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Macrophages Can Drive Sympathetic
Excitability in the Early Stages of
Hypertension

Oliver C. Neely*, Ana I. Domingos and David J. Paterson*

Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, United Kingdom

Hypertension is a major health burden worldwide with many cases resistant to current
treatments. Hyperactivity of the sympathetic nervous contributes to the etiology and
progression of the disease, where emerging evidence suggests that inflammation may
underpin the development of sympathetic dysautonomia. This study examined whether
macrophages could drive the sympathetic phenotype in Spontaneously Hypertensive
Rats (SHR) before animals develop high pressure. Stellate neurons from wild-type control
Wistar rats and SHRs were co-cultured with blood leukocytes from their own strain,
and also crossed cultured between strains. The calcium transient response to nicotinic
stimulation was recorded using Fura-2 calcium imaging, where SHR neurons had a
greater calcium transient compared with Wistar neurons. However, when co-cultured
with leukocytes, Wistar neurons began to phenocopy the SHR sympathetic hyperactivity,
while the SHR neurons themselves were unaltered. Resident leukocyte populations
of the SHR and Wistar stellate ganglia were then compared using flow cytometry,
where there was a shift in monocyte-macrophage subset proportions. While classical
monocyte-macrophages were predominant in the Wistar, there were relatively more of
the non-classical subset in the SHR, which have been implicated in pro-inflammatory
roles in a number of diseases. When bone marrow-derived macrophages (BMDMs)
were co-cultured with stellate neurons, they made Wistar neurons recapitulate the SHR
nicotinic stimulated calcium transient. Wistar BMDMs however, had no effect on SHR
neurons, even though SHR BMDMs increased SHR neuron responsiveness further above
their hyper-responsive state. Taken together, these findings show that macrophages
can be potent enhancers of sympathetic neuronal calcium responsiveness, and thus
could conceivably play a role in peripheral sympathetic hyperactivity observed in the
early stages of hypertension.

Keywords: hypertension, dysautonomia, macrophages, SHR, calcium imaging, flow cytometry, stellate neurons

INTRODUCTION
A key pathophysiological feature of essential hypertension involves sympathetic
hyperactivity (1-5) and impaired vagal parasympathetic tone (2). The sympathetic

component of this is by far the best studied and is observed in all stages of essential
hypertension (6-9), moreover it can precede hypertension itself (10-12). Persistent
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heightened sympathetic tone leads to a range of other
hypertensive co-morbidities, including cardiac hypertrophy (13,
14), arrhythmia (15), vascular dysfunction (16), insulin resistance
(17) and inflammation (18).

Inflammation has emerged as a key pathological feature of
essential hypertension (19). Crucially, a simple bone marrow
transplant from SHR to Wistar rats increases blood pressure,
while the converse decreases it (20), implying the SHR’s immune
system as a causative factor of the blood pressure phenotype.
Clinically, higher levels of C-reactive protein (a common marker
of systemic inflammation) (21-24) or IL-6 (an inflammatory
cytokine released along with CRP) (23, 24) strongly predict
future development of hypertension. This suggests that both
inflammation and sympathetic hyperexcitability are co-features
of a “pre-hypertensive” state, before any overt cardiovascular
disease is evident. Although it has not been established whether
inflammation itself is a key driver of the sympathetic phenotype.

There is evidence that the hypertensive inflammatory
phenotype may interact with the sympathetic nervous system,
in a similar way to that in which immune cells interact with
sympathetic neurons in adipose tissue in obesity (25), this being
a co-feature of hypertension in the metabolic syndrome. In
the central nervous system inflammation can raise sympathetic
outflow, which can experimentally induce hypertension in the
rat (26). Inhibition of microglial activation with minocycline
can stop this (26), and is associated with reduced sympathetic
tone, inflammation and blood pressure in the SHR (20). It
is also well established that sympathetic hyperactivity occurs
at the level of the peripheral ganglia themselves in the SHR,
which exhibit greater stimulation-evoked noradrenaline release
(27, 28), and show increased firing responsiveness to a given
electrical stimulus (29). In neuropathic pain (30) and post-
MI (31-33), inflammatory reactions induce states of local
peripheral neuronal activity, mediated by cytokines and other
neuronal growth factors. Interestingly, following sensory nerve
injury, macrophage-released IL-6 contributes to the sprouting
of sympathetic nerve fibers into the dorsal root ganglia (34),
suggesting this classic inflammatory mediator, which is positively
associated with blood pressure in humans (35), could produce
sympathetic hyperactivity.

We therefore tested the hypothesis that a pathological
immune system reaction within the sympathetic ganglia of pre-
hypertensive animals drives local neuronal hyperactivity. Here
we show that macrophages can enhance the intracellular calcium
responsiveness of sympathetic neurons in vitro, which may
underpin aspects of the increases in sympathetic hyperactivity
seen in the early stages of hypertension.

