc9, and SRC-1 had a potentially physiological signifi-
cance, we investigated whether endogenous MR, Ubc9, and
SRC-1 were indeed colocalized within the mouse kidney as an
aldosterone-sensitive tissue by immunohistochemical analysis
(Fig. 13, A and B). As shown in Fig. 13, A and B, using specific
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FIGURE 10. Ubc9, SRC-1, and the N-terminal MR-(1-670) form a ternary complex in vive. A, Ubc9 was
coimmunoprecipitated with SRC-1in HEK293 cells. HEK293 cells were transfected with a combination of SRC-1
and Xpress-tagged Ubc9. Forty eight hours post-transfection, cells were harvested. Whole cell extracts were
immunoprecipitated (/P) with anti-Ubc9 antibody, followed by immunoblotting with anti-SRC-1 antibody.
Expression of Ubcg and SRC-1 was also shown in WB with anti-Ubc9 and anti-SRC-1 antibodies, respectively. In
the Western blotting with anti-Ubc9 antibody {middle panel), slower migrating bands {a) correspond to Xpress-
tagged Ubc9, and faster migrating ones correspond to endogenous Ubc9 (b). B, SRC-1 was coimmunoprecipi-
tated with the N-terminal MR-(1-670) in HEK293 cells. HEK293 cells were transfected with combination of
N-terminal MR~(1-670), SRC-1, and Xpress-tagged Ubc9. Forty eight hours post-transfection, cells were har-
vested. Whole cell extracts were immunoprecipitated with anti-MR antibody, and immunoprecipitates were
subsequently analyzed by WB with anti-SRC-1 and anti-MR antibody. Expression of SRC-1 and Ubc9 was also
shown in WB with anti-SRC-1 and anti-Xpress antibodies. Ectopic expression of Ubc9 apparently pronounced

interaction between MR-(1-670) and SRC-1.
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FIGURE 11. MR and Ubc9 are recruited to the native aENaC promoterin
an aldosterone-dependent manner. For ChiP assays, when in the pres-
ence and absence {vehicle) of 1078 m aldosterone, sheared chromatin
from 293-MR cells was immunoprecipitated with anti-MR, anti-Ubcg, anti-
SRC-1, ornormal lgG. The coprecipitated DNA was amplified by PCR, using
primers to amplify the £NaC promoter containing MRE or control region.
MRandUbc9 interactwith — 1567/ 1297 DNA segment cantaining MRE but not
with the 1/265 region of the ENaC gene (Control) in 293-MR cells. Immunoprecipi-
tation with normal lgG (lanes 2 and 8) was used as negative controls.

antibodies, we were able to demonstrate that MR interacted
with Ubc9 as well as SRC-1 in the nuclei of cortical collecting
duct cells of mouse kidney. The results from cell-based reporter
assays, coimmunoprecipitation, ChlIP, fluorescence imagings,
and immunohistochemistry strongly support a physiological
role of Ubc9 in MR transactivation in cooperation with SRC-1
i vivo.
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DISCUSSION

In this study, we describe Ubc9,
which interacts with the N-terminal
transactivation domain of MR. Tran-
sient transfection assays together
with small interfering RNA and RT-
PCR indicated a physiological role
of Ubc9 as a coactivator for the MR-
dependent transactivation. Further-
more, the coimmunoprecipitation
and ChIP assays clearly showed that
endogenous Ubc9, SRC-1, and MR
form a ternary complex. Colocaliza-
tion of these proteins was also
observed in the nuclei of intact

~150

=0

WB:aXpress mouse tissues, indicating that our

' ~#  observation is relevant to physiolog-
e, ical events.

