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Abstract

Rationale—Renal inflammation contributes to the pathophysiology of hypertension. CD161a+
immune cells are dominant in the Spontaneously Hypertensive Rat (SHR) and expand in response
to nicotinic cholinergic activation.

Objective—We aimed to phenotype CD161a+ immune cells in pre-hypertensive SHR following
cholinergic activation with nicotine, and determine if these cells are involved in renal
inflammation and the development of hypertension.

Methods and Results—Studies utilized young SHR and Wistar Kyoto (WKY) rats.
Splenocytes and bone marrow cells were exposed to nicotine ex-vivo and nicotine was infused in-
vivo. Blood pressures, kidney, serum, and urine were obtained. Flow cytometry, Luminex/ELISA,
immunohistochemistry, confocal microscopy, and Western blot were used. Nicotinic cholinergic
activation induced proliferation of CD161a+/CD68+ macrophages in SHR-derived splenocytes,
their renal infiltration, and premature hypertension in SHR. These changes were associated with
increased renal expression of monocyte-chemoattractant-protein-1 (MCP-1) and very-late-
antigen-4 (VLA-4). Lectin-Like-Transcript 1 (LLT1), the ligand for CD161a, was overexpressed in
SHR kidney, while vascular cellular (VCAM-1) and intracellular adhesion molecules (ICAM-1)
were similar to WKY. Inflammatory cytokines were elevated in SHR kidney and urine following
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nicotine infusion. Nicotine mediated renal macrophage infiltration/inflammation was enhanced in
denervated kidneys, not explained by angiotensin-II levels or expression of angiotensin type-1/2
receptors. Moreover, expression of the anti-inflammatory a.7-nicotinic-acetylcholine receptor was
similar in young SHR and WKY.

Conclusions—A novel, inherited nicotinic cholinergic inflammatory effect exists in young
SHR, measured by expansion of CD161a+/CD68+ macrophages. This leads to renal inflammation
and premature hypertension, which may be partially explained by increased renal expression of
LLT-1, MCP-1, and VLA-4.
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INTRODUCTION

Hypertension is a multifaceted disease with many contributing factors. These factors can be
categorized into renal, neural, vascular, and immune mechanisms. Classically, elevated
sympathetic activity has been thought to contribute to the development of hypertension via
direct vascular effects, activation of the renin-angiotensin-system (RAS), and increased
sodium retention1=3. Likewise, inflammatory mechanisms play a role in the development of
hypertension 4. Angiotensin 11’s (Ang 11) pro-inflammatory effects were believed to be
sufficient to explain the inflammation that accompanies the development of hypertension®=7.

The concept of an anatomic and physiologic interaction between the nervous and immune
systems has been documented®°. A major advance in the field was the discovery of the
“cholinergic anti-inflammatory reflex”, which demonstrated that vagal stimulation and
cholinergic stimulation with nicotine could suppress the immune response in animal models
of sepsis, translating to a mortality benefit!®. The immunosuppressive effects of nicotinic
cholinergic activation were found to be mediated by the alpha7 nicotinic acetylcholine
receptor (a 7-nAChR)1L. Interestingly, nicotinic receptors have also been shown to trigger
inflammation 12, Our lab has previously shown that cholinergic activation of splenocytes
derived from normotensive WKY rats was anti-inflammatory whereas activation of
splenocytes from pre-hypertensive SHR with nicotine led to an abnormally exaggerated
innate inflammatory immune response to TLR activation, as measured by increases in both
IL-6 and IL-1B 13. The anti-inflammatory effect in the WKY was blocked by a—
bungarotoxin, a blocker of a7-nAChR. Thus, nicotinic cholinergic activation can induce
“anti-inflammatory” or “inflammatory” pathways. An imbalance in these pathways could tilt
the balance towards excessive inflammation.

There was also an abnormal prevalence and expansion of a CD161a+ immune cell in the
splenocytes of young pre-hypertensive SHR, but not the WKY 13, These results suggested
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that nicotine’s abnormal and paradoxical pro-inflammatory modulation of the CD161a+
immune cell may play a role in the development of hypertension in the SHR.

CD161a was first identified as a marker in human natural killer (NK) cells 14, a member of
the lectin-like receptor subfamily B, member 1 (NKR-P1a). It is a type Il transmembrane C-
type lectin that is a member of the NKR-P1 family. CD161a is present as a homodimer and
can also be detected on antigen presenting cells (APCs; dendritic cells and monocytes/
macrophages) and effector immune cells (natural killer and some T-cells) 15, Lectin-Like-
Transcript-1 (LLT1), another member of the family, was recently, identified as a ligand for
CD161a. This interaction may play a key role in immunomodulatory functions of Th17
cells, as well as NK and NK T-cells!6. Given that monocytes/macrophages are known to
play an inflammatory role in cardiovascular disease and CD161a+/CD68+ monocytes also
play a role in renal transplant rejection we hypothesized that the expanded CD161a+
immune cell population with nicotine consists of activated monocytes/macrophages and is
involved in renal inflammation in the SHR 1517,

The aims of the present study were to 1) characterize the phenotype of CD161a immune
cells in the pre-hypertensive SHR, 2) test the hypothesis that they are prevalent in the bone
marrow of SHR, thus defining their genetic hematopoietic origin, 3) determine whether
nicotinic cholinergic activation expands that population selectively in the SHR and provokes
its renal infiltration, thus contributing an inflammatory renal component to the hypertensive
state of the young prehypertensive SHR. We then tested the dependence of renal migration
of immune cells with nicotine on renal innervation, angiotensin Il and nicotinic cholinergic
receptors and defined molecular determinants of this migration and renal inflammation.

METHODS

Animals

Please see Online Supplemental Materials for detailed “Materials and Methods.