METHODS AND MATERIALS

Animals

Male Wistar and Spontaneously Hypertensive rats were
purchased from Envigo, UK and housed in the local Biomedical
Services Building prior to experimental use. Rats were used
mainly at the age of 3-4 weeks, as this is an age at which the
SHR exhibits dysautonomia, but this is not yet confounded by

any increase in arterial blood pressure (36, 37). These SHRs are
therefore termed “pre-hypertensive SHRs”.

To excise stellate ganglia for cell culture, rats were culled
using an approved UK Home Office Schedule 1 method involving
overdose of pentobarbitone (under isoflurane anesthesia),
followed by exsanguination. In cases where a pure blood sample
was required for co-culture with stellate neurons, a needle was
inserted into the heart of terminally anesthetized rats, and ~1 ml
of blood was withdrawn into a syringe containing ~100 L
EDTA solution (100 mM). Finally, to prepare tissues for flow
cytometry, as tissue-resident leukocytes were to be examined, it
was necessary to flush out blood leukocytes from the circulation.
To achieve this, a small incision was made in the right atria of
terminally anesthetized animals, and then 50-100 ml cold PBS
containing 10 U/ml heparin was injected into the ventricles.
Blood samples for flow cytometry were obtained by collecting
some of the blood flushed out by this method.

Cell Culture

Cleaned ganglia were cut into ~6 pieces each before enzymatic
digestion in collagenase IV (1 mg/ml in L-15) for 25min,
followed by trypsin (2 mg/ml in Ca?t- and Mg>"-free HanK’s
Balanced Salt Solution; Merck or Thermofisher, both US) for
30 min; both at 37°C. Digested ganglia were then washed in
blocking medium (Neurobasal Plus medium with 10% heat-
inactivated fetal bovine serum and 1% penicillin/streptomycin;
all Thermofisher, US; penicillin/streptomycin also Merck, US)
at room temperature, twice for 5min each. Next, the ganglia
were mechanically triturated in complete neuronal medium
(Neurobasal Plus medium with 2% B-27 supplement, 1.5mM
Glutamax, 5ng/ml 2.5S NGF and 0.5% penicillin/streptomycin;
all Thermofisher, US except NGE, Merck US) using two glass
Pasteur pipettes in series, the second, fire-polished to narrow
the opening. The resultant single-cell suspension was plated
onto poly-D-lysine (0.1 mg/ml; Merck, US) and laminin- (0.048
mg/ml; Thermofisher, US) coated 6 mm glass coverslips in 4-well
culture plates. These were incubated at 37°C under 5% CO; for
~48 h prior to experimentation.

For some experiments ganglia were co-cultured with blood-
derived leukocytes. These were prepared from blood samples
taken from 3 to 4 week old Wistar rats and SHRs by transthoracic
cardiac puncture, as detailed previously. Using this method 1-
2ml of fresh blood could be obtained per 3-4 week old animal.
1 ml of each sample was added to 10 ml of eBioscience red blood
cell lysis buffer (Thermofisher, US) as per the manufacturer’s
instructions, and incubated at room temperature for 10 min on
a shaker. To arrest the reaction, 10ml of DMEM containing
10% FBS was added to each sample and the suspensions were
centrifuged at 400 rcf for 4min to obtain a pellet. Blood
cell suspensions were then either depleted of monocytes using
clodronate liposomes (Encapsula Nanosciences, US), according
to a protocol developed by Claassen et al. (38), or incubated
with PBS-containing liposomes as a control. The pellets were
resuspended in the ganglionic culture medium containing either
100 1 clodrosomes, or the same concentration of the control
liposomes, and incubated at 37°C for 1-2h. After this the
cells were pelleted and resuspended in fresh ganglionic culture
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medium and this suspension was used to culture the ganglionic
explants. The products of each original 1 ml blood sample were
resuspended in 2 ml of such medium; this being split across two
ganglia so that each ganglion received approximately the number
of leukocytes derived from 0.5 ml of rat blood. SHR blood may
contain a higher concentration of leukocytes than that of Wistar
rats (39-41), so this difference would therefore be incorporated
in the culture conditions of ganglia treated with blood from each
respective strain.

