
Cellular/Molecular

Membrane Trafficking of NADPH Oxidase p47phox in
Paraventricular Hypothalamic Neurons Parallels Local Free
Radical Production in Angiotensin II Slow-Pressor
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NADPH oxidase-generated reactive oxygen species (ROS) are highly implicated in the development of angiotensin II (AngII)-dependent
hypertension mediated in part through the hypothalamic paraventricular nucleus (PVN). This region contains vasopressin and non-
vasopressin neurons that are responsive to cardiovascular dysregulation, but it is not known whether ROS is generated by one or both cell
types in response to “slow-pressor” infusion of AngII. We addressed this question using ROS imaging and electron microscopic dual
labeling for vasopressin and p47 phox, a cytoplasmic NADPH oxidase subunit requiring mobilization to membranes for the initiation of
ROS production. C57BL/6 mice or vasopressin-enhanced green fluorescent protein (VP– eGFP) mice were infused systemically with
saline or AngII (600 ng � kg �1 � min �1, s.c.) for 2 weeks, during which they slowly developed hypertension. Ultrastructural analysis of the
PVN demonstrated p47 phox immunolabeling in many glial and neuronal profiles, most of which were postsynaptic dendrites. Compared
with saline, AngII recipient mice had a significant increase in p47 phox immunolabeling on endomembranes just beneath the plasmalem-
mal surface (�42.1 � 11.3%; p � 0.05) in non-vasopressin dendrites. In contrast, AngII infusion decreased p47 phox immunolabeling on
the plasma membrane (�35.5 � 16.5%; p � 0.05) in vasopressin dendrites. Isolated non-VP– eGFP neurons from the PVN of AngII-
infused mice also showed an increase in baseline ROS production not seen in VP– eGFP neurons. Our results suggest that chronic
low-dose AngII may offset the homeostatic control of blood pressure by differentially affecting membrane assembly of NADPH oxidase
and ROS production in vasopressin and non-vasopressin neurons located within the PVN.

Introduction
Angiotensin II (AngII) is an important mediator of neurogenic
hypertension and has been suggested to increase blood pressure
by enhancing production of reactive oxygen species (ROS) (In-
fanger et al., 2006; Peterson et al., 2006; Braga et al., 2011).
Chronic systemic (Kang et al., 2009) or acute central (Erdös et al.,
2006) AngII administration increases ROS production in the hy-
pothalamic paraventricular nucleus (PVN). This brain region is a
critical integration site for neuronal pathways involved in cardio-
vascular regulation mediated through neurohumoral outputs to
the pituitary and descending neural projections to sympatho-
regulatory neurons in the brainstem and spinal cord (Benarroch,
2005; Biag et al., 2012).

AngII-induced blood pressure elevation and enhanced ROS
production in the PVN can be attenuated by central administra-
tion of NADPH oxidase inhibitors (Erdös et al., 2006). These
findings are similar to those in brainstem autonomic regions
(Wang et al., 2004, 2006), which collectively suggest a causative
role of NADPH oxidase-generated ROS in the development of
AngII-dependent hypertension. This may include the slow-
pressor hypertension resulting from chronic systemic infusion of
a subpressor dose of AngII, as has been shown in peripheral blood
vessels (Kawada et al., 2002).

NADPH oxidase is a multicomponent enzyme complex in cen-
tral autonomic hypothalamic neurons (Infanger et al., 2006).
NADPH oxidase consists of a membrane-associated cytochrome
(p22phox and gp91phox) and cytoplasmic (p40phox, p47phox, and
p67phox) proteins (Bedard and Krause, 2007). For ROS production,
the NOX2 isoform of NADPH oxidase requires mobilization of
cytoplasmic p47 phox to assimilate with the membrane-bound
proteins (Jones et al., 1994). Thus, the analysis of the subcellular
distribution of p47 phox may provide critical insight as to whether
NOX2 is activated in specific subpopulations of hypothalamic
neurons. This powerful approach has not yet been used in con-
junction with slow-pressor AngII hypertension, although there is
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evidence for gp91 phox (NOX2) and p47 phox upregulation in the
PVN of rats with renovascular hypertension (Oliveira-Sales et al.,
2009).

Circulating AngII acts centrally to not only increase the excit-
ability of PVN neurons modulating sympathetic outflow but also
to stimulate vasopressin release from PVN neurons (Keil et al.,
1975; Veltmar et al., 1992; Capone et al., 2012). The vasopressin
neurons are highly sensitive to disturbances of cardiovascular
and fluid homeostasis (de Wardener, 2001; Kc et al., 2010) but do
not express AngII type 1 (AT1) receptors (Gonzalez et al., 2012)
that are major mediators of AngII-induced oxidative stress re-
sponses (Qi et al., 2013). Thus, vasopressin neurons may not be
among those cells that have the capacity to respond to chronic
AngII by producing NADPH oxidase-generated ROS. To test this
hypothesis, we used ROS imaging in whole-brain sections and
dissociated cells to determine the effect of slow-pressor systemic
infusion of AngII on ROS production in PVN neurons distin-
guished by their vasopressin content. In addition, using an
ultrastructural approach, we sought to determine whether (1)
vasopressin-containing neurons express p47 phox and (2)
chronic infusion of subpressor doses of AngII induces p47 phox

membrane trafficking in vasopressin and/or non-vasopressin
neurons in the mouse PVN.