Male Wistar Kyoto (WKY) and Spontaneous Hypertensive Rats (SHR) [Charles River
Laboratories] were used at 3-5 weeks of age. Blood pressures were measured approximately
twice per week via tail-cuff.

Splenocyte and bone marrow isolation and culture

Splenocytes and bone marrow (BM) cells were isolated, washed, and re-suspended in plain
or complete RPMI (10% heat-inactivated fetal bovine serum, 0.1mM non-essential amino
acids, 0.1 mM sodium pyruvate, 10 mM Hepes buffer, 100 pg penicillin/streptomycin,
0.2mM glutamine). Cultures were maintained for 48 hours in the presence or absence of
nicotine (10uM).

In vivo studies

Subcutaneous (SC) osmotic pumps (Alzet model #2001D or 2002) were implanted in rats
anesthetized under isoflurane and rats were infused with either saline or nicotine bitartrate
salt (15 mg/kg/day) for 24 hours or 2 weeks. Nicotine bitartrate salt (nicotine) at the current
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dose is equivalent to approximately 4mg/kg/day of nicotine basel8. Tissues, splenocytes,
bone marrow cells, serum and urine were collected for further analysis. Cells were analyzed
with flow cytometry, tissues with immunohistochemistry/immunofluorescence, and Luminex
assays were used to assess serum, urine, and renal homogenates.

Flow cytometry

Splenocytes and BM cells were stained with monoclonal antibodies against rat CD3, CD68
(ED1) CD103, or CD161a. For each acquisition, a minimum of 100,000 events were
recorded. Cellular debris and necrotic/non-viable cells were excluded by gating.

Immunohistochemistry and immunofluorescence

CD68 immunohistochemistry was performed similar to previous work 1°.
Immunofluorescence was conducted on air dried freshly frozen tissue sections. Sections
were exposed to mouse anti-rat CD68 and anti-mouse Alexa fluor 555-labeled antibody was
used for secondary detection. Tissue sections were exposed to mouse anti-rat CD161a-FITC
monoclonal antibody.

Cytokines, markers of renal inflammation, Norepinephrine, and Ang Il

Serum, renal tissue homogenate, and urine were obtained. Renal tissues were homogenized.
Using a Luminex assay, serum, renal homogenate, and urine were tested for the presence of
inflammatory cytokines (Bio-Rad, catalog# 171k1001m) and/or markers of renal damage
(Bio-Rad, catalog# LRK000). Serum and renal homogenates were assessed for Ang Il by
ELISA (Enzo Lifesciences, catalog #25-0736). Norepinephrine was assessed in renal
homogenates by competitive binding ELISA (Eagle Biosciences, catalog# NOU39-K010).
Kits were used according to manufacturer instructions.

Western blot

Spleen and kidney tissues were homogenized using a RIPA buffer (Abcam, catalog#156034)
and protein concentrations determined using a bicinchoninic protein assay (Pierce). SDS-
PAGE electrophoresis was conducted with 4-20% gradient polyacrylamide gels. Membranes
were exposed to antibodies targeted against GAPDH, Very-Late Antigen -4 (VLA-4),
Vascular Cell Adhesion Molecule-1 (VCAM-1), LLT1, Monocyte Chemoattractant Protein-1
(MCP-1), Intercellular Adhesion Molecule-1 (ICAM-1), a7nAChR, Angiotensin Il receptor-
Type 1 (AT1R), and Angiotensin Il receptor-Type 2 (AT2R). Signal detection was
accomplished using Amersham™ECL ™Prime Western Blotting Detection Reagent (GE
Lifesciences, product # RPN2236).

Unilateral renal denervation

Animals were anesthetized with isoflurane and provided analgesia. The left and right renal
arteries were directly visualized through a flank incision. Mechanical disruption of the left
renal nerve/renal adventitia was completed along with painting of the renal artery with 20%
phenol solution.
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Nicotinic and angiotensin receptor expression

Statistics

RESULTS

Western blot was conducted on spleen and kidney tissue for a7nAChR and kidney tissue for
AT1R and AT2R as described above.

When comparing WKY and SHR directly, two-way ANOVA was used in comparing the
effects of nicotine treatment between the two strains. Unpaired t-test was used when
comparing effects of treatments within a single-strain, and blood-pressure was compared
using two-way ANOVA with repeated measures. P<0.05 was considered significant.

Prevalence of CD161a+ immune cells in splenocytes and bone marrow of pre-hypertensive
SHR and their expansion in vivo with nicotinic cholinergic activation

CD161a+ immune cells are significantly more prevalent in, both, the BM (p <0.001) and
splenocytes (p<0.001) of the young SHR, compared to the age-matched WKY controls
(Figures 1 and 2). Results were obtained gating on CD3- cells to remove the contribution of
T-cells, which comprised less than 1% of the total CD161a+ immune cell population and
dendritic cells (CD103+) which were less than 0.2% of the total cells. In vivo, over a 2 week
period of infusion of nicotine there was significant expansion of CD161a+ immune cells in
both the BM and spleen of SHR and the increases with nicotine were significantly greater in
the spleen than in the BM (Figure 2). Corresponding increase with either saline or nicotine
in the age-matched WKY were negligible and never exceeded 2%.

Ex-vivo nicotinic cholinergic expansion of CD161a+/CD68+ macrophages in
prehypertensive SHR

The majority (85-95%) of immune cells in both the BM and spleen of young (3-5 week old)
WKY and SHR are CD161a- and CD68- (Figure 3) (upper panels). The exposure of these
cells in culture for 48 hours to nicotine resulted in two major phenotypic changes. The first
was the acquisition of the CD68 macrophage marker by nearly 50% of splenocytes and BM
cells of both, WKY and SHR, while remaining CD161a-. The phenotype of this large
CD161a—-/CD68+ macrophage population is unclear functionally.