The following protocol was adapted from Muschter et al. (42).
Tibiae and femurae were extracted from 3 to 4 week old Wistar
rats, cleaned of soft tissue and stored in PBS at 4°C for up to 24 h.
These were then sprayed with 70% ethanol and one at a time the
ends of each bone were cut off with a scalpel. A syringe and 25G
needle were used to flush out the bone marrow into a petri dish,
using ~6 ml cold PBS. The combined effluent from all bones was
then passed through a 70 pm filter and collected in a 50 ml falcon
tube, before being centrifuged at 300 rpm for 5min. The cell
pellet was resuspended in complete BMDM media (Dulbecco’s
Modified Eagle’s Medium with 10% heat-inactivated fetal bovine
serum, 1% penicillin/streptomycin and 20 ng/ml recombinant rat
M-SCF), 4 ml/bone. The cells were plated in 10 cm petri dishes,
8 ml per dish, and incubated at 37°C/5% CO,. Four days later
half the media was removed and replaced with fresh BMDM. Two
days after this, all media was removed and the plates washed with
PBS, before ~4 ml TrypLE (Thermofisher, US), or EDTA (2 mM
in PBS; where cells were being processed for flow cytometry) was
added to each. After 3-4 min once the cells had detached the
suspension was removed and combined with an equal volume of
a-MEM + 10% FBS media, and this was then centrifuged at 300
rpm for 5 min. Cells were then plated onto the required format,
for example, 6 mm glass coverslips, re-suspended and prepared
for flow cytometry.

Co-cultures of stellate neurons and blood leukocytes or
BMDMs were prepared on 6 mm poly-D-lysine/laminin-coated
coverslips. For leukocyte co-culture, stellate neurons were
prepared in the same way as for their solitary culture, but in
half the normal volume of medium. Blood leukocytes, prepared
in the same way as described above for culture with whole
ganglia, with either clodronate or PBS-filled liposomes, were then
added to the neurons in an equal volume of neuronal culture
medium. To separate these cells from the liposomes, after the
incubation 10 ml of Neurobasal plus containing 21.5% Optiprep
(Merck, US) was added to each ml of cell suspension, and the
mixture centrifuged at 400g for 15min with no brake. The
liposomes floated to the top while the cells formed a pellet at the
bottom. These were resuspended in neuronal culture medium.
Each ml of blood provided leukocytes for three wells of four 6
mm coverslips.

In the case of BMDM co-culture, the neurons were once again
plated in half the normal volume of culture medium, and day
6 harvested BMDMs were added to this in the same volume
of media, but containing 40 ng/ml M-CSF, to produce a final
concentration of 20 ng/ml. These BMDMs had been previously
cultured in 10 cm dishes at a density of 2 bones per dish, and were
plated at an approximately equivalent density, adjusting for well
surface area.

All co-culture preparations were incubated at 37°C, 5% CO,
for 48 h before imaging.

Calcium Imaging

Stellate neurons were plated onto 6 mm laminin and poly-D-
Lysine coated glass coverslips. Prior to imaging, these were
incubated in culture medium containing 2 M Fura-2 AM, at
37°C for 30min, before being washed with Tyrode’s solution
(containing, in mM: NaCl 135, KCI 4.5, HEPES 20, Glucose 11,
CaCl, 2, MgCl, 1) three times for 5 min each. The coverslips were
then imaged in a 100 WL, gravity-fed perfusion chamber, in 37°C
Tyrode’s solution at a flow rate of ~3-4 ml/min. An inverted
Nikon microscope, with a 40x oil-immersion objective, was used
to obtain the images, which were captured by QICLICK digital
CCD camera, using Optofluor QICLICK software.

Neurons were identified by their large size and thick borders,
as compared to other cells present on the coverslips, and only
those which appeared healthy, showing no obvious signs of
damage or blebbing, were selected for imaging. Images were
captured every 2s, during which the coverslips were excited
sequentially at wavelengths of 355 and 380 nm, and the emission
intensities at 510 nm recorded. Background 510 nm emissions
were subtracted from that of the cells for both excitation
wavelengths in each image, and the resultant values used to
calculate the 355/380 ratio. This was then normalized to a
baseline ratio for each cell, which was taken as the average of the
final 5 images prior to addition of the first treatment.

Flow Cytometry

All rat tissue samples were first prepared for subsequent
staining and flow cytometric analysis or sorting. In the case
of sympathetic ganglia, the cut ganglion pieces underwent
simultaneous enzymatic digestion in HBSS with hyaluronidase
(1,000 U/ml), collagenase II (1 mg/ml) and DNase I (5 U/ml)
for 30min at 37°C. Subsequently these were centrifuged at
400 rcf for 4 min, the supernatant was discarded, and then the
tissue was mechanically triturated in 1 ml PBS using two glass
Pasteur pipettes in series, the second fire-polished to narrow
the opening.

Heparinised blood samples, obtained during cardiac
perfusion, were passed through a 70 um filter and centrifuged
at 400 rcf for 4 min. Next these were resuspended in ~10 ml red
blood cell lysis buffer and left at room temperature for 10-15 min,
before the reaction was stopped by addition of an equal volume
of FACS buffer, and the whole suspension was centrifuged again
at the same settings as before. The pellet was then resuspended
in PBS, spun down at 400 rcf for 4 min once more, before a final
resuspension in fresh PBS. For experiments in which monocyte-
macrophages were to be isolated by FACS, blood samples were
instead obtained from rats by cardiac puncture under terminal
anesthesia, with EDTA used as the anti-coagulant.