2 3 4 MR is modified by SUMO-1 via

_: : : three consecutive enzyme reac-

. . tions, including E2 enzyme Ubc9,

thus resulting in transcriptional
repression based on the fact that
KRmut MR, which is a sumoylation-
inactive mutant, disclosed enhanced
aldosterone-mediated  transactiva-
tion compared with wild type MR.
Furthermore, desumoylation by
overexpression of SENPI, a
SUMO-1 isopeptidase, similarly
potentiated MR-mediated transac-
tivation (data not shown). These
data indicate that sumoylation of
MR leads to transcriptional repression. In fact, SUMO E3-li-
gase, PIAS1, was recently shown to function as a transcriptional
corepressor of MR, the function of which is partly mediated by
sumoylation of MR (38). The correlation between sumovylation
and transcriptional repression is similarly shown in various
nuclear receptors, such as glucocorticoid receptor (26 —30) and
androgen receptor (21,22, 31, 32, 34 -36, 58). Although sumoy-
lation of MR results in transcriptional repression, this study
shows a remarkable aspect of Ubc9 as a transcriptional coacti-
vator for MR-mediated transactivation through formation of a
complex with MR and SRC-1.

Ubc9 Functions as a Transcriptional Coactivator of MR—Ubc9
meets all the criteria for a transcriptional coactivator protein in
the modulation of MR transcriptional properties. First, Ubc9
specifically interacted with MR in in vitre GST pulldown, yeast,
and mammalian cells as shown in Figs. 13, and the interaction
increased in the presence of aldosterone (Fig. 1). In addition,
the interaction between the endogenous proteins was con-
firmed in 293-MR cells. All assays clearly showed that Ubco
mainly interacted with the N-terminal MR-(1-670) containing
AF-1 and DNA-binding domain but not with the C-terminal
MR-(671-984) encompassing ligand-binding domain. Second,
overexpression of Ubc9 had no effect on the reporter activities
in the absence of transfected MR (Fig. 44). However, Ubc9
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FIGURE 12. Subceltular localization of MR, Ubc9, and SRC-1 in cultured
HEK293 cells. EGFP-Ubc9 (A) or YFP-SRC-1 {B) was cotransfected with
DsRed-MR in the presence of ethanal (vehicle) and 1078 m aldosterone in
HEK293 cells. Both Ubc9 and SRC-1 were colocalized with MR in the presence
of aldosterone in the nuclei of the transfected HEK293 cells.

potentiated the transactivation of three reporter constructs
mediated by MR. Third, reduction of endogenous Ubc9 by
small interfering RNA decreased MR-mediated transactivation
of the reporter construct as well as an endogenous Sgk gene,
indicating that endogenous Ubc9 normally contributes to MR-
mediated transactivation. Fourth, ChIP assays clearly showed
that endogenous MR and Ubc9 were recruited to a native MR-
regulated ENaC promoter, demonstrating functional coupling
between MR and Ubc9. Therefore, Ubc9 possesses all the char-
acteristics expected for the transcriptional coactivator protein
of MR.

To confirm further that Ubc9 is a coactivator of MR, we ruled
out several possible ways in which the protein might enhance
MR-mediated transactivation. First, as SUMO-1 conjugation
plays an important role in protein modification, the etfect of
UbcY on MR transactivation might be the result of effects of
Ubc9 on MR protein concentrations. Our preliminary experi-
ments showed that overexpression of Ubc9 did not alter MR
protein concentration in HEK293 cells (Fig. 3B). Second, it is
also possible that overexpression of Ubc9 increases the concen-
trations of some coactivators or decreases the concentrations of
some corepressors, which have been shown to interact with
MR, but our preliminary results showed that overexpression of
Ubc? did not alter the protein concentration of SRC-1, GRIP1,
or SMRT in the cells (data not shown). Because these experi-
ments were performed by transient transfection, we are not
able to conclude unequivocally that Ubc9 has no effects on the
coregulator concentration, and further investigation is
required. Third, another possibility is that overexpression of
Ubc9 increases the DNA-binding affinity of MR. To exclude
this possibility, we performed electrophoretic mobility shift
assays to determine whether in vitro transcription-translated
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FIGURE 13. Colocalization of MR with Ubcg (A) and SRC-1 (B) in the nuclei
of the collecting duct cells from mouse kidney. Mouse kidney was used to
immunologically detect Ubc9, SRC-1, and MR. MR was colocalized with Ubc9
(A)aswell as SRC-1 (B) in the nuclei of collecting duct cells but not glomerulus
or mesangial cells. Arrows indicate representative nuclear colocalization of
MR and Ubc9 or SRC-1. Panels of MR were incubated with mouse anti-MR
antibody, followed by Alexa Fluor 488-conjugated anti-mouse IgG, whereas
panels of SRC-1 and Ubc9 were incubated with rabbit anti-SRC-1 and anti-
Ubc9, respectively, followed by Alexa Fluor 594-conjugated anti-rabbit IgG. Pan-
els of MRUbc9 or MR + SRC-1 were mergedby each image. Nudlear staining was
performed by 4',6-diamino-2-phenylindole {DAPJ). Scale bar, 10 jum.

