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proinflammatory molecules. Stimulation of vagal afferents or efferents in mice 24 hours before IRl markedly attenuated
acute kidney injury (AKI) and decreased plasma TNF. Furthermore, this protection was abolished in animals in which
splenectomy was performed 7 days before VNS and IRI. In mice lacking o7nAChR, prior VNS did not prevent IRI.
Conversely, adoptive transfer of VNS-conditioned a7nAChR splenocytes conferred protection to recipient mice subjected
to IRI. Together, these results demonstrate that VNS-mediated attenuation of AKI and systemic inflammation depends on
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Introduction

Acute kidney injury (AKI) is associated with high mortality and
morbidity, has an expanding incidence, and is a strong risk fac-
tor for chronic kidney disease (CKD) and end stage renal dis-
ease (ESRD) (1-3). Despite our understanding of the causes and
the mechanisms of AKI, few specific preventive and therapeutic
options exist (4); thus, new approaches are needed. Less is known
about early extrarenal factors that are key modulators of AKI (5).
Very early in the course of AKI (within 1 minute), various proin-
flammatory molecules are released into the arterial inflow and
venous outflow of the kidney (6). Therefore, proinflammatory
mediators entering into the kidney early in the course of AKI could
modulate kidney injury.

As a promising preventative option, we showed that pulsed
ultrasound (US) treatment protects the kidney from ischemia-
reperfusion injury (IRI), a common AKI animal model, in a spleen-
dependent manner (7, 8). Our previous work revealed mechanistic
insight on the protective effect of US and demonstrated that the
spleen is capable of blocking inflammation and tissue injury in
kidney IRI. In addition, hematopoietic a7 nicotinic acetylcholine
receptors (a7nAChR, encoded by Chrna7) and sympathetic inner-
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The nervous and immune systems interact in complex ways to maintain homeostasis and respond to stress or injury, and
rapid nerve conduction can provide instantaneous input for modulating inflammation. The inflammatory reflex referred to as
the cholinergic antiinflammatory pathway regulates innate and adaptive immunity, and modulation of this reflex by vagus
nerve stimulation (VNS) is effective in various inflammatory disease models, such as rheumatoid arthritis and inflammatory
bowel disease. Effectiveness of VNS in these models necessitates the integration of neural signals and a7 nicotinic
acetylcholine receptors (a7nAChRs) on splenic macrophages. Here, we sought to determine whether electrical stimulation

of the vagus nerve attenuates kidney ischemia-reperfusion injury (IRI), which promotes the release of proinflammatory
molecules. Stimulation of vagal afferents or efferents in mice 24 hours before IRl markedly attenuated acute kidney injury
(AKI) and decreased plasma TNF. Furthermore, this protection was abolished in animals in which splenectomy was performed
7 days before VNS and IRI. In mice lacking a7nAChR, prior VNS did not prevent IRI. Conversely, adoptive transfer of VNS-
conditioned a7nAChR splenocytes conferred protection to recipient mice subjected to IRI. Together, these results demonstrate
that VNS-mediated attenuation of AKI and systemic inflammation depends on a7nAChR-positive splenocytes.

vation of the spleen are required for US-induced protection (8).
These facts are consistent with stimulation of the inflammatory
reflex called the cholinergic antiinflammatory pathway (CAP) (9,
10). This pathway modulates innate and adaptive immunity, and
modulation of the reflex is effective in various inflammatory dis-
ease models (11).

In the inflammatory reflex, mediators of inflammation are
sensed by the peripheral and central nervous system, and CAP
signaling is initiated in brain stem nuclei of the vagus nerve and
can be activated by vagus nerve stimulation (VNS) (12). The spleen
is a critical site in an inflammatory reflex for the neural control of
distant organ inflammation and provides a potential therapeutic
target for immune-mediated diseases (9). As part of the CAP (13-
15), acetylcholine-producing (ACh-producing) lymphocytes might
have an important role. Although the intervening steps between
VNS and splenic activation are not clearly defined (10, 16), norepi-
nephrine (NE) that is released from the splenic sympathetic nerve
binds to p2-adrenergic receptors (82AR) on nearby choline acet-
yltransferase-expressing (ChAT-expressing) splenic memory T
cells (CD4*CD44"CD62L") and B cells (17). This subset of splenic
ACh-producing T cells likely activates adjacent splenic macro-
phages via the a7nAChR (15), which leads to suppression of proin-
flammatory cytokines.

The FDA approved the use of VNS as a therapy for medically
refractory partial-onset epilepsy in 1997 and for treatment-resis-
tant depression (18, 19) in 2005. Besides these therapeutic roles,
VNS may be an interesting tool for activating the CAP in the treat-
ment of inflammatory disorders, such as rheumatoid arthritis (RA)
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Figure 1. Optimization of VNS. BP and HR were recorded while mice underwent left or right VNS at constant frequency (5 Hz), but with varied
current (10, 30, and 50 pA). Average change in mean arterial BP (A) and HR (B) during vagal stimulation compared with conditions without vagal
stimulation. 50 pA stimulation decreased HR significantly. (C and D) Recording of the right vagus efferent nerve during the left VNS. (C) Represen-
tative example of right vagus efferent nerve activity (VNA) during left VNS (5 Hz, 1 ms, 50 pA, 10 minutes). Representative data of 3 independent
experiments. rVNA, rectified vagus efferent nerve activity. (D) Stimulus-triggered rectified vagus efferent nerve activity was averaged (3,000
sweeps). Arrow indicates stimulation. The latency of the evoked potential is about 20 ms. (E) Mice underwent VNS or sham stimulation (no VNS)
surgery 24 hours prior to LPS (10 pg/ml infused at the rate of 10 ul/h for 3 hours) or saline administration, and blood was collected at the end of the
infusion period. VNS treatment 24 hours before LPS administration suppressed the LPS-induced increase in circulating TNF. n = 6 each in A and B
and n=5in E. Data in A and B were analyzed using 2-way ANOVA, and data in E were analyzed using 1-way ANOVA. Means were compared by post

hoc multiple-comparison test (Tukey's). ***P < 0.001.

and inflammatory bowel disease (IBD). Indeed, at the present
time, 64 clinical studies on VNS are registered on ClinicalTrials.
gov, a service of the NIH, mostly focused on epilepsy and depres-
sion, but also on studies of RA and IBD.

In animal models, VNS has been evaluated as a therapy in
various diseases, such as sepsis, hemorrhagic shock, IBD, IRI in
brain and heart, and arthritis (11, 20). In rats, 07nAChR agonists
reduce kidney IRI (21), but the effect of VNS on kidney injury and
the underlying mechanisms have not been examined. Consider-
ing our previous studies regarding US, the similarities between
putative protective mechanisms of VNS and US, and the protective
effects of VNS on other disorders, we hypothesized that VNS can
protect the kidney from IRI. In the current studies, we explored
the importance of the spleen and the splenic CAP in modulat-
ing kidney IRI. We now report that the effect of VNS requires the
spleen, especially a7nAChR-expressing splenocytes, for protec-
tion from IRI.

Results

VNS activates both afferent and efferent axons, elicits a vagovagal
reflex, and attenuates LPS-induced TNF-a production. Stimulation
of the intact left vagus nerve with the selected parameters (1 ms,
50 pA, 5 Hz) produced a small but reliable bradycardia (6 mice;
-9.2 2.1 bpm, range of resting heart rate [HR] 504.3-525.6 bpm;
P < 0.05) without BP reduction (Figure 1, A and B). The response
threshold was consistently between 10 and 20 pA. Stimulation of
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the central end of the cut left vagus nerve with the same param-
eters (1 ms, 50 pA, 5 Hz) elicited a robust evoked response in the
contralateral efferent vagal nerve (Figure 1, C and D).

Stimulation of the intact left vagal nerve (1 ms, 50 pA, 5 Hz)
applied 24 hours before LPS infusion greatly reduced the plasma
concentration of TNF (5 mice each; no VNS 173.6 + 25.6 and VNS
43.3+£9.2 pg/ml; P < 0.001; Figure 1E). The above evidence shows
that vagal stimulation with the chosen parameters activated both
efferent (bradycardic response) and afferent vagal axons (vago-
vagal response). The fact that afferent VNS activated contralat-
eral vagal efferents implies that parasympathetic preganglionic
neurons were activated by all 3 modes of stimulation of the vagus
nerve (intact, afferent, or efferent nerve). Finally, we demonstrat-
ed that VNS with the selected parameters produced the expected
antiinflammatory response (22) to an i.v. injection of LPS.

VNS protects kidney from IRI and suppresses proinflammatory
cytokines. Since VNS can provide protection from sepsis when
applied before or after endotoxin administration (23, 24), we
first tested whether VNS stimulation performed only 10 minutes
before renal ischemia attenuated the signs of injury observed 24
hours later. VNS did not change the rise in plasma creatinine (Fig-
ure 2A), nor did it attenuate the acute tubular necrosis (ATN) (Fig-
ure 2, B and C) produced by IRJ; thus, VNS performed 10 minutes
before ischemia did not protect the kidney from injury.

Ischemic kidney injury is significantly attenuated when mice
are exposed to a single US treatment, but the benefit requires that
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Figure 2. Kidneys are not protected from IRI when VNS is applied 10 minutes before IRI. Mice underwent left VNS (5 Hz, 1 ms, 50 pA for 10 minutes)

or sham stimulation surgery 10 minutes prior to IRl (26 minutes ischemia, 24 hours reperfusion) or sham IRI surgery. VNS applied 10 minutes before IRI
did not protect kidneys from IRI, as shown by plasma creatinine (A), tissue morphology (B; representative H&E staining of kidney sections), and ATN (C;
scored from H&E samples). n = 4 each. Data were analyzed using 1-way ANOVA. Means were compared by post hoc multiple-comparison test (Tukey's).

***P < 0.001. Scale bars: 100 um; 50 um (inset).

US be delivered 1 or 2 days before IRI (7). Given that US treatment
benefits kidney IRI by activating CAP (7), we reasoned that VNS
stimulation might be effective against IRI if delivered 24 hours prior
to the injury. We indeed found marked attenuation of AKI in all mice
subjected to VNS 24 hours prior to renal ischemia (Figure 3, A-D).
Kiml (also known as Havcrl) expression in whole kidney after IRI
was also reduced by VNS (sham-IRI 4037.7 + 624.5 and intact vagus
nerve [VNS(i)]-IRI 1157.3 + 537.6-fold change compared with sham-
sham), providing another indicator of reduced kidney injury (Figure
3B). VNS was also effective in protecting the kidney when applied
48 hours before IRI (plasma creatinine: 1.24 + 0.18 and 0.13 + 0.01
mg/dl for sham-IRI and VNS-IRI, respectively; n = 4; P < 0.001).
Stimulating the VNS(i) had the same beneficial effect as stim-
ulating the peripheral end (VNS[e], efferent) or the central end
(VNS|[al, afferent) of the cut nerve (Figure 3). Based on these results,
we stimulated the intact nerve in all subsequent experiments.
Inflammation is a key component of IRI, and stimulation of
the CAP reduces systemic cytokine production (25). Therefore,
the protective effect of VNS in IRI may involve modulation of sys-

temic inflammatory pathways. Consistent with this view, from a
panel of 32 cytokines evaluated, IRI-induced increases in circulat-
ing IL-6, IL-10, IL-15, and TNF concentrations were reduced by
VNS applied 24 hours prior to IRI (Table 1). Confirming the cyto-
kine screening data, the IRI-induced increase in circulating TNF
(measured with ELISA) was significantly reduced by VNS (Figure
4). In addition, the cytokine profile was evaluated in the kidney.
RNA was isolated from the whole kidney, and quantitative PCR
(qPCR) was performed. Relative expressions compared with the
sham-sham group were calculated, and cluster analysis was per-
formed to generate a heat map (Figure 5; raw data in Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC183658DS1). Among evaluated cytokine mRNA,
more than half were upregulated by IRI, including Tnf, Lif, Csfl,
Tgfbl, and Ii1b, and the IRI-induced increase in Il1b was signifi-
cantly reduced by VNS applied 24 hours prior to IRI. A significant
increase in Vegfa produced by VNS was reversed by subsequent
IRI, while an IRI-induced decrease in Cxcl9 was not altered by
prior VNS (Supplemental Figure 1).
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VNS protects against kidney IRI by activating the CAP. The
spleen is a key component of the CAP. Therefore we removed this
organ 7 days before VNS and subjected the mice to IRI 24 hours
after VNS. Splenectomy had no effect on the rise in plasma creati-
nine or the increase in ATN elicited by IRI; however, splenectomy
prevented the beneficial effect of VNS on IRI (Figure 6).

Next, we performed adoptive transfer experiments. Donor
mice were subjected to VNS or sham stimulation, splenocytes
were isolated 1 day later, and the recipient mice received spleno-

Figure 4. VNS 24 hours before IRI suppresses IRI-induced increases in
circulating TNF-o. Mice underwent VNS or sham stimulation surgery 24
hours prior to IRl or sham IRI surgery. VNS applied 24 hours before IRI sup-
pressed IRI-induced increases in circulating TNF. n = 6. Data were analyzed
using 1-way ANOVA. Means were compared by post hoc multiple-compari-
son test (Tukey's). *P < 0.05.
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Figure 3. VNS 24 hours before IRI protects kidneys from injury. Mice
underwent either VNS(i), VNS(a), VNS(e), or sham stimulation surgery
(all on the left vagus nerve) 24 hours before IRl or sham IRI surgery.
Prior VNS protected kidneys and reduced the IRI-induced increase in
plasma creatinine (A), Kim1 expression (RNA from whole kidney) (B),
and ATN (C, representative H&E staining of kidney sections; D, scored
from H&E samples). n = 5-11. Data were analyzed using 1-way ANOVA.
Means were compared by post hoc multiple-comparison test (Tukey’s)
*P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 100 pm; 50 um (inset).

cytes (10° or 10°) from donor mice; 24 hours later, IRI was per-
formed. In a preliminary study, adoptive transfer of splenocytes
from VNS-treated mice provided greater protection than those
from sham-stimulated mice, especially with 1 million cells (Fig-
ure 7A). In a more thorough evaluation, adoptive transfer of 1 mil-
lion splenocytes from VNS-treated mice significantly protected
recipient mice from IRI compared with treatment with PBS or
splenocytes from sham-treated mice (Figure 7B). Thus, adoptive
transfer of splenocytes from a VNS-treated mouse is sufficient
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Table 1. IRI-induced increases in plasma cytokine concentrations
are reduced by prior VNS

Plasma cytokine concentrations (pg/ml)

I-6 1-10 1L-15 TNF
Sham-sham <267 <318 <2.33 <291
Sham-IRI 2702 +661 279+3.8 251+201 41+05
VNS-IRI 902+166  81+20 <2.33 <291
Pvalue 0.057 0.0098 - -

Mice underwent left VNS or sham stimulation surgery 24 hours prior to IRI
(26 minutes ischemia, 24 hours reperfusion) or sham IRI surgery. n =3
(n = 1for sham-sham). P values are for comparisons between sham-IRI
and VNS-IRI using Student’s t test (2-tailed). Values are mean + SEM.

to induce protection from IRI in a recipient mouse. a7nAChR-
positive macrophages are another critical component of the CAP
(26). Therefore, we tested to determine whether VNS is capable
of reducing IRI in Chrna7/~ (a7KO) mice. VNS applied 24 hours
before IRI significantly reduced AKI in WT (Chrna7”*) mice, but
this protection was absent in 07nAChR*~ and a7KO mice (Figure
8, A-C). We further investigated the role of a7nAChR-positive
cells in spleen using adoptive transfer studies. WT or «7KO donor
mice underwent VNS or sham VNS treatment, and 24 hours later,
1 million splenocytes (based on results from Figure 7) from donor
mice were injected i.v. into naive WT recipient mice. The mice
that received splenocytes from VNS-treated WT mice were pro-
tected from IRI, but the protection was abolished when spleno-
cytes from VNS-treated a7KO mice were used (Figure 9). Thus,
a7nAChR-positive splenocytes are required for the protection
from kidney injury induced by adoptively transferred splenocytes
from VNS-treated mice.

M1 and M2 macrophages play an important role in early ini-
tiation and late resolution of AKI, respectively (27). In the CAP,
macrophages are believed to play an important role in the protec-
tive effect of CAP activation (26). Therefore, we evaluated by flow
cytometry the number and phenotype of macrophages infiltrating
the kidney after IRI (gating strategy is shown in Supplemental Fig-
ure 2). The number of macrophages and granulocytes in kidney
increased with time after IRIin WT (Figure 10, A and C) and a7KO
mice (Figure 10, B and D), but there were no differences between
the groups that received sham treatment or VNS prior to IRI, with
the exception that prior treatment with VNS blunted the increase
in granulocytes 24 hours after IRl in WT mice (Figure 10, A and C).
We further investigated the phenotype of flow cytometry-sorted
macrophages using qPCR for M1 (Nos2, Tnf, Il12a, and I/1b) and
M2 markers (Mrcl, Msrl, Chil3, and Argl). Relative gene expres-
sion compared with the control group (untreated mice) was calcu-

Figure 5. More than half of the cytokines evaluated are upregulated

in kidney by IRI and suppressed by prior VNS. Mice underwent VNS or
sham stimulation surgery 24 hours prior to IRl or sham IRl surgery. RNA
was isolated from whole kidneys, and qPCR was performed. Relative
gene expressions compared with sham-sham group were calculated
(raw data in Supplemental Figure 1), and clustering was performed to
generate a heat map. n = 5-11.

RESEARCH ARTICLE

lated, and based on the data, a heat map was created (Figure 10, E
and F; raw data in Supplemental Figure 3). The combination of IRI
and VNS increased expression of most of the genes, but IRI alone
suppressed Argl expression and prior VNS rescued its expression
in WT mice (Supplemental Figure 3). In 07KO mice, Argl expres-
sion was not rescued by prior VNS.

Afferent VNS may protect kidneys through a different mechanism
than efferent VNS. Vagus nerve is known to affect many organs
through a variety of mechanisms. We investigated whether renal
sympathetic nerve is involved in VNS-mediated protection from
IRI. To eliminate the effect of renal sympathetic nerve, renal
denervation (RND) was conducted using locally applied phenol.
RND caused a significant reduction of NE in the kidney (10 kid-
neys/group; sham 681.7 + 12.6 and RND 68.8 + 17.8 ng/gram of
kidney; P < 0.001) and completely protected the kidney from IRI
based on plasma creatinine (5 mice/group; sham-IRI 1.89 + 0.05
and RND-IRI 0.46 + 0.20 mg/dl; P < 0.001), as shown previous-
ly by others (28). This observation precluded additional studies
to examine the effects of RND on the protective effects of VNS.
Alternatively, renal sympathetic activity was recorded directly
during VNS. As shown in Supplemental Figure 4, when the intact
vagus nerve was stimulated, an evoked potential was recorded in
the renal sympathetic nerve. In contrast, no evoked potential was
seen in renal sympathetic nerve during efferent vagal stimulation
alone. These results indicate that afferent but not efferent VNS
activates renal sympathetic nerve in mice. This connection has
also been observed in rats and operates via presympathetic neu-
rons located in the rostral ventrolateral medulla (29).

We showed that either vagus afferent, vagus efferent, or
intact VNS protects kidney almost equally (Figure 3) and left
afferent VNS elicits a robust evoked response in right efferent
vagal nerve (Figure 1D). In addition, the importance of spleen in
the CAP and in mediating the protective effect of efferent VNS
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Figure 6. Protection against IRl by VNS requires the spleen. Splenectomy (SPLX) or sham surgery was performed 7 days before VNS or sham VNS
treatment. Twenty-four hours after VNS treatment, mice were subjected to IRI or sham IRl operation. The protective effect by VNS was eliminated or
reduced by prior splenectomy, as demonstrated by plasma creatinine (A) and ATN (B, representative H&E staining of kidney sections; C, scored from
H&E samples). n = 6 each. Data were analyzed using 1-way ANOVA. Means were compared by post hoc multiple-comparison test (Tukey's). *P < 0.05;

**P < 0.01. Scale bars: 100 pm; 50 pm (inset).

was revealed by splenectomy and splenocyte adoptive transfer
studies (Figures 6 and 7). However, there is no direct evidence to
show that efferent vagal stimulation is necessary for the protec-
tive effect. Therefore, we performed experiments using vagus
afferent stimulation with contralateral vagal nerve blocked
using local anesthesia and found, somewhat surprisingly, that
left vagus stimulation in this paradigm still protected kidney
from IRI (Supplemental Figure 5). This result indicates that the
protection elicited by vagus afferent nerve stimulation does not

1944
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require activation of the contralateral efferent vagus nerve (Fig-
ure 11). In addition, efferent nerve stimulation is sufficient but
not necessary to exert a protective effect.

Discussion

The essential new findings are as follows (Figure 11). VNS
applied 24 to 48 hours before an ischemic episode protects the
kidney from ischemic injury. This protection is equivalent to the
previously reported beneficial effect of US. Renal protection by
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VNS and US operates via activation of the CAP. Stimulation of
vagal afferents or efferents is equally effective, possibly because
both modes of stimulation activate vagal preganglionic neurons.
In addition, vagal afferent stimulation appears to protect the
kidneys via a mechanism that does not require intact contralat-
eral vagal efferents.

US and VNS protect the kidneys from ischemic injury by activating
the splenic cholinergic antiinflammatory reflex. This study revealed
numerous similarities between the effects of US and VNS on AKI
(7,8). Judging by the creatinine level, renal histology, and other cri-
teria 24 hours after renal ischemia, the protective effect of US and
VNS is comparable in mice. In clinical trials to assess the benefit of
VNS in RA, stimulation parameters such as current, pulse width,
and frequency and duration of stimulation can be adjusted based
on the effects and symptoms (30). We have not tried to optimize
these parameters in the present study and may not have produced
the maximum renal protection possible via VNS.

In both cases (US and VNS), the renal protection required the
spleen and 07nAChRs. CD4* T cells are required for renal protec-
tion by US, and this was explained by the dependence on an intact
spleen for the restoration of US-induced protection by CD4* T
cells in Ragl”~ mice that lack B and T cells (7). VNS was report-
ed to induce or increase the production of ACh, the endogenous
o7nAChR agonist, by a splenic CD4* T cell subset (15). Thus, the
roles of spleen, 07nAChRs, inflammatory cytokines, and immune
cells are shared by US and VNS (7, 10, 31). Considering these simi-
larities, we conclude that the splenic CAP, which includes ChAT-
positive T cells that synthesize ACh (15, 32), a7nAChR-positive
macrophages (26), and subsequent downstream effects, is acti-
vated both by US and by VNS.

Nicotinic stimulation of functional a7nAChR on macro-
phages can dampen LPS-induced TNF release from macrophages,
a7nAChRs are necessary for the antiinflammatory response to
VNS (ref. 26 and data in our current study), and o7nAChRs are
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Figure 7. Adoptive transfer of splenocytes from VNS-treated mice
confers protection from kidney injury after IRl in naive recipient mice.
Donor mice underwent VNS or sham VNS treatment, and 24 hours later,
splenocytes isolated from donor mice were injected i.v. into recipient
mice. The recipient mice were subjected to IRI 24 hours after splenocyte
transfer, and plasma creatinine was evaluated 24 hours after IRI. (A) In
pilot studies, the protective effect of donor splenocytes was proportional
to the number of cells transferred, and the greatest difference between
splenocytes from sham- and VNS-treated donors was observed with 1
million cells. (B) Using transfer of 1 million cells, significant protection
was seen in mice that received splenocytes from VNS-treated donor
mice compared with administration of PBS (i.v.) or splenocytes from
sham-treated donor mice. n =3 eachin Aand n =6 eachin B. Datain B
were analyzed using 1-way ANOVA. Means were compared by post hoc
multiple-comparison test (Tukey's). ***P < 0.001.

necessary for the protective effect in our splenocyte transfer stud-
ies; however, the requirement of a7nAChR* macrophages per se
for the antiinflammatory effects of CAP stimulation has not been
demonstrated. Nevertheless, macrophages are key players in inju-
ry and repair. M1 macrophages produce proinflammatory media-
tors, while M2 macrophages have antiinflammatory functions and
are involved in wound healing and fibrosis (33-35). Accumulating
evidence suggests that M2 macrophages play a reparative role dur-
ing the recovery phase of kidney disease, especially in the kidney
IRI model (27, 36). The mechanisms underlying the phenotypic
switch of kidney macrophages from proinflammatory to antiin-
flammatory are not well defined, although the process is believed
to require at least a few days after injury, nor is the role of macro-
phages in VNS-mediated protection from IRI. Our data showing
increased expression of M1 markers are typical of an early inflam-
matory response within 24 hours of IRI. Although VNS suppressed
only the IRI-induced increase in I/1b expression, blunting this pro-
inflammatory cytokine is consistent with the protective effect of
VNS. However, we found that IRI suppressed Argl (a, M2 marker)
expression of macrophages/monocytes in the kidney just 1 day
after IRI and prior VNS abolished the suppression in WT mice, but
not in a7KO mice. These data suggest that VNS enhances or main-
tains a macrophage switch to M2 phenotype and that this might be
one mechanism of the protection by VNS. Other M2 markers were
not altered by IRI within the acute phase of injury, but polariza-
tion would be expected to play a more prominent role in the later
recovery phase from injury (37), which is beyond the end point of
the current study.

The way in which US activates the splenic CAP is unknown.
The pathways responsible for the activation of the splenic CAP by
vagal stimulation are discussed below.

Protection induced by VNS is long lasting, but not immediate. Pro-
tection from injury was observed when VNS was applied 24 hours,
but not 10 minutes, before IRI. Considering the speed of nerve con-
duction, the lack of immediate protective effect suggests a more
complex interaction among neuronal input, neurochemical sig-
naling, inflammation, and tissue injury. It is possible that dynamic
changes in specific populations of immune cells occur during the
24-hour period between VNS and IRI. The spleen, which is nec-
essary for both US- (7) and VNS-induced protection, is a criti-
cal site in an inflammatory reflex for the neural control of distant
organ inflammation and provides a potential therapeutic target for
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Figure 8. Protection against IRl by VNS is absent in a7 KO mice. WT (progeny control), Chrna7*/- (#7HE), and ¢7KO mice underwent VNS 24 hours prior to
IRI. The protective effect by VNS was lost in Chrna7*/- and a7KO mice, as demonstrated by plasma creatinine (A) and ATN (B, representative H&E staining
of kidney sections; C, scored from H&E samples). n = 5. Data were analyzed with 1-way ANOVA. Means were compared by post hoc multiple-comparison
test (Tukey’s). *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 100 um; 50 pum (inset).

immune-mediated diseases (9). Thus, the spleen plays an impor-
tant role as the “coordinating center” to integrate these 2 appar-
ently disparate signaling pathways. We also showed that the pro-
tective effect of VNS can last at least 48 hours. Future studies will
be needed to elucidate the mechanisms involved in modulating
immune cells by VNS, how the protective effects endure, and the
mechanisms mediating immune cell effects on kidney protection.
Neural pathways responsible for the protective effect of VNS on AKI.
Given the critical importance of the spleen to the CAP, the original
hypothesis espoused that vagal efferents innervate the spleen via a
synaptic relay in the celiac superior mesenteric plexus (24). More
specifically, vagal preganglionic neurons were thought to contact
and activate noradrenergic postganglionic neurons coursing in
the splenic nerve. However, no anatomical or electrophysiological
evidence of such synapses has been found (38), and we have con-
firmed that VNS does not elicit a detectable evoked response in the
splenic nerve of anesthetized rats (C. Abe, unpublished observa-
tions). Interestingly, the spleen seems to be an exception among
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visceral structures because it does not have a vagal sensory innerva-
tion (39). Because beta blockers and spleen denervation reduce the
antiinflammatory effect elicited by vagal stimulation, an alternative
hypothesis posits that the CAP is elicited via the sympathetic system
and that VNS may activate the splenic nerve via a vagosympathetic
reflex (10). Clearly, under anesthesia, vagal afferent stimulation
evokes aresponse in sympathetic nerves and this response does have
an excitatory component (29). In addition, the sympathetic system
facilitates the rapid inflammatory response (increased TNF-a) elic-
ited by an acute injection of LPS in anesthetized rats (38). However,
the vagosympathetic reflex hypothesis does not explain satisfacto-
rily why the antiinflammatory effect is elicited by stimulating the
peripheral end of the cut vagus nerve (24), an observation replicat-
ed in the present renal ischemia model; this hypothesis also does
not explain why the protective effect of VNS is delayed (VNS done
10 minutes before ischemia offers no protection) and long lasting
(at least 2 days). The present results provide 2 new elements to this
ongoing debate: VNS is effective against IRI regardless of whether
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vagal afferent or efferent fibers are being stimulated, and stimulat-
ing vagal afferents on the left side activates vagal efferents on the
opposite side. These observations suggest that activation of vagal
efferents, directly or reflexly, could be a common trigger of the CAP
and underlie at least some of the beneficial effects of VNS in the
present ischemic kidney injury model.

The fact that CAP activation can be produced by activating the
central end of the vagus nerve in anesthetized animals further sug-
gests that a lower brain stem reflex could be at play in eliciting this
response because long-loop reflexes involving more rostral struc-
tures are unlikely to operate under anesthesia. Vagovagal reflexes
are well described in gastrointestinal physiology (40). Vagal affer-
ents activated by inflammation are believed to trigger a vagovagal
reflex that elicits the CAP (41, 42). The present results are com-
patible with the possibility that VNS attenuates ischemic kidney
injury by eliciting such a reflex. However, the connection between
vagal efferents and the spleen is not clarified. Vagal efferents
innervate the thymus and other myeloid organs (43, 44). These
organs/tissues could conceivably be the missing link in the chain
of events initiated by VNS and culminating in the spleen.

However, the present study also suggests that the protective
effect elicited by electrical stimulation of the central end of a cut
vagus nerve may not be caused by a vagovagal reflex. Mice cannot
survive bilateral vagotomy; therefore, this surgical procedure could
not be implemented to test whether stimulation of the central end
of the cut left vagus nerve exerts its protective effect via a contra-
lateral vagovagal reflex. As a substitute, we blocked the right vagal
nerve with a local anesthetic while the central end of the left vagus
nerve was being stimulated. The loss of the response evoked in the
right vagal nerve by stimulating the left central end was taken as
evidence of the efficacy of the local anesthetic (data not shown).
Surprisingly, left afferent vagal stimulation performed while the
right vagal nerve was blocked with local anesthetic still protected
the kidneys from ischemic injury. Therefore, the renal protection
elicited by activating vagal afferents selectively can occur inde-
pendently of the activation of contralateral vagal efferents. This
observation does not rule out a later contribution of the vagus
nerve, since local anesthesia is reversible, but it suggests that other
mechanisms may be at play, such as a vagosympathetic reflex or
the activation of the hypothalamic-pituitary-adrenal axis (45).
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Figure 9. Protective effect of adoptively transferred splenocytes from
VNS-treated mice requires a7nAChRs. a7KO mice and WT (progeny
controls) were used as donor mice. Donor mice underwent VNS or sham
VNS treatment 1 day before splenocyte transfer. Twenty-four hours later,
1x 10° splenocytes from donor mice were injected i.v. into the recipient
mice (WT). The recipient mice were subjected to IRI 24 hours after the
transfer, and plasma creatinine was evaluated 24 hours later. The recipient
mice that received splenocytes from VNS-treated WT mice were protected
against IRI, but this protection was abolished when the mice received
splenocytes from VNS-treated o7KO mice. n = 5 each (n = 4 for PBS-treated
group). Data were analyzed using 1-way ANOVA. Means were compared by
post hoc multiple-comparison test (Tukey's). ***P < 0.001.

Feasibility of VNS as a means of reducing renal injury. Vagus
afferent stimulation at high frequency (20-30 Hz) is used clinical-
ly for the treatment of drug-resistant epilepsy and depression, and
low-frequency (5 Hz) is used for efferent stimulation to activate
the CAP to produce antiinflammatory effects (31). As of August
2014, over 100,000 VNS devices were implanted in more than
75,000 patients worldwide (46). VNS side effects are usually relat-
ed to stimulation and often improve with time. They are usually
mild to moderate and seldom require that the device be explanted
(47). Recently, 2 types of noninvasive transcutaneous VNS (t-VNS)
devices, safe and tolerable alternative treatments, were devel-
oped, and they are in clinical trials for epilepsy, depression, and
migraine (48-51). These noninvasive devices might be effective
in disorders classically treated with VNS and could potentially be
applied to inflammation-related disorders. We believe that VNS
could have therapeutic potential for the prevention of AKI depen-
dent on o7nAChR-positive splenocytes. In addition, future VNS
studies will likely uncover mechanisms that will inform the use of
therapeutic US, which is even less invasive than VNS, in protecting
kidneys and other organs from acute injury.

Methods

Mice. Male mice (8-12 weeks of age, 20-25 g) were used for all experi-
ments. WT C57BL/6 mice were purchased from the National Cancer Insti-
tute, Chrna7/ (referred to as 07KO) mice (B6.129S7-Chrna7tm1Bay/])
were obtained from Jackson Laboratories, and WT (Chrna7**) progeny
were used as controls in experiments depicted in Figures 8 and 10.

VNS and miscellaneous recordings. All mice used to test the effect
of VNS on IRI were anesthetized with an i.p. injection of ketamine
(120 mg/kg) and xylazine (12 mg/kg). We stimulated the left vagus
nerve because this nerve is usually selected for stimulation in animal
and human experiments (15, 18, 52). The left cervical vagus nerve was
isolated via a midline cervical incision and placed on a bipolar silver
wire electrode for stimulation (AS633; Cooner Wire). In a subgroup of
mice, the nerve was left intact. In other mice, the nerve was cut and
the central end was stimulated to activate vagal afferents selectively.
In other mice, the peripheral end of the cut nerve was stimulated in
order to activate vagal efferents. In another group of mice, we applied
bupivacaine (10-30 pl of 2.5 mg/ml) directly to the targeted nerve in
order to block nerve conduction. In all cases, electrical stimulation
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Figure 10. Prior VNS does not change the number of macrophages infiltrating the kidney, but changes their phenotype. a7K0 mice and WT (progeny
controls) mice underwent IRl 24 hours after VNS or sham VNS treatment. Mice were euthanized after 0, 4, or 24 hours of reperfusion, and the number

of macrophages/monocytes and granulocytes in the kidney was evaluated by flow cytometry (gating strategy in Supplemental Figure 2). (A and B) The
number of macrophages/monocytes infiltrating the kidney increased with time after IRl in WT (A) and o7KO mice (B), but prior VNS did not change the
number. (C and D) The number of granulocytes infiltrating the kidney increased with time after IRl in WT (C) and o7KO mice (D), and this increase was
suppressed 24 hours after IRl in VNS-treated WT mice (C), but not in a7KO mice (D). (E and F) gPCR was performed using FACS-sorted macrophages/
monocytes from the kidney of WT (E) and «7KO mice (F) (raw data in Supplemental Figure 3). Relative gene expressions compared with control group were
calculated, and clustering was performed. Data were analyzed using 2-way ANOVA. Means were compared by post hoc multiple-comparison test (Tukey's).
*P < 0.05.n=3inA-D. n =3 for control (untreated) and n = 6 for sham-IRI and VNS-IRI (E and F).

(square wave; 50 pA intensity; frequency, 5 Hz; duration, 1 ms) was
applied for 10 minutes using a Grass model S88 stimulator and stim-
ulus isolation unit (Astro-Med Inc.). In sham-operated animals, the
vagus nerve was exposed but not stimulated.

The stimulation parameters were chosen after observing their
effects on BP and HR in 2 series of preliminary experiments. In
C57BL/6] male mice anesthetized with ketamine/xylazine, BP was
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recorded conventionally by threading a polyethylene catheter (PE-
10; BD) into the left common carotid artery, and HR was derived
from the pressure pulse or recorded using ECG electrodes (lead II)
inserted s.c. VNS at 5 Hz (50 pA, 1 ms pulses) reliably produced a
small reduction in HR without effect on BP (see Results). In a sec-
ond series of mice, both vagus nerves were isolated, the central end
of the left nerve was stimulated as described above (1 ms, 50 pA),
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and the central end of the right vagus nerve was placed on a bipolar
electrode in order to record spontaneous and stimulation-evoked
efferent activity. The goal of this experiment was to test for the pres-
ence of a vagovagal evoked response, which would assess whether
nerve activation of the right central end of the vagus occurs dur-
ing contralateral left vagal afferent stimulation. For this purpose,
2 mice were anesthetized with a mixture of urethane (500 mg/ml)
and o-chloralose (50 mg/ml, 2 ml/kg i.p.) and another 2 mice were
anesthetized with ketamine/xylazine. These mice were intubated
and mechanically ventilated with 100% O, through a tracheal tube
(MiniVent Model 845 ventilator; Hugo Sachs Elektronik-Harvard
Apparatus GmbH). Vagal efferent multiunit activity was recorded
with a differential amplifier (BMA-400 AC/DC Bioamplifier, CWE
Inc.; band-pass 100-1,000 Hz) (53). Signals were acquired using an
analog-to-digital converter (Spike 2; Cambridge Electronics) at a
rate of 1,000 Hz. They were rectified and further processed using
Spike version 7.03 software (Cambridge Electronics).

Recording of renal sympathetic nerve activity. Recordings of renal
sympathetic nerve activity were performed under urethane anesthe-
sia (1.6 g/kg, 1.p). Depth of anesthesia was assessed by absence of the
corneal and hind-paw withdrawal reflex. Additional anesthetic was
administered as necessary (10% of the original dose). Body tempera-
ture was maintained at 37.2 * 0.5°C with a servo-controlled tempera-
ture pad (TC-1000; CWE Inc.). The left cervical vagus nerve was iso-
lated and prepared for stimulation as described above. To record renal
sympathetic nerve activity, the postganglionic sympathetic nerve was
isolated through a left-flank incision. Two stainless-steel electrodes
(AS633; Cooner Wire) were placed around the postganglionic sympa-
thetic nerve. The nerve and electrodes were covered and fixed with
silicone gel (Kwik-Sil; World Precision Instruments). Physiological
signals were filtered and amplified (AP, 10-1000 Hz, x1,000; vagus,
30-3,000 Hz, x10,000) (BMA-400; CWE Inc.) and acquired in Spike
2 software (v7.06; CED). The stimulation-induced (rectangle wave;
amplitude, 50 pA; frequency, 5 Hz; duration, 1 ms) evoked potential of
renal sympathetic nerve was recorded. At the end of the experiment,
we confirmed the disappearance of renal sympathetic nerve activity
in response to an i.m. bolus injection of a ganglionic blocker, hexame-
thonium bromide (30 mg/kg), and recorded the noise level, which was
treated as the zero level of renal sympathetic nerve activity.

