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Spinal cord injury induces hemodynamic instability that threatens survival', impairs
neurological recovery*®, increases cardiovascular disease risk®’, and reduces quality of life®°.
Hemodynamic instability in this context is due to the interruption of supraspinal excitatory
drive to sympathetic circuits located in the spinal cord'’, which impedes the natural
baroreflex. Our previous studies showed that epidural electrical stimulation of the spinal cord
transforms spinal circuits from a hypoactive to a highly active state'''®, and can reinstate
spinal circuit dynamics to restore walking after paralysis'’'°. Here, we leveraged these
concepts to develop epidural electrical stimulation protocols that restored hemodynamic
stability after spinal cord injury. We established a novel preclinical model that enabled us to
dissect the topology and dynamics of the sympathetic circuits, and understand how epidural
electrical stimulation can engage these circuits. We incorporated these spatial and temporal
features into stimulation protocols to conceive a clinical-grade biomimetic hemodynamic
regulator operating in closed-loop. This neuroprosthetic baroreflex controlled hemodynamics
for extended periods of time in rodents, non-human primates, and humans, both after acute
and chronic SCI. We will now conduct clinical trials to turn the neuroprosthetic baroreflex into
a commonly available therapy for people with spinal cord injury.

Spinal cord injury (SCI) immediately impairs hemodynamic stability, leading to repeated
hypotensive episodes that are life threatening and reduce neurological recovery'*%2021 |n the
chronic phase, daily hypotensive episodes augment the risk of stroke and heart disease®’, and
reduce engagement in social and professional activities®”’.

Currently, the hemodynamic management of acute SCI is limited to long-acting
pharmacological agents that are difficult to titrate and increase the incidence of adverse events®.
Consequently, adherence to hemodynamic management guidelines remains poor?.
Management strategies for chronic hypotension are limited and costly for unsatisfying efficacy?324.

This hemodynamic instability is due to the interruption of supraspinal excitatory drive to
the sympathetic circuitry, and thus disruption of the natural baroreflex. The resulting hypoactive
state impairs the ability of the sympathetic circuitry to regulate hemodynamics?>?¢. Epidural
electrical stimulation of the spinal cord can reactivate hypoactive circuits after SCI"""7-"%, For
example, epidural electrical stimulation targeting the lumbosacral posterior roots (TESS) increases
the excitability of motor circuitry to a level that restores locomotion after SCI'>'7:?7, Serendipitous
observations showed that epidural electrical stimulation of upper lumbar segments can also

transiently elevate blood pressure?®-3'

. However, the lumbosacral spinal cord contains a paucity
of sympathetic efferent neurons, casting doubt that this approach harnesses the full potential of
TESS to activate sympathetic circuits and achieve hemodynamic stability after SCI.

Here, we dissected the anatomical topology and physiological dynamics of the
sympathetic circuitry, and uncovered the neural substrate through which TESS can modulate these
circuits. We exploited this knowledge to conceive a biomimetic hemodynamic regulator operating
in closed-loop that we implemented using clinical-grade implantable neurotechnologies'”?”. This

neuroprosthetic baroreflex precisely controlled hemodynamics over extended periods of time in



rodents, non-human primates, and humans — effective from a few hours after SCI to the chronic

phase of the condition.

RESULTS

Preclinical model of hemodynamic instability

Rats received a robotically-controlled, severe clinically-relevant contusion onto upper thoracic(T3)
segments (Fig. 1a and Extended Data Fig. 1). To visualize how this contusion damaged the
descending pathways regulating hemodynamics, we targeted catecholaminergic neurons
expressing tyrosine hydroxylase (TH) by stereotaxic infusions of AAV-DJ-hSyn-flex-mGFP-2A-
Synaptophysin-mRuby?? into the rostral ventrolateral medulla (RVLM) of TH-Cre rats* (Fig. 1a).
CLARITY-optimized light-sheet microscopy** of THN fibers and synapses revealed a near

TON sympathetic preganglionic

complete depletion of sympatho-excitatory synapses onto ChA
neurons below the injury (Fig. 1a).