Ubc9 or extracts from cells overexpressing Ubc9 proteins affect
the binding of MR to its response element DNA. The results
showed that Ubc9 has no effect on MR binding to the response
element (data not shown). Fourth, it has been proposed that
SUMO-1 conjugation targets proteins to different cellular
localizations. SF-1 can be directed into nuclear speckles and
sequestered from the nucleolus in the presence of SUMO-1,
thus resulting in transcriptional repression (43). It is therefore
important to investigate whether and how MR activity and sub-
cellular localization are functionally linked for further investi-
gation. From these findings, Ubc9 clearly functions as a coacti-
vator of MR ix vive.

Our data showed that both wild type and a sumoylation-
inactive mutant of Ubc9 (C93S) similarly enhanced a reporter
activity mediated by MR, indicating that coactivation of MR-
mediated transcription by Ubc9 is likely to be independent of
sumovylation activity. However, it is possible that ectopically
produced Ubc9 regulate MR-mediated transactivation through
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not only sumoylation of MR but also conjugation of SUMO-1 to
one or more other cellular factors involved in transcriptional
regulation.

MR-Ubc9-SRC-1 Complexes Are Crucial for MR Trawus-
activation—Although our data showed that Ubc9 interacted
with the N-terminal but not with the ligand-binding domain of
MR, Ubc9 functions as a strict ligand-dependent coactivator of
MR. We therefore presumed that Ubc9 should be indirectly
associated with the ligand-binding domain of MR through cer-
tain coactivator(s). We then found the combined effects of
Ubc9 and SRC-1, but not GRIP-1, p/CIP, or CBP/p300 on MR-
dependent transactivation in transient transfection assays.
Indeed, on aldosterone treatment, MR, Ubc9, and SRC-1 were
recruited to an MR-responsive gene promoter in ChIP assays,
indicating that these three proteins may form a complex.
Because Ubc9 does not contain an autonomous activation
domain when fused to the Gal4 DNA-binding domain, it seems
likely that Ubc9 supports the transactivating effects of SRC-1 by
acting as a scaffolding protein that stabilizes SRC-1 within the
MR transcriptional complex or by stabilizing the SRC-1 protein
level as shown recently (57). We showed that both Ubc$ and
SRC-1 interacted with the N-terminal MR-(1-670) containing
AF-1 domain. Ubc9 is also associated with SRC-1 (Fig, 10). A
recent report (59) showed that SRC-1 is sumoylated, thus
resulting in enhancing coactivation capacities for steroid recep-
tors. Taken together with Fig. 10 and Ref. 59, it is likely that
Ubc9 directly interacts with SRC-1. These results may provide a
structural framework for the formation of a complex of these
three proteins. Furthermore, fluorescence imagings and immu-
nohistochemical analysis supported that MR was colocalized
with UbcS and SRC-1 in the nuclei of cultured HEK293 cells
and the collecting duct cells from mouse kidney, supporting the
function of these complexes in viveo.