RESEARCH ARTICLE

Figure 11. CAP in protection from kidney IRI. VNS applied 24 to 48 hours
before an ischemic episode protects the kidney from IRI. Stimulation

of vagal afferents or efferents protects the kidneys through a7nAChR-
positive (07-positive)splenocytes. Vagal afferent stimulation also protects
kidney, but through a different and unidentified pathway.

IRI and splenectomy. Twenty-four hours after VNS or sham treat-
ments, mice were anesthetized with an i.p. injection of ketamine
(120 mg/kg) and xylazine (12 mg/kg) and underwent renal IRI, as
described (7). Bilateral renal IRI was performed through flank inci-
sions by clamping the renal pedicles for 26 minutes. The clamps were
then removed and the wound sutured after restoration of blood flow
was visually observed. Sham-operated mice underwent the same pro-
cedure except that the renal pedicles were not clamped. For splenec-
tomy, mice were anesthetized with an i.p. injection of ketamine (120
mg/kg), xylazine (12 mg/kg), and atropine (0.324 mg/kg). The splenic
vasculature was then ligated and the spleen removed through a small
flank incision. Sham-operated mice underwent the same procedure,
with the exception of splenic artery ligation and removal of the spleen.
Sham-operated and splenectomized mice were allowed to recover for
7 days prior to IRI studies. Mice received buprenorphine (0.15 mg/kg)
as a postoperative analgesic for both IRI and splenectomy.

LPS studies. A series of preliminary experiments was conducted
to ascertain that our VNS parameters triggered the antiinflammatory
reflex as expected by determining whether VNS reduced LPS-induced
TNF release in vivo (26). Four days before the experiment, C57BL/6]
male mice (n = 12) were anesthetized with a mixture of ketamine (120
mg/kg) and xylazine (12 mg/kg) given i.p., and we inserted an implant-
able and programmable microinfusion pump system (iPRECIO Micro
Infusion Pump System, SMP-300, a gift from Primetech Corp.). Just
before the implantation of the microinfusion pump, we programmed
the infusion start time, infusion end time, and infusion rate using the
provided software (iPRECIO IMS-300 management software, Prime-
tech Corp.). The catheter part of the microinfusion pump was inserted
into the left external jugular vein via a midcervical incision. The main
body of the microinfusion pump was implanted s.c. in the lumbar
region. Ampicillin (125 mg/kg) and ketoprofen (4 mg/kg) were inject-
ed i.m. after closing the incision. During the recovery period, normal
saline was continuously infused at the rate of 1 ul/h for 4 days.

One day before LPS infusion, mice were anesthetized (ketamine [120
mg/kg] and xylazine [12 mg/kg]) and the left cervical vagus nerve (uncut)
was electrically stimulated (50 pA, 5 Hz, 1 ms) for 10 minutes as described
above. At the infusion start time, normal saline in the microinfusion pump
was changed to the LPS solution (10 pg/ml) under isoflurane anesthesia.
LPS was infused at the rate of 10 pl/h for 3 hours. At the end of infusion,
mice were anesthetized (ketamine [120 mg/kg] and xylazine [12 mg/kg])
and blood was collected from the periorbital sinus. Plasma TNF-a was
measured with a commercially available ELISA kit (Affymetrix).

Adoptive transfer studies. Spleens were harvested from VNS or
sham-treated animals 24 hours after treatment. Single-cell suspen-
sions were generated by passing whole spleen through 40-um filters
into PBS. The cell pellet was collected by centrifugation (500 g for 5
minutes) and then treated with red blood cell lysis buffer (BioLegend)
for 3 minutes according to the manufacturer’s protocol, with some
modifications, as described here. After cell lysis, the samples were
centrifuged, the resulting cell pellet was diluted, and 1 x 10° or 1 x 10¢
cells were injected via tail vein 24 hours prior to IRIL.
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Plasma creatinine and stereological analysis of tissue morphology. Plas-
ma was prepared by centrifuging heparinized blood at 4,800 g for 5 min-
utes. Plasma creatinine (mg/dl) was determined by using an enzymatic
method, with minor modifications from the manufacturer’s protocol
(using twice the recommended volume of sample and standard and
a 2-fold serial dilution of the calibrator [standard] provided in the kit;
Diazyme Laboratories). We validated the enzymatic kit by comparing
with analysis of creatinine by liquid chromatography-mass spectrom-
etry (LC-MS) performed at the George F. O’Brien Center (University of
Alabama, Birmingham, Alabama, USA). As depicted in Supplemental
Figure 6, a very strong correlation between HPLC and the enzymatic
method was confirmed, as shown previously by others (54).

Kidneys were dissected and the capsule removed. A center trans-
verse section was cut and placed in 4% PLP (4% paraformaldehyde,
1.4% DL-lysine, 0.2% sodium periodate in 0.1 M sodium phosphate
buffer, pH 7.4) for 24 hours and then stored in 70% EtOH until par-
affin embedding (UVA Research Histology Core). Paraffin sections (5
pm) were cut and stained with H&E. The sections were viewed by light
microscopy (Zeiss Axiolmager Z1/Apotome microscope, Carl Zeiss
Microscopy). Photographs were taken with an AxioCam MRc camera
(Zeiss), and brightness/contrast and white balance adjustments were
made using Stereolnvestigator software (MBF Bioscience).

The extent of ATN was assessed in an unbiased, systematic man-
ner using design-based stereology to achieve statistically accurate
random sampling of kidney sections, yielding the percentage of total
area of the section occupied by injured tubules. The investigator was
blinded to the experimental identity of the sections. Sections were
imaged by using a Zeiss Axio Imager Z1/Apotome Microscope fitted
with motorized focus drives and motorized XYZ microscope stage
and integrated to a work station running Stereo Investigator software
(MBF Bioscience). The area fraction fractionator probe was used for
stereological analysis of the fractional area of the section occupied
by tubular necrosis or interstitial fibrosis. The following parameters
were defined: counting frame, 400 x 400 pm; sample grid, 800 x 800
pm; grid spacing, 85 pm. These values were determined empirically
such that adequate numbers of sample sites were visited and adequate
numbers of markers (indicating injured tubules) were acquired, in
keeping with accepted counting rules for stereology. Injured tubules
were identified based on the presence of cast formation, tubule dila-
tion, and /or tubular epithelial denucleation. A total of 258 + 6.4 (mean
* SEM) grid sites were evaluated per section.

Real-time PCR and cytokine analysis. Renal mRNA was isolated
by following the ethanol-precipitation method, and RNA concen-
tration was determined based on spectrophometric determination
of a 260/280 ratio. For RNA isolation from 5,000 flow-sorted mac-
rophages/monocytes, RNeasy Mini Kit (QIAGEN) was used. cDNA
was generated from the resultant tissue RNA using the iScript cDNA
Synthesis Kit (Bio-Rad) as described by the manufacturer. Resultant
c¢DNA was then used to determine relative mRNA expression of vari-
ous genes using the iTAC Universal SYBR Green Supermix (Bio-Rad).
Clustering was performed using Cluster 3.0 (55), and a heat map was
created with Java TreeView 1.1 (56). Primer sequences are shown in
Supplemental Table 1.

A panel of serum cytokines and chemokines was assessed using
Mouse Cytokine/Chemokine Magnetic Bead Multiplex Assay (Milli-
pore) as described by the manufacturer. The panel included a total of
32 cytokines: CSF3, CCL11, CSF2, IFN-y, IL-1a, IL-1b, IL-2, IL-4, IL-3,
Volume 126 Number 5
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IL-5, IL-6, IL-7, IL-9, IL-10, IL-12b, IL-12p70, LIF, IL-13, CXCL5, IL-15,
IL-17a, CXCL10, CXCL1, CCL2, CCL3, CCL4, CSF1, CXCL2, CXCL9,
CCL5, VEGFa, and TNF. Plasma samples were analyzed as recom-
mended by the manufacturer using a Luminex IS 100 system (UVA
Flow Cytometry Core Facility). Plasma TNF concentration was mea-
sured using the mouse TNF-o ELISA Ready-SET-Go kit (Affymetrix)
as described by the manufacturer. ELx 405 (BioTek Instruments) was
used as an ELISA plate washer. Synergy HTX (BioTek Instruments)
was used as an ELISA plate reader.

Kidney tissue digestion and FACS analysis of leukocytes. Kidney sus-
pensions were prepared from mice subjected to IRI or sham operation
with or without prior VNS. Kidneys were weighed, minced, and incu-
bated with collagenase (Liberase TM, 10 pg/ml; Sigma-Aldrich) and
DNAsel in cold RPMI buffer with penicillin/streptomycin, L-gluta-
mine, 10% FCS, and HEPES (pH7.4, 25 mM) for 40 minutes at 37°C.
The digested kidney tissue suspension was teased through a 53-um and
35-um cell strainer (Endecotts Ltd.) via the rubber end of a 5-ml syringe
plunger and then centrifuged at 500 g for 8 minutes at 4°C. Red blood
cell lysis buffer (5 ml) was added to the cell pellet; after disrupting the
pellet, the cells were incubated for 3 minutes at room temperature, and
10 ml cold PBS was added to stop the reaction. The cells were centri-
fuged again, the supernatant was discarded, and the cells were resus-
pended with 0.5% BSA in PBS containing 0.1% sodium azide (Sigma-
Aldrich). After blocking nonspecific Fc binding with anti-mouse
CD16/32 (2.4G2), fresh kidney suspensions were incubated with the
following antibodies: anti-mouse CD45-APC-Alexa Fluor 780 (30-F11,
Affymetrix), CD11b-FITC (M1/70, Affymetrix), Ly6C-Brilliant Violet
421 (HK1.4, BioLegend), Ly6G-Brilliant Violet 510 (1A8, BioLegend),
MHC class II [IA]-Alexa Fluor 647 (M5/114.15.2, BioLegend), CD11c-
PE/Cy7 (N418, BioLegend) and F4/80-PE (BMS, BioLegend). 7-AAD
(Thermo Fisher Scientific) was used to exclude dead cells.

Counting Beads (CountBright Absolute Counting Beads, Thermo
Fisher Scientific) were used to calculate the cell number (g kidney)
as follows: CD45 cell absolute count (¢! kidney) = (events of CD45
cells counted/total number of beads counted x input bead number) /g
kidney. The leukocyte subset cell number (g kidney) was multiplied
by the CD45 cell number and by the percentage of the subset. For
compensation, compensation beads (UltraComp eBeads, Affymetrix)
were used. Flow cytometry data were acquired on a BD FACSCalibur
(BD Biosciences) with Cytek 8 Color Flow Cytometry Upgrade (Cytek
Development Inc.) and analyzed by Flow]Jo software 10.0 (Tree Star
Inc.). Flow cytometry sorting with BD Influx (BD Biosciences) was
performed to isolate macrophages/monocytes from the kidney, which
yielded a population with 98.5% purity (post-sort purity). The purity
shows the percentage of macrophage/monocyte population among
live cells (7AAD negative) after eliminating debris based on FSC.

Renal nerve denervation. Renal nerve denervation on both sides
was performed under anesthesia (ketamine [120 mg/kg] and xyla-
zine [12 mg/kg]). Depth of anesthesia was assessed by absence of
the corneal and hind-paw withdrawal reflex. Additional anesthetic
was administered as necessary (10% of the original dose, i.p.). Body
temperature was maintained at 37.2 + 0.5°C with a servo-controlled
temperature pad (TC-1000; CWE Inc.). To perform renal nerve dener-
vation, the postganglionic sympathetic nerve was identified through a
left-flank incision. Renal nerve denervation was conducted by appli-
cation of 10% phenol in ethanol to the renal sympathetic nerve. After
application of phenol, the denervation site was washed by 0.9% NaCl
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solution. Mice received ketoprofen (4 mg/kg) as a postoperative anal-
gesic and ampicillin (125 mg/kg) immediately after surgery. Denerva-
tion was confirmed by measuring kidney content of NE. Kidneys were
removed 7 days after denervation and were snap-frozen in liquid nitro-
gen. Tissue was spiked with internal standard and extracted, and NE
was measured by HPLC with electrochemical detection (in the labo-
ratory of John Elsworth, Department of Psychiatry, Yale University
School of Medicine, New Haven, Connecticut, USA).

Statistics. Data were analyzed using 1-way or 2-way ANOVA and
Student’s ¢ test (2-tailed) for experiments with only 2 subgroups, with
a significant difference defined as P < 0.05. Repeated experiments
were analyzed as a randomized complete block design. Means were
compared by post hoc multiple-comparison test (Tukey’s), and all val-
ues are presented as mean + SEM and as individual values in dot plots.
Sham treatment data are included only for reference in Figures 6, 7,
and 9 and Table 1. All the analyses were performed with SPSS version
22 (IBM) or GraphPad Prism version 6 (GraphPad Software).

Study approval. All animals were handled and procedures were per-
formed in adherence to the NIH Guide for the Care and Use of Laboratory
Animals (8th ed. National Academies Press. 2011.). All protocols were
approved by the UVA Institutional Animal Care and Use Committee.
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