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Abstract

Background The noradrenergic innervation of the spleen is implicated in the autonomic control of inflammation
and has been the target of neurostimulation therapies for inflammatory diseases. However, there is no real-time
marker of its successful activation, which hinders the development of anti-inflammatory neurostimulation therapies
and mechanistic studies in anti-inflammatory neural circuits.

Methods In mice, we performed fast-scan cyclic voltammetry (FSCV) in the spleen during intravenous injections

of norepinephrine (NE), and during stimulation of the vagus, splanchnic, or splenic nerves. We defined the stimulus-
elicited charge generated at the oxidation potential for NE (~0.88 V) as the “NE voltammetry signal”and quantified
the dependence of the signal on NE dose and intensity of neurostimulation. We correlated the NE voltammetry signal
with the anti-inflammatory effect of splenic nerve stimulation (SpNS) in a model of lipopolysaccharide- (LPS) induced
endotoxemia, quantified as suppression of TNF release.

Results The NE voltammetry signal is proportional to the estimated peak NE blood concentration, with 0.1 pg/

mL detection threshold. In response to SpNS, the signal increases within seconds, returns to baseline minutes later,
and is blocked by interventions that deplete NE or inhibit NE release. The signal is elicited by efferent, but not afferent,
electrical or optogenetic vagus nerve stimulation, and by splanchnic nerve stimulation. The magnitude of the signal
during SpNS is inversely correlated with subsequent TNF suppression in endotoxemia and explains 40% of the vari-
ance in TNF measurements.

Conclusions FSCV in the spleen provides a marker for real-time monitoring of anti-inflammatory activation
of the splenic innervation during autonomic stimulation.
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Background

The innervation of the spleen by the autonomic nervous
system is implicated in the neural control of inflamma-
tion [1-3]. Both spinal sympathetic and vagal pregangli-
onic neurons interact with the splenic nerve, and their
stimulation results in increased splenic nerve activity and
suppression of inflammation [4—12]. Part of this anti-
inflammatory effect is initiated by the release of norepi-
nephrine (NE) in the spleen parenchyma by terminals of
the splenic nerve, followed by the release of acetylcholine
by specialized T-cells and suppression of pro-inflamma-
tory cytokine production by splenic macrophages. These
findings prompted the development of new treatments
for inflammatory diseases using neurostimulation devices
to modulate the activity of autonomic nerves under the
umbrella of the growing field of Bioelectronic Medicine
[13]. Therapies involving cervical vagus nerve stimulation
(VNS) [14], trans-auricular VNS [15, 16], splenic nerve
stimulation [8], and ultrasound stimulation of the spleen
[5, 6] all rely on the autonomic innervation of the spleen
as the common final target to suppress inflammation in
patients with inflammatory diseases [5, 6, 9, 11, 12].

As part of the clinical programming of anti-inflamma-
tory bioelectronic therapies, parameters of neurostimu-
lation need to be adjusted on an individual subject basis
to maximize anti-inflammatory efficacy while minimiz-
ing off-target effects of neurostimulation [13, 17]. For
example, stimulation of the cervical vagus nerve, which
also innervates the larynx and the heart, can produce
coughing or heart rate changes [18, 19], both undesired
responses that could limit anti-inflammatory thera-
peutic efficacy. To deliver precision anti-inflammatory
neuromodulation, the engagement of innervation of end-
organs needs to be assessed, ideally in real time. Whereas
markers for the engagement of autonomic innervation of
the heart, lungs, and gut have been described [20, 21], no
such marker exists for the spleen. A real-time marker for
assessing the engagement of the innervation of the spleen
in response to autonomic stimulation could contribute to
safer, more effective, and precise anti-inflammatory bio-
electronic therapies [13, 17]. Such a marker would also be
helpful in mechanistic studies of neural reflexes activated
by stimulation of autonomic nerves, something espe-
cially useful in rodent studies, in which direct recording
of nerve activity evoked by stimulation is challenging
because of small nerve size [21, 22].

To address this unmet need, we developed and evalu-
ated a method to assess, in real time, the release of NE
in the spleen in response to different forms of autonomic
stimulation. The method is based on fast-scan cyclic vol-
tammetry (FSCV), an electrochemical technique pre-
viously used to measure neurotransmitter release in
the brain [23, 24] and recently suggested as a potential
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marker for bioelectronic therapies [25, 26]. We defined a
quantitative “NE voltammetry signal” as the total charge
generated at the oxidative electrochemical potential for
NE (~0.88 V) in response to a pharmacological or elec-
trical stimulation intervention. We found that the NE
voltammetry signal is dose responsive to injected NE
and to electrical and optogenetic stimulation of auto-
nomic nerves involved in the innervation of the spleen.
The NE voltammetry signal is also responsive to phar-
macologic or surgical manipulations that block the effect
of neurostimulation on the innervation of the spleen.
The magnitude of the NE voltammetry signal predicts
the suppression of TNF release by nerve stimulation in
acute inflammation, explaining about 40% of the variance
in TNF values. Importantly, TNF suppression is greater
at low values of the NE signal, and smaller at high val-
ues of the NE signal. Our findings indicate that voltam-
metry of the spleen is a feasible approach to assess, in
real time, the engagement of the splenic innervation by
different anti-inflammatory autonomic neurostimulation
approaches.

Methods

Animals

Male and female C57BL/6 mice, ages 8—16 weeks, were
purchased from Charles River Laboratories (Wilming-
ton, MA). ChAT-IRES-Cre (#006410), Vglut2-IRES-
Cre (#016963), Ail4 ROSA-tdTomato (#007914) and
Ai32 ChR2-eYFP (#024109) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and crossed
to produce ChAT-ChR2-eYFP, Vglut2—ChR2-eYFP,
and ChAT-tdTomato mice used for optogenetic and
splanchnic nerve stimulation experiments. Animals were
housed using a 12-h light/dark cycle with ad libitum
access to food and water. All animal procedures were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the Feinstein Institutes for Medical
Research, NY and complied with relevant NIH policies
and guidelines.