The second and, we believe, more meaningful pro-inflammatory effect of nicotine was the
acquisition of both CD161a and CD68 markers by approximately 10% of BM cells from
both WKY and SHR and by 10% of SHR, but not WKY, derived splenocytes (Figure 3,
lower panels). Thus, ex-vivo nicotine exerts a pro-inflammatory response with increased
CD161a+/CD68+ macrophages in the central (i.e. BM) immune compartment of both the
SHR and WKY; however, the change that is unique to the SHR is the expansion of the
CD161a+/CD68+ macrophage subpopulation only in the peripheral immune compartment
(i.e. splenocytes) of the SHR. The ex-vivo effect of nicotine on BM cells of WKY was not
observed in vivo. However, the pronounced ex-vivo effect on SHR splenocytes was
prominent in vivo with significantly larger increases than seen in the BM, particularly after
nicotine (Figure 2).
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Nicotinic cholinergic activation induces renal infiltration of CD161a+/CD68+ macrophages
in pre-hypertensive SHR as early as 24 hours

Given the ability of nicotine to induce expansion of the CD161a+/CD68+ macrophages
selectively in young-SHR splenocytes, we asked whether the in vivo administration of
nicotine induced renal infiltration of the CD161a+/CD68+ macrophages in the young SHR.
Following 24 hours of subcutaneous administration of nicotine (15mg/kg/day), there was an
increase in the number of CD68+ macrophages within the renal cortex and corticomedullary
junction of the young SHR that was not seen in the age-matched WKY controls (Figure 4A)
(p<0.001). Co-localization of CD161a with CD68 could also be seen in macrophages
infiltrating the renal medulla (Figure 4B). Blood pressure measurement after nicotine
infusion for 24 hours showed no increase in either the young WKY or SHR, compared to
saline controls (Figure 4A).

Nicotine infusion for 2 weeks induces premature hypertension and continued infiltration of
CD161a+/68+ macrophages into the renal medulla in young SHR

Nicotine infusion for 2 weeks significantly raised the systolic blood pressure (SBP) in young
SHR from 124 + 3 mmHg to 154 £ 3mmHg (p < 0.003, n=10), while no significant increase
in SBP was noted in the saline infused SHR (n=10) (Figure 5A). Interestingly, the rise in
pressure noted in nicotine-infused young SHR occurred into the second week of infusion,
following a 3-5 day “lag period”. In contrast, nicotine infusion had no effect on the SBP of
the WKY (Figure 5A). The induction of premature hypertension in response to nicotine
infusion in vivo for 2 weeks correlated with a continued infiltration of CD68+ macrophages
in the renal cortex and corticomedullary junction of young pre-hypertensive SHR compared
to age-matched WKY controls (Figure 5B). Confocal microscopy confirmed continued
increase in infiltration of CD161a+/CD68+ macrophages into the SHR renal medulla (Figure
5C). The presence of CD3+ T-cells was negligible in the renal cortex or medulla (data not
shown).

Renal inflammation with nicotinic cholinergic activation in SHR

Following infusion of nicotine for 2 weeks, there were significant elevations of MCP-1,
IL-18, and IFN-gamma in the kidney in young SHR, compared with saline (Figure 6A-C).
We also noted a significant increase in renal homogenates of 1L-17a of saline and nicotine
infused SHR, compared to WKY controls (Figure 6D). Urinary levels of MCP-1, IL-18, and
IFN-y paralleled levels in renal homogenates (Figures 6E&F). Serum levels of osteopontin
(OPN) (p<0.03) and clusterin (p<0.001), well documented markers of renal cellular
damage?0, were also significantly elevated in SHR (Figure 6G and 6H, respectively).

The presence of renal inflammation and systemic activation of adaptive immune responses is
supported by significantly elevated urinary cytokines, including Regulated on Activation-
Normal T-Cell Expressed and Secreted (RANTES) (Online Figures I, 11, and I11). Thus,
nicotine mediated renal inflammation was pronounced with increased infiltration of the
CD161a+/CD68+ inflammatory macrophages in the young pre-hypertensive SHR renal
medulla.
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Mediators of renal macrophage migration

Although nicotine mediated renal macrophage infiltration leads to renal damage, it was not
clear why the CD161a+/CD68+ immune cells hone to the kidney. Based on reports that
nicotine led to enhanced vascular-cell-adhesion-molecule-1 (VCAM-1) and intracellular-
adhesion-molecule (ICAM-1) expression 2122 and the fact that CD161a+ is a receptor for
lectin-like-transcript 1 (LLT1), it was important to ask whether nicotine increased expression
of these immune cell adhesion molecules in the kidney of young SHR. There was no
increase in VCAM-1 or ICAM-1 expression by Western blot in renal homogenates of young
nicotine infused SHR or WKY, compared to saline infusion (Figure 7A &6B). However,
there was an increase in the expression of very-late-antigen-4 (VLA-4, the immune cell
ligand for VCAM-1) in renal homogenates of nicotine infused SHR (Figure 7C) (p< 0.05).
LLT1 expression was significantly increased in renal homogenates of saline infused SHR,
compared to WKY (p<0.03) (Figure 7B) and there was no further increase in LLT1
expression in nicotine infused SHR, compared to saline infusion.

Renal denervation enhances nicotine-mediated renal macrophage infiltration

Nicotine can increase central sympathetic outflow and increased renal sympathetic nerve
activity has been reported to possibly play a role in renal inflammation?3:24, Based on this,
we asked whether renal sympathetic innervation played a role in nicotine-mediated renal
macrophage infiltration. Denervated kidneys in young (3-5 week) SHR actually
demonstrated an approximately 35% increase in macrophage infiltration following 24 hours
of nicotine infusion, compared to the sham-treated contralateral kidneys in the same animal
(Figure 8) (p<0.001). Adequate renal denervation was confirmed by norepinephrine (NE)
analysis, which demonstrated an approximately 65% decrease in NE in the denervated
kidney (Figure 8) (p<0.001).

