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Angiotensin II (Ang II) stimulates norepinephrine transporter
(NET) and tyrosine hydroxylase (TH) in the neurons, but the
signal transduction mechanism of this neuromodulation is not
understood. Treatment of neuronal cultures of hypothalamus-
brainstem with Ang II resulted in a time- and dose-dependent
activation of Ras, Raf-1, and mitogen-activated protein kinase.
This activation was mediated by the interaction of Ang II with
the AT1 receptor subtype and was associated with the redis-
tribution of AT1 receptor with Ras and Raf-1 on the neuronal
membrane. Treatment with antisense oligonucleotide (AON) to
mitogen-activated protein kinase decreased mitogen-activated
protein kinase immunoreactivity by 70% and attenuated Ang II

stimulation of c-fos, NET, and TH mRNA levels. This demon-
strates that induction of these genes requires mitogen-
activated protein kinase activation by Ang II. In contrast, AON
to mitogen-activated protein kinase failed to inhibit Ang II stim-
ulation of plasminogen activator inhibitor-1 mRNA levels. These
results suggest that AT1 receptors are coupled to a Ras-Raf-1
mitogen-activated protein kinase signal transduction pathway
that is responsible for stimulation of NET and TH, two neuro-
modulatory actions of Ang II in the brain.
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Angiotensin II (Ang II) exerts diverse physiological actions
unique to both the periphery and the brain. In addition to its
potent vasoconstrictor activity, it stimulates aldosterone secretion,
regulates fluid balance, and plays an important role in cardiac
hypertrophy, tissue remodeling, and growth of vascular smooth
muscle cells in the periphery (Peach, 1981; Geisterfer et al., 1988;
Dostal and Baker, 1992; Saxena, 1992). Ang II is a neuromodu-
lator in the brain and regulates sympathetic activity, synthesis,
uptake, and release of catecholamines; regulates release of vaso-
pressin; and modulates baroreceptor reflex (Phillips, 1987; Saave-
dra, 1992; Steckelings et al., 1992; Timmermans et al., 1993;
Raizada et al., 1994; Wright and Harding, 1994). These diverse
actions of Ang II are mediated through its interaction with a
single class of Ang II receptors, AT1 receptor subtype (Dostal and
Baker, 1992; Steckelings et al., 1992; Sumners and Raizada, 1993;
Timmermans et al., 1993; Raizada et al., 1994). The question as to
how one receptor subtype could be responsible for so many
diverse physiological actions of Ang II has been the focus of
intense investigation during the last several years. It has been
suggested that distinct signal transduction pathways linked to the
AT1 receptor in many tissues may hold the key to these diverse
actions of Ang II. This hypothesis has gained significant momen-
tum since cloning of the AT1 receptor was reported (Murphy et
al., 1991; Sasaki et al., 1991). The AT1 receptor belongs to the

G-protein-coupled-receptor superfamily and contains seven trans-
membrane serpentine regions with a distinct cytoplasmic tail
(Inagami et al., 1993). Because G-protein-coupled receptors ac-
tivate intracellular second messenger proteins by the mechanisms
involving phosphorylation, attempts have been made to identify
similar mechanisms for Ang II actions (Molloy et al., 1993; Bhat
et al., 1994; Marrero et al., 1995; Sadoshima et al., 1995). The
observations indicate that the growth-promoting actions of Ang II
involve the phospholipase Cg/JAK/STAT signaling pathway.
Despite these observations implicating JAK/STAT pathway in

the growth and tissue remodeling actions of Ang II, very little is
known regarding the signal transduction pathways involved in the
neuromodulatory actions of Ang II in the brain (Sumners et al.,
1995). In view of this gap in our knowledge and the fact that the
AT1 receptor plays a key role in the central control of blood
pressure (Saavedra, 1992; Steckelings et al., 1992; Raizada et al.,
1994; Wright and Harding, 1994), we decided to investigate the
signal transduction mechanism involved in the Ang II regulation
of norepinephrine transporter (NET) and tyrosine hydroxylase
(TH) genes. Neuronal cells from the hypothalamus-brainstem of
1-d-old rats in primary culture were chosen for the study because
(1) they express functional AT1 receptors that are coupled to the
stimulatory actions of Ang II on the uptake, synthesis, and release
of norepinephrine (NE) (Sumners and Raizada, 1993; Raizada et
al., 1994), and (2) the neurons from the spontaneously hyperten-
sive (SH) rat brain express higher levels of AT1 receptors and a
parallel increase in the neuromodulatory action of Ang II
(Raizada et al., 1984; Sumners and Raizada, 1986; Ding et al.,
1990; Yang et al., 1991; Raizada et al., 1993; Raizada et al., 1994),
a situation compatible with hyperactive brain Ang II in vivo. Thus,
neuronal culture presents an excellent in vitromodel to investigate
the AT1 receptor signaling mechanism in the normal rat brain and
the potential to compare this in the hypertensive rat brain. The
data presented in this study show that the interaction of Ang II
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with the neuronal AT1 receptor initiates a cascade of cellular
events involving Ras, Raf-1, and MAP kinase that ultimately leads
to the stimulation of the expression of NET and TH genes.