Materials and Methods
Animals. Experimental procedures were approved by the Institutional
Animal Care and Use Committee of Weill Cornell Medical College and
were in accordance with the 2011 Eighth Edition of the National Institute
of Health Guide for the Care and Use of Laboratory Animals. The studies
were conducted in adult male C57BL/6 mice (9 –10 weeks; 25–30 g),
obtained from The Jackson Laboratory and vasopressin-enhanced green
fluorescent protein (VP– eGFP) mice on a C57BL/6 background (9 –10
weeks; 25–30 g). The VP– eGFP mice were originally developed by the
Rockefeller GENSAT Project (Gong et al., 2003) and bred at Rockefeller
University.

AngII administration. Osmotic mini-pumps (Alzet) containing vehicle
(saline) or AngII (600 ng � kg �1 � min �1) were implanted subcutane-
ously in mice under isoflurane anesthesia. At the end of the 14 d experi-
mental period, systolic blood pressure was measured in awake mice by
tail-cuff plethysmography, as described previously (Coleman et al.,
2010).

ROS detection in vivo. ROS production was determined using in vivo
dihydroethidium (DHE) microfluorography, as described previously
(Kunz et al., 2007). DHE is a cell-permeant dye that is oxidized to
ethidium (Eth) and related products by superoxide. Eth is trapped intra-
cellularly by intercalating with DNA (Rothe and Valet, 1990). The fluo-
rescence signal attributable to DHE oxidation products reflects
cumulative ROS production during the period between administration
of DHE and killing the animal. After 14 d of infusion with either saline
(n � 8 mice per /group) or AngII (n � 8 mice per group), mice were
anesthetized with isoflurane (5% induction; 2% maintenance), and DHE
(10 mg/kg) was injected into the jugular vein. Four hours later, the ani-
mals were killed, and the brains were rapidly removed and frozen. Brains
from both treatment groups were coprocessed under identical condi-
tions. Coronal sections cut on the cryostat (20 �m thickness) were
mounted on gelatin-coated slides, and the Eth fluorescence signals in the
PVN were examined using a Leica TCS SP5 confocal microscope (Leica
Microsystems) with laser excitation at 488 nm. All images were obtained
using the same confocal settings. To assess ROS production in PVN
neurons, Eth fluorescence was quantified using NIH ImageJ. Fluores-
cence data are expressed in arbitrary units.

ROS detection in vitro. ROS production was assessed in isolated PVN
neurons from mice infused with saline (n � 5 mice per group) or slow-
pressor doses of AngII (n � 5 mice per group) over a period of 14 d. The
mice were anesthetized with CO2, and their brains were removed and
immersed in ice-cold sucrose–artificial CSF (aCSF) composed of the

following (in mM): 26 NaHCO3, 1 NaH2PO4, 3 KCl, 5 MgSO4, 0.5 CaCl2,
10 glucose, and 248 sucrose, pH 7.4 (oxygenated with 95% O2 and 5%
CO2). Coronal slices (300 �m thickness) containing the PVN were ob-
tained using a vibratome and stored in oxygenated lactic acid (l)-aCSF
composed of the following (in mM): 124 NaCl, 26 NaHCO3, 5 KCl, 1
NaH2PO4, 2 MgSO4, 2 CaCl2, 10 glucose, and 4.5 lactic acid, pH 7.3 (at
35°C for 1 h). The PVN slices were then incubated at 35°C with 0.02%
Pronase and thermolysin (Sigma-Aldrich) in l-aCSF gassed with 95% O2

and 5% CO2 for 2 h. The tissue slices were micropunched under a dis-
secting microscope to remove the PVN region, and cells were dissociated
by mechanical stirring. Dissociated PVN cells were transferred to a poly-
L-lysine-coated, glass-bottomed Petri dish and were perfused with a
modified Mg 2�-free l-aCSF containing the following (in mM): 121 NaCl,
5 KCl, 1.8 CaCl2, 0.01 glycine, 1 Na-pyruvate, 20 glucose, 26 NaHCO3, 1
NaH2PO4, and 4.5 lactic acid, pH 7.4 (95% O2 and 5% CO2). Neurons
were identified based on their morphology, presence of processes, and
positivity for VP– eGFP using FITC filter (Chroma Technology).

Methods for ROS detection in isolated cells using DHE have been
described in detail previously (Girouard et al., 2009) and are briefly sum-
marized. Isolated PVN cells were incubated in DHE (2 �mol/L) for 30
min. Time-resolved fluorescence using Eth bromide filter (Chroma
Technology) was measured at 1 min intervals with a Nikon diaphot 300
inverted microscope equipped with a CCD digital camera (Princeton
Instruments) and IPLab software (Scanalytics). Recordings were started
after a stable baseline measurement was achieved, usually within 10 min.
The Eth fluorescence signals in PVN cells were recorded with bath
application of either vehicle (saline) or 100 �M NMDA, a substance
that is known to induce NOX2-dependent free radical production in
the brain (Girouard et al., 2009). Eth fluorescence data are expressed
in arbitrary units. A two-way ANOVA followed by Tukey’s post hoc
test was used for statistical comparisons between saline, AngII, or
vehicle and NMDA groups. Differences were considered statistically
significant when p � 0.05.