These results clearly showed that Ubc9 may have dual func-
tions on MR. One function is sumoylation of MR through
SUMO E2-conjugating enzyme activity, thus resulting in atten-
uation of ligand-dependent MR transactivation as shown pre-
viously (38). Another one is a new function as an MR coactiva-
tor by formation of a complex with SRC-1 and N-terminal MR
beyond the SUMO E2-conjugating enzyme. Spatiotemporal
regulation of these dual functions remains to be clarified.
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Kamon I, Kumagai H, Onimaru H, Kawai A, Oshima N,
Onami T, Takimoto C, Kamayachi T, Hayashi K, Saruta T, Itoh
H. Novel axonal projection from the caudal end of the ventrolateral
medulla to the intermediolateral cell column. Am J Physiol Regul
Integr Comp Physiol 292: R927-R936, 2007. First published Novem-
ber 2, 2006; doi:10.1152/ajpregu.00254.2006 —We used an optical
imaging technique to investigate whether axons of neurons in the
caudal end of the ventrolateral medulla (CeVI.M), as well as axons of
neurons in the rostral ventrolateral medulla (RVLM), project to
newrons in the intermediolateral cell column (IML) of the spinal cord.
Brain stem-spinal cord preparations from neonatal normotensive
Wistar-Kyoto and spontaneously hypertensive rats were stained with
a voltage-sensitive dye. and responses (o electrical stimulation of the
IML at the Tha level were detected as changes in fluorescence
intensity with an optical imaging apparatus (MiCAM-01). The results
were as follows: /) depolarizing responses to IML stimulation during
low-Ca high-Mg superfusion were detected on the ventral surface of
the medulla at the level of the CeVLM, as well as at the level of the
RVLM, 2) depolarizing responses were also detected on cross sections
at the level of the CeVLM, and they had a latency of 24.0 = 5.5 (SD)
ms, 3) antidromic action potentials in response to IML stimulation
were demonstrated in the CeVLM newons where optical images were
detected, and 4) glutamate application to the CeVLM increased the
frequency of excitatory postsynaptic potentials (EPSPs) and induced
depolarization of the IML neurons. The optical imaging findings
suggested a novel axonal and functional projection from neurons in
the CeVLM to the IML. The increase in EPSPs of the IML neurons in
response to glutamate application suggests that the Ce VLM partici-
pates in the regulation of sympathetic nerve activity and blood
pressure and may correspond to the caudal pressor area.

optical imaging; paich-clamp technique; monosynaptic bulbospinal
projection; caudal pressor area; sympathetic nervous system

BECAUSE NEURONS IN THE intermediolateral cell column (IML) of
the spinal cord receive various inputs from higher neurons [the
rostral ventrolateral medulla (RVLM), rostral ventromedial
medulla (RVMM), paraventricular nucleus, raphe nucleus, etc.
(1,4, 12, 21, 23, 26, 29)], IML newons play an important role
in the regulation of sympathetic outflow. The precise location
and function of the caudal pressor area (CPA) have recently
been reevaluated, and it is now known to be located more
caudally than the caudal ventrolateral medulla (CVLM) (see
Refs. 2, 8, 27, 28). Because microinjection of glutamate and
homocysteine in the CPA in in vivo experiments induced
sympathetic activation and an increase in blood pressure, and
microinjection of glycine induced inhibition of sympathetic

activity and blood pressure reduction, the neurons in the CPA
have been considered to be sympathoexcitatory (16).

Much attention has been focused on afferent inputs in the
CPA and efferent pathways out of the CPA. Natarajan and
Morrison (16) demonstrated that the CPA newrons project to
the sympathoexcitatory CVLM, whose neurons then project to
the RVLM. Horiuchi et al. (8) reported that the CPA is
modulated by prolactin-releasing peptide, a hypothalamic hor-
mone. Sun and Panneton (27, 28) used anterograde and retro-
grade tracers to precisely localize the site of the CPA in the
ventrolateral medulla (VLM). Li et al. (11) recently found a
direct projection from the CPA to the IML in a retrograde
tracer experiment. Studies to investigate whether the CPA
neurons are anatomically and functionally bulbospinal neurons
have just begun.