Nicotine does not induce changes in Angiotensin Il or Angiotensin receptors

Levels of angiotensin Il (Ang Il) and angiotensin AT1 and AT2 receptors were assessed in
serum and kidneys of saline and nicotine infused SHR. There was no increase in Ang Il
levels in the serum or Kidney of nicotine infused SHR, compared to saline controls (Online
Figure IV). However, circulating levels of Ang Il were elevated in SHR when compared to
age-matched WKY controls (Online Figure 1V) (p<.001). There was also no difference in
expression of the AT1R or AT2R in the kidneys of nicotine infused SHR, compared to saline
controls.

a7-nAChR expression does not differ in spleen or kidney of young SHR

a7-nAChR has been documented to mediate an anti-inflammatory effect in various models.
Although no difference was noted in a.7-nAChR expression in young pre-hypertensive SHR,
a7-nAChR expression was decreased in 40 week old hypertensive SHR. As a result, we
analyzed the expression of a7-nAChR in the spleen and kidney of young pre-hypertensive
SHR to determine if decreased expression of this receptor may explain the increased
inflammation we find in the SHR in response to nicotinic cholinergic activation. Consistent
with previously reported findings2®, we found no difference in the expression of a7-nAChR
in the spleen of 3—4 week old SHR when compared to age-matched WKY controls (Online
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Figure V-A). There was also no difference in the expression of a7-nAChR in the renal
homogenates of young SHR, compared to WKY (Online Figure V-A). Chronic nicotine
infusion also had no effect on the expression of a7-nAChR in the young pre-hypertensive
SHR or age-matched WKY (Online Figure V-B). Thus, a reduced expression of a7-nAChR
may not explain the pro-inflammatory and pro-hypertensive effect of nicotinic cholinergic
activation in the young SHR. It might, however, sustain the elevated blood pressure once
hypertension has developed.

DISCUSSION

The central finding of the current study is that an abnormal population of CD161a+ immune
cells harbors a significant pro-inflammatory sensitivity to nicotinic cholinergic activation.
This is evidenced by activation and expansion of a CD161a+/CD68+ monocyte/macrophage
population in vitro and in vivo, renal infiltration of these macrophages, and the development
of hypertension prematurely in young SHR. These CD161a+ immune cells are prevalent in
the bone marrow and spleen of the pre-hypertensive SHR, suggesting a genetic/
hematopoietic abnormality is responsible for this abnormal inflammation. Increased
expression of LLT1 (the specific ligand for CD161a), MCP-1, and VLA-4 explain the
increased renal infiltration of these CD161a+/CD68+ macrophages, and the presence of
increased renal inflammation. We found no evidence that Ang Il, AT1R and AT2R, and a7-
nAChR were altered during nicotinic cholinergic activation and, thus, would not explain the
proinflammatory response in SHR. Nor did renal denervation reduce the renal macrophage
infiltration during the nicotinic cholinergic stimulation in SHR.

The evidence that nicotinic cholinergic activation may induce the development of
hypertension in normotensive individuals or in wild-type animal models used as
normotensive controls has been debatable2%:27, On the other hand, pre-hypertensive SHR
have been shown to develop premature hypertension 26:28 and oxidative stress following
chronic nicotine administration 26. Our results are consistent with studies demonstrating
nicotine mediated premature development of hypertension and extend the findings of
previous studies by demonstrating a cholinergic mediated pro-inflammatory mechanism that
appears to contribute to hypertension in this model.

Cholinergic influence on the immune system

When the “Cholinergic Anti-inflammatory Reflex”” was discovered, the proposed
mechanistic explanation was elusive given the presumed lack of parasympathetic nerve
fibers into the spleen. However, it was later shown that vagal stimulation indirectly triggered
the release of acetylcholine from post-synaptic splenic T-cells that were activated by
norepinephrine at the nerve terminals of the splenic nerve2®. These studies advanced our
understanding of mechanisms that underlie the neural regulation of immune responses —
combining direct innervation and indirect regulation via paracrine secretion of acetylcholine.
Essential to understanding the complexity of the ‘neuro-immuno’ axis is the concept of the
neuronal and non-neuronal cholinergic influence on the immune system. The current work
demonstrates that the cholinergic influence is through nicotinic cholinergic receptor
activation of immune cells and, being ex vivo, can be characterized as non-neuronal. It is
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likely, as demonstrated in this manuscript, that a combination of direct and indirect neural
influences on immune cells are operating to define immune responses.

Anti- and pro-inflammatory effects of nicotinic cholinergic activation

The relationship of nicotine with the immune system is dual faceted. In both mice and rats,
nicotine has been described as having anti-inflammatory properties3. Other reports have
documented nicotine’s ability to mediate pro-inflammatory effects at a range of
doses11:13:31 The nature of the response to nicotine does not appear to be dose-dependent,
but rather a reflection of the pathologic inflammatory state of the SHR. In vivo and in vitro
doses of nicotine bitartrate have anti-inflammatory effects in the WKY, confirming earlier
reports by other investigators 2 and our group 13, while the same doses simultaneously exert
a pro-inflammatory effect in the pre-hypertensive SHR, as manifested by the expansion of
the CD161a+/CD68+ macrophage. Interestingly, we noted ex-vivo expansion of CD161+/
CD68+ macrophages in bone marrow and splenocytes of young SHR but only in the bone
marrow of WKY in cultures with exposure to nicotine for 48 hours (Figure 3). The
possibility exists that, post-nataly, the very young WKY and SHR harbor a proinflammatory
potential unmasked by ex-vivo nicotine. This propensity may be selectively suppressed in
WKY, but not in SHR and fails to extend to the peripheral immune system over the 2-week
period during the in vivo nicotine infusion (Figure 2). During that time-span we noted the
CD68+ macrophages increased significantly in the kidneys of SHR but not WKY (Figure 5)
and the blood pressure of SHR increased prematurely in the prehypertensive phase; whereas,
the WKY remained normotensive (Figure 5). Alternatively, an anti-inflammatory
neurohumoral influence of nicotine infusion in vivo may be selectively effective in
suppressing the ex-vivo proliferation seen in WKY bone marrow, but not in SHR where the
neurohumoral influence may be conversely pro-inflammatory.