To characterize the natural history of hemodynamic instability in response to SCI, we
implanted rats with a wireless system that enabled 24/7 monitoring of arterial blood pressure and
sympathetic nerve activity (Fig. 1b and Extended Data Fig. 1d-f). The SCl instantly induced a
transient spike in blood pressure and sympathetic nerve activity (Extended Data Fig. 2b-c),
followed by a pronounced depression that persisted throughout the chronic phase (Fig. 1d). 24/7
monitoring of blood pressure and sympathetic nerve activity in home cage revealed that the SCI
led to profound hemodynamic instability (Extended Data Fig. 2d-g).

Despite the elimination of the natural baroreflex, the rats did not exhibit the hypotension
observed in humans in response to orthostatic challenges (Extended Data Fig. 1a), thus
preventing the investigation of this specific physiological mechanism in preclinical models.

To enable such investigations, we developed a servo-controlled negative pressure
chamber that mimics orthostatic challenge paradigms used in humans to quantify hemodynamic
instability (Fig. 1¢). Uninjured rats exposed to negative pressure exhibited transient hypotensive
episodes. After SCI, rats could no longer recover from the simulated orthostatic challenge (Fig.
1d). They exhibited sustained hypotension, the severity of which linearly correlated with the
pressure in the chamber (Extended Data Fig. 2i).

These results indicate that our preclinical model reproduced the hallmarks of
hemodynamic instability observed in humans, and thus established heuristic conditions to dissect

the mechanisms through which therapies could regulate hemodynamics after severe SCI.

TESS engages the sympathetic circuitry to modulate hemodynamics
We sought to reveal the optimal locations to target the sympathetic circuitry with TESS. We first

identified the anatomical distribution of sympathetic pre-ganglionic neurons in the spinal cord
using retrograde tracing from the splanchnic sympathetic ganglia, which can control blood
pressure (Extended Data Fig. 3a). We found retrogradely-labelled neurons throughout the well-

established sympathetic spinal cord topology®®, but a peak concentration of neurons was



identified in the low thoracic segments, centered around T12 (Fig. 2a and Extended Data Fig.
3b).

We then quantified the increase in blood pressure resulting from continuous TESS (50Hz,
motor threshold)' applied sequentially to each spinal segment, from Té to L1. The pressor
response to TESS followed a Gaussian distribution that also peaked around the low thoracic
segments (Fig. 2a and Extended Data Fig. 3c-d). These responses were observed within a few
hours after SCl and throughout the chronic phase (Extended Data Fig. 3d). Pressor responses to
TESS linearly correlated with the density of retrogradely-labelled neurons, revealing a clear
anatomical and functional enrichment at T11-T13 (Fig. 2a and Extended Data Fig. 3e). We
named these segments the hemodynamic hotspots.

Next, we aimed to identify the circuit-level mechanisms through which TESS modulates
hemodynamic hotspots; from the neural substrate recruited by TESS to the post-synaptic events
that elicit constriction of blood vessels (Fig. 2b).

We first modeled the electrical fields elicited by TESS using our previously-validated finite
element methods® that we complemented with high-resolution magnetic resonance imaging,
computerized-tomography, and anatomical reconstructions of the low thoracic spinal cord (Fig.
2c). Simulations predicted that TESS applied to low thoracic segments primarily recruits large-
diameter afferent fibers (Aa) located in the posterior roots, but has no direct influence on
intraspinal neurons nor efferent pathways from sympathetic pre-ganglionic neurons (Extended
Data Fig. 4a).

To test this prediction, we asked whether the low thoracic posterior roots projecting to the
hemodynamic hotspots were necessary to elicit pressor responses with TESS. We found that the
progressive ablation of these roots led to the graded suppression of pressor responses (Fig. 2¢
and Extended Data Fig. 4b).

Previous clinical studies reported pressor responses when stimulating upper lumbar

28-31 which appeared incongruent with our functional and anatomical mapping (Fig. 2a).

segments
We thus studied the mechanisms that could explain these observations. Computer simulations
suggested that TESS applied at L2 can recruit the hemodynamic hotspot posterior roots where
they bend and pass through the inter-vertebral foramen. Indeed, ablation of the T12 posterior
roots blunted the modest pressor responses elicited by TESS applied at L2 (Extended Data Fig.
3f).