Renal tissue was prepared for flow cytometry using a protocol
adapted from Rubio-Navarro et al. (43). Pairs of kidneys were
stripped of their capsules by hand, the hila were removed. The
remaining renal tissue was finely cut up using scissors and
then pushed through a 40 um filter using the plunger from a
10ml syringe, the resultant pulp being washed through with
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FIGURE 1| Wistar (n = 29 neurons, 5 cultures, 2-4 rats per culture) and SHR
(n = 31 neurons, 6 cultures, 24 rats per culture) stellate neuron Ca*+
transients in response to pharmacological stimulation. (A) Mean trace (with
SEM) of stellate neuron [Ca®*]; during the experimental protocol involving
exposure to 100 wM nicotine, followed by 100 mM K. (B) Peak stellate
neuron [Ca2*]; transient in response to nicotine (i) and K* (ii). Peak response
data are presented as median with IQR; * signifies p < 0.05 for Wistar vs.
SHR, Mann-Whitney test.

15ml of FACS buffer. The filtered suspension was centrifuged
at 400 rcf for 4 min and resuspended in ~15ml red blood cell
lysis buffer, which was left at room temperature for 90, before
lysis was terminated by dilution with 15ml of FACS buffer.
The solution was centrifuged under the same settings as before,
resuspended in 10 ml PBS, and 1 ml of this was taken forward
for analysis.

The resultant single-cell suspensions were stained with 0.5 uL
eBioscience™ Fixable Viability Dye eFluor™ 780 (Thermofisher,
US) for 30 min at 4°C, and then 1 ml of FACS buffer was added,
and the suspension centrifuged at 400 rcf for 4 min to wash off the
dye. The cells were next incubated for 10 min in anti-rat CD32
(1:100 in FACS buffer) at 4°C to prevent FcR-mediated antibody
binding, prior to incubation for 30 min in appropriate panel of
fluorescently-tagged flow cytometry antibodies.

For flow cytometry, a BD LSRFortessa™ X-20 was used,
equipped with 5 lasers, and a total of 18 filter sets, each
corresponding to an emission wavelength on a specific laser.

Single color controls were prepared using compensation beads
according to the manufacturer’s instructions, and FMO controls
were also used for each antibody panel to aid gating. Data were
later processed using Flow]Jo 10 software.

Immunohisto-/Cyto-Chemistry

Clean stellates were immersed in cold 4% PFA (Alfa Aesar,
US) and stored at room temperature on a rotator for ~1-
2h; spleens were incubated in the same solution overnight.
For cryoprotection, the tissues were transferred to 15% sucrose
(Merck, US) in PBS solution for ~6-12h, or until the
tissue had sunk, and subsequently put into 30% sucrose
for the effect. The tissue was then embedded in OCT and
stored at —20°C as required. 20 um sections were cut on
a cryostat, transferred to microscope slides, and returned to
—20°C for further storage. In the case of cell culture staining,
neuron and macrophage co-cultures were plated directly
onto 35mm glass-bottomed dishes, before fixation for 15min
in 2% PFA.

For staining, microscope slides were thawed in room
temperature PBS and then the tissue circled with a PAP pen.
The sections or cell-containing dishes were then incubated in a
PBS-based blocking and permeabilisation solution (PBS with 3%
bovine serum albumin, 2% goat serum, 1% Triton X-100 and
0.1% NaN3), for 1 hr, before incubation in primary antibody
solution overnight at 4°C in a humid box. The following day
the stained slides/dishes were washed three times each for 5min
in PBS and then incubated in secondary antibody and DAPI
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for 1h at room temperature. Finally, the samples were washed
three times for 5min in PBS once again, prior to mounting
using ProLong™ Gold Antifade Mountant (Thermofisher, US).
Imaging was carried out on a confocal microscope within a
day of mounting, and the recorded images processed using
Image] software.

Statistical Analysis

All statistical analyses were performed using Graphpad
Prism 8 software. All data analyzed in this publication were
treated as continuous. Data normality was examined using
Anderson-Darling, D’Agostino and Pearson, Shapiro-Wilk and
Kolmogorov-Smirnov tests, and parametric or non-parametric
tests selected based on the outcome of these. For comparison
of two groups Welch’s t-tests (parametric) or Mann-Whitney
tests (non-parametric) were employed, with the two-step
set up method of Benjamini, Krieger and Yekutieli used to
produce g-values to account for multiple comparisons. Where
three of more groups were to be compared, Brown-Forsythe
and Welch's ANOVAs (parametric) or Kruskall-Wallis tests
(non-parametric), with appropriate post-hoc tests for multiple
comparisons were used. Results were considered statistically
significant where p < 0.05.