In the present study, we used optical imaging, electrophys-
iological, and histological methods to determine whether an
axonal projection exists from the medulla oblongata, including
the CPA, to the IML. Because we did not measure blood
pressure in this in vitro study, we will refer to the area as the
caudal end of the VLM (CeVLM), instead of as the CPA.
Using optical imaging, we tried to detect depolarizing re-
sponses on the ventral surface of the medulla oblongata and
cross sections of brain stem-spinal cord preparations to elec-
trical stimulation of the axons or neural terminals of presym-
pathetic neurons that projected to the IML region (IML stim-
ulation). We also examined antidromic action potentials in
response to the IML stimulation in the CeVLM area, in which
optical imaging showed depolarizing responses. The prelimi-
nary results have been presented in the form of an abstract (9).

MATERIALS AND METHODS

Preparations and staining. Experiments were performed on brain
stem-spinal cord preparations from 2- to 4-day-old Wistar-Kyoto
(WKY) rats and spontaneously hypertensive rats (SHRs) (see Refs.
14, 15, and 21). The experimental protocols were approved by the
Animal Research Committee of Keio University School of Medicine
in compliance with Japanese Law (no. 103). Under deep ether anes-
thesia, the brain stem and spinal cord were isolated as previously
described (14), and the. spinal cord was sectioned at the second
thoracic nerve root (Thz) level (Fig. 1). The following three different
types of preparations were used: 7) a type in which the brain stexn was
sectioned at the distal end of the pons for observation of the ventral
surface of the medulla oblongata, 2) a type in which the brain stem
was sectioned between the posterior inferior cerebellar artery and the
top of the hypoglossal nerve roots for observation of cross sections at
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Fig. 1. Brain stem-spinal cord preparation from a neonatal spontaneously
hypertensive rat. Three different types of preparations were used for optical
imaging and the whole cell patch-clamp technique as follows: /) a type for
observation on the ventral surface of the medullz oblongata, 2) a type for
observation of cross sections at the level of the rostral ventrolateral medulla
(RVLM), and 3) a type for observation of cross sections at the level of the
caudal end of the VLM (CeVLM). Electrical stimulation was applied to the
intermediolateral cell column (IML) at the Th level.

the RVLM level, and 3) a type in which the brain stem was sectioned
between the branch point of the basilar artery and the distal end of the
exit points of the hypoglossal nerve roots for observation of cross
sections at the level of the CeVLM.

The preparations were continuously superfused at 2-3 ml/min with
a standard solution, pH 7.4, consisting of (in mmol/l) 124 NaCl, 5.0
KCl, 2.4 CaCly, 1.3 MgCly, 26 NaHCOs, 1.2 KH:PO,, and 30
p-glucose and equilibrated with 95% O» and 5% CO: at 26-27°C. In
most of the experiments, the preparations were superfused with a
low-Ca high-Mg solution containing (in mmoV/1) 0.2 CaCl: and 5.0
MgCl to exclude ascending monosynaptic and polysynaptic projec-
tions and descending polysynaptic projections and to detect descend-
ing monosynaptic projeciions alone.

Optical imaging. The brain stem-spinal cord preparations were
incubated for 40-50 min in the standard solution containing the
fluorescent voltage-sensitive dye Di-4-ANEPPS (0.1 mg/ml) or Di-2-
ANEPEQ (50 pg/ml; Molecular Probes, Eugene, OR; see Refs. 19,
20, 30-32). The hydrophilic dye Di-2-ANEPEQ was used for abser-
vation at the brain stem surface because of its higher diffusion
property into tissue than the lipophilic dye Di-4-ANEPPS. Di-4-
ANEPPS was used for observation at the cut surface of the transverse
sections because it provides more stable staining with less noise than
Di-2~-ANEPEQ. Previous study reported that the depth for optical
detection of spontaneous bursting activity was <500 pwm and that the
effective depth might be 200-300 pm for Di-2-ANEPEQ (20). The
depth for optical detection of responses to electrical stimulation may
be greater than for spontaneous burst activity.