Computational modelling suggested that the recruitment of afferents with TESS engages
sympathetic pre-ganglionic neurons through direct synaptic projections, excitatory interneurons,
or both (Extended Data Fig. 4c). To explore these possibilities, we labelled afferent projections
with co-injections of AAV-DJ-hSyn-flex-mGFP-2A-Synaptophysin-mRuby and AAV-Cre into T12
dorsal root ganglia. We developed a pipeline to dynamically warp spinal cord contours to a
histological atlas, allowing us to merge data from multiple tissue sections and rats (Extended Data
Fig. 4d). Spatial analysis of merged matrices revealed an absence of afferent axons and synapses
within the intermediolateral column that contains the vast majority of sympathetic pre-ganglionic
neurons®® (Extended Data Fig. 4d). We confirmed the absence of the traced synaptic projections

onto sympathetic pre-ganglionic neurons by immunolabelling them with choline acetyltransferase



(ChAT). Therefore, excitatory interneurons likely mediated the activation of splanchnic
sympathetic ganglion neurons. Indeed, time-dependent pseudorabies-mediated tracing revealed
the presence of glutamatergic interneurons connected trans-synaptically to splanchnic
sympathetic ganglionic neurons (Fig. 2d, Extended Data Fig. 4d). These interneurons were

19N synapses from proprioceptive afferents®” (Fig. 2e).

densely innervated by vGlut
We next asked whether TESS recruits splanchnic sympathetic ganglion neurons, and
whether their efferent pathways trigger pressor responses. Continuous TESS (30 min) of
hemodynamic hotspots induced a robust expression of the activity-dependent protein cFos in
THON neurons located in splanchnic sympathetic ganglia (Fig. 2f). To ascertain their causal role,
we expressed the light-sensitive eNpHR3.0 opsins®® in these neurons using targeted injections of
AAV5-hSyn-eNpHR3.0-YFP in splanchnic sympathetic ganglia. Silencing of these neurons with
light or ablating their efferent pathways blunted the pressor response to TESS (Fig. 2g, Extended
Data Fig. 5¢c-d). These efferents release norepinephrine that induces constriction of blood vessels
through the activation of alpha; receptors. We blocked these receptors with intravenous injections
of prazosin®?, which reversibly suppressed responses to TESS (Fig. 2h, Extended Data Fig. 5e).
These results show that TESS leads to alpha; mediated constriction of blood vessels by
recruiting proprioceptive afferent fibers that activate splanchnic neurons through a circuitry

involving glutamatergic interneurons directly connected to sympathetic preganglionic neurons.

Closed-loop control of hemodynamics through biomimetic stimulation
We exploited this knowledge to configure and fabricate electronic dura mater (e-dura) implants*
that targeted the posterior roots projecting to the hemodynamic hotspots. Optimal electrode

numbers and locations were identified using a genetic algorithm™"

implemented in the
computational model of TESS. We optimized the geometry and thickness of e-dura implants to
conform to the curved topology of the low thoracic spinal column (Fig. 3a and Extended Data
Fig. 6a-c).

Neuromodulation strategies that mimic natural dynamics are more effective than

unspecific protocols'™ 1741

. Moreover, non-physiological manipulation of hemodynamics may
damage the central nervous system and circulatory system while predisposing to adverse events*?,
We therefore aimed to deliver TESS patterns that mimic the natural dynamics of sympathetic
circuitry activation. To capture these dynamics, we recorded the activity of neurons located in the
RVLM in conjunction with sympathetic nerve activity and hemodynamics (Extended Data Fig. 6d-
e). Feed-forward, artificial neural networks confirmed the disrupted link between RVLM activity
and sympathetic circuitry after SC| (Extended Data Fig. 6f). Wavelet decomposition analysis*® of
blood pressure signals revealed that blue-light photostimulation of ChR2°N THN neurons located
in the RVLM steers hemodynamics within specific frequency domains** confined around 0.4-1.0
Hz (Fig. 3b). Orthostatic challenges enhanced hemodynamic activity within the same frequency
band in uninjured rats (Fig. 3c). This drive was permanently interrupted after severe SCI (Fig. 3c).

We then measured the rostrocaudal transmission of descending sympathetic volleys

(Extended Data Fig. 6g), which we quantified from the propagation of surface potentials over the



hemodynamic hotspots in response to stimulation of RVLM neurons. We found a conduction delay
of 2.5 ms between activation of adjacent hotspots.