RESULTS

Pre-hypertensive SHR Neurons Exhibit
Larger Ca?* Transients in Response to
Nicotinic Stimulation or High

K* Induced-Depolarization

It has been previously reported that pre-hypertensive SHR
stellate neurons show enhanced calcium transients ([Ca2t];)
compared to Wistar neurons, when depolarized using high
[KT], Tyrode’s solution (36). We first confirmed this while
also examining the relative responses of these neurons to a
more physiological stimulation with 100 wM nicotine. In both
cases, the SHR neuron responsiveness was greater than that of
Wistar neurons (expressed as % ratio change from baseline):
nicotine: 194.5 £ 23.4 vs. 119.5 £ 11.87, p = 0.022; Kt:
369.7 £ 20.74 vs. 246.1 &+ 22.51, p = 0.00020 (Figure 1). Since
the nicotinic response mimicked physiological post-ganglionic
neuron synaptic activation, and also showed a difference between
Wistar and SHR, the [Ca2t]; response was taken forward as a
surrogate measure of stellate neuronal activity.

Whole Blood Leukocytes Increase Wistar,
but Not SHR Responsiveness to Nicotinic

Stimulation

Co-culturing Wistar stellate neurons with their own blood
leukocytes significantly increased their responsiveness to
nicotine. With SHR leukocytes there was a clear trend to this
effect (Figure 2), although not significant (p = 0.080). However,
the nicotinic response with SHR leukocytes did not differ
significantly from that with the Wistar leukocytes, where these
responses were much closer in magnitude than the baseline
and SHR leukocyte co-culture. By contrast, SHR neurons
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FIGURE 3 | Numbers of different leukocyte populations found within the
stellate ganglia of 3-week old Wistar rats (n = 7 samples, 2-3 rats per sample)
and pre-SHRs (n = 7 samples, 2-3 rats per sample). (A) Numbers of
leukocytes. (B) Stratification of CD45* cells into major leukocyte populations;
monocyte-macrophages shown in (C). (D) Classical and non-classical
monocytes-macrophages. (E) Ratio of classical/non-classical
monocyte-macrophages. In (A=D) the values are expressed as numbers per
1,000 single cells to allow comparison between samples which contained a
different total number of cells. In (E) the ratio is presented as logio to allow
visualization of the size of the ratio in either direction. Data are expressed as
mean + SEM. * signifies p < 0.05 WST vs. SHR; normal data were analyzed
using Welch’s t-tests and multiple comparisons accounted for using g values
determined by the two-stage set-up method of Benjamini, Krieger and
Yekutieli.

showed no differences when co-cultured with these leukocytes
(Figure 2).

The SHR Exhibits a Shift in the Proportions
of the Classical and Non-classical
Monocyte-Macrophage Subsets

Given that leukocytes can potentiate stellate neuron
responsiveness to nicotinic stimulation, we next examined
the immune cell environment of the stellate ganglia in
both strains of rat. Ganglia were separated into single cell
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FIGURE 4 | Monocyte-macrophages from the stellate ganglia of SHR n = 5 samples, 3 rats per sample, and age-matched Wistars (n = 4 samples, 3 rats per sample)
at 5-6 weeks (developing hypertension) and 12-18 weeks (established hypertension). (A) Flow cytometry plots of all samples; each color represents a separate
sample of ganglia from 2-3 rats. (B) Classical/non-classical monocyte-macrophage ratio from all 5-18 week old animals; Data are expressed as mean + SEM.
*signifies p < 0.05 WST vs. SHR, Welch’s t-test.

suspensions, stained for markers of the main leukocyte for each sample, and expressed as the number per 1,000
populations, and analyzed using flow cytometry. As the  single cells.

ganglia were of different sizes, and those of the SHR tended There were significantly more leukocytes (defined at CD45%)
to be smaller in size than Wistar ganglia, cell counts were in the Wistar compared to SHR stellates (372 £ 16.1 vs. 285 &
normalized to the total number of single cells recorded  25.5 per 1,000 single cells; p = 0.014; ¢ = 0.025; Figure 3A).
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Part of this increase in leukocytes was accounted for by increased
numbers of NK cells (10.3 £ 1.91 vs. 3.39 % 0.329 per 1,000 274 wst
single cells; p = 0.0037; ¢ = 0.0097; Figure 3B) in the Wistar = SHR

strain, while the SHR had higher numbers of neutrophils o 11 .I

(3.90 £ 0.259 vs. 1.73 £ 0.253; p < 0.0001; g = 0.00033; Z

Figure 3B). Lc) 0 rgregeeeeees b mae s e oo aecpeoeanesegeond
Despite no differences in the overall numbers of monocyte- < ® -

macrophages between the two strains (Figure 3C), there was a Qi, a l a" E i. L

striking difference in the proportions of the subtypes between ol e ol o '.I &

these two strains: the ratio of classical (His48M8h/CD43!°%) to S = '_I. e

non-classical (CD43"8%/His48!°=1"t) monocyte-macrophages -2 " ) .