In our earlier study3, the anti-inflammatory effect of nicotine in WKY and its
proinflammatory effect in SHR were only seen in the inflammatory cytokine response
following activation of the innate immune response with TLRs, but nicotine alone had no
direct effect on secretion of cytokines ex vivo in WKY or SHR splenocytes. That study,
similar to those of Li et al and Borovikova et al, highlights the importance of the interaction
between the innate immune pathways and nicotinic cholinergic pathways.

Studies reporting the pro-hypertensive effects of nicotine selectively in young pre-
hypertensive SHR, using WKY as controls, have used subcutaneous nicotine pellets that
delivered higher concentrations of nicotine base (up to 25mg/kg/day) than the current
study 26:28, Moreover, higher doses of nicotine base showed selective induction of reactive
oxidation/inflammation and enhanced pressor response in SHR, and no inflammatory or
hemodynamic effects were seen in normotensive WKY 26, To the best of our knowledge,
this is the first report of nicotine inducing expansion of, both, the CD161a+/CD68+ and
CD161a-/CD68+ macrophage populations in the pre-hypertensive SHR. We conclude that,
although cholinergic stimulation has anti-inflammatory effects at the current doses of
nicotine in the normotensive WKY, there exists an abnormal cholinergic pro-inflammatory
effect in SHR.
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Role of nicotinic cholinergic receptors in immunomodulation

The anti-inflammatory effects of nicotine have been attributed to the activation of the a7-
nAChR 1! and, more recently, to the alpha-4/beta-2 nicotinic acetylcholine receptors32.
Hence, it is possible that differential reduction in the expression of anti-inflammatory
nicotinic receptors in the SHR vs. WKY could contribute to the inflammatory effects of
nicotine observed in SHR. a7-nAChR has been shown to be equally expressed by Western
blot in the splenocytes of young SHR, compared to age-matched WKY?25, but decreased
with advanced age and the development of hypertension?®. The decreased expression of a.7-
nAChR with the development of hypertension and advanced age may be more likely
sustaining hypertension than causing it. This is supported by the studies of Ferrari et al that
showed that decreased cell surface expression of a7-nAChR in hypertensive stroke prone
SHR (spSHR) was restored with normalization of blood pressure 33. Our current manuscript
is similar to Li et al, in that we confirm the comparable expression of a7-nAChR between
the young WKY and SHR, but we also show that nicotinic cholinergic activation induced the
development of premature hypertension and inflammatory changes without changing the
level of expression of the a7-nAChR in the kidney. Thus, the nicotinic cholinergic mediated
inflammatory response in the SHR cannot be explained on the basis of decreased expression
of the anti-inflammatory a7-nAChR.

The subunit composition of the pro-inflammatory nicotinic receptor in SHR will require
further studies. The challenge in using pharmacologic blockers is in the lack of specificity of
the blockers and the large number of subunits and their various heteromeric and homomeric
combinations that form a large number of different nicotinic receptors in various tissues
including the nervous system, skeletal muscle, and immune cells. In our previous work3,
we reported the effect of pharmacologic blockade with a-bungarotoxin, known to have a
greater affinity for a7-nAChR. In those experiments we had observed that nicotine
suppressed the IL-6 release from WKY splenocytes caused by TLR activation and
conversely enhanced significantly the IL-6 release from SHR splenocytes. Alpha-
bungarotoxin prevented the decline in IL-6 release in WKY and did not alter the enhanced
IL-6 release in SHR. Thus the anti-inflammatory response to nicotine was dependent on the
a7-nAChR, but the pro-inflammatory response was not.

Effect of activation or deletion of a7nAChR

The relationship between a7-nAChR expression and hypertension was tested in 2 other
experiments reported by Li et al (25). One was in a7-nAChR -/- mice rendered
hypertensive by clipping 1 renal artery. Within 8 weeks of surgery the magnitude of increase
in systolic blood pressure was similar in WT and a.7-nAChR -/~ despite an increase in
cytokine levels in the KO mice.

A second experiment was the use of PNU 282987 the agonist of a7 receptors in 40 week old
hypertensive SHR. The acute intravenous use of the agonist had no effect on arterial pressure
or heart rate nor did the chronic administration of PNU for 28 days. Although there was no
reduction in blood pressure there were decreases in several inflammatory cytokines and
significant attenuation of end-organ damage. Clearly a7-nAChR mediates an important anti-
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inflammatory influence and its absence exacerbates the end-organ damage by hypertension
without influencing the level of arterial pressure.

The functional significance of CD161a in the nicotinic cholinergic inflammation

CD161a is inflammatory and activation of this receptor has been shown to increase
inflammatory cytokine secretion 34. Our results support an early innate inflammatory role
for CD161a+ as a marker of inflammatory immune cells that mature into activated CD68+
macrophages and play a role in renal inflammation. CD3+ (T-cells) and CD103+ (dendritic
cells) immune cells comprised <1% and <2% of the total CD161a+ immune cells in the
SHR, respectively. Previous studies have identified a role for CD161a+ monocytes/
macrophages in renal allograft rejection 15, Our finding that CD161a+/CD68+ macrophages
infiltrate the renal parenchyma, suggests that there may be a possible autoimmune response
to the “self” kidney. This would be consistent with more recent reports of autoimmunity
playing a potential role in the development of hypertension3°-37, The elevated levels of
IL-17a in the kidney, urine, and serum in the present study support the possible presence of
an autoimmune process that may be marked by renal infiltration of these CD161a+/CD68+
macrophages in the early stages.