The preparation was then placed in a perfusion chamber {volume |
mi) mounted on a fluorescence microscope (BX50WIF-2; Olympus
Optical, Tokyo, Japan), with the ventral surface or cross section of the
medulla and spinal cord facing up.

Neuronal activity in the preparation was detecied as a change in
fluorescence of the voltage-sensitive dye with an optical imaging
apparatus (MiCAMOL; Brain Vision, Tsukuba, Japan; see Refs. 19,
20, 31, 32) and a tungsten-halogen lamp (150 watts) through a 510~
550-nm excitation filter, dichroic mirror, and 590-nm absorption filter
(U-MWIG2 mirror unit; Olympus Optical). The head of charge-
coupled device (CCD) camera had an 8.4 X 6.5 mm® imaging area

AXONAL PROJECTION FROM CAUDAL END OF VLM TO IML

consisting of 180 X 120 pixels and a maximal time resolution of 3.5
ms. The power of the microscope was adjusted 0 X2 in most
experiments, so that the image sensor could cover an area measuring
42 X 325 mm* We examined optical images of the medulla
oblongata for responses to electrical stimulation of the IML. Very thin
stainless steel electrodes (tip diameter 20 jum, length [00 pm, imped-
ance 700 kQ) were used, and the position of the IML neurons was
carefully identified through the CCD camera to enable stimulation
(10-50 volts, 100 ws, single pulse) of only axons that projected to the
IML neurons as much as possible by inserting the electrode perpen-
dicularly in cross sections of the spinal cord (Fig. 1). The IML was
stimulated at the Ths level, which is known to be the main target
region of the cardiac sympathetic premotor neurons in the brain stem.

Most recordings were performed with an acquisition time of 10 ms.
Fluorescence signals during a 3.4-s period/trial were totaled and
averaged for 10-20 electric stimulations of ipsilateral IML neurons.
The fluorescence changes are expressed as ratios (flucrescence inten-
sity divided by the fluorescence intensity of the reference image). The
differential images were processed with a software-spatial filter for
2 X 2 pixels and presented as pseudocolor displays in which the “red”
region corresponded to a decrease in fluorescence, meaning mem-
brane depolarization. The intensity of the depolarizing response was
strongest in the red region, grew weaker in the yellow region, and still
weaker in the green region. Decreases in fluorescence (depolarization)
are presented as upward of the intensity of the depolarization. Because
optical signals basically represent depolarization of the soma and not
of the axons (30), we refer to the fluorescence change as “a depolar-
izing response.” Values are reported as means * SD. Data were
compared with assessment of statistical significance by the unpaired
r-test.

Electrophysiological experiments. We investigated whether the
neurons in the CeVLM that exhibited depolarizing responses to IML
stimulation detected by optical imaging projected to the IML. Neu-
ronal activity was recorded extracellularly or intracellularly during
low-Ca high-Mg superfusion (21), and the IML was stimulated to
investigate the induction of antidromic action potentials. For the
extracellular recordings, glass electrodes were filled with 2% pon-
tamine sky blue in (.5 mol/l sodiumn acerate (resistance 5-20 MQ).
For the intracellular recordings by the whole cell patch-clamp tech-
nique, patch electrodes were filled with (.5% lucifer yellow in a
pipette solution of the following composition (mmel/1): 130 potassium
gluconate, 10 EGTA. 10 HEPES, 2 Na>-ATP, | CaClz, and | MgCla,
with pH 7.2-7.3 adjusted with KOH. The IML was stimulated with a
stainless steel electrode (5—15 volts, 100 ws, single pulse) to induce
antidromic action potentials in the VLM.

In addition, to examine functional and orthodromic effects of
CeVLM neurons on the IML, IML neurons were recorded by an
intracellular technique (whole cell patch-clamp) and an extracellular
technique during superfusion with standard solution. Glutamate (1
mmol/l, 10-30 pl) was locally applied to the CeVLM in a preparation
whose cross section was at the level of the CeVLM and from which
more rostral regions, including the CVLM and RVLM, have been
removed (fype 3 preparation under Preparations and staining and Fig.
1). To confirm and minimize glutamate diffusion in the cross section
at the level of the CeVLM, the glutamate solution was mixed with
Fast Blue.