was significantly higher in the Wistar (13.8 & 4.77 vs. 0.551 + " *

0.148; p = 0.0082; Figure 3E). This appeared to made up of 3 T T T T

both more classical (20.52 £ 7.54 vs. 1.81 £ 0.662; p = 0.029; CG/SMG SCG Blood Kidneys

q = 0.039; Figure 3D), and fewer non-classical (1.60 £ 0.476

vs. 3.24 & 0.556; p = 0.047; q = 0.0497; Figure 3D), monocyte- FIGURE 5 | Classical/non-classical monocyte-macrophage ratios in the

macrophages in the Wistar compared to SHR. This ﬁnding was coeliac/superior mesenteric ganglia (CG/SMG; Wistar: n = 7 samples, 2 rats

per sample; SHR: n = 7 samples, 2-4 rats per sample), superior cervical
ganglia (SCG; in both strains: n = 5 samples, 2 rats per sample), blood (Wistar
n = 4 samples, SHR n = 8 samples, 1 rat per sample) and kidneys (both

also replicated in the stellate ganglia of older (5-6 week and 12-18
week old) animals (Figure 4).

The same flow cytometry panel was then employed on strains n = 5 samples, 1 rat per sample) of 3-week old Wistar rats and
two other SHR sympathetic ganglia to examine whether this pre-SHRs. Data are expressed as mean + SEM. * signifies p < 0.05 WST vs.
was an SNS-wide phenomenon: the coeliac ganglion (which SHR, Welch’s t-tests with g values determined by the two-stage set-up

. . -1 . . thod of Benjamini, Kri Yekutieli.
innervates the kidney, so is likely important to hypertensive method of Benjamini, Krieger and Yekutiel

pathophysiology) and the superior cervical ganglion (innervating
the head, so likely has minimal impact on hypertension, except
possibly via bone-marrow effects (44).

In the SCG, the Wistar ganglia had a significantly higher
classical/non-classic monocyte-macrophage ratio (8.99 + 2.46
vs. 0.359 £ 0.148; p = 0.0023; g = 0.0012), while in the
coeliac ganglion there was a clear trend in the same direction
(0.391 £ 0.145 vs. 0.112 £ 0.021), although not significant (p
= 0.12; g = 0.032; Figure 5). A similar monocyte-macrophage
subset ratio result was apparent in the whole blood compared
between strains (Wistar: 0.123 4 0.0422 vs. SHR: 0.0337 &+
0.00600; p = 0.0323, g = 0.011; Figure5), suggesting this e
phenomenon is not specific to the SNS, but occurs systemically.
Finally, this was also the case in the kidneys (Wistar: 0.0742
£ 0.107 vs. SHR: 0.0151 £ 0.0853; p = 0.0014; p = 0.0012;
Figure 5), typically referred to as the “final common node of
hypertensive pathophysiology” (Crowley and Coffman, 2014).
However, no differences in any of the other leukocyte populations
were detected in either the blood or kidneys. Bone marrow-
derived macrophages potentiate stellate neuron responsiveness to
nicotinic stimulation.

Immunohistochemistry was used to examine the spatial

100 uM

D

100 uM 100 uM

localization of the stellate ganglion monocyte-macmphages FIGURE 6 | Immunohistochemical images of sympathetic neurons (TH) and
relative to the neurons. This revealed large numbers of macrophages (CD68) in 3-week old Wistar and pre-SHR rat tissue. (A) Wistar
spindle—shaped CD68™1 cells, scattered amongst the THT stellate ganglion, (B) $HR stellate gangliorj. These ganglia comprise a large
Sympathetic neurons, of both the Wistar (Figure 6A) and number of sympathetic neurons (green? vs‘/\th some smgll macrophages (red)

. . amongst them. The acellular spaces within the tissue likely reflect empty blood
SHR (Flgure 6B) stellates. Addltlonally, the appearance vessels following cardiac perfusion. (C) Wistar stellate ganglion stained with
of large nucleus-free cavities within the tissue suggested only DAPI and the secondary antibodies, serving as a negative control. There
that the ganglionic vasculature had been substantially appears to be some 488 nm auto-fluorescence, but the tissue clearly lacks the

flushed of Circulating cells. A no primary antibody negative cellular pattern of (A). (D) Wistar spleen stained as a positive control for
CD68™ macrophages; many punctate cells appear similarly to those of (A,B).

conj[r'ol (FlgureGC), and i splenlc sample .servmg as a Alarge TH* ribbon which penetrates the rest of the tissue is interestingly also
positive control for CD68" macrophages (Figure6D) are present, likely representing a sympathetic nerve fiber.

also shown.
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FIGURE 7 | Immunocytochemical image of Wistar stellate neurons (TH*,
green), with BMDMs (CD68™, red).

Co-culture With Bone Marrow-Derived
Macrophages Enhances Wistar Stellate
Neuron Nicotinic Responsiveness, but SHR
Neurons Are Only Further Enhanced by
Co-culture With Their Own Strain of

Macrophages

As the most striking difference between the pre-hypertensive
SHR and Wistar rats was the altered monocyte-macrophage
subset ratio, we examined the effect of co-culturing stellate
neurons from these strains with macrophages (bone-marrow
derived) from either strain. We had previously attempted to
FAC-sort macrophages from SHR and WST stellate ganglia, but
unfortunately as there are such low numbers of these cells it is
impossible to extract enough for culture. For this reason, we used
bone marrow-derived macrophages (BMDMs), which arise from
the same bone marrow monocyte precursor thought to give rise
to the stellate monocyte-macrophages (45).

First, we confirmed successful co-culture of sympathetic
stellate neurons (THT) with BMDMs (CD68"), using
immunocytochemistry, which revealed the presence of both cell
types in close proximity (Figure 7).

Upon BMDM co-culture, as with the blood leukocytes, the
Wistar stellate neurons showed increased nicotine responsiveness
in the presence of BMDMs from either strain, while the SHR
neurons only showed an increased response when cultured with
their own BMDMs, not those of Wistar rats (Figures 8A,B). As
the BMDM co-culture required addition of M-CSF to keep the
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FIGURE 8 | Peak [Ca*]; transient responses of stellate neurons co-cultured
with BMDMs in response to 100 M nicotine: (A) Wistar neurons (with Wistar
BMDMs: n = 20 neurons, 2 cultures, 2 rats; with SHR BMDMs: n = 22
neurons, 1 culture, 2 rats; M-CSF control: n = 15 neurons, 2 cultures, 2—-4 rats
per culture, anti-cytokine: n = 15, 2 cultures, 2 rats per culture) and (B) SHR
neurons (with Wistar BMDMs: n = 31 neurons, 3 cultures; with SHR BMDMs:
n =17 neurons, 2 cultures). Data are presented as mean + SEM; * signifies p
< 0.05 between the indicated groups; normal data were analyzed using
Brown-Forsythe and Welch’s ANOVAs with Dunnett’s T3 multiple comparisons
test, while non-normal data were analyses with a Kruskall-Wallis test followed

by Dunn’s multiple comparisons test.

BMDMs alive, control experiments were performed in which
Wistar neurons alone were cultured with the same concentration
of this factor. These neurons did not display a nicotinic response
differing significantly from baseline, and there was no significant
difference between this response and those from the BMDM
co-cultures (Figure 8A).

As the presence of BMDMs increased Wistar stellate
neuron responsiveness to nicotine, an attempt was made to
identify potential mediating factors. Macrophages contribute
to neuronal hyperactivity through release of pro-inflammatory
cytokines, therefore we tested the effect of combined blockade
of the classical triad of inflammatory cytokines: TNF-a, IL-
1B and IL-6. However, the nicotinic responsiveness of Wistar
stellate neurons co-cultured with Wistar BMDMs was still
enhanced in the presence of antibodies targeted against
TNF-a (100 ng/ml), IL-1f (140ng/ml) and IL-6 (833 ng/ml)
(Figure 8A).

The results of all such co-culture experiments are summarized
in Table 1.

DISCUSSION

This study reports three novel findings: (1) The SHR sympathetic
ganglia, blood and kidneys display a reduced classical/non-
classical monocyte ratio, when compared to sympathetic
ganglia from age matched Wistar rats. (2) Co-culturing
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Wistar blood leukocytes with Wistar stellate neurons increases
their [Ca?t]; transient to nicotinic stimulation, making them
phenocopy those of the SHR, although SHR leukocytes did
not significantly affect pre-hypertensive SHR neurons. (3)
Co-culturing either Wistar or SHR bone marrow-derived
macrophages (BMDMs) with Wistar stellate neurons increases
their [Ca®T]; transient to nicotinic stimulation, but only SHR
(and not Wistar) BMDMs further enhances the responsiveness
of SHR neurons.

Monocyte-Macrophage Subset Shift: A

Feature of Hypertension?

The pre-SHR displays a lack of classical monocyte-macrophages
in its sympathetic ganglia, and a relative enrichment of
non-classical monocyte-macrophages. This lower classical/non-
classical monocyte ratio is observed in the blood and kidneys
of the pre-SHR. This was the most striking and consistently
observed difference between the SHR and Wistar strains.

What is the significance of this finding? Many other
inflammatory-related diseases feature a relative enrichment
of non-classical blood monocytes, including: systemic
lupus erythomatosis (46, 47), sepsis (46), obesity and
metabolic syndrome (48), and rheumatoid arthritis (49).
Furthermore, these cells seem to exhibit a pro-inflammatory
phenotype (46, 50-52), which has been implicated in
these disease states, suggesting the altered monocyte-
macrophage ratio might also be an immunological feature
of essential hypertension.

Role of Macrophages in Sympathetic

Neuron Hyperactivity?

Non-classical monocytes are major producers of inflammatory
cytokines (46, 50, 52) and possess a strong ability to activate
naive T cells (51). In each of these cases the non-classical
monocytes were observed to be the most potent monocyte
subset. Zhu et al. (47) also showed CD16" monocytes were
strong activators of B cells, although they grouped non-
classical and intermediate monocytes together, so a specific
non-classical effect cannot be determined. Furthermore,
looking at more specific disease contexts, CD16" from
SLE patients display enhanced inflammatory attributes,

and in the murine serum-transfer rheumatoid arthritis
model, clodronate-depletion of monocytes and replacement
with non-classical monocytes enhances disease, while
replacement with classical ones delays it (53). By contrast,
pro-phagocytic, homeostatic roles for classical monocytes have
been observed (46, 54).

If the SHR stellate has lost a homeostatic cell type,
and gained a pathological one, this may interfere with
local neuronal functioning. Local inflammation promotes
states of local neuronal hyper-excitability in a number of
contexts, many involving the sympathetic nervous system
(20, 26, 30-33). Moreover, anti-TNFa treatment infliximab
causes an increase in circulating non-classical monocytes
in Crohn’s disease patients (55), along with an increase
in all CD16T monocytes in rheumatoid arthritis patients
(56). The latter study showed a concomitant reduction in
circulating CCL2 causing them to hypothesize that this
increase in blood non-classical monocytes was due to reduced
recruitment to inflamed tissues. However, CCL2 is mainly a
chemoattractant for classical monocytes (57). The mechanism
would thus have to involve reduced classical monocyte
recruitment to the tissues and therefore reduced subsequent
differentiation into non-classical monocytes. Since blood classical
monocyte numbers increased in our study though, this
seems unlikely.

In the pre-hypertensive SHR stellate ganglia of this
study, there were higher relative numbers of neutrophils,
an important inflammatory cell type, which are known to
drive monocyte recruitment and polarization toward an
inflammatory phenotype (58). Moreover, SHR neutrophils
tend to produce higher levels of ROS (40, 59, 60), which
tend to enhance This certainly suggests
some form of reaction occurring in
this tissue.

Very interestingly though, whole blood leukocytes in co-
culture increase Wistar stellate neuron [Ca?T]; transients, but not
those from the SHR. Moreover, BMDMs of either strain increase
Wistar neuron responsiveness to stimulation, while only SHR
BMDMs increase that of SHR neurons. It seems unlikely (though
not impossible) that these macrophages or other leukocytes
interact physically with the neurons, at least to any substantial

inflammation.
immunological

TABLE 1 | Summary of stellate neuronal [Ca?+]; transient responsiveness to nicotinic stimulation in co-culture experiments.

Control Leukocytes BMDMs
WST SHR WST SHR WST with TNF-o,
IL-1p and IL-6
blockade
Stellate neuron strain WST Baseline + Baseline? + + +
SHR + + + + ++ Not tested

Wistar neurons in monoculture are taken as the baseline and all other permutations described relative to this.

aThe nicotinic responsiveness of Wistar stellate neurons co-cultured with SHR leukocytes did not quite statistically significantly differ from baseline (o = 0.080). For reasons discussed
in Chapter V, it seems possible that this result was a type Il error and that SHR leukocytes should increase Wistar neuron [Ca?* ] transient responsiveness to stimulation. This is due to
the observations that: (1) the nicotinic response of Wistar stellate neurons co-cultured with SHR leukocytes did not differ significantly from that of those cultured with Wistar leukocytes,
which were themselves significantly different from baseline; (2) the responses of these two populations were much closer together in magnitude than that of the neurons cultured with
SHR leukocytes compared to baseline; and (3) SHR leukocytes significantly increased the responsiveness of Wistar neurons to high [K* ], depolarization.
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extent. We think it more probable that these immune cells release
a factor (or group of factors), which sensitizes the sympathetic
neurons. However, our multi-cytokine blockade experiment does
not support a role for TNF-a, IL-1f or IL-6. The observation
that SHR neurons are unaffected by whole blood leukocytes, may
imply they have already been exposed to a sensitizing stimulus.
Nevertheless, SHR BMDMs can still increase the activity of
SHR stellate neurons (while those from Wistar rats cannot),
suggesting a property specific to these SHR macrophages can
promote the excitability of already hyperactive neurons, where
their general leukocytes cannot. Taken together with the altered
monocyte-macrophage composition of the SHR stellate ganglion,
it is likely that macrophages play a role in SHR peripheral
sympathetic hyperactivity.
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