Mediators of renal inflammation

Renal inflammation is a known mechanism for the development of hypertension in a number
of experimental models of hypertension38-40. Data presented here shows an increase in the
renal levels of MCP-1, IL-18, and IFN-gamma. These are consistent with previous reports of
an increase in the levels of MCP-1 in the SHR, compared to the WKY 41, where MCP-1 is a
chemotactic factor for recruitment of CD68+ monocytes/macrophages. I1L-18 induces
production of IFN-gamma. The recruitment of monocytes and their differentiation into
macrophages under cholinergic influence may play a role in the induction or secretion of
IL-18 and IFN-gamma. As mentioned above, the significant elevation of IL-17a suggests
that the renal inflammation may represent an autoimmune process, such as nephritis.
Consistent with an autoimmune T-lymphocyte response, we found significant elevations of
RANTES in the urine, kidney, and serum, suggesting that the local innate immune response
in the kidney may be associated with activation of a systemic adaptive T-lymphocyte
response #2. Macrophage infiltration and the initiation of renal inflammation preceding the
development of hypertension is consistent with established models of nephrogenic
hypertension.

The role of adhesion molecules in renal inflammation

Despite the fact that expression of VCAM-1 and ICAM-1 have been noted to be increased in
the presence of nicotine in other studies*3; we found no increase in the renal expression of
these adhesion molecules in nicotine-infused SHR. Increased expression of MCP-1 and
LLT1, on the other hand, in the kidney of the young SHR, correlate with and may contribute
to the selective recruitment of CD161a+/CD68+ immune cells to the kidneys. The role of
these cells in the autoimmune reaction to the kidneys is supported by the increased
expression of VLA-4 (the ligand for VCAM-1), which plays a causative role in models of
nephritis®4°. Not only is the expression of VLA-4 (the ligand for VCAM-1) and VCAM-1
discordant in the current study, but blocking VLA-4 and not VCAM-1, abrogates renal
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inflammation in models of nephritis, suggesting a VCAM-1 independent mechanism for the
inflammation mediated by the presence of VLA-4 44,

Effects of sympathetic activity and Angiotensin Il

Despite the fact that nicotine is known to stimulate central and peripheral sympathetic
activity, including the adrenal medulla*®47, unilateral renal denervation failed to abrogate
the nicotine-mediated inflammation, but, rather, counterintuitively, exaggerated the
inflammation. Thus, the pro-inflammatory effects of nicotinic cholinergic activation that we
observed appear to result from autocrine/paracrine activation of nicotinic cholinergic
receptors on immune cells#8, First, the fact that ex-vivo exposure of splenocytes and bone
marrow cells to nicotine induced expansion and maturation of the CD161a+/CD68+
inflammatory macrophages independently of innervation argues against the involvement of a
neural circuit in the young SHR. Second, the dose of nicotine bitartrate (15mg/kg/day) used
was chosen to avoid induction of synthesis and release of adrenal catecholamines from the
adrenal medulla, based on previous studies®®. Third, immune cells are known to express
cholinergic receptors and the enzymatic proteins required for synthesis and secretion of
acetylcholine®. Fourth, previous reports failed to identify a cholinergic parasympathetic
innervation of the spleen®1, hence, paracrine/autocrine effects of cholinergic agents likely
play a role in immunomodulation of splenocytes in vivo 2°. Finally, since the activation of
the RAS pathway is known to activate sympathetic activity and Ang Il has been shown by
our group to induce pro-inflammatory immune responses!3, we looked at the expression of
Ang Il, AT1R, and AT2R and found no change in the Ang Il, AT1R, or AT2R expression in
SHR infused with nicotine, compared to those infused with saline.

Relevance to other models of hypertension

The current work is focused on the SHR because of the spontaneous and evolving nature of
the rise in pressure over time in this model and its genetic determination which parallel
human essential hypertension. The relevance to other models of hypertension is based on the
demonstration of an immunological process that involves renal inflammation. The role of the
immune system has been documented in various models of hypertension and increased renal
macrophage infiltration has also been shown in response to DOCA salt- and Angll-induced
hypertension in mice3%40, Hence there is precedence for a similar immunologic process in
other maodels of hypertension. The novel concepts that this model and this study helped us
define are 1) the inherent abnormality of the immune system which is an essential
component of the pathological state and 2) the proinflammatory contributions of activation
of nicotinic cholinergic receptors. Although the importance of drug-induced (Angiotensin or
DOCA) and renal or neural models of hypertension is unquestionable, our goal was to
investigate the cholinergic mediation of pro-inflammatory and pro-hypertensive effects in a
spontaneous genetic model of hypertension. Although a limitation of the SHR rat model is
the difficulty of genetic manipulation, we suggest that this mimics the paramount challenge
inherent to the complexity of human hypertension that we are trying to model, with its
multiple genetic and environmental components.
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Significance

The present study specifically identifies an inflammatory CD161a+/CD68+ macrophage
population that leads to renal inflammation and the development of hypertension. Where
other studies have also shown a hematopoietic basis for the development of hypertension in
the SHR model, we specifically identify immune cell mediators involved in this process. The
neurochormonal expansion of this immune cell population is a novel inflammatory
mechanism that implicates the “neuro-immuno axis” in the development of hypertension,
independent of autonomic innervation. This is the first study to document expansion of
CD161a-/CD68+ and CD161a+/CD68+ macrophages in response to activation of nicotinic
cholinergic receptors. The importance of this pro-inflammatory immune regulation in this
model of genetic hypertension is heightened by the simultaneous documentation of its
absence in the normotensive WKY control. These data implicate an abnormal cholinergic
proinflammatory immune response as a contributing mechanism to the development of renal
inflammation and an additional renal component to the genetic hypertension.