MATERIALS AND METHODS
One-day-old Wistar Kyoto rats were obtained from our breeding colony,
which originated from Harlan Sprague–Dawley (Indianapolis, IN).
DMEM, plasma-derived horse serum (PDHS), and 13 crystal trypsin
were from Central Biomedia (Irwin, MO). Phosphate-free DMEM was
purchased from Life Technologies (Grand Island, NY). [32P]-
Orthophosphate (1 mCi 5 37 MBq), [g-32P]ATP (3000 Ci/mmol),
[a-32P]dCTP (3000 Ci/mmol), L-[14C(U)]tyrosine (502 mCi/mmol), and
chemiluminescence assay reagents were from Dupont/NEN (Boston,
MA). Nitrocellulose membranes were from Micron Separations (West-
boro, MA). Ang II and polyethyleneimine-cellulose thin-layer plates were
purchased from Sigma (St. Louis, MO). Losartan potassium (Dup753)
was a gift from DuPont/Merck (Wilmington, DE). PD123319 was from
RBI (Natick, MA), and the PCR kit containing TaqDNA polymerase was
purchased from Perkin-Elmer Cetus (Norwalk, CT). Superscript RNase
H2, reverse transcriptase (RT), and deoxynucleotide mixture were from
Life Technologies. Oligo-dT was from Promega (Madison, WI), and
Dynal beads and other reagents for poly(A1) RNA isolation were from
Dynal (Lake Success, NY). Anti-Ras, anti-Raf-1, anti-MAP kinase [anti-
ERK-2 (C-14)], and anti-AT1 receptor polyclonal antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA), and an anti-rat
MAP kinase polyclonal antibody (erk-I-III) was from Upstate Biotech-
nology (Lake Placid, NY). In addition, polyclonal antibodies to AT1
receptor prepared in our group (Zelezna et. al., 1992) were also used. All
other reagents were purchased from Fisher Scientific (Pittsburgh, PA)
and were the highest quality available.
Primers for c-fos, plasminogen activator inhibitor-1 (PAI-1), NET, TH,

b-actin, and sense (SONs) and antisense oligonucleotides (AONs) for
MAP kinase were synthesized in the DNA synthesis facility of the
Interdisciplinary Center for Biotechnology Research, University of Flor-
ida, Gainesville. The sequences of these primers are listed as follows:
c-fos:
sense: 59-AGGAGGGAGCTGACAGATA-39
antisense: 59-CCTGGCTCACATGCTACTA-39

NET:
sense: 59-CCGCATCCATGCTTCTGGCGCGGATGAA-39
antisense: 59-GGGCAGGCTCAGATGGCCAGCCAGTGTT-39

TH:
sense: 59-GGGATGGGAATGCTGTTCTCAAC-39
antisense: 59-CGAGAGGCATAGTTCCTGAGCTT-39

PAI-1:
sense: 59-GCTCCAGGATGCAGATGTCT-39
antisense: 59-GCTCTCGTTCACCTCGATCT-39

MAP kinase:
SON: 59-CGACTTGCTATCAAGAAAATC-39

MAP kinase:
AON: 59-GATTTTCTTGATAGCAACTCG-39

Hypothalamus-brainstem neuronal cells in primary culture
Hypothalamus-brainstem areas of 1-d-old Wistar Kyoto normotensive rat
brains were dissected, and brain cells were dissociated by trypsin
(Raizada et al., 1984, 1993) and were plated onto poly-L-lysine precoated
tissue culture 35 mm dishes (3 3 106 cells/dish) or 100 mm dishes (2 3
107/dish) in DMEM containing 10% PDHS and neuronal cultures estab-
lished essentially as described previously (Raizada et al., 1984, 1993).
They were allowed to grow for 15 d before experiments were begun.
These cultures contained 85–90% neuronal cells and 10–15% astroglial
cells (Raizada et. al., 1984, 1993).

Measurement of Ras, Raf-1, and MAP kinase activity
Analysis of Ras activation. Ratio of GTP-Ras over GTP-Ras plus GDP-
Ras was used to determine the levels of activated Ras by Ang II in
neuronal cultures essentially as described previously (Downward et al.,
1990; Duronio et al., 1992). In brief, neuronal cultures established in 100
mm culture dishes were prelabeled with [32P]orthophosphate (2 mCi/
dish) in phosphate-free DMEM for 1 hr at 378C. After treatment with
Ang II, cells were rinsed with ice-cold PBS, pH 7.4, suspended in the
immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 20 mM MgCl2, 150
mM NaCl, 0.5% Nonidet P-40, and 10 mg/ml aprotinin) for 10 min, and
centrifuged at 3000 3 g for 5 min. The supernatant was used to immu-

noprecipitate Ras with the use of anti-Ras polyclonal antibody agarose
conjugated essentially as described previously (Downward et al., 1990;
Duronio et al., 1992). The immunoprecipitate was washed twice with the
immunoprecipitation buffer and twice with the washing buffer (50 mM
Tris-HCl, pH 7.4, 20 mM MgCl2, and 150 mM NaCl) and was suspended
in 20 ml of 20 mM Tris-HCl, pH 7.4, 30 mM EDTA, 2% SDS, 0.5 mM GDP,
and 0.5 mM GTP. The suspension was heated at 658C for 5 min and
centrifuged. The supernatant was spotted onto a polyethyleneimine-
cellulose thin-layer plate and developed with 0.75 M KH2PO4, pH 3.4,
followed by autoradiography. The radioactivity was quantitated with a
UVP Image 5000 system (Ultra Violet Products, San Gabriel, CA). The
percentage of Ras-GTP complex relative to the total amount of Ras was
calculated, and the data were presented as percentage activated Ras
(Downward et al., 1990; Duronio et al., 1992).
Measurement of Raf-1 kinase activation. Raf-1 kinase activation by Ang