Surgical procedures

Following isoflurane anesthesia, induced at 4% and main-
tained at 1.5%, a 2-cm midline abdominal incision was
made through the linea alba to just above the xyphoid
process. The spleen was gently exposed by retracting the
stomach and gut to the right while blunt dissecting the
gastrosplenic ligament. The lower branch of the splenic
neurovascular bundle was identified and gently dissected
from surrounding fat. The spleen was then lifted out of
the abdominal cavity and supported with cotton tips.
A 34-pm diameter carbon fiber microelectrode (Pin-
nacle Technology Inc, Lawrence, KS, USA) and an Ag/
AgCl reference electrode were mounted on a stereotaxic
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manipulator and inserted into the exposed spleen. The
voltammetry electrodes were advanced~0.5 mm into
the diaphragmatic surface of the spleen opposite to the
inferior branch of the splenic neurovascular bundle sup-
plying the lower half of the spleen (Fig. 1a). To perform
splenic nerve stimulation, the splenic neurovascular
bundle was placed into a bipolar micro-cuff electrode to
deliver electrical stimulation to the splenic nerve, which
runs along the splenic artery. To isolate the left cervical
vagus nerve, a 1-cm midline incision was made in the
anterior neck and the salivary glands were retracted lat-
erally along with the sternocleidomastoid muscle. The
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vagus nerve was then identified within the carotid sheath,
dissected away from connective tissue, and gently placed
on a bipolar micro-cuff electrode for electrical stimula-
tion or a custom-made optical cuft for optogenetic stim-
ulation. To perform left splanchnic nerve stimulation,
ChAT-tdTomato mice were used to correctly identify the
nerve as it enters the celiac—superior mesenteric (CSM)
ganglion complex using a fluorescence dissecting micro-
scope. Mice were anesthetized and underwent a midline
abdominal incision. The intestines were gently retracted
to the right and covered with gauze saturated with warm
saline. The celiac artery was then identified, and the left
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Fig. 1 Spleen voltammetry signal responsive to changes in NE. a Carbon fiber working electrode and a reference electrode are inserted

in the spleen for recording fast scan cyclic voltammetry. A bipolar electrode is placed on the splenic neurovascular bundle for splenic nerve
stimulation; in other experiments, the stimulating electrode is placed on the cervical vagus nerve or the splanchnic nerve. b Averaged cyclic
voltammograms during voltage sweeps (— 0.4V to 1.3V and back to — 0.4 V) in vitro (in heparinized blood, 0 and 3.3 ug/mL NE) and in vivo (in live
spleen, 0.5 pg/mL est. peak blood NE concentration); the vertical dotted line denotes the NE oxidation voltage (E°), and the calculation of oxidation
current (i°) is represented. ¢ Representative time-resolved voltammograms during intravenous bolus injection of NE (100 pL). Top panels: current
amplitude (represented by color) at different values of sweeping voltage (ordinate), at different times relative to NE injection (abscissa). Outer
black box represents the voltage and time boundaries of the peak oxidation current signal (outer boundaries); horizontal line inside box marks
the oxidation potential for NE. Dashed vertical line denotes time of drug administration. Bottom panels: time-course of oxidation current,
calculated as shown in b, during the same time period. Grey-shaded area under the i° trace represents the total oxidation charge (Q°) generated
within the time boundaries indicated in the top panels. d Q° at multiple NE concentrations measured in 3 animals, at different estimated NE

concentrations. Solid line represents linear fit; Pearson’s r=0.79, p=0.01
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CSM ganglion complex was located around its origin
marked by bright red fluorescence. The left splanchnic
nerve was traced from the upper left edge of the ganglion
back to its thoracic para-vertebral level. The nerve was
cuffed with a bipolar electrode (Flex, Feinstein Institutes,
described in [27]) to deliver electrical stimulation.

Fast-scan cyclic voltammetry

A two-electrode commercial system (Pinnacle Tech-
nology Inc) was used to perform FSCV using a triangu-
lar waveform scanning from — 0.4 to 1.3 to — 0.4 V at
400 V/s with a cycling frequency of 10 Hz and — 0.4 V
holding potential between cycles. The commercial 34
um-diameter carbon fiber electrodes (Pinnacle Technol-
ogy Inc) are enclosed in a silica sheath and extend 0.5 mm
beyond the edge of the sheath. The carbon fiber elec-
trodes were reused for multiple experiments after clean-
ing by soaking in enzymatic instrument cleaner (Roboz,
Gaithersburg, MD, USA) for 15 min to remove biological
fouling, then rinsing with water. Before each experiment,
the electrodes were tested by examining the background
current for any shifts in shape or magnitude [28]. Elec-
trodes that exhibit increased background current or
shifts in shape were discarded. Current and voltage data
were acquired using the continuous scanning mode at
a sampling rate of 1000 Hz. For in vitro experiments,
blood was collected by cardiac puncture using a heparin-
flushed syringe and then pooled together (about 5 mL)
before aliquoting into a 96-well plate (300 pL per well).
Freshly made NE in PBS solution was added to each well,
filled with either PBS or blood, to achieve a final concen-
tration of 0, 0.33, and 3.3 pg/mL. After recording back-
ground current from the vehicle-treated well, NE was
probed in the remaining wells. For in vivo experiments,
after inserting the voltammetry electrodes into the
spleen, the working electrode was conditioned for about
10 min before collecting voltammetry data, over which
time baseline was typically stable.

Intravenous infusions

To establish an intravenous (IV) line, the right external
jugular vein was isolated and ligated distally while block-
ing blood flow with a loose suture proximally to pre-
vent bleeding. A small incision was then made between
the two sutures and a 1-French catheter (Instech Labs,
Plymouth Meeting, PA, USA) was advanced into the ves-
sel followed by a 50 uL saline bolus to confirm patency.
In some experiments, 100 pL. NE bitartrate (SAGENT
Pharmaceutical, Schaumburg, IL, USA) boluses were
administered sequentially at escalating doses (0.2 pg/mL,
2 pg/mL, 10 pg/mL) 10 min apart. The final concentra-
tion of circulating NE after each dose was estimated for
an average mouse weight of 25 g based on a volume of
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distribution of 2 mL estimated to be the total blood vol-
ume in a mouse [29]. All IV injections were prepared in
saline and administered as 100 pL bolus injections over
10 s.

Nerve stimulation

Electrical stimulation was delivered using commercial
bipolar micro-cuft electrodes (CorTec, Freiburg, Ger-
many) or custom-made flexible electrodes (Flex) made
in-house [27], connected to a stimulus generator
(STG4008, Multichannel Systems, Reutlingen, BW Ger-
many). Stimulus trains consisted of bi-phasic charge-
balanced square pulses of 10 s duration, 500 ps pulse
width (PW), and 10 Hz frequency at varying intensities.
In some experiments, the splenic nerve was blocked by
applying a piece of gauze saturated with 2% lidocaine on
the splenic neurovascular bundle for 10 min. In cervical
vagotomy experiments, the vagus nerve was mechani-
cally stabilized on the micro-cuff electrode by applying a
drop of two-component silicone (Kwik-Sil, World Preci-
sion Instruments, Sarasota, FL, USA) and then sectioned
either proximal or distal to the cuff. For optogenetic
stimulation experiments, a custom-made optical cuff,
consisting of a blue LED light (XLAMP XQ-E, Cree LED,
Durham, NC, USA) integrated into a molded silicone
cuff, was connected to a stimulus generator (MCS) oper-
ating in voltage mode. Optical stimulation was delivered
using 10-s stimulus trains of 10 ms PW and 30 Hz fre-
quency while varying intensity by changing the voltage
driving the LED. During vagus stimulation experiments,
animals were instrumented with ECG leads and nasal
airflow temperature sensors to monitor heart rate and
breathing rate responses.

Norepinephrine depletion

Reserpine in DMSO (Tocris Bioscience, Bristol, UK)
was diluted in saline and administered to animals by i.p.
injection (5 mg/kg). 18-24 h post-injection, NE elicited
by SpNS was probed using voltammetry in the spleen as
described.

Endotoxemia model

Following isoflurane anesthesia, the spleen was
exposed through a 1-cm lateral abdominal incision just
below the left costal margin and instrumented with
voltammetry electrodes as described before. After
10 min of electrode conditioning, the splenic neuro-
vascular bundle was electrically stimulated for 3 min
(300-500 pA, 500 ps, 10 Hz) using a bi-polar cuff
electrode (CorTec) while performing spleen FSCV. To
ensure complete recording of the elicited NE signal,
FSCV sweeping was continued for at least 10 min post-
stimulation and the disappearance of the signal was
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verified before stopping the recording. The voltam-
metry electrodes were then carefully removed, and the
micro-puncture site was repaired with tissue glue. The
abdominal incision was closed in two layers, and the
animal was allowed to recover from anesthesia. Two
hours post-stimulation, animals were injected intra-
peritoneally with 1 mg/kg of lipopolysaccharide (LPS
endotoxin from E. coli 0111:B4 ultra-pure; InvivoGen,
San Diego, CA, USA) dissolved in saline. Heparinized
blood was collected by cardiac puncture under ter-
minal anesthesia 90 min post-LPS injection and cen-
trifuged immediately at 2000xg for 10 min. Plasma
TNF-a was determined using TNF-a ELISA kit (Cat #
88-7324-88, Invitrogen, Waltham, MA, USA) following
manufacturer’s instructions.

Data analysis and statistics

Voltammograms were background-subtracted and
smoothed with a moving average filter of 5 ms. Oxi-
dation current (i°) was determined in each voltamme-
try cycle as the difference between the trough and the
peak of the current trace during the oxidation part of
the cycle (points a and b, respectively, Fig. 1b). The “NE
voltammetry signal” was defined as the integral of i°
over time during an integration window, correspond-
ing to the total oxidation charge (Q°) (Fig. 1c). This
method was chosen, because peak and duration of the
NE transient in response to a stimulus are both likely
to be important for downstream biological effects of
NE release. The i° integration window was determined
by an algorithm that calculates the time at which the
i° trace rises, then returns to baseline. The algorithm
for determining the window for integration of i® was
implemented in MATLAB (MathWorks, Natick, MA,
USA) and is described in detail in the Additional file 1:
Supplementary Methods.

For statistics, paired, two-tailed ¢ test was used to
determine significance in comparisons between two
groups in experiments where treatment and control
were done within the same animal (i.e., lidocaine), and
unpaired ¢ test was used for comparisons between ani-
mals (i.e., reserpine, LPS). MATLAB’s model fitting
package was used for linear regression analysis and
computation of r* for stimulation intensity vs. Q° in
splenic stim and VNS experiments, and in Q° vs. TNF
a power model was used for regression instead due to
the asymptote at Q°=0 causing non-linearity. Correla-
tion between Q° and TNF was tested with Spearman’s
ranked correlation coefficient due to the aforemen-
tioned non-linearity. P values less than 0.05 were con-
sidered significant. Means are reported with standard
error. All calculations were done in MATLAB.
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Results

A voltammetry signal in the spleen represents NE level

To define a physiological marker that assesses the release
of NE in the spleen, a blood-filled organ, we first per-
formed fast-scan cyclic voltammetry (FSCV) in vitro to
establish the oxidation potential of NE in blood. We found
that the oxidation potential of NE (E°) is 0.72+0.05 V in
blood (at 3.3 pg/mL NE concentration; n=3), which is
higher than what was found in PBS at 0.57+0.02 V (at
3.3 pg/mL NE concentration; n=3) (Fig. 1b; Additional
file 1: Fig. S1a) in agreement with prior reports [25]. To
determine E° in the spleen and assess whether oxidation
current (i°) tracks transient changes of NE concentration,
we performed FSCV in the spleen during intravenous
injections of NE using amounts estimated to produce
peak concentrations of 0.01-0.5 pg/mL in circulating
blood. Injecting NE produces a voltammogram similar
in shape to the in vitro in blood trace but with a higher
E° of 0.88+0.02 V (n=6 experiments) (Additional file 1:
Fig. Sla). During NE bolus injections, i® rises and then
returns to baseline, as opposed to saline injections, where
i° remains unchanged (Fig. 1c; Additional file 1: Fig. S1b).
i° starts increasing at approximately 0.02 pg NE injection
and increases further with increasing injected amounts
of NE (Fig. 1c). To capture both the magnitude and the
duration of the transient change in NE, we defined the
“NE voltammetry signal” as the total oxidation charge
(Q°), calculated as the area under the i° trace, between
the time of NE injection and the time at which i° drops
to pre-injection baseline level (Fig. 1c, black boxes). Q° is
linearly proportional to the estimated peak NE concen-
tration in blood (Fig. 1d). From this data, we estimate the
detection threshold of Q° for NE to be 0.1 ug/mL or less
(Fig. 1d).

Together, these findings indicate that NE can be
detected in vivo by voltammetry in the spleen, and that
the NE voltammetry signal is proportional to the injected
amount and the resulting (estimated) blood concentra-
tion of NE.

NE voltammetry signal is responsive to bioelectronic
activation of the splenic nerve

Electrical stimulation of the splenic nerve (SpNS) elic-
its release of NE in the spleen [8]. To test whether the
spleen voltammetry signal tracks NE release under
these conditions, we performed FSCV in the spleen
during SpNS (Fig. 1a). During SpNS, i° rises and then
settles back to baseline, as opposed to sham stimula-
tion, where i° remains unchanged (Fig. 2a). The shape
of the voltammogram is similar to that recorded dur-
ing the NE infusion experiments. The magnitude and
duration of the i° trace both increase with increasing
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Fig. 2 Activation of the splenic nerve by splenic nerve stimulation (SpNS) elicits a NE voltammetry signal in the spleen. a NE voltammetry signal
elicited by SpNS (10 s duration, 500 ps pulse width, 10 Hz pulsing frequency) or sham stimulation. Top and bottom panels similar to those of Fig. 1c.
Dashed vertical line indicates the onset of SpNS. b Oxidation charge (Q°) vs. stimulation intensity in 3 animals, each represented by a different
color; lines represent least square fits on data from each animal and 1 is the respective coefficients of determination. ¢ Left panel: time course of NE
peak oxidation current (i°) in response to SpNS, in reserpine- and vehicle-treated mice. Right panel: Q% in response to SpNS in reserpine-treated vs.
vehicle-treated animals (n=5 in each group). p by unpaired t test. d Left panel: time course of i in response to SpNS recorded in the same animal
before and after the topical application of lidocaine on the splenic nerve. Right panel: Q° before and after lidocaine application, in 5 animals. p

by paired t test

intensity of the electrical stimulus (Fig. 2a); expectedly,
Q° also increases with stimulus intensity (Fig. 2b).

To verify that the voltammetry signal elicited by
SpNS is, at least partly, mediated by NE release, we
performed FSCV during SpNS in animals treated with
reserpine to deplete monoamines [4]. The NE voltam-
metry signal is absent in reserpine-treated animals;
in contrast, it is evoked in vehicle-treated animals
(Fig. 2¢). To verify that the source of released NE is
indeed the stimulated splenic nerve, SpNS was deliv-
ered before and after lidocaine, a local anesthetic agent
blocking nerve depolarization, was directly applied
on the splenic nerve. The NE voltammetry signal after

lidocaine application is significantly smaller compared
to the signal before lidocaine (Fig. 2d).

Together, these findings indicate that the NE voltam-
metry signal in the spleen represents the release of NE in
response to activation of the splenic nerve by SpNS.

NE voltammetry signal is responsive to bioelectronic
activation of the efferent vagus and splanchnic nerves
Vagus nerve stimulation (VNS) elicits NE release in the
spleen [30]. To determine whether the NE voltamme-
try signal is responsive to VNS, we performed FSCV in
the spleen during cervical VNS. During VNS, i° rises
and then settles back to baseline, as opposed to sham
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stimulation, where i° remains unchanged (Fig. 3a); the
magnitude of i° and of its derivative measure Q° are
dose-responsive to VNS intensity (Fig. 3a, b).

To determine whether activation of afferent (sensory)
or efferent (motor) vagus nerve is responsible for the
observed NE voltammetry signal, VNS was delivered
before and after dissection of the vagus nerve, above or
below the level of stimulation (distal or proximal vagot-
omy, respectively). When VNS is delivered after distal
vagotomy, the heart rate response disappears, and the
NE voltammetry signal is diminished (Fig. 3c). In con-
trast, when VNS is delivered after proximal vagotomy,
the breathing response disappears but the NE voltam-
metry signal is not affected (Fig. 3d). Likewise, selective
activation of efferent vagal fibers by optogenetic VNS in
ChAT-ChR mice, elicits the NE signal in the voltammo-
gram. In contrast, selective activation of afferent vagal
fibers, by optogenetic VNS in Vglut2-ChR mice, does
not elicit a NE signal (Fig. 3e).

Splanchnic nerves provide sympathetic pre-ganglionic
fibers to celiac—superior mesenteric ganglion neurons
whose axons form the splenic nerve releasing NE to the
spleen [31-34]. To determine whether activation of these
preganglionic fibers results in a NE voltammetry signal in
the spleen, we used fluorescence imaging in ChAT-td To-
mato mice to isolate the splanchnic nerves (Additional
file 1: Fig. S2) and delivered electrical splanchnic nerve
stimulation using a cuff electrode. We found that stimula-
tion of the splanchnic nerves elicits the NE voltammetry
signal in the spleen (Fig. 3f). Splanchnic nerve stimula-
tion at high pulsing frequency (30 Hz) consistently pro-
duces higher Q° than at low pulsing frequency (2 Hz),
indicating that the voltammetry signal is dose-responsive
(Fig. 3f, g).

NE voltammetry signal maintains its shape

across stimulation conditions

Voltammetric measurements can be affected by changes
in the immediate environment of the working electrode,
including temperature, chemical and biological factors,
electrode surface area, and pH [35, 36]. In our studies,
we performed FSCV in a large number of animals over
several months, while regularly replacing the working
electrode; in addition, FSCV was performed in combina-
tion with a variety of autonomic stimulation conditions
and parameters. When overlaid, averaged raw voltam-
mograms from all stimulation conditions have qualita-
tively consistent shapes (Fig. 4a). Values for NE oxidation
potential were consistent among animals within same
stimulation condition, and similar across different stim-
ulation conditions (Fig. 4c). Peak oxidation currents
ranged from 21.5 to 688.3 nA, while Q° ranged from 2.3
to 121.7 uC across all modalities (Fig. 4b, d, e). It is worth
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noting that even though VNS parameters were relatively
lower than SpNS, VNS produced lower Q° and peak i°
(Fig. 4d, e) despite causing significant drops in heart rate
and changes in breathing.

NE voltammetry signal during splenic nerve stimulation

is predictive of subsequent TNF suppression in LPS
endotoxemia

To determine whether the NE voltammetry signal in the
spleen can assess the engagement of the anti-inflamma-
tory neuroimmune pathway, Q° was measured during
splenic nerve stimulation (SpNS), followed by injection
of LPS and, 90 min later, measurement of TNF from
plasma samples (Fig. 5a). As expected from previous
studies [8, 9, 12], we found that, overall, SpNS elicits sup-
pression of TNF compared to sham stimulation (Fig. 5b).
Importantly, we found that Q° is inversely correlated with
the degree of TNF suppression: smaller values of Q° are
associated with TNF suppression, whereas greater val-
ues of Q° are associated with TNF values comparable to
sham stimulation. As a result, about 40% of the variance
in TNF values is explained by Q° (Fig. 5¢).

Discussion

Autonomic neurostimulation therapies aim to modulate
a wide range of neural circuits, including those control-
ling inflammation, of which a significant component is
the innervation of the spleen. Assessing the preclinical
effectiveness of these therapies has relied on indirect
measurements, i.e., levels of TNF after an LPS challenge,
which are typically made hours after the stimulus has
been delivered, oftentimes in terminal experiments [37];
such measurements cannot be used to assess engagement
of the anti-inflammatory pathway in real time. Our work
indicates that voltammetry in the spleen is an inexpen-
sive and reproducible method to directly assess engage-
ment of the anti-inflammatory pathway in response to
autonomic neurostimulation. It also demonstrates, for
the first time, a quantitative relationship between a physi-
ological biomarker that is registered in real time, the NE
voltammetry signal, and an immune-mediated response
that is several steps downstream, the magnitude of TNF
suppression in endotoxemia. Physiological markers of
anti-inflammatory effectiveness could help in the imple-
mentation of precision autonomic neuromodulation
therapies, by allowing calibration of stimulation param-
eters to maximize desired and minimize undesired, off-
target, effects in individual subjects [17].

NE is the main neurotransmitter of the sympathetic
nervous system, and the neurotransmitter released by
fibers of the splenic nerve [38]. It belongs to a group of
electrically active compounds termed catecholamines,
which include epinephrine and dopamine [39]. Due to
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its oxidation—reduction properties, changes in NE con-
centration can be detected by electrochemical methods,
including cyclic voltammetry. Fast scan cyclic voltam-
metry (FSCV) can detect local changes in NE concen-
tration in near real time, at low concentrations, and with
increased spatial selectivity owing to its high cycling
speed (400 V/s at 10 Hz) and the small scale of the work-
ing electrode [40]. When measuring in vitro in blood, we
observed an E° of approximately 0.72 + 0.05 V (Additional
file 1: Fig. Sla), which agrees with previous reports [25].
When measuring from the spleen during intravenous
NE injections, E° is on average 0.88 V+0.02 (Additional
file 1: Fig. S1a). One possible reason for the increase of
E° in tissue and blood compared to PBS (~0.6 V), is bio-
fouling, a common phenomenon when electrochemical
probes are implanted in biological tissues [41]. In addi-
tion, it is worth noting that the magnitude of the oxida-
tion currents we recorded in vitro in blood were larger
than previously recorded by Nicolai et al. [25]. This dis-
crepancy can be explained by the larger working elec-
trode used in our experiments (34 pm diameter X 500 um
tip) compared to theirs (7 um X 100 pm), which provides

a larger surface area for oxidation to occur, hence the
higher currents [42].

During intravenous injection of NE, i® rises within
seconds and returns to baseline after several minutes.
Furthermore, i° and its derivative measure Q° are dose-
responsive with regard to the amount of injected NE
(Fig. 1c, d). During saline injection or sham stimulation
conditions i° either did not change or it slowly drifted
monotonically akin to a baseline drift (Fig. 1c; Additional
file 1: Fig. S1b), but never exhibited transient changes
seen during stimulation. Using intravenous injections of
different amounts of NE, we found that 0.01 pg/mL is the
lowest (estimated) concentration that produces a voltam-
metry signal and at 0.1 pg/mL a robust signal is always
produced, indicating that detection threshold of our
method is between 0.01 and 0.1 pg/mL. To estimate the
NE concentration in blood for a given amount of injected
NE, we used the average blood volume of a mouse as
the volume of distribution of NE; however, we did not
directly measure the concentration of NE, this being a
limitation of our study. Compared to previous reports,
in which ~ 0.001-0.01 pg/mL of NE were detected after
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neurostimulation [8, 9, 43, 44], the detection threshold of
our system is relatively high. However, NE concentrations
in previous reports were determined in processed blood
samples using ELISA or mass spectrometry, where sam-
ple collection and processing to collect plasma or serum
is typically done 5-10 min after stimulation. For that rea-
son, NE concentrations at the time we perform voltam-
metry is likely greater, and above the detection threshold
of the voltammetry method. Furthermore, the concentra-
tion of NE in the spleen parenchyma is likely higher than
plasma levels, since only a small portion of it overflows to
the circulation [45].

The motor arc of a well-studied neuroimmune pathway
that controls inflammation starts with parasympathetic
efferent vagal fibers and sympathetic efferent splanch-
nic nerve fibers synapsing on noradrenergic neurons of
abdominal ganglia and continues with post-ganglionic
noradrenergic fibers inside the splenic nerve [1, 3, 46—
48]. Activation of this neuroimmune pathway via neu-
rostimulation of the vagus, the splanchnic or the splenic
nerve and its terminals results in activation of splenic

nerve fibers, release of NE in the spleen and subsequent
suppression of manifestations of acute inflammatory
responses [6, 8, 49-51]. Release of NE from splenic nerve
fibers has been measured using biochemical assays meas-
uring NE in splenic homogenates or inferred by record-
ing splenic nerve activity after neurostimulation [4, 30].
However, such techniques cannot assess the real-time
release dynamics of NE. In this study, we used voltam-
metry in the spleen to record a transient NE signal that
is responsive to autonomic neurostimulation of several
nerve targets that activate the anti-inflammatory neuro-
immune pathway and suppress inflammation. For that
reason, FSCV may be used in mechanistic studies of the
regulation of inflammation by different components of
the autonomic nervous system.

First, the NE voltammetry signal is responsive to
stimulation of the splenic nerve (SpNS). The signal is
proportional to stimulus intensity (Fig. 2a) and is sup-
pressed by manipulations that block nerve activation by
stimuli (Fig. 2d) or release of NE upon nerve activation
(Fig. 2c). The NE signal appears within seconds after the
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onset of SpNS and lasts from several seconds to several
minutes, depending on stimulus intensity (Fig. 2a). This
is consistent with previous studies in pigs and in human
post-mortem specimens, in which splenic nerve evoked
compound action potentials were found to increase
with higher stimulation intensity or duration and were
blocked by lidocaine [8, 9]. The amount of NE released
into splenic venous outflow during SpNS was shown to
increase with higher stimulation charge [9]. Furthermore,
those studies showed that physiologic responses to SpNS,
such as changes in blood pressure, last for more than a
minute after stimulation [8, 9], resembling the kinetics of
the elicited NE signal in our study. The NE signal in our
study has a slower and longer time course than what is
reported in voltammetry studies of catecholamine release
in the brain, including NE and dopamine, which have
indistinguishable voltammograms (e.g., [23, 52-54]).
Due to the high density of neural processes in the brain,
the voltammetry electrode has an intimate contact with
nerve terminals and catecholamines are almost immedi-
ately detected. For example, Schluter et al. [54] recorded
an evoked dopamine signal in the monkey brain of less
than 100 ms latency lasting for 1 s, which was the dura-
tion of the stimulation train. In contrast, in the spleen,
NE likely has to travel through the red pulp cords, where
nerve fibers form a network [47], before sufficient con-
centration builds up at the voltammetry electrode. The
majority of released NE in the spleen is cleared by reup-
take via the high-affinity, low-capacity NE transporter
(NET) [45, 55]. NET is inhibited by electrical stimulation
[56], which could explain the relatively long duration of
the NE voltammetry signal following SpNS (Fig. 2a).
Second, we found that the NE voltammetry signal is
responsive to stimulation of the vagus nerve (Fig. 3a). This
is consistent with previous observations that VNS exerts
anti-inflammatory actions via a splenic nerve-dependent
mechanism [4]. In addition, we found that the voltam-
metry signal is responsive to efferent but not afferent
VNS (Fig. 3c—e). This is consistent with previous reports
implicating efferent vagal fibers in relaying signals to the
splenic nerve via the celiac-superior mesenteric gan-
glion complex [3, 7]. It is likely that afferent vagal fibers
may also contribute to the anti-inflammatory effect, via
delayed engagement of multi-synaptic, vagal-sympathetic
and vagal—vagal reflexes [32, 33, 57]; however, the lack of
a temporally precise volley of action potentials reaching
the spleen in response to afferent VNS may be respon-
sible for the lack of a clear NE voltammetry signal. The
voltammetry signal after efferent VNS has consistently
lower magnitude than that after splenic nerve stimula-
tion, even after stimulation at relatively high intensities
that produce a significant drop in heart rate and change
in breathing (Fig. 4b, d—e). A possible explanation may

Page 11 of 15

be that VNS results in eliciting action potentials only on
a subset of postganglionic splenic nerve fibers or in acti-
vating those fibers at a sub-maximal degree. This implies
that VNS at relatively low intensities might elicit release
of NE at levels below the limit of detection of the voltam-
metry method. Studies that demonstrated anti-inflam-
matory actions of VNS at levels below those that induce a
reduction in heart rate support this notion [50].

Third, the NE voltammetry signal is responsive to
direct stimulation of the splanchnic nerve (Fig. 3f). To
demonstrate this, we used a ChAT-tdTomato mouse
strain to visualize and isolate the celiac—superior mes-
enteric ganglion complex and the associated splanch-
nic nerve. Although this ganglion and the splanchnic
nerve have been isolated under direct vision [33, 58], we
report here, for the first time, that the use of fluorescence
microscopy improves yield and accuracy. The finding that
splanchnic nerve stimulation elicits a NE signal in the
spleen is consistent with reports that implicate splanch-
nic nerve activity in the anti-inflammatory effect of
VNS [31-34]. For example, administering VNS with the
splanchnic nerve sectioned abolishes the TNF-lowering
effect of stimulation in a model of LPS endotoxemia [33].

Notably, the magnitude of the NE voltammetry signal
varies across animals, regardless of the stimulated nerve.
This variability may arise because of differences in elec-
trode placement directly affecting the number of acti-
vated nerve fibers, even at identical stimulus intensities.
This underlines the need for using quantifiable markers
of target engagement for calibration of the dose of bioel-
ectronic therapies [17, 21]. Another source of signal vari-
ability may lie with the voltammetry technique itself. It
is likely that the location of the voltammetry electrode in
the spleen relative to nerve endings influences the signal.
The noradrenergic innervation of the spleen has a mesh-
like structure and is most dense towards the center of
the organ [46, 47]. Although the working length of the
voltammetry electrode was the same in all of our experi-
ments (500 pm), the exact insertion depth into the spleen
likely varied, affecting which anatomical compartment
of the spleen was sampled. This source of variability is a
limitation of single-electrode cyclic voltammetry; it will
have to be quantified in future studies with multiple vol-
tammetry electrodes, capturing NE voltammetry signals
from several sites in the spleen.

Previous studies of LPS endotoxemia report consid-
erable variability in the degree of TNF suppression in
response to VNS or SpNS [12, 37, 57]. Consistently, we
find that the same intensity of SpNS produces a wide
range of TNF suppression responses in animals injected
with LPS (Fig. 5b); for example, out of 17 stimulated
animals, at least 3 have TNF values similar to those of
sham-stimulated controls. The magnitude of the NE
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voltammetry signal during SpNS explains about 40%
of this variability. Traditionally, these non-responding
experiments are usually attributed to inadequate stimu-
lation or engagement of the splenic nerve. However, we
find here that TNF suppression is more likely to occur
when stimulation results in relatively small Q° values but
is often minimal with greater values of Q° (Fig. 5). Given
NE'’s established anti-inflammatory effects, it would be
expected that higher levels would produce a larger TNF-
lowering response. In contrast, we report an inverse rela-
tionship that has not been previously described, and it
may explain some of the non-responding experiments
reported in the literature. Monocytes/macrophages
are known to express both a- and B-adrenergic recep-
tors (ARs); a-ARs are typically associated with mediat-
ing pro-inflammatory signaling and bind NE with high
affinity at low concentrations, whereas B-ARs medi-
ate anti-inflammatory effects and only bind NE at high
concentrations [59-62]. Upon SpNS, NE concentra-
tion is highest at nerve terminals, where it is released,
and lower away from nerve terminals [60]. Therefore,
the location of immune cells relative to nerve terminals
may affect the anti-inflammatory response to SpNS. It is
possible to consider that relatively small NE release may
only affect ChAT* T cells that lie close to nerve termi-
nals by binding B,-ARs and causing acetylcholine release,
which then acts on macrophages to inhibit TNF release.
In contrast, greater NE release may result in monocytes/
macrophages located further away, in the red pulp of
the spleen, to be exposed to small but not zero concen-
trations of NE, binding high-affinity a-ARs and favoring
TNF release [47, 60]. In fact, in a similar model of endo-
toxemia, one study found that co-treating animals with
both a- and B-AR agonists resulted in TNF suppression
similar to that in vehicle treated animals, while treating
with an a- or $-AR agonist alone increased or decreased
TNE, respectively [62]. Furthermore, large stimulus
intensities or pulsing frequencies might induce the
release of co-transmitters, such as NPY and ATP, that are
also immune-modulators and might negate the NE effect
[60, 63]. Therefore, it is conceivable that non-responders
to neurostimulation, reported frequently in previous
studies, could be in fact animals that were under- or over-
stimulated. In our study, which produced a range of Q°
values, animals with high Q° values showed smaller TNF
suppression (Fig. 5C). In a study by Brinkman et al. [12],
most of the animals receiving splenic nerve stimulation
had TNF values close to those of the sham-stimulated
group (~ 6000 pg/mL vs. ~ 7500 pg/mL, respectively). The
results from our study, which used similar stimulation
parameters, suggest that in the Brinkman et al. study it
is likely that in a subset of animals that showed smaller
TNF suppression, Q° may have been similarly high. These
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findings underscore the potential usefulness of FSCV as a
tool to calibrate stimulation dose and optimize intensity
and other stimulation parameters to achieve a predict-
able anti-inflammatory response within and across sub-
jects. Although a recent study in pigs suggests changes
in splenic artery flow as a marker of effective splenic
nerve stimulation [8], this approach is indirect and does
not reflect the actual NE content in the spleen. Changes
in blood flow in the splenic artery could be mediated by
direct effects of stimulation on vessel-innervating fibers
[64], and not necessarily reflect activation of nerve fib-
ers that terminate in the spleen. Furthermore, the mere
engagement of splenic nerve fibers may not be a good
predictor of the anti-inflammatory response, since more
NE release may have less of an anti-inflammatory effect
as our data suggest. For those reasons, when setting up
a stimulating device, the use of a direct, real-time meas-
ure of NE rather than aiming for maximum release may
be beneficial. Future studies should determine whether
the NE threshold of detection can be used as a reference
value to gauge stimulation parameters akin to the heart
rate threshold (HRT) used to calibrate VNS parameters
[27, 51]. Splenic NE threshold could be used to establish
treatment protocols or adjust stimulation dose overtime.

The FSCV method has several limitations. First, the
method is invasive, as it requires puncture and repair of
the spleen, which might alter the splenic response and
introduce an additional source of variability. This vari-
ability is likely to be minor, as the range of TNF responses
we observed is similar to previously reported data using
the same LPS and concentration [50]. Second, our con-
figuration has a relatively high threshold for detection of
NE, which may limit its use in some neuromodulation
therapies, for example, auricular or low-level VNS [65—
67]. Third, due to variations in the voltammetry electrode
placement, measurement of Q° has low spatial resolution
and differences in signal magnitude may partially repre-
sent variations in electrode location relative to intrinsic
nerves or splenic blood supply. Finally, FSCV using our
methodology cannot distinguish between different cat-
echolamines (e.g., NE and dopamine) due to their simi-
lar chemical structures [68]. However, since dopamine is
typically co-released with NE in very small amounts [69],
its contribution to the signal is likely minimal.

Recent advances in voltammetry electrode fabrica-
tion allow integration onto highly flexible biocompat-
ible materials and its implantation into various organs
to record catecholamine transients. For example, the use
of platinum wires allowed the detection of real-time NE
release in a beating heart overcoming the fragile nature
of carbon fibers [26]. Furthermore, Li et al. developed
a flexible and stretchable multichannel interface inte-
grated on a graphene—elastomer composite, which they
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used to measure monoamine transients chronically in the
brain and gut [70]. These technological advances, along
with progress in the processing and analysis of voltam-
mograms, may facilitate the development of implanted
devices that continuously monitor catecholamine release
in the spleen as part of integrated autonomic stimula-
tion systems [71]. One potential implementation could
include a voltammetry electrode on a catheter advanced
to the splenic hilum via the splenic vein, where it meas-
ures NE in blood exiting the spleen. This procedure could
be used during the clinical programing of a stimula-
tion implant to determine parameters that elicit detect-
able levels of NE while avoiding relatively high levels.
Closed-loop stimulation devices, with a voltammetry
electrode permanently implanted to provide feedback on
the engagement of the anti-inflammatory circuit, could
make use of this technology. However, significant tech-
nological barriers must be overcome to achieve this level
of integration. This includes advances in electrode design
to allow for a stable, long-term voltammetry electrode
that can resist biofouling and provide a strong signal in a
highly dynamic environment.

Conclusion

Tools to monitor the anti-inflammatory effectiveness
of neurostimulation are needed to calibrate and adjust
neurostimulation dose and develop precision bioelec-
tronic therapies. FSCV in the spleen detects in real-time
NE release in response to autonomic neurostimulation,
which correlates with engagement of the anti-inflamma-
tory neuroimmune pathway. Several obstacles remain
to be overcome for this approach to be widely adopted,
including the development of stable, high-fidelity
implantable electrodes and minimally invasive proce-
dures. With these advances, FSCV can be used pre-
clinically to resolve neural circuits activated by existing
neurostimulation approaches, to identify new targets for
autonomic neuromodulation, and to optimize stimula-
tion parameters with regard to the anti-inflammatory
effect. Ultimately, with further development and vali-
dation, FSCV could be used clinically to provide a con-
tinuous readout associated with anti-inflammatory
therapeutic efficacy.

Abbreviations

FSCv Fast scan cyclic voltammetry
NE Norepinephrine

PBS Phosphate buffered saline

SpNS Splenic nerve stimulation
E° Oxidation potential

i© Oxidation current

Q° Total oxidation charge
VNS Vagus nerve stimulation
Y Intravenous

LPS Lipopolysaccharide
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ChAT Choline acyl transferase

Vglut2  Vesicular glutamate transporter 2
ChR Channel rhodopsin

AR Adrenergic receptor

TNF Tumor necrosis factor alpha

NET Norepinephrine transporter
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Additional file 1: Figure S1. (a) Average oxidation potential (E°) of NE

in vitro (in PBS and in blood, 3.3 pg/mL, n = 3 in each condition) and

in vivo (in live spleen, 0.5 ug/mL, n = 6). p by ANOVA with multiple com-
parisons. (b) Averaged and time-resolved voltammograms from experi-
ments in 3 animals in each of which NE (approximately 100-200 L of 10
pg/mL NE) or saline (equivalent volume) was administered as IV bolus;
also shown are the respective i° traces, for both NE and saline injections,
demonstrating how the algorithm identifies temporal boundaries of the
NE signal. (c) Q° values calculated using the temporal boundaries shown
in (b). Figure S2. Left celiac-superior mesenteric (CSM) ganglion complex
is identified using fluorescence microscopy in ChAT-tdTomato mice
(ChAT+ tissue appears in red). The splanchnic nerve is isolated and cuffed
with a bipolar stimulating electrode.
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