The current study also identifies LLT1 (the specific ligand for CD161a) as an important
chemotactic factor, along with MCP-1, in the renal parenchyma of the SHR for the selective
recruitment of CD161a+/CD68+ M1 phenotype macrophages. Finally, we implicate the
expression of VLA-4 as a mediator of the renal damage affected by the macrophages, similar
to other models of renal disease. Of additional interest is the lack of evidence that this
proinflammatory nicotinic cholinergic activation in SHR is influenced by Angll, AT1 or AT2
receptors, a7nAChR expression, or renal autonomic innervation.

It has become evident that there are several factors that contribute to the link between the
autonomic system, the immune system, and hypertension. These include: the dependence of
hypertension on, both, the adaptive and innate immune systems; the anti-inflammatory
cholinergic reflex noted with efferent vagal nerve stimulation and its mediation by the
a7nAChR; the increased sympathetic drive to the BM of SHR, which appears to activate the
microglial system in the PVN and induce hypertension; and the abnormalities intrinsic to the
immune cells in genetic hypertension that result in a proinflammatory proliferation and
migration of macrophages to the kidney upon nicotinic cholinergic activation. The
distinctive contribution of this work has focused on the last aspect of these interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is Known?

. Renal inflammation plays a role in the pathogenesis of essential
hypertension.

. Cholinergic stimulation of immune cells with nicotine exerts an anti-
inflammatory suppression of immune responses to toll-like receptor
(TLR) activation in normotensive Wistar Kyoto (WKY) rats.

. Paradoxically, cholinergic stimulation enhances the pro-inflammatory
cytokine response to TLR activation and expands an inflammatory
CD161a+ immune cell population in the pre-hypertensive
Spontaneously Hypertensive Rat (SHR).

What New Information Does This Article Contribute

. The expanding CD161a+ immune cell population in response to
cholinergic activation with nicotine in the pre-hypertensive SHR is
characterized as CD68+ macrophages, present in bone marrow, and
represents a novel inherited cholinergic abnormality of the innate
immune system in genetic hypertension.

. Migration of these CD161a+/CD68+ macrophages to the kidney in
response to nicotine is independent of renal innervation and associated
with enhanced renal cytokine expression and overexpression of the
specific ligand for CD161a, lectin-like transcript-1 (LLT1), as well as
the development of premature hypertension in the young SHR.

. The study documents the expansion of a pro-inflammatory cellular
immune response to nicotine in a model of genetic hypertension and
implicates an abnormal cholinergic mediation of renal inflammation as
a component of genetic hypertension.

The role of the immune system in the development of hypertension is becoming
increasingly more evident. Cholinergic regulation of the immune system is known to
exert an anti-inflammatory effect. Here we demonstrate and emphasize the importance of
the “neuro-immuno axis” as an inflammatory, as opposed to anti-inflammatory, force in
the development of genetic hypertension. We show that cholinergic stimulation of
splenocytes derived from young pre-hypertensive SHR leads to expansion and
differentiation of the inflammatory CD161a+ immune cells into CD161a+/CD68+
macrophages in vitro and in vivo. These inflammatory CD161a+/CD68+ macrophages
infiltrate the renal medulla, resulting in renal inflammation and the premature
development of hypertension. Identification of the specific ligands of CD161a and CD68
in the renal parenchyma of the SHR explains the migration of these cells to the kidney.
These findings highlight the inheritable abnormalities intrinsic to the innate immune
system in genetic hypertension that result in proliferation and migration of a unique
inflammatory subset of macrophages to the kidney upon nicotinic cholinergic activation.
Understanding the proinflammatory influence of cholinergic receptor activation on innate
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immune responses may represent an opportunity to explore novel therapeutic strategies to
treat hypertension.
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Figure 1. Spleen and Bone Marrow of Young Pre-Hypertensive SHR have a Prevalent CD161a+

Immune Cell population that is Primarily CD68-

Spleen and bone marrow cells were isolated from young (3-5 week old) WKY (n=7) and
SHR (n=7). Flow cytometry was performed on isolated cells for the presence of CD161a+
immune cells. Upper panel represents splenocytes and lower panel represents bone marrow
cells. CD161a+ immune cells in the spleen and bone marrow of the young SHR (red bars)
are compared to WKY (gray bars). Representative histogram plots are presented in the
panels to the right. Error bars represent standard error of the mean (SEM) and ***=

p<0.001.

Circ Res. Author manuscript; available in PMC 2017 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harwani et al.

WKY SHR
CD161a+ Immune Cells CD161a+ Immune Cells
25 Il Saline 25 p<0.01 Il Saline
I Nicotine I Nicotine
20
] s
S5 3
g. -3
& 2 &
B =®
1
0
Bone Marrow Spleen Bone Marrow Spleen
Bone Marrow
WKY Bone Marrow Saline WKY Bone Marrow Nicotine SHR Bone Marrow Saline SHR Bone Marrow Nicotine
2 I 2 s T H
H A Z h o M ' f
Ft £ [ 5 /\
. I = = A " g* ! L :
S8 7 & . 38 o
8 » o s ! !
: b r \ s
s o o i
>
CD161la CD161a
Splenocytes
. WK‘:VSpIeen Saline 5, WKY Spleen Nicotine SHR Spleen Saline SHR Spleen Nicotine
H] A 7 g 4
i \ d
F d 3# r " o ' » i
g ) % N H &8
H | .“ \ p g -
sl 7 g H s
R N ] s
> >
CD161a CD161la

Page 20

Figure 2. Nicotine Infusion for 2 Weeks Induces Expansion of CD161a+ Immune Cells in the