Histological examinarion. After immersing the preparations in 10%
formalin-phosphate buffer solution at 4°C for 48 h, the medulla
oblongata with spinal cord was cut into 100-pm sections, and the
locations of neurons that had stained with lucifer yellow or pontamine
sky blue were identified in the medulla and spinal cord. All prepara-
tions were then stained with neutral red to compare the location of the
CeVLM neurons with the location of surrounding nuclei.

At the conclusion of the optical imaging experiments, the IML that
had been electrically stimulated was coagulated (20 volts. 20 ms,
single pulse) to confirm that the newrons that projected to the IML had
been accurately stimulated.
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To confirm that the neurons in the spinal cord that depolarized in
response 10 glutamate application to the CeVLM were IML neurons,
they were stained with lucifer yellow at the conclusion of the intra-
cellular recording.

RESULTS

Optical imaging on the ventral surface. Depolarizing re-
sponses were actually captured in the form of a motion picture.
As shown in Fig. 2, during superfusion with standard solution,
IML stimulation induced depolarizing responses on the con-
tinuous column of the surface of the rostrocaudal VLM, in-
cluding the RVLM, the CVLM, and the CeVLM. In all prep-
arations (n = 10), the intensity of depolarization (fluorescence
change) of the CeVLM (—0.098 = 0.024%, means = SD) was
significantly (P < 0.01) stronger than that in the RVLM
(—0.048 = 0.024%) and CVLM. The latency between IML
stimulation and the start and the peak of the depolarizing
response at the CeVLM was 41 = 15 and 82 = 32 ms,
respectively. No depolarizing responses were detected in other
regions despite even stronger stimulation of the IML.

As shown in Fig. 3, the IML stimulation during low-Ca
high-Mg superfusion also induced depolarizing responses on
the surface of the rostrocaudal VLM, including the RVLM, the

Low-Ca high-Mg superfusion
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Fig. 2. Optical images of the ventral surface of
the medulla oblongata during superfusion with
standard  solution. Depolarizing responses to
IML stimulation were clearly detected on the
ventral surface at the RVLM. the caudal ven-
trolateral medulla (CVLM), and the CeVLM
(n = 10).
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CVLM, and the CeVLM. The low-Ca high-Mg solution was
used to exclude ascending monosynaptic and polysynaptic
projections and descending polysynaptic projections and ob-
tain only the depolarizing responses of descending monosyn-
aptic projections. In all preparations (n = 6), the depolarizing
response of the CeVLM (—0.041 & 0.009%) was significantly
(P < 0.05) stronger than that of the RVLM (—0.026 =+
0.010%). The latency between IML stimulation and the start
and the peak of depolarization in the CeVLM was 28 =+ 7 and
31 & 11 ms, respectively. The intensity of the depolarizing
response was weaker during low-Ca high-Mg superfusion than
during perfusion with the standard solution.

Optical imaging of the cross sections. IML stimulation
during low-Ca high-Mg superfusion induced depolarizing re-
sponses in restricted regions on cross sections at the level of the
RVLM (n = 6; Fig. 4) and at the level of the CeVLM (1 = 8:
Fig. 5). The latency between IML stimulation and the start and
the peak of the depolarizing response was 24 * 5 and 36 + §
ms, respectively, at the level of the CeVLM. That was 27 + 9
and 35 %= 10 ms, respectively, at the level of the RVLM.

To determine whether the depolarizing responses were de-
rived from the somas and not from the axons, we examined the
depolarizing responses after adding ~y-aminobutyric acid

Fig. 3. Optical images of the ventral surface of
the medulla oblongata during superfusion with
low-Ca high-Mg solution. Depolarizing re-
sponses to IML stimulation were detected on
the ventral surface at the RVL.M, the CVLM,
and the CeVLM (17 = 6).
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