Antisera. For labeling of p47 phox, we used goat polyclonal antiserum
(catalog #sc-7660; Santa Cruz Biotechnology) raised against a peptide
mapping at the C terminal of human p47 phox. Western blot analysis has
shown that this affinity-purified antibody specifically recognizes a band
of �47 kDa in lysate from HEK293T cells transfected with the p47 phox

gene (Santa Cruz Biotechnology). The specificity of the p47 phox antise-
rum was tested using brain sections containing the PVN from p47 phox

(�/�) wild-type (WT) and p47 phox (�/�) knock-out [KO; strain:
B6(Cg)-Ncf1 m1J/J; The Jackson Laboratory] mice. In acrolein/
paraformaldehyde-perfused WT tissue, p47 phox immunolabeling was
observed in perikarya and processes throughout the PVN, whereas no
visible immunolabeling was seen in this region in similarly processed
tissue from the KO mice (data not shown).

For labeling of vasopressin, we used a polyclonal antiserum that was
generated in guinea pig (catalog #T-5048; Peninsula Laboratories). Ra-
dioimmunoassay has shown this antiserum to have complete recognition
of vasopressin, a slight cross-reaction (�0.1%) with other vasopressin
derivatives, and no recognition of oxytocin (Peninsula Laboratories
Technical Services). No immunolabeling was seen using this antiserum
in Brattleboro rats, which do not express vasopressin (Drouyer et al.,
2010).

Tissue preparation. Mice were deeply anesthetized with sodium pento-
barbital (100 mg/kg, i.p.) and perfused through the left ventricle of the
heart sequentially with 5–10 ml of heparin–saline, 30 ml of 3.75% acro-
lein in 2% paraformaldehyde, and 100 ml of 2% paraformaldehyde in 0.1
M phosphate buffer (PB), pH 7.4. AngII-treated (n � 5) and saline-
treated (n � 5) mice were perfused with the same batch of solutions. The
brains were removed, cut into thick coronal slices (�2 mm) using a
mouse brain mold (Activational Systems) and postfixed in 2% parafor-
maldehyde for 30 min at room temperature. The tissue then was cut (40
�m thick) through the region of the PVN (0.70 – 0.94 mm) caudal to
bregma (Paxinos and Franklin, 2001) using a vibratome (Leica Micro-
systems). Before immunocytochemistry, sections from control and ex-
perimental mice were uniquely identified by hole punches and placed in
a single crucible containing PB (Milner et al., 2011). The free-floating
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acrolein-fixed tissue sections were treated with
1% sodium borohydride in 0.1 M PB for 30 min
to neutralize reactive aldehydes.

Electron microscopic immunocytochemistry.
Tissue sections were processed using a preem-
bedding dual immunolabeling protocol, as de-
scribed previously (Lane et al., 2008; Coleman
et al., 2010). Briefly, the sections were incu-
bated in a cryoprotectant solution (25% su-
crose and 3% glycerol in 0.05 M PB) for 15 min
at room temperature, followed by an addi-
tional incubation in the cryoprotectant solu-
tion for 20 min at �80°C. The frozen tissue was
thawed, rinsed, and placed in 0.5% bovine se-
rum albumin (BSA) in 0.1 M Tris-buffered sa-
line (TBS) for 30 min to minimize nonspecific
binding of the antisera. The tissue was incubated for 24 h at room tem-
perature in a solution of goat anti-p47 phox (1:50 dilution) and guinea pig
anti-vasopressin (1:4000 dilution) antisera in 0.1 M TBS with 0.1% BSA.

For immunoperoxidase detection of vasopressin, sections were placed
for 30 min in goat anti-guinea pig IgG (1:400; Jackson ImmunoRe-
search), followed by a 30 min incubation in avidin– biotin complex (Vec-
tor Laboratories). The bound peroxidase was visualized by reaction of the
sections for 5– 6 min in 3,3�-diaminobenzidine (DAB; Sigma-Aldrich)
and hydrogen peroxide.

For immunogold detection of p47 phox, the DAB-reacted sections were
rinsed and placed for 2 h in a 1:50 dilution of donkey anti-goat IgG with
bound 1 nm colloidal gold (Electron Microscopy Sciences). The gold
particles were fixed to the tissue in 2% glutaraldehyde, and the bound
silver– gold particles were enhanced using a Silver IntenSEM kit
(RPN491; GE Healthcare) for 7 min.

Tissue sections were postfixed in 2% osmium tetroxide for 1 h and
then dehydrated through a series of graded ethanols and propylene oxide
and flat-embedded in Embed-812 (Electron Microscopy Sciences) be-
tween two sheets of Aclar plastic.

Sectioning and ultrastructural data analyses. Ultrathin sections (70 nm
thickness) from the PVN were cut with a diamond knife (Electron Mi-
croscopy Sciences) using a Leica EM UC6 ultratome (Leica Microsys-
tems). The sections were collected on 400-mesh thin-bar copper grids
(Electron Microscopy Sciences), counterstained with uranyl acetate and
lead citrate, and examined using a Philips CM10 transmission electron
microscope (FEI). Microscopic images were captured with an AMT Ad-
vantage HR/HR-B CCD camera system (Advanced Microscopy Tech-
niques). Seventy-five to 100 microscopic images at a magnification of
19,000� were taken per animal.

Ultrastructural analysis was done exclusively on tissue collected from
the surface to minimize differences in immunolabeling attributable to
differential penetration of reagents in deeper tissue (Milner et al., 2011).
An equal amount of tissue from each treatment group (9596 �m 2/treat-
ment) was sampled for electron microscopic analysis. Profiles containing
p47 phox or vasopressin immunoreactivity were classified as neuronal
(soma, dendrites, axons, terminals) or glial based on criteria described by
Peters et al. (1991). Dendrites were identified by the prevalence of endo-
plasmic reticulum and/or synaptic inputs from vesicle-filled axon termi-
nals. Dendritic profiles were considered to be selectively labeled when
they contained two or more gold particles. Small glial and axonal profiles
(�0.4 �m) were considered immunogold labeled when containing only
one gold particle. Peroxidase-immunoreactive profiles displayed a gran-
ular, electron-dense precipitate unlike the lighter, homogenous density
of myelinated axons and other lipid-enriched membranes seen within
the neuropil.

The p47 phox immunogold particles in the 14 d saline and AngII treat-
ment groups were quantitatively compared in dendritic profiles with or
without peroxidase immunoreaction product for vasopressin in the PVN.
The shortest distance from the center of each gold particle to the plasma
membrane was measured using Microcomputer Image Device software
(MCID; Imaging Research). Additionally, MCID was used to determine the
cross-sectional diameter, perimeter, surface area, and form factor of each
immunolabeled dendrite. A cluster analysis (SPSS) was performed to divide

the dendrites into size categories so that dendrites within a specific size range
could be compared across treatment groups. Dendrites with an oblong or
irregular shape (form factor value �0.5) were excluded from the dataset.
Immunogold particles within dendrites were counted and categorized as (1)
contacting the plasma membrane, (2) close to the plasma membrane (par-
ticles not touching but within 70 nm from the plasma membrane), or (3)
cytoplasmic. Each digital electron microscopic image was blind coded so the
investigator performing the quantification of gold particles was unaware of
the treatment.

The parameters used for statistical comparisons were as follows: (1)
the number of plasmalemmal p47 phox gold particles on a dendrite/den-
dritic perimeter, (2) the number of p47 phox gold particles close to the
plasma membrane/dendritic perimeter, (3) the number of cytoplasmic
p47 phox gold particles/dendritic cross-sectional area, and (4) the total
p47 phox gold particles (plasmalemmal plus cytoplasmic) in a dendrite/
dendritic cross-sectional area. Single-labeled (p47 phox) and dual-labeled
(p47 phox/vasopressin) dendrites were analyzed separately. The measures
of gold particle density were evaluated using a two-way (treatment �
dendritic size) ANOVA, followed by a post hoc analysis using Tukey’s test.
Data are expressed as means � SEM for the experimental and control
groups of animals. The gold particle association with intracellular mem-
branes was evaluated using a � 2 test. Values were considered to be statis-
tically significant when p � 0.05.

Results
Slow-pressor AngII infusion elevates blood pressure and
induces ROS production in the hypothalamic PVN
A significant increase (t(24)� 5.79; p � 0.001) in systolic arterial
blood pressure was observed in AngII-infused mice (141 � 3
mmHg) compared with the saline-infused mice (111 � 4 mmHg)
after 14 d. These findings correspond well with telemetric blood
pressure measurements obtained previously in mice receiving an
identical dose of AngII (600 ng � kg�1 � min�1) (Capone et al.,
2011). Using DHE microfluorography in brain sections, we
found that ROS generation was elevated (t(14)� 1.84; p � 0.05) in
the PVN after AngII treatment (Fig. 1).

Chronic AngII differentially affects ROS production in
isolated PVN VP– eGFP and non-VP– eGFP neurons
ROS-sensitive dye was seen by fluorescence imaging in many
isolated PVN neurons recognizable by their ramifying processes
(Fig. 2A). These neurons included those with or without VP–
eGFP. Only the non-VP– eGFP neurons showed baseline levels of
ROS that were significantly (p � 0.05) greater in the AngII com-
pared with saline recipient mice (Fig. 2B). However, in both cell
types, ROS levels were enhanced by bath application of NMDA,
and the NMDA-evoked ROS was significantly greater in neurons
isolated from mice receiving systemic AngII compared with sa-
line (Fig. 2B,C).