SHR In Vivo

Young (3—4 week old) WKY (n=12) and SHR (n=12) were implanted with osmotic pumps

infusing either saline (black bars, n=6) or nicotine (15mg/kg/day) (red bars, n=6) for 2

weeks (A). Cells were isolated from the spleens and bone marrow and flow cytometry was
performed to assess the presence of CD161a+ immune cells. Nicotine induced proliferation
of CD161a+ immune cells in vivo in the bone marrow of the SHR and WKY. The most
prominent increase was in splenocytes of SHR with nicotine. Results were compared using
two-way ANOVA. Error bars represent the standard error of the mean (SEM) and p-values

as indicated.
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Figure 3. Nicotine Selectively Induces Ex-vivo Expansion of CD68+ Macrophages in Splenocytes

of Young SHR

Splenocyte and bone marrow cells were isolated from 3-5 week old WKY (n=4) and SHR
(n=4) cultured in the presence or absence of nicotine for 48 hours and analyzed by flow
cytometry, staining for CD161a and CD68. Nicotine (orange bars) induces the proliferation
of CD161a+/CD68+ macrophages in young SHR derived splenocytes (Upper Panel) and
bone marrow cells (Lower Panels) of both WKY and SHR. Representative histogram plots
are presented in the panels to the right. Results were compared using two-way ANOVA.

Error bars represent standard error of the mean (SEM) and ***= p<0.001.
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Figure 4. 24 Hour Nicotine Infusion in vivo Induces CD161a+/CD68+ Macrophage Infiltration in

Renal Medulla

Young (3-5 week old) WKY (n=6) and SHR (n=6) were implanted with osmotic pumps
infusing either saline (n=3, each strain) or nicotine (15mg/kg/day) (n=3, each strain) for 24
hours. (A) In vivo cholinergic activation with subcutaneous nicotine (orange bars) induces
expansion/infiltration of CD68+ macrophages in the renal cortex/corticomedullary junction
(black and orange arrows) in the pre-hypertensive SHR, but not WKY, compared to saline
infusion (grey bars). Systolic blood pressure (SBP) of each corresponding group is listed
under bar graphs and shows that there were no significant differences in (SBP) between
groups. (B) Confocal images of two cells in the renal medulla showing co-localization of
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CD161a and CD68. Images shown are 63x (40x images are shown in Figure 5C)
demonstrate co-localization of CD161 and CD68. Error bars represent standard error of the
mean (SEM). *** = p<0.001, based on two-way ANOVA.
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Figure 5. 2 Week Nicotine Infusion Induces Pre-mature Development of Hypertension in Pre-
Hypertensive SHR and Persistent Increase in Renal Medulla CD161a+/CD68+ Macrophage

Infiltration

Young (3—4 week old) WKY and SHR were implanted with osmotic pumps infusing either
saline (dashed-lines, n=10, each strain) or nicotine (15mg/kg/day) (solid-lines, n=10, each
strain). Blood pressure was monitored by tail-cuff over the course of 2 weeks (A). Renal
cortex/corticomedullary junction were harvested at termination and stained for CD68 for
immunohistochemistry (B). Renal medulla was also stained with CD68 (red) and CD161a
(green) and confocal microscopy (C) was performed to determine whether CD68+ renal
macrophages co-expressed CD161a. In vivo cholinergic activation with subcutaneous
nicotine induces early development of hypertension in the SHR, compared to SHR with
saline and WKY with either saline or nicotine. Nicotine infusion led to a significant increase
in CD161a+/CD68+ macrophages in renal tissues of young nicotine infused SHR. Images
are 40x of the renal medulla. Error bars represent standard error of the mean (SEM). *** =
p<0.003, based on two-way ANOVA.
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Figure 6. Chronic Nicotine Infusion Induces Renal Inflammation
Young (3-5 week old) WKY (n=8) and SHR (n=8) were implanted with osmotic pumps

infusing either saline (n=4) or nicotine (15mg/kg/day) (n=4) 2 weeks. After infusions were
complete, renal homogenates (A-D), serum (G & H) collected, and urine (E & F) collected.
MCP-1 (A & E), IL-18 (B & E), IFN-g (C & F), IL-17a (D & F), Osteopontin (G), and
Clusterin (H) were measured by Luminex assay. P-values as indicated based on two-way
ANOVA. Error bars represent standard error of the mean (SEM). *** = p<0.003, based on
two-way ANOVA.
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Figure 7. Effect of Chronic Nicotine Infusion on Renal VCAM-1, ICAM-1, LLT1, and VLA-4
Expression in SHR vs WKY

Young (3 week old) WKY (A, n=8) and SHR (B, n=8) were implanted with osmotic pumps
infusing either saline (n=4) or nicotine (15mg/kg/day) (n=4) at 3—4 weeks of age. After 2
weeks of infusion, expression of VCAM-1 (A), ICAM-1 & LLT1 (B), and VLA-4 (C) were
assessed by Western blot in renal homogenates. Western blot for LLT1 detected the
glycosylated (B, black arrow) and the deglycosylated (B, red arrow) form of LLT1. Error
bars represent the standard error of the mean (SEM) and p-values as indicated, based on
two-way ANOVA.
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Figure 8. Effect of Unilateral Renal Denervation (RND) on Nicotine Mediated Renal
Inflammation and Norepinephrine levels
Young (3 week old) SHR (n=7) and WKY (n=3) underwent unilateral renal denervation

followed by 24 hour nicotine (15mg/kg/day) infusion via subcutaneous osmotic pumps.
After infusion, kidneys were harvested and analyzed by immunohistochemistry for the
presence of CD68+ macrophages in renal cortex/corticomedullary junction (A).
Representative fields of view are presented in the panels to the right. (B) Norepinephrine
(NE) levels were reduced significantly in the denervated kidney. NE levels were assessed by
ELISA in the kidney that underwent Sham surgery vs Renal Denervation. Error bars
represent the standard error of the mean (SEM). ** = p<0.01 and *** = p<0.001.
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