II was analyzed essentially as described previously (Ohmichi et al., 1992;
Williams et al., 1992). Briefly, neuronal cells after Ang II treatment were
lysed for 10 min in the lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
10% glycerol, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 2
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and
100 mM sodium orthovanadate). The lysates were centrifuged at 10,000 3
g for 5 min, and supernatants were used for immunoprecipitation with
anti-Raf-1 antibody at 48C for 1 hr (Ohmichi et al., 1992; Williams et al.,
1992). Immune precipitates were resuspended in 20 ml of reaction buffer
(20 mM HEPES, pH 7.4, 1 mM NaCl, and 5 mM MgCl2) containing 10 mCi
[g-32P]ATP (3000 Ci/mM). After 10 min at 248C, reactions were stopped
by the addition of Laemmli’s sample buffer, and proteins were subjected
to SDS/PAGE followed by autoradiography. Quantitation of phosphor-
ylated Raf-1 was performed by determination of observed density (OD)
of radioactive bands of ;74 KDa on an UVP Image 5000 system.
Measurement of MAP kinase activation. Neuronal cell lysates were

prepared in the lysis buffer (25 mM Tris-HCl, pH 7.4, 25 mM NaCl, 1%
Triton X-100, 1% deoxycholic acid, 0.1% SDS, 1 mM sodium orthovana-
date, 10 mM sodium fluoride, 10 mM sodium pyrophosphate, 0.5 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 0.8
mg/ml leupeptin), and lysates were immunoprecipitated with anti-ERK-2
antibody agarose conjugated overnight at 48C (Sadoshima et al., 1995).
Immunoprecipitates were electrophoresed on a 10% SDS/PAGE con-
taining 0.5 mg/ml myelin basic protein. After electrophoresis, SDS was
removed by washing the gel with two changes of 20% 2-propanol in 50
mM Tris-HCl, pH 8.0, for 1 hr and then with two changes of 50 mM
Tris-HCl, pH 8.0, containing 5 mM 2-mercaptoethanol for 1 hr. The
enzyme was denatured by incubating the gel with two changes of 6 mol of
guanidine hydrochloride for 1 hr and then renatured with three changes
of 50 mM Tris HCl, pH 8.0, containing 0.04% Tween 40 and 5 mM
2-mercaptoethanol overnight at 48C. The gel was then incubated with 40
mM HEPES, pH 8.0, containing 2 mM dithiothreitol, 10 mM MgCl2, 0.5
mM EGTA, 40 mM ATP, and 10 mCi [g-32P]ATP (3000 Ci/mM), washed
with a 5% trichloracetic acid solution containing 1% sodium pyrophos-
phate, dried, and subjected to autoradiography (Sadoshima et al., 1995).

Immunoblotting
Immunoblotting was used to identify the presence of Raf-1, P42, and P44

proteins (subtypes of MAP kinase) in neuronal cultures. Briefly, cell-free
lysates were prepared as described above for Raf-1 or MAP kinase
activation. Lysates were electrophoresed on 10% SDS/PAGE, and pro-
teins were transferred to nitrocellulose membranes. Membranes were
blocked by using 5% nonfat dry milk in TBST (20 mM Tris-HCl, pH 8.0,
150 mM NaCl, and 0.05% Tween 20) for 1 hr followed by incubation for
1 hr at room temperature with rabbit anti-Raf-1 antibody or rabbit
anti-erk-I-III antibody. Protein-bound antibody was detected by incuba-
tion of the membrane with horseradish peroxidase-labeled second anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) and enhanced chemi-
luminescence assay reagents. The bands recognized by the primary
antibody were visualized by autoradiography. In other experiments, the
following protocol was used to determine the co-precipitation of AT1
receptors with Ras and Raf-1 with Ras. Cell lysates were immunopre-
cipitated by rabbit anti-AT1 receptor or anti-Ras antibody conjugated to
agarose. Agarose beads were washed three times with 50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, and 0.1% Triton X-100 and suspended in the
Laemmli’s sample buffer. Supernatant was electrophoresed in 10% SDS/
PAGE, and separated proteins were transferred to nitrocellulose mem-
brane. This was followed by immunoblotting with the use of rabbit
anti-Ras or anti-Raf-1 antibody.
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Immunocytochemical co-localization of Ras, Raf-1, and
AT1 receptors
Neuronal cultures established in 35 mm dishes were rinsed with PBS, pH
7.4, and fixed in2108C methanol for 5 min. After preincubation with fetal
bovine serum for 30 min at 378C to suppress nonspecific binding of the
antibody, cells were incubated with a combination of rabbit anti-AT1
receptor and mouse anti-Ras, or a combination of Ras and rabbit anti-
Raf antibodies at 1 mg/ml concentration in 13 PBS 0.5% bovine serum
albumin solution (Zelezna et al., 1992; Phillips et al., 1993). After rinsing
five times with PBS for 60 min at room temperature, cells were incubated
for an additional 60 min at 378C with a rhodamine-conjugated anti-rabbit
IgG and FITC-conjugated anti-mouse IgG. The cells were processed for
fluorescent microscopy as described elsewhere (Lu et al., 1996). The
rhodamine staining representing AT1 receptor and Raf-1 and the FITC
staining representing Ras were examined with the use of a confocal
microscope. Data were collected by using a 403/numerical Olympus
IMT-2 inverted light microscope, and two-dimensional images were pro-
cessed as described previously (Lu et al., 1996).

Treatment of neuronal cultures with MAP kinase AONs
and SONs
AONs and SONs corresponding to a region for both P44 and P42 cDNA
were synthesized. The oligonucleotides were made as phosphorothioate
derivatives, which have been shown to enhance nuclease resistance and
support RNase H cleavage of hybridizing RNA. Neuronal cultures estab-
lished in 100 mm culture dishes for 10–15 d were treated with 1 mM AONs
and SONs to MAP kinase dissolved in 5 mg/ml Lipofectin Reagent (Life
Technologies) for 24–48 hr at 378C. This was followed by incubation of
cells with 100 nM Ang II for indicated time periods.

Figure 1. The effect of Ang II on activation of Ras in neuronal cultures.
Neuronal cultures were incubated with 100 nM Ang II for indicated time
periods (A) or with indicated Ang II concentrations for 5 min (B). Levels
of GTP-bound Ras and GDP-bound Ras were determined essentially as
described in Materials and Methods. Data are presented as activated Ras,
which was calculated as a percentage from a ratio of GTP-Ras over
GTP-Ras 1 GDP-Ras. They are mean 6 SE (n 5 3). Asterisks indicate
significantly different from zero time or control ( p , 0.05). Insets in both
A and B show representative autoradiograms.

Figure 2. The effect of Ang II receptor specificity on Ang II stimulation
of activation of Ras in neuronal cultures. Neuronal cells established in
primary culture for 15 d were incubated with 100 nM Ang II for 5 min.
Losartan (10 mM) for AT1 receptor-specific and PD123319 (10 mM) for
AT2-receptor-specific antagonists were used in the absence or presence of
Ang II. Top, Representative autoradiogram. Bottom, Data from three
experiments are presented as mean 6 SE. Asterisk indicates significantly
different from control ( p , 0.05); double asterisk indicates significantly
different from Ang II-treated neurons ( p , 0.05).
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RT-PCR measurements of c-fos, NET, TH, PAI-1, and b-actin
mRNA levels
The mRNA levels for c-fos, NET, TH, PAI-1, and b-actin were measured
by RT-PCR essentially as described previously (Lu and Raizada, 1995; Lu
et al., 1995). Validity of this procedure and optimal conditions for both

RT and PCR reactions also have been established previously (Lu and
Raizada, 1995; Lu et al., 1995). In brief, the procedure includes isolating
poly(A1) RNA from neuronal cultures with the use of Dynal beads and
running the RT reaction directly with the poly(A1)-Dynal-bead complex
(Lu and Raizada, 1995; Lu et al., 1995). This is followed by using 5 ml of

Figure 3. Activation of Raf-1 by Ang II as a function of time and Ang II
concentration in neuronal cultures. Neuronal cultures were incubated with
100 nM Ang II for indicated time periods (A) or for 10 min with indicated
concentrations of Ang II (B). Cells were lysed, Raf-1 was immunoprecipi-
tated with the use of specific anti-Raf-1 antibody, and autophosphoryla-
tion of Raf-1 was carried out essentially as described in Materials and
Methods. Top, Representative autoradiogram. Bottom, Bands correspond-
ing to Raf-1 from three experiments were quantitated as described in
Materials and Methods and are presented as mean 6 SE. Asterisks
indicate significantly different from zero time (A) or without Ang II (B) ( p
, 0.05).

Figure 4. The effect of Ang II receptor subtype antagonists on the
activation of Raf-1 in neuronal cultures. Neuronal cultures were incubated
without or with 100 nM Ang II for 10 min in the absence or presence of 10
mM losartan or PD123319. Active Raf-1 was determined as described in
the legend to Figure 3. Top, Representative autoradiogram. Bottom, Data
from three experiments are mean 6 SE. Asterisks indicate significantly
different from control ( p , 0.05); double asterisk indicates significantly
different from Ang II-treated cells ( p , 0.05).

Figure 5. Immunoblot of Raf-1 stimulated by Ang II in neuronal cultures.
Experimental protocol was essentially the same as described in the legend
to Figure 3. Immunoblots were developed essentially as described in
Materials and Methods. Top, Representative autoradiogram. Bottom,
Bands corresponding to phosphorylated Raf-1 ( p-Raf-1) were quanti-
tated, and data from three immunoblots were presented as mean 6 SE.
Asterisks indicate significantly different from the zero time density ( p ,
0.05).
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RT solution for PCR and specific primers for c-fos, NET, TH, PAI-1, or
b-actin in separate tubes. Our previous studies have established that the
PCR reaction is linear with the number of PCR cycles as well as with the
RT reaction volumes, whether the PCR for c-fos, NET, PAI-1, and
b-actin is carried out in a single tube or in separate tubes. Thus, we have
used the PCR reactions for c-fos, NET PAI-1, TH, and b-actin in parallel
tubes with the use of 5 ml RT reaction. PCR products were separated on
a nondenaturing PAGE essentially as described previously (Lu et al.,
1996). The gel was decasted, wrapped in a plastic bag, and exposed to an
x-ray film overnight at 2708C. Bands representing PCR products on the
x-ray film were scanned with the use of the UVP Imagestore 5000 system,
and density of each PCR product was then quantitated by the SW 5000
Gel Analysis program.

Measurement of TH activity
TH activity in neuronal culture was measured as described previously
(Park et al., 1990). In brief, triplicate 100 mm neuronal culture dishes
were rinsed with PBS, pH 7.4, and cells were scraped and homogenized
in 0.4 ml buffer (5 mM KH2PO4, pH 7.0, 0.2% Triton X-100). The
supernatant was collected by centrifugation at 10,000 3 g and was used
for enzyme assay and determination of protein concentration. The assay
mixture of 25 ml containing 300 mM sodium acetate, pH 5.8, 3 nM
L-tyrosine, 0.5 mCi L-[14C(U)]tyrosine, 3 mM 6-methyl tetrahydropteri-
dine in 420 mM b-mercaptoethanol, and 1 ml of catalose (1000 U) was
added to 50 ml of enzyme solution (200 mg protein). The incubation was
carried out at 308C for 20 min. The reaction was stopped by addition of
1 ml of 0.4N perchloric acid containing 10 mg of L-3,4-
dihydroxyphenylalanine (DOPA) and centrifuged at 2500 3 g for 10 min.
The supernatant was collected, and 6.5 ml of a mixture containing 5 vol
of 5% disodium EDTA and 1.5 vol of 0.35 m KH2PO4 was added. After
adjusting the pH to 8.6 with 1N NaOH, the solution was passed over an
aluminum oxide column. The column was washed with 20 ml of H2O.
14C-DOPA was then eluted with 4 ml of 0.5N acetic acid, and radioac-
tivity was counted. The TH activity was presented as nanomoles of DOPA
per milligram of protein per minute.

Experimental groups and data analysis
Each experiment for the effect of Ang II on the activation of Ras, Raf-1,
and MAP kinase was conducted in triplicate culture dishes. Cells in these
dishes were derived from multiple brains of 1-d-old rats. Each experiment
was repeated three times, unless indicated otherwise. TH activity also was
determined with the use of the same number of cultures in triplicate
experiments. For the analysis of mRNA levels, triplicate culture dishes
were used for each data point and poly(A1) RNA was pooled. Each
experiment was repeated three times unless indicated otherwise. Densi-
ties of PCR bands were quantitated, and data were presented as OD of
the mean 6 SE, derived from normalization with b-actin for equivalent
loading (Lu et al., 1996). Comparisons between the control and experi-
mental groups were made using one-way ANOVA and Dunnett’s tests
with the use of Statistica software.

RESULTS
Effects of Ang II on Ras, Raf-1, and MAP kinase
activation in neuronal cultures
Incubation of neuronal cultures with Ang II resulted in the acti-
vation of Ras, as judged by an increase in the ratio of GTP-bound
Ras to GDP-bound Ras. This activation was time-dependent and
transient. Figure 1A shows that the maximal stimulation of;four-
fold was observed in 5 min, followed by a gradual decrease that
reached to control levels in 30 min. The stimulation was also
concentration-dependent, and 10 nM Ang II provided a maximal
4.5-fold activation (Fig. 1B). The stimulation was blocked by 10
mM losartan, the AT1 receptor-specific antagonist, and not by PD
123319, the AT2 receptor-specific antagonist (Fig. 2). These ob-
servations showed that Ang II stimulation of Ras activation is
mediated by AT1 receptor subtype.
Next we studied the effect of Ang II on the activation of Raf-1,

because earlier studies have shown that Ras is involved in the
activation of Raf-1 (Leevers et al., 1994). Ang II caused a time-
and dose-dependent activation of Raf-1 in a transient fashion

Figure 6. Co-precipitation of AT1 receptor with Ras. Neuronal cultures
were incubated with 100 nM Ang II for the indicated time. Cell lysates
were immunoprecipitated with AT1 receptor antibody. Immunoblots of
the immunoprecipitates were then probed with anti-Ras antibody. Top,
Representative autoradiogram. Bottom, Bands corresponding to Ras were
quantitated, and data from three immunoblots were presented as mean 6
SE. Asterisks indicate significantly different from the zero time density.

Figure 7. Co-precipitation of Raf-1 with Ras. Neuronal cultures were
stimulated with 100 nM Ang II for the indicated times (min). Cell lysates
were immunoprecipitated with anti-Ras antibody. Western blots of the
immunoprecipitates were then probed with anti-Raf-1 antibody. Top,
Representative autoradiogram. Bottom, Bands corresponding to Raf-1
were quantitated, and data from three immunoblots were presented as
mean 6 SE. Asterisks indicate significantly different from the zero time
density.
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(Fig. 3A,B). Maximal stimulation of ;threefold was observed by
100 nM Ang II in 10 min, followed by its gradual decrease, and
returned to control, unstimulated levels in 60 min. The activation
of Raf-1 was also mediated by the interaction of Ang II with the
AT1 receptor subtype, because it was blocked completely by
losartan and not by PD123319 (Fig. 4). Immunoblot analysis with
the use of specific Raf-1 antibody showed that Ang II increased
the levels of phosphorylated Raf-1 in a time-dependent fashion,
and a maximal increase of threefold was observed in 30 min (Fig.
5). Data in Figures 3 and 5 indicated that there was a delayed
response of Ang II stimulation of phosphorylated Raf-1 when
compared with the stimulation of its kinase activity. This discrep-
ancy could be attributable to the difference in the sensitivities of
the methods used to quantitate the kinase activity of Raf-1 and
the levels of phosphorylated Raf-1. In addition, the possibility of
the existence of specific phosphatase that may change the levels of
phosphorylated Raf-1 also could not be ruled out at the present
time. Raf-1 is a cytoplasmic protein whose activation involves its
redistribution and translocation to the plasma membrane and its

interaction with activated Ras (Moodie et al., 1993; Leevers et al.,
1994). We determined the effect of Ang II on a possible interac-
tion between AT1 receptor and Ras and Ras with Raf-1 by the use
of a co-precipitation technique. Extracts of Ang II-treated neuro-
nal cells were immunoprecipitated with either AT1 receptor an-
tibody or Ras antibody. This was followed by immunoblotting with
either Ras or Raf-1 antibody after SDS/PAGE. Figure 6 shows
that AT1 receptor immune complexes co-precipitated a protein
that was recognized by Ras antibody. The level of this protein
increased with time of incubation with Ang II in a transient
fashion. Figure 7 shows that Ras immune complexes co-
precipitated a protein that was recognized by the Raf-1 antibody.
The concentration of this protein was significantly higher in cells
treated with Ang II compared with the control neurons. Further
confirmation of the AT1 receptor-Ras and Ras-Raf-1 interactions
in neurons was provided by the immunocytochemical experi-
ments. Double-staining with the use of AT1 receptor and Ras
antibodies was carried out to determine the effect of Ang II on
their distribution. Both AT1 receptors (red color) and Ras (green

Figure 8. Co-localization of AT1 receptor and Ras in neurons. Neuronal cultures were incubated without (a) or with (b) 100 nM Ang II for 15 min at
378C. Rabbit anti-AT1 receptor and mouse anti-Ras were used as primary antibodies. Confocal microscopy was used for image analysis (Lu et al., 1996).
Magnification: 50003.

Figure 9. Co-localization of Ras and Raf-1 in neurons. Neuronal cultures were grown and treated without (a) or with (b) 100 nM Ang II for 15 min at
378C (Lu et al., 1996). This was followed by double immunocytochemical staining with rabbit anti-Raf-1 and mouse anti-Ras antibodies, followed by
staining with rhodamine-labeled anti-rabbit and FITC-labeled anti-mouse IgG. Confocal microscopy was used for image analysis (Lu et al., 1996).
Magnification: 50003.
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color) were distributed throughout the plasma membrane in con-
trol neurons (Fig. 8a). It was also apparent that there was little
overlap between the staining of these two proteins. After Ang II
treatment, a co-localization pattern of the AT1 receptor immuno-
reactivity on the plasma membrane with Ras was seen as evident
by the presence of yellow color (Fig. 8b). Ras and Raf-1 immu-
noreactivities were diffusely distributed throughout the perinu-
clear region of the cell soma in the neurons. In addition, certain
basal levels of immunoreactivities representing both Ras and
Raf-1 were also co-localized in the plasma membrane region of
control neurons (Fig. 9a). A dramatic redistribution of these
immunoreactivities from the cytoplasm to the plasma membrane
was observed when neurons were incubated with 100 nM Ang II
for 10 min. There were discrete, patchy regions on the membrane
showing yellow color representing the presence of both Ras and
Raf-1 in a close proximity with each other (Fig. 9b).
The role of MAP kinase in the downstream propagation of AT1

receptor signaling was studied by determining the effect of Ang II on
MAP kinase activity. Ang II caused a time- and dose-dependent
increase in MAP kinase activity. A maximal stimulation of;fourfold
was observed in 5–10 min with 100 nM Ang II (Fig. 10A). The
stimulation was blocked by 10 mM losartan but not by PD123319 (Fig.
10B), confirming the involvement of AT1 receptor subtype in this
stimulation. Further confirmation of the activation ofMAP kinase by
Ang II was provided by immunoblot analysis of neurons treated with
Ang II. The antibody to MAP kinase recognizes two isoforms,
identified as P44 and P42. Ang II caused an increase in the phosphor-
ylation of both isoforms ofMAP kinase (Fig. 11). Amaximal increase
of threefold was observed with 100 nM Ang II in 30 min.

Role of MAP kinase in Ang II stimulation of NET and
TH mRNA levels
Ang II stimulates uptake, synthesis, and release of NE in neuronal
cultures (Sumners and Raizada, 1986; Raizada et al., 1994). In

Figure 10. The effect of Ang II on MAP kinase activity in neuronal
cultures. A, Neuronal cultures were incubated with 100 nM Ang II for
indicated time periods, cell extracts were prepared in lysis buffer, and
MAP kinase was immunoprecipitated by specific antibody (ERK-2). The
resulting immunoprecipitates were electrophoresed on a 10% SDS/PAGE
containing 0.5 mg/ml myelin basic protein. This was followed by an in-gel
assay for MAP kinase as described in Materials and Methods. Top,
Representative autoradiogram. Bottom, Data from three in-gel assays
were presented as mean 6 SE. Asterisks indicate significantly different
from zero time control ( p , 0.05). B, Neuronal cultures were incubated
without or with 100 nM Ang II for 10 min in the absence or presence of 10
mM losartan (Los.) or 10 mM PD123319 (PD) as indicated. MAP kinase
activity was determined as described in the legend to Figure 9. Top,
Representative autoradiogram. Bottom, Data from three in-gel assays
presented as mean 6 SE. Asterisks indicate significantly different from
untreated control ( p , 0.05); double asterisk indicates significantly differ-
ent from Ang II-treated neurons.

Figure 11. Immunoblot analysis of MAP kinase in neuronal cultures
simulated by Ang II. Experimental protocol was essentially the same as
described in the legend to Figure 9. Immunoblotting was carried out with
the use of anti-ERK-I-III antibody essentially as described in Materials
and Methods. Top, Representative autoradiogram. Bottom, Bands corre-
sponding to P44 and P42 were quantitated, and data from three experi-
ments were presented as mean 6 SE.
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addition, chronic stimulation of the NE uptake system by Ang II
is associated with an increase in gene expression for NET and
involves c-fos gene expression (Lu et al., 1996). Ang II also
stimulated TH activity in a time-dependent fashion, and a maxi-
mal increase of twofold was observed in 4 hr with 100 nM Ang II
(Fig. 12). The increase was blocked completely by 10 mM cyclo-
heximide, indicating that transcriptional and translational pro-
cesses may be involved in this stimulation. This conclusion is
supported further by our data (Fig. 12B,C), which showed that
Ang II caused a time-dependent increase in the mRNA for TH,
with maximal stimulation of ;fivefold in 4 hr. The stimulation of
both TH activity and its mRNA by Ang II was inhibited by
losartan, indicating the involvement of AT1 receptor subtypes in
this action. These observations, coupled with our previous studies
(Raizada et al., 1994; Lu et al., 1996), have led us to suggest that
the chronic neuromodulatory actions of Ang II involve its effects

on NET and TH mRNAs. Thus, in all subsequent studies we have
used the stimulation of NET and TH mRNAs as a measure of
assessing the role of MAP kinase in the neuromodulatory action
of Ang II in neurons. AON to MAP kinase designed to inhibit
both P42 and P44 subtypes was used for this purpose. Neuronal
cultures were preincubated with MAP kinase AON or SON for 24
hr, as described in Materials and Methods. This was followed by
incubation of cultures with 100 nM Ang II. Treatment with MAP
kinase AON resulted in attenuation of Ang II stimulation of NET
mRNA levels (Fig. 13). SON to MAP kinase showed no effect.
Similar to its effect on NETmRNA, MAP kinase AON attenuated
Ang II stimulation of TH mRNA (Fig. 14). In addition, MAP
kinase AON resulted in an attenuation of Ang II stimulation of
c-fos mRNA in these cultures (Fig. 15). Preincubation conditions
for MAP kinase AON resulted in a time-dependent decrease in
MAP kinase immunoreactivity, and a maximal decrease of 70%

Figure 12. Ang II stimulation of TH ac-
tivity and TH mRNA in neuronal cul-
tures. A, Fifteen-day-old neuronal cul-
tures grown in 100 mm culture dishes
were used for the determination of TH
activity after incubation with 100 nM Ang
II for indicated time periods, essentially
as described previously (Park et al.,
1990). Data are mean6 SE (n5 3, * p,
0.05). B and C, Poly(A1) RNA from cells
treated with 100 nM Ang II in a parallel
experiment was isolated and subjected to
a semi-quantitative RT-PCR with the use
of specific primers for TH, as described
in Materials and Methods. B, A repre-
sentative autoradiogram. C, Density of
bands in autoradiograms from three in-
dependent experiments was analyzed and
quantitated by using SW 5000 Gel Anal-
ysis, a PC computer software, and the
data were presented as OD units (Lu et
al., 1996). Density units were presented
as a ratio of TH mRNA product to
b-actin mRNA product. Data are mean
6 SE. Asterisks indicate significantly dif-
ferent from control ( p , 0.05).

Figure 13. The effect of MAP kinase AON on Ang II (AngII)
stimulation of NET mRNA levels in the neuronal cultures.
Neuronal cultures were incubated without or with 1 mM SON
(MAPK SON) or AON (MAPK AON) for MAP kinase for 24
hr at 378C. Ang II (100 nM) was added for 4 hr. Total poly(A1)
RNA was isolated and subjected to RT-PCR protocol for the
quantitation of NET mRNA levels, essentially as described in
Materials and Methods. Top, Representative autoradiogram.
Bottom, Data are mean 6 SE from three different experi-
ments. Asterisks indicate significantly different from control
( p , 0.05); double asterisk indicates significantly different
from Ang II-treated cells ( p , 0.05).
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was observed in 24 hr (Fig. 16). This indicated that MAP kinase
AON significantly inhibits the expression of this enzyme in neu-
rons. These observations demonstrate that Ang II stimulation of
MAP kinase is involved in the actions of Ang II on TH and NET
genes.
Finally, the effect of MAP kinase AON on Ang II stimulation of

PAI-1 mRNA was studied. The rationale behind this experiment
was based on our previous studies that have implicated PAI-1 in
the trophic action of Ang II in the neurons (Rydzewski et al.,
1993). Thus, we hypothesized that if MAP kinase activation is

involved in the actions of Ang II on NET and TH mRNA levels,
then AON for MAP kinase would not influence Ang II stimula-
tion of PAI-1 mRNA. Ang II stimulated PAI-1 mRNA in neuro-
nal cultures, and a maximal stimulation of ninefold was observed
with 100 nM Ang II in 2 hr. This stimulation was blocked com-
pletely by 10 mM losartan, suggesting the involvement of AT1
receptors in this action. Preincubation of neuronal cultures for 24
hr with 1 mM MAP kinase AON followed by stimulation with 100
nM Ang II under optimal conditions showed no attenuation of
Ang II stimulation of PAI-1 mRNA (Fig. 17).

DISCUSSION
The observations presented in this study are the first demonstra-
tion that both Ras and Raf-1 are activated by Ang II and that the
activation of MAP kinase is an important regulatory event in Ang
II stimulation of NET and TH genes in the neurons.
Previous studies have established that chronic exposure of the

brain neurons to Ang II results in a persistent stimulation of
specific NE uptake that is accompanied by the stimulation of NET
gene expression (Lu et al., 1996). Complementary to these obser-
vations is our present data, which show that chronic stimulation of
neurons with Ang II also stimulates TH activity and also is
associated with a parallel increase in the TH mRNA levels. Thus,
it is reasonable to conclude that the stimulation of TH and NET
mRNA levels could be used as a measure of long-term neuro-
modulatory actions of Ang II at the cellular and molecular levels.
Indeed, the evidence showing the rationale for this is supported
further by the observations with the SH rat brain. The brain of the
SH rat has higher levels of Ang II, NE, and NET mRNA com-
pared with normotensive control rats (Yang et al., 1991; Raizada
et al., 1994; Lu et al., 1996). Associated with these increases is an
increase in the sympathetic activity in the brain of SH rats (Amana
et al., 1983; Goldstein, 1983).
The following data presented in this study support the notion

that activation of MAP kinase is the key signaling event in this
neuromodulatory action of Ang II. (1) The stimulatory effects of
Ang II on NET and TH mRNA are attenuated by preincubation
of neurons with the AON to MAP kinase under the conditions

Figure 14. The effect of MAP kinase AON on Ang II stimulation of TH
mRNA levels in the neuronal cultures. Experimental conditions are iden-
tical to those described in the legend to Figure 13. TH mRNA was
measured essentially as described in the legend to Figure 12. Top, Rep-
resentative autoradiogram. Bottom, Mean of two experiments and nor-
malized for b-actin mRNA.

Figure 15. The effect of MAP kinase AON on
Ang II stimulation of c-fos mRNA in the neu-
rons. Neuronal cultures were preincubated with
1 mM SON (MAPK SON) or AON (MAPK AON)
for MAP kinase for 24 hr, followed by a 20 min
incubation with 100 nM Ang II. Poly(A1) RNA
was isolated and c-fos mRNA levels were deter-
mined as described in Materials and Methods.
Top, Representative autoradiogram. Bottom,
Mean 6 SE of three experiments. Asterisks in-
dicate significantly different from control ( p ,
0.05); double asterisk indicates significantly dif-
ferent from Ang II-treated cells ( p , 0.05).
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that cause a 70% decrease in MAP kinase immunoreactivity. This
attenuation is specific, because SON for MAP kinase is without
any effect. (2) Ang II stimulation of c-fos mRNA also is attenu-
ated by MAP kinase AON. This observation is relevant because
our studies have shown that c-fos is involved in Ang II stimulation
of NET (Lu et al., 1996) and TH (unpublished data). (3) Ang II
stimulation of PAI-1 mRNA is not affected by MAP kinase AON.
PAI-1 has been implicated in the trophic effect of Ang II in the
neurons (Rydzewski et al., 1993).
An important question arising from these data concerns the

downstream mechanism after the activation of MAP kinase in the
AT1 receptor-mediated stimulation of TH and NET. It is tempt-
ing to hypothesize that MAP kinase activation results in its trans-
location into the nucleus, where it mediates phosphorylation of
the transcription factor(s) relevant to the activation of AP-1
binding sites. The activated transcription factor(s) bind to the
AP-1 binding sites on the promotor regions of the TH and NET
genes to stimulate their transcription. There is much evidence to
support this hypothesis. (1) AP-1 binding sites, which are Ang
II-responsive, are demonstrated in the promotor region of the TH
gene (Goc and Stachoviak, 1994); (2) MAP kinase stimulates
activation of various transcription factors such as Jun and Fos,
which interact with the AP-1 sites (Chen et al., 1992; Blenis,
1993); (3) MAP kinase is involved in the stimulation of the c-fos
gene and the activation of Fos (Gille et al., 1992). This, in
combination with Jun, is important in the activation of AP-1 sites
(Abate et al., 1993). The fact that Ang II stimulates c-fos and that

the c-fos expression is important in Ang II stimulation of NET and
TH genes further supports our hypothesis. In addition, our initial
observations have shown that Ang II also stimulates c-Jun-N-
terminal kinase (JNK) (unpublished observation). JNK is an im-
portant mediator in the activation of AP-1 sites (Davis, 1993,
1994). Although these are significant arguments in favor of the
involvement of MAP kinase in neuromodulation, they are indi-
rect. Thus, additional experiments will have to be conducted to
provide a more direct link between the two events influenced by
Ang II.
Another issue relates to the involvement of Ras and Raf-1 in

these Ang II-mediated cellular actions. Our data demonstrat-
ing the co-precipitation of AT1 receptor with Ras and Ras with
Raf-1 and co-localization of AT1 receptor immunoreactivity
with Ras and Ras immunoreactivity with Raf-1 in Ang II-
treated neurons strongly argues in favor of this pathway. This
view also is supported by the evidence in the literature dem-
onstrating the co-localization of Ras with Raf-1 in the brain
and a well established role of Raf-1 in the activation of MAP
kinase (Koide et al., 1993; Moodie et al., 1993). This would
indicate that interaction of Ang II with AT1 receptor initiates
its association with Ras on the membrane leading to the acti-
vation of Ras. Activated Ras then interacts with Raf-1, leading
to its activation. It is interesting to point out that interaction of
AT1 receptors with Ras is transient and reaches maximal in 5
min, followed by dissociation within 10 min (Fig. 6). This
observation, coupled with the data on Ras-Raf-1 interaction
(Fig. 7), would suggest that a stable interaction of Ras with AT1
receptor may not be required for its interaction with Raf-1.
These are exciting observations and provide indirect evidence
for an interaction between the AT1 receptor and Ras; however,

Figure 16. The effect of MAP kinase AON on MAP kinase immunore-
activity in the neurons. Neuronal cultures were incubated with 1 mM AON
to MAP kinase for 48 hr at 378C, essentially as described in Materials and
Methods. Cell extracts were prepared in lysis buffer, and MAP kinase was
immunoprecipitated by ERK-2 antibody. Immunoblotting was carried out
with the use of anti-erk-1-III antibody, essentially as described in the
legend to Figure 10. Top, Representative autoradiogram. Bottom, Bands
corresponding to P44 (white column) and P42 (hatched column) were
quantitated, and data from three experiments were presented as mean 6
SE. Asterisks indicate significantly different from zero time.

Figure 17. The effect of MAP kinase AON on Ang II stimulation of
PAI-1 mRNA levels in neuronal cultures. Experimental conditions are
identical to those described in legend to Figure 13, except that PAI-1
mRNA was measured with the use of specific PAI-1 primers. Top, Rep-
resentative autoradiogram. Bottom, Data from two independent experi-
ments, and normalized for b-actin.
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direct evidence is lacking at the present time to prove this view.
Recent studies have shown the involvement of PYK2 and Shc
in Ras-mediated regulation of signaling pathway for G-protein-
coupled receptors such as bradykinin (Lev et al., 1995; Van
Belsen et al., 1995). It would also be interesting to determine
the role of PYK2 and Shc in AT1 receptor-mediated signaling
of neuromodulation.
Finally, the mechanism by which a seven-transmembrane

receptor such as the AT1 receptor could initiate kinase cascade
of signaling events remains to be determined. It is likely that
the AT1 receptor possesses intrinsic tyrosine kinase and/or
serine threonine kinase activity, which has yet to be identified.
Lacking a kinase activity, the AT1 receptor must recruit intra-
cellular protein(s) after stimulation with Ang II to do so.
Evidence for this possibility is provided by the observations
that Ang II directly stimulates pp60 and several known sub-
strates for pp60 such as pp120, FAK125, JAK2, and STAT-1
(Bhat et al., 1994; Schorb et al., 1994; Marrero et al., 1995). In
addition, antibodies to pp60 inhibit Ang II stimulation of phos-
pholipase Cg phosphorylation and inositol triphosphate forma-
tion (Dhar and Shukla, 1994). Nonetheless, our observations
reveal a unique role of Ras, Raf-1, and MAP kinase cascade in
the neuromodulatory actions of Ang II in the neurons and set
the stage to investigate the interactions between the AT1 re-
ceptor and other signaling proteins that are capable of initiat-
ing the kinase cascade of events.
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