Figure 1. Representative images of ROS-dependent DHE fluorescence in the PVN of saline (A) and AngII (B) recipient mice.
Compared with saline control, slow-pressor doses of AngII increases ROS production in the PVN (C; n � 8 mice per group). *p �
0.05. Scale bar, 100 �m.
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Immunogold p47 phox labeling in the PVN is predominantly
localized to somatodendritic and glial profiles
Electron microscopy of the PVN revealed the presence of
p47 phox in neuronal somata and dendrites with and without
vasopressin immunoreactivity. In somata, the p47 phox

immunogold labeling was evident near
intracellular organelles, such as mito-
chondria and endoplasmic reticulum,
and on the plasma membrane (Fig. 3A).
A similar labeling pattern was seen in
dendrites (Fig. 3 A, B), and these den-
drites accounted for the majority of all
p47 phox immunolabeled profiles in con-
trol animals (568 of 747). The p47 phox

immunogold particles were less fre-
quently observed in axons (18 of 747)
and axon terminals (47 of 747).

In addition to the neuronal distribu-
tion, p47 phox immunogold particles also
were located in glia (114 of 747; Figs. 3B,
4). The p47 phox immunogold was pres-
ent both in the cytoplasm and along the
membrane of glial processes. p47 phox-
containing glia included those having
perisynaptic as well as perivascular dis-
tributions. Vasopressin immunoreac-
tivity was not coexpressed with p47 phox

labeling in glia.

Basal distribution for p47 phox is similar in dendrites with or
without vasopressin
A small population of neuronal profiles in the PVN contained
both p47 phox and vasopressin immunoreactivities. Of all
p47 phox-labeled dendrites, 18% (102 of 568) coexpressed vaso-

Figure 2. Comparisons of baseline ROS levels and NMDA-triggered ROS production between saline- and AngII-infused PVN cells. A, Representative images of bright-field and VP– eGFP
cells (green) and ROS-dependent Eth fluorescence (red) of these cells before and after the application of NMDA from an animal infused with AngII for 14 d. B, In non-VP– eGFP PVN cells
(n � 21 in saline and 20 in AngII groups), NMDA (100 �M) significantly increases ROS production in both saline (31.5 � 4.9%; p � 0.01) and AngII (41.8 � 4.5%; p � 0.01) groups (also
p � 0.01 for AngII vs saline groups). In addition, AngII infusion significantly increases the baseline ROS level in non-VP– eGFP PVN cells (�31.9 � 3.9; p � 0.01 vs saline infusion). C,
In VP– eGFP PVN cells (n � 16 in saline and 14 in AngII groups), NMDA does not significantly increase ROS production in the saline group, but it does significantly increase ROS production
in the AngII group (�51.4 � 6.7%; p � 0.01) (also p � 0.01 for AngII vs saline groups). AngII infusion does not significantly enhance the baseline ROS level in VP– eGFP cells ( p 	 0.05
vs saline infusion). Scale bar, 20 �m. **p � 0.01.

Figure 3. Electron microscopic images illustrating immunogold labeling for p47 phox in neuronal and glial processes in the PVN.
A, In somata (p47 So), p47 phox is found on the plasma membrane and in the cytoplasm near endoplasmic reticulum (ER) and
mitochondria (m). The p47 phox-labeled soma is adjacent to a dendrite (p47/VP De) containing p47 phox and vasopressin immuno-
reactivity. The peroxidase vasopressin labeling is diffusely distributed throughout the cytoplasm. A cluster of p47 phox immunogold
is found on the plasma membrane of this dual-labeled dendrite receiving an asymmetric excitatory-type synaptic contact (curved
arrow) from an unlabeled terminal (Ut). B, A p47 De is surrounded by a thin p47 phox-labeled glial process (dashed outline). A
single-labeled (VP De) and dual-labeled (p47/VP De) dendrite is found in the nearby neuropil. Nu, Nucleus. Scale bar, 500 nm.
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pressin. Vasopressin immunoreactivity also was occasionally
found in axons (3 of 18) and axon terminals (4 of 47) containing
p47 phox labeling.

The subcellular distribution of p47 phox immunogold particles
in vasopressin- and non-vasopressin-containing dendrites was
similar. In saline control mice, p47 phox labeling was distributed
mainly in the cytoplasmic compartment of dendrites with �18%
of p47 phox immunogold particles directly associated with the
plasma membrane. In the cytoplasm, p47 phox labeling appeared
as a single gold particle or a cluster of gold particles (Fig. 5A).
Nineteen percent (108 of 568) of all p47 phox-labeled dendrites
received asymmetric excitatory-type synaptic contacts, and 20%
(113 of 568) of all p47 phox-labeled dendrites received symmetric
inhibitory-type synaptic contacts. Of these p47 phox-labeled den-
drites, �2% (9 of 568) received both asymmetric and symmetric
synaptic inputs.

AngII chronic infusion elicits a size-dependent change in
p47 phox immunolabeled dendrites
The majority of p47 phox-labeled dendrites without vasopressin
were small to medium sized as determined by their average di-
ameter. Combining single-labeled (p47 phox) dendrites from both
treatment groups, cluster analysis determined that the dendrites
could be divided into three groups based on size. Small dendrites
(ranging from 0.2 to 0.8 �m) composed 44.5% whereas medium
dendrites (ranging from 0.8 to 1.2 �m) composed 43.5% of the
total number of dendrites sampled. The remaining 12% of

p47 phox single-labeled dendrites were large and more variable in
size (ranging from 1.2 to 2.4 �m). Cluster analysis revealed that
dual-labeled (p47 phox and vasopressin) dendrites could be di-
vided into two groups based on size. Forty-seven percent of the
dual-labeled dendrites were small (ranging from 0.4 to 1.0 �m)
and 53% were medium (ranging from 1.0 to1.8 �m).

After AngII administration, the non-vasopressin dendrites
containing p47 phox showed size differences from controls. The
mean average diameter of non-vasopressin p47 phox dendrites was
significantly (F(1,722) � 4.88; p � 0.05) increased after AngII
(0.92 � 0.02 �m) compared with saline controls (0.87 � 0.01
�m). There were no changes (F(1,187) � 0.27; p 	 0.05) in the
average diameter of dual-labeled (p47 phox and vasopressin) den-
drites after AngII. These data are consistent with the traffick-
ing of p47 phox closer to the cell body and/or a morphological
change after chronic AngII administration in non-vasopressin-
containing subpopulations of p47 phox-expressing neurons in
the PVN.

AngII infusion opposingly alters the distribution of p47 phox

in dendrites differentially expressing vasopressin
Non-vasopressin dendrites
In PVN dendrites of mice receiving saline, p47 phox immunogold
particles were commonly observed in the cytoplasm (Fig. 5A),
whereas in dendrites of AngII-treated mice, p47 phox gold parti-
cles were frequently observed in contact with endomembranes
located just beneath the plasma membrane (Fig. 5B,C). These
membrane-associated p47 phox particles were often seen near por-
tions of the plasmalemmal surface receiving synaptic input from
axon terminals. Compared with controls, significantly [� 2(1) �
5.29; p � 0.05] more p47 phox immunogold particles contacted
endomembranes in medium/large dendrites after AngII treat-
ment (Fig. 5D). A small increase in endomembrane-associated
p47 phox was also noted in small dendrites after AngII, but this
increase was not significant [� 2(1) � 0.85; p 	 0.05]. In addition
to enhanced endomembrane association, p47 phox gold particles
were found closer to the plasma membrane after chronic AngII
administration compared with controls. The average p47 phox

gold particle distance from the plasma membrane was decreased
(F(1,1687) � 6.47; p � 0.01) from 0.20 � 0.01 �m after saline to
0.18 � 0.01 �m after AngII administration.

Treatment-specific differences between mice receiving AngII
versus saline were observed in the medium-sized dendrites only.
Compared with saline, mice receiving systemic AngII showed a
significant (F(1,314) � 7.75; p � 0.01) decrease in cytoplasmic
density of p47 phox immunogold particles (Fig. 5E). The p47 phox

immunogold density close to the plasma membrane (�70 nm)
was increased (F(1,314) � 5.24; p � 0.05) after AngII compared
with saline controls (Fig. 5F). There were no changes in plasma
membrane-associated (F(1,314) � 0.17; p 	 0.05; Fig. 5G) or total
p47 phox immunogold density (F(1,314) � 0.97; p 	 0.05; Fig. 5H)
in non-vasopressin dendrites after AngII administration.

Vasopressin dendrites
Compared with controls (Fig. 6A), p47 phox gold particles were
less frequently found on the plasma membrane after chronic An-
gII infusion (Fig. 6B). Because of the dark peroxidase immuno-
reaction product identifying vasopressin-containing dendrites, it
was difficult to visualize small endomembrane structures. There-
fore, we were unable to determine the p47 phox gold particle asso-
ciations with endomembranes in the vasopressin-containing
dendrites of saline- and AngII-treated mice. However, the aver-
age p47 phox gold particle distance from the plasmalemmal surface

Figure 4. p47 phox immunogold particles are localized to PVN glial processes. A, A densely
p47 phox-labeled glia (p47 gl; dashed outline) is contacting several small unlabeled dendrites
(Ud) and axons. B, p47 phox immunoreactivity is observed in a perivascular astrocytic process
(p47 gl; dashed outline). lu, Lumen of blood vessel. Scale bar, 500 nm.
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was significantly (F(1,478) � 6.05; p � 0.05) increased in vasopressin-
containing dendrites of mice receiving AngII (0.25�0.01 �m) com-
pared with saline controls (0.21 � 0.01 �m).

A between-group difference in dendritic plasmalemmal
(F(1,187) � 4.048; p � 0.05) and total (F(1,187) � 10.220; p � 0.05)
p47 phox labeling was found in vasopressin-labeled dendrites.
Compared with saline controls, mice administered AngII showed
a decrease in the plasmalemmal (Fig. 6E) and total (Fig. 6F)
density of p47 phox immunogold. There were no between-group
differences in the cytoplasmic density (F(1,187) � 2.881; p 	
0.05; Fig. 6C) or p47 phox immunogold particle density �70
nm from the plasma membrane (F(1,187) � 2.364; p 	 0.05; Fig.
6D).

Discussion
Our results provide new evidence that slow-pressor AngII is ac-
companied by enhanced NOX2-dependent ROS signaling that
differentially occurs in subpopulations of PVN neurons distin-
guished by their content of vasopressin. We found that dendrites
of both vasopressin and non-vasopressin neurons in the PVN
contain p47 phox. However, after 14 d of chronic low-dose AngII,
only the non-vasopressin dendrites in this brain region showed
trafficking of p47 phox to sites near the plasmalemma, which were
identified as endomembranes. This surface membrane trafficking is

consistent with NADPH oxidase complex
assembly and activation and with the
increased baseline ROS seen exclusively in
isolated neurons without detectable VP–
eGFP. In contrast, there was a significant re-
duction in dendritic plasmalemmal and
total density of p47phox in the AngII-infused
mice, which also failed to show an effect of
systemic AngII infusion on ROS fluores-
cence, in isolated VP–eGFP neurons.
However, NMDA-induced ROS was signif-
icantly increased in both non-VP–eGFP
and VP–eGFP neurons isolated from the
mice showing AngII-induced slow-pressor
hypertension. These observations suggest
that this type of hypertension is linked with
dysregulation of cardiovascular homeosta-
sis resulting from differential changes in
NADPH oxidase-dependent free radical
production in non-vasopressin and vaso-
pressin neurons in the PVN.

Somatodendritic labeling of p47 phox in
the PVN
Within somata and dendrites under control
conditions, p47phox immunoreactivity was
found in the cytoplasm near or contacting
intracellular organelles and was also ob-
served, to a lesser extent, on synaptic and
extrasynaptic portions of the plasma mem-
brane. The association of p47phox with en-
domembranes resembling endoplasmic
reticulum is consistent with the role of these
structures in protein transport and calcium
signaling (Glass et al., 2007). Many of these
endoplasmic reticula-like structures were in
close contact with the outer membrane of
mitochondria. The endoplasmic reticu-
lum–mitochondrial matrix is the target of
many proteins, likely because of the tether-

ing of these two organelles and the generation of calcium microdo-
mains (Bakowski et al., 2012). NADPH oxidase enzymes require
calcium for activation. Intracellular Ca2� activates phosphokinase,
which in turn phosphorylates p47phox, stimulating its translocation
to membranes along with other NADPH oxidase subunits to assem-
ble the activated enzyme complex (Bedard and Krause, 2007). Con-
versely, intracellular Ca2� is regulated by NADPH oxidase. In
neurons, NADPH oxidase-derived ROS increases Ca2� influx by
increasing the opening of voltage-dependent L-type Ca2� channels
(Zimmerman et al., 2005; Wang et al., 2006). Furthermore, NADPH
oxidase-derived ROS in other cell types induces Ca2� release from
intracellular stores, involving activation of ryanodine and/or inositol
triphosphate receptors (Bedard and Krause, 2007). Together along
with the present findings, a close physical interaction may exist be-
tween NADPH oxidase subunit p47phox and intracellular Ca2� stor-
age sites that would allow for the rapid generation of ROS and
optimal regulation of calcium-dependent signaling pathways.

AngII-induced trafficking of p47 phox in non-vasopressin-
containing dendrites accompanies ROS production in the
PVN
In non-vasopressin-containing PVN dendrites, we found that
slow-pressor AngII evoked p47 phox trafficking, resulting in an

Figure 5. Electron micrographs (A–C) and quantitative analysis (bar graphs, D–H ) showing p47 phox immunogold particles in den-
driteswithoutvasopressinthePVN.Non-vasopressindendrites(p47De)haveapredominantlycytoplasmicdistribution(straightarrows)of
p47 phox immunogold particles in saline recipient mice (A). After AngII infusion, p47 phox immunogold particles are more often seen just
beneath the plasma membrane (block arrows), associated with small endomembranous structures (arrowheads) (B, C). Many of the
p47 phox clusters of immunogold particles were observed near asymmetric excitatory-type synapses (curved arrows). The bar graphs show
a significant increase in endomembrane-associated p47 phox in medium/large, but not small, dendrites after AngII (D). There is also a
significant decrease in p47 phox cytoplasmic density (E) with a corresponding increase in p47 phox density near the plasma membrane (F )
compared with saline controls. No significant differences are found between the AngII group and saline controls in p47 phox plasmalemmal
(G) and total (H ) density. Ut, Unlabeled terminal; m, mitochondria. *p � 0.05. Scale bar, 500 nm.
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enhanced association of p47 phox with
membranous structures near the plas-
malemmal surface. Moreover, this sub-
cellular redistribution of p47 phox was
accompanied by an increase in ROS
production in non-vasopressin neurons
of the PVN. These results are consistent
with Erdös et al. (2006), whose findings
support a role for NADPH oxidase-
derived ROS in the PVN using acute An-
gII administration. In the cortex and
brainstem, gp91 phox is found in den-
drites on the plasma membrane and
nearby smooth endoplasmic reticulum
(Wang et al., 2004; Glass et al., 2006;
Girouard et al., 2009), locations similar
to where we presently observed an accu-
mulation of p47 phox in PVN dendrites
of mice receiving AngII. Thus, the pres-
ent findings provide strong ultrastruc-
tural evidence for increased assembly of
functional NADPH oxidase in non-
vasopressin neurons of the PVN in re-
sponse to slow-pressor AngII.

A neuronal source of ROS produc-
tion is indicated by our imaging results
in isolated PVN neurons, showing an el-
evation in both baseline and NMDA-
evoked superoxide after chronic
systemic administration of a subpressor dose of AngII. How-
ever, p47 phox immunoreactivity was observed in both neuro-
nal and glial processes throughout the PVN, which is
consistent with the distribution of NADPH oxidase subunits
described previously in other brain regions (Abramov et al.,
2005; Glass et al., 2006; Glass et al., 2007; Chéret et al., 2008;
Sorce and Krause, 2009). Thus, non-neuronal cells, such as
astroglia and/or microglia, also may contribute to ROS pro-
duction in the PVN.

Although the central mechanisms regulating the effects of
systemic AngII on the PVN are not fully understood, circulat-
ing AngII acting on the circumventricular subfornical organ
(SFO) is a likely upstream mediator of the ROS response in the
PVN. Activation of AT1 receptors by AngII in the SFO induces
local production of ROS (Peterson et al., 2006). Changes in
calcium homeostasis, as a result of enhanced ROS in the SFO,
are thought to increase activation of glutamatergic SFO neu-
rons projecting to the PVN (Bains and Ferguson, 1995; Benar-
roch, 2005; Zimmerman et al., 2005). Similarly, increased ROS
in the PVN may enhance the activation of descending sympa-
thoregulatory neurons, thereby contributing to the hyperten-
sive effect observed with slow-pressor AngII.

Systemic AngII elicits a dichotomous change in dendritic
expression of p47 phox and NMDA-evoked ROS production in
vasopressin neurons in the PVN
Recent studies by Capone et al. (2012) have shown that slow-
pressor AngII increases vasopressin immunoreactivity in the
PVN and elevates plasma vasopressin after 14 d, a time point
when ROS is significantly increased in the PVN as demon-
strated in the present study. We also saw an increase in
NMDA-evoked, but not baseline, production of ROS in VP–
eGFP neurons isolated from mice showing slow-pressor
AngII-induced hypertension. The discharge rate of vasopres-

sin neurons is responsive to NMDA application (Iremonger et
al., 2010), and glutamate NMDA receptor signaling is highly
implicated in NADPH oxidase-derived ROS production
(Brennan et al., 2009; Girouard et al., 2009). This may provide
one of the key mechanisms by which SFO input increases
vasopressin release in response to ventricular or systemic in-
jection of AngII (Iovino and Steardo, 1984; Mangiapane et al.,
1984).

The failure to observe an increase in baseline ROS in the iso-
lated VP– eGFP neurons in mice showing AngII-induced slow-
pressor hypertension is consistent with the reduction in total and
plasmalemma-associated p47 phox in vasopressin dendrites and
NOX2-dependent ROS production in these cells. However, these
effects on p47 phox are more difficult to reconcile with the in-
creased NMDA-induced ROS in VP– eGFP neurons of mice re-
ceiving systemic AngII. Conceivably, the chronic infusion of
subpressor AngII may produce activation of glutamatergic inputs
to vasopressin neurons in the PVN, thus potentiating NMDA
receptor-mediated glutamatergic transmission. Vasopressin
neurons in the PVN receive a particularly dense glutamatergic
innervation (van den Pol et al., 1990; Iremonger et al., 2010),
mostly provided by the AngII-activated SFO. The augmented
NMDA receptor-mediated influx of calcium could significantly
alter the calcium-dependent translocation of p47 phox as has been
shown for trafficking of other related proteins (Sturgill et al.,
2009).

Conclusion
Our results suggest that differential free radical production in
non-vasopressin and vasopressin neurons in the PVN contrib-
utes to slow-pressor AngII hypertension. Our findings are con-
sistent with increased ROS production (AngII and NMDA) by
NADPH oxidases dependent on p47 phox (NOX1, NOX2) in non-
vasopressin neurons and NADPH oxidases not dependent on

Figure 6. Electron micrographs (A, B) and quantitative analysis (bar graphs, C–F ) showing p47 phox immunogold parti-
cles in dendrites containing immunoperoxidase labeling for vasopressin in the PVN. In vasopressin-labeled dendrites
(p47/VP De) of saline recipient mice, p47 phox is found both in the cytoplasm (straight arrows) and on the plasma membrane
(block arrows; A). After AngII, p47 phox gold particles are less frequently found on the plasma membrane (B). The bar graphs
show no significant differences between the AngII group and saline controls in p47 phox cytoplasmic (C) and near plas-
malemmal (D) density. However, there is a significant decrease in p47 phox plasmalemmal (E) and total (F ) density. Ut,
Unlabeled terminal. *p � 0.05. Scale bar, 500 nm.
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p47 phox (e.g., NOX4) (Sedeek et al., 2009) and mitochondria
(Daiber, 2010) in vasopressin neurons. Future studies will assess
this possibility.
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