We encoded these biometrics into TESS protocols that consequently mimic the spatial
sequences, frequency contents and temporal profiles underlying natural sympathetic circuit
activation. This biomimetic stimulation reinstated the natural dynamics of the system (Fig. 3d,
Extended Data Fig. 6h), and triggered greater pressor responses than conventional TESS
protocols (Fig. 3a).

The management of hemodynamic instability logically necessitates constant titration of
TESS. We found that biomimetic stimulation led to pressor responses that linearly correlated with
TESS amplitude (R? = 0.81; P = 1.02e"°). Therefore, we implemented a proportional-integral (Pl)
controller that modulated biomimetic TESS protocols to target user-defined blood pressure levels
in closed-loop™ (Fig. 4a). This hemodynamic regulator updates TESS amplitudes in real-time to
prevent hypotension (Fig. 4b-c). We thus conceived a neuroprosthetic baroreflex that rapidly
(1.15s 95% CI: 0.36-2.5) stabilized hemodynamics during transient, varying, and sustained
orthostatic challenges, both after acute and chronic SCI (Fig. 4b-e and Extended Data Fig. 7c-
e). To directly compare this neuroprosthetic baroreflex to the natural baroreflex, we conceived a
brain-spine interface® that established a proportional link between the cumulative firing of RVLM
neurons and biomimetic stimulation protocols (Extended Data Fig. 7g). This link effectively
stabilized hemodynamics following orthostatic challenges, with the same temporal delay as the
natural baroreflex measured in uninjured rats (Extended Data Fig. 2). The neuroprosthetic
baroreflex operated tenfold faster (Extended Data Fig. 7h-i).

Translational implementation of the neuroprosthetic baroreflex
We next asked whether this neuroprosthetic baroreflex could stabilize hemodynamics

immediately after SCI using clinical-grade neurotechnologies (Extended Data Fig. 8c)'"?’. We
emulated neuro-intensive care in a non-human primate model that included general propofol-
based anesthesia, an arterial pressure line, and artificial ventilation (Fig. 5a-b, Extended Data
Fig. 8a-b).

We mapped pressor responses to TESS across the thoracic and lumbar spinal cords of
three Rhesus monkeys with acute complete upper-thoracic (T3) SCI, which confirmed the location
of hemodynamic hotspots within the three most caudal thoracic segments (Extended Data Fig.
9a-b).

To modulate these hemodynamic hotspots, we designed e-dura implants*® with electrode
configurations that targeted the left and right posterior roots of T10, T11, and T12 segments. We
scaled the implants developed for rats to the anatomical features of Rhesus monkeys, measured
in three animals (Extended Data Fig. 9c). We connected these e-dura implants to a clinical-grade
implantable pulse generator with wireless communication modules and custom-made software
interfaces that enable real-time control over spatial locations, temporal sequences, and
amplitudes of TESS". We injected all the features of the neuroprosthetic baroreflex within this
versatile stimulation platform (Extended Data Fig. 8c).



The complete SCI induced an immediate spike in blood pressure, rapidly followed by
pronounced hypotension reminiscent of life-threatening hemodynamic instability observed
acutely in humans with SCI (Extended Data Fig. 8d-e).

As early as a few hours after the complete SCI, the neuroprosthetic baroreflex instantly
normalized blood pressure, stabilizing hemodynamics for extensive periods of time without the
need for supervision (2’000 heartbeats shown in Fig. 5¢). Contrary to closed-loop TESS, pressor
responses induced by continuous TESS extinguished after a few heartbeats in this acute phase of
SCI (Extended Data Fig. 9g-h). The neuroprosthetic baroreflex maintained hemodynamic stability
despite pronounced orthostatic challenges induced in a negative pressure chamber adapted to
Rhesus monkeys (Fig. 5d and Extended Data Fig. 9f,i). During hemodynamic collapse, the
neuroprosthetic baroreflex completely rescued hemodynamic stability (Fig. 5e and
Supplementary Video 1).

Clinical implementation of hemodynamic stabilization
We finally aimed to validate our therapeutic framework to stabilize hemodynamics in humans. To

enable future clinical trials, we focused on validating the key features of the neuroprosthetic
baroreflex in a patient presenting with a chronic functionally complete cervical SCI that led to
debilitating, medically-refractory orthostatic hypotension (Extended Data Fig. 10a).

We first confirmed that the hemodynamic hotspots are also located in the low thoracic
spinal cord in humans. A paddle electrode array was surgically positioned below the T10 and T11
vertebral bodies that contain the posterior roots entering lower thoracic segments (Extended
Data Fig. 10a). Computer simulations predicted the optimal electrode configurations'’ to target
the hemodynamic hotspots identified in preclinical models (Fig. 6a). TESS induced robust pressor
responses (Fig. 6b), whereas stimulation delivered more caudally or over electrodes non-specific
for the posterior roots (midline) was comparatively far less effective (Extended Data Fig. 10c-d).
TESS increased sympathetic nerve activity and normalized circulating levels of norepinephrine,
which confirmed the activation of the sympathetic circuitry (Fig. 6c).

We then asked whether tuning the amplitude of TESS could regulate hemodynamics in
closed-loop. As observed in preclinical models, we found a linear relationship between
stimulation amplitudes and pressor responses (Extended Data Fig. 10e). Graded adjustment of
TESS amplitude led to real-time hemodynamic stabilization during orthostatic challenges on a tilt-
table (Fig. 6d and Extended Data Fig. 10f-g).

Long-term implementation of TESS enabled the permanent cessation of medical
treatments for hemodynamic stabilization, increased participation in verticalized motor
rehabilitation, and abolished the clinical burden of orthostatic hypotension (Extended Data Fig.
10h and Supplementary Video 2).

DISCUSSION
We developed and validated an ultrafast, highly-reliable neuroprosthetic baroreflex that precisely

stabilizes hemodynamics in the acute and chronic phases of SCI. Central to this development was



a novel heuristic preclinical model of hemodynamic instability that enabled the identification of
the topology and dynamics of natural sympathetic circuit activation. We combined this
fundamental knowledge with a new understanding of the mechanisms through which TESS
activates the sympathetic circuitry to conceive biomimetic TESS protocols that obey guidelines for
ecoprosthetic designs*. The evolutionary conservation of the ancestral sympathetic circuitry
enabled straightforward translation of these protocols from rats to non-human primates to
humans.

We implemented this neuroprosthetic baroreflex within an implantable stimulation
platform that we previously used to deliver biomimetic TESS protocols controlled in closed-loop
to restore walking after paralysis in humans with SCI'. We validated this neuroprosthetic
baroreflex in non-human primates, and experiments in one patient with chronic tetraplegia
indicate that the human spinal cord responds effectively to the key features of this treatment.
Therefore, this clinical-grade investigational device will now enable clinical trials to evaluate the
safety and therapeutic efficacy of the neuroprosthetic baroreflex in the acute, sub-acute and
chronic phases of SCI.

In parallel, it is imperative to develop a fully implantable system combining a paddle
electrode array targeting the hemodynamic hotspots, an arterial blood pressure monitoring unit,
and a closed-loop stimulation platform that embodies all the necessary features to deliver
biomimetic TESS protocols for hemodynamic stabilization. The neuroprosthetic baroreflex

foreshadows a new era in the clinical management of SCI.
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Fig. 1 | Preclinical model overview.

a, Sympathetic nervous system underlying hemodynamic control. THON neurons in the RVLM and their
descending projections targeted with injections of AAV-DJ-hSyn-flex-mGFP-2A-Synaptophysin-mRuby in
TH:Cre rats, imaged in the brainstem (3D rendering, uDISCO) and contused spinal cord (light-sheet
microscopy, CLARITY). Density of descending sympatho-excitatory tract fibers are shown above and below
the contusion. Barplots report mean fiber density (n = 4) (paired one-tailed t-test; t = 5.08; P = 0.007) and
synapses (paired one-tailed t-test; t = 4.64; P = 0.009).

b, Rats implanted with wireless telemetry system to record hemodynamics and sympathetic nerve activity
24/7.

¢, Negative pressure chamber inducing blood pressure reductions, similar to a clinical ‘tilt-test'.

d, Monitoring of resting blood pressure before and for 6 weeks post-injury (n = 6, two-way repeated
measures ANOVA followed by Tukey's honestly significant difference (HSD) post-hoc correction; F(1 ejinteraction
= 7.05; P = 1.10e; all post-hoc < 0.001). Barplots report hemodynamic variance (independent samples
one-tailed t-test; t = 2.80; P = 0.009) and low frequency pressure dynamics (independent samples one-tailed
ttest; t = 5.51; P = 0.0004). The line plot illustrates orthostatic intolerance after injury and when exposed to
negative pressure. *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 2
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Fig. 2 | Mechanisms by which EES stabilizes hemodynamics.

a, Intraspinal density of neurons retrogradely traced from the splanchnic ganglia, amplitude of pressor
responses to TESS applied to each segment, and concordance between anatomical and functional datasets.
b, Hypothetical circuits activated by TESS to elicit blood vessel constriction.

¢, Color-coded electrical potentials following TESS applied to the spinal cord suggesting the exclusive
activation of afferent fibres. Scheme illustrating rhizotomy of posterior roots. Barplots report pressor
responses to TESS before and after rhizotomy (n = 5, paired samples one-tailed t-test; t = 4.36; P = 0.006).
d, Trans-synaptic retrograde tracing revealing interneurons connected to splanchnic ganglia.

e, These interneurons express the excitatory marker Slc17aé, and receive vGlut1 synapses from large-
diameter proprioceptive afferents.

f, Fos expression in THON neurons in the splanchnic ganglia in control and after TESS. Barplot reports
percentage of FOSON neurons (n = 5, independent samples one-tailed t-test; t = 13.96; P = 4.99¢™%).

g, Ablation of splanchnic efferents blunted the pressor response (n = 4, independent samples one-tailed t-
test; t =-4.54; P =0.0099).

h, alphal receptor blockade with prazosin blunted pressor responses (n = 5, independent samples one-
tailed t-test; t = -5.59; P = 0.0007).
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FIGURE 3
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Fig. 3 | Biomimetic stimulation protocols to control hemodynamics.
a, Schematic of electronic dura mater electrode arrays targeting hemodynamic hotspots. Barplot reports
relative pressor responses (SBP: systolic blood pressure; n = 5, independent samples one-tailed t-test; t =

3.90; P =0.006).

b, Targeted expression of ChR2 in THON neurons of the RVLM, as shown in the photograph. Wavelet power
spectrum when illuminating the RVLM with yellow (control) versus blue light (paired samples one-tailed t-

test; t=2.44; P =0.035).

¢, Wavelet spectrogram when inducing an orthostatic challenge by decreasing the pressure in the chamber
(n = 6; independent samples one-tailed t-test; t = 3.01; P = 0.0013).

d, Schematic illustrating biomimetic stimulation protocols, composed of interleaved (2.5ms) TESS (50Hz)
propagating over the hemodynamic hotspots. Wavelet spectrogram in rats with SCI (n = 5, paired samples

one-tailed t-test; t = 2.31; P = 0.041).
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FIGURE 4
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Fig. 4 | Neuroprosthetic baroreflex implemented in rats with severe contusion.

a, Closed-loop controller of blood pressure using a proportional integral (Pl) controller that adjust the
amplitude of traveling TESS waves over the three cardiovascular hotspots to maintain a user-defined blood
pressure (target).

b, Pressure in the chamber, blood pressure and TESS amplitude while the neuroprosthetic baroreflex is
turned on and off sequentially.

¢, Same variables as in b shown for cyclical changes in the pressure of the chamber. Barplot reporting errors
in blood pressure with respect to the user-defined target with the neuroprosthetic baroreflex on and off,
tested in rats with

d, acute (1-3 hours post-injury, n = 7, paired samples one-tailed t-tests; systolic blood pressure (SBP): t = -
6.12, P= 5.50e%) and

e, chronic (6 weeks, n = 6, paired samples one-tailed t-tests; SBP: t = -3.84, P = 0.006) SCI (see Extended
Data Figure 7).
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FIGURE 5
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Fig. 5 | Neuroprosthetic baroreflex implemented in non-human primates with complete SCI.

a, Neurointensive care unit for rhesus monkeys with acute complete upper thoracic SCI, placed in a negative
pressure chamber. The neuroprosthetic baroreflex is implemented using clinical-grade technologies
operated with a custom-made software.

b, Localization of electronic dura matter.

¢, Blood pressure with the neuroprosthetic baroreflex on for 2000 heartbeats.

d, Same experiments as in Figure 4b. T1 = first target, T2 = second target.

e, Blood pressure collapse, rescued by the neuroprosthetic baroreflex.



FIGURE 6
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Fig. 6 | Key features of the neuroprosthetic baroreflex implemented in

functionally complete C5 SCI.

an individual with a

a, Personalized computational model of the spine, spinal cord and implanted stimulating lead. A genetic
algorithm predicted the optimal spatial configurations (+, anode; -, cathode) to activate the cardiovascular
hotspots identified in rodents and non-human primates.
b, Orthostatic challenge on a tilt table. Pressor response with TESS applied with the configuration predicted

by the model.

¢, Sympathetic nerve recording without and with TESS. Barplots report spike counts and levels of circulating
norepinephrine without and with TESS.
d, Pressor responses during closed-loop control of TESS amplitude concomitant to orthostatic challenges

on a tilt-table.
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EXTENDED DATA FIGURE 1
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Extended Data Figure 1. Development of a novel model of hemodynamic instability in rodents.

Step 1(a): We first tested the capacity for an orthostatic challenge to reduce blood pressure in rats 30 days
after a T3 spinal cord injury (n = 4). Tilting rats 90 degrees upright did not lead to any reduction in systolic
blood pressure (one-way repeated measures ANOVA; F3 = 0.612; P = 0.62), diastolic blood pressure (one-
way repeated measures ANOVA; F3 = 1.105; P = 0.40), or mean arterial pressure (one-way repeated
measures ANOVA; F3=0.915; P=0.47).

Step 2(b): To confirm that our contusion model disrupted descending control of hemodynamics we used
AAV-DJ-hSyn-flex-mGFP-2A-Synaptophysin-mRuby injected into the rostral ventrolateral medulla (RVLM) of
tyrosine hydroxylase (TH)-Cre rats (n = 4) one month after T3 spinal cord injury. We found a near complete
disruption of descending THON sympatho-excitatory axons (paired one-tailed t-test; t = 5.08; P = 0.007) and
synapses (paired one-tailed t-test; t = 4.64; P = 0.009) when comparing counts above and below the injury.
Barplots represent the mean with raw data overlaid.

Step 3(c): Overview of the time-course used to examine the natural history of hemodynamic instability in
uninjured (n = 6) and spinal cord injured animals (n = 6). Confirmation that the lesion site spared minimal
white matter (identified using glial fibrillary acidic protein [GFAP]; mean = 2%).

Step 4(d): We implanted a wireless recording system to monitor hemodynamics and sympathetic nerve
activity. A blood pressure cannula was inserted into the abdominal aorta and microelectrodes sutured to
the sympathetic renal nerve.

Step 5(e): Data was recorded 24/7 and automatically uploaded to a server where automated analyses were
triggered to quantify blood pressure and sympathetic nerve activity throughout the day and night.

Step 6(f): We established the natural history of hemodynamic instability by recording the response to spinal
cord injury and automatically detecting outliers (see Supplementary Online Methods, Hemodynamic and
sympathetic nerve activity monitoring) for blood pressure and sympathetic nerve activity data for a total of 7
weeks.

Step 7(g): Because rats do not exhibit hemodynamic instability in response to an orthostatic challenge (see
Step 1(a)), we developed a servo-controlled negative pressure approach whereby animals are placed in a
chamber and the pressure is dropped and monitored in closed loop (see Supplementary Online Methods,
Implementation of an orthostatic challenge in rodents and non-human primates).

*P < 0.05; **P < 0.01; **P < 0.001.
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EXTENDED DATA FIGURE 2
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Extended Data Figure 2. Rodent model develops hemodynamic instability across the natural history
of spinal cord injury.

a, We recorded hemodynamics and sympathetic nerve activity during and after the spinal cord contusion
(n = 6).

b, We observed an immediate increase in blood pressure and sympathetic nerve activity following the onset
of the contusion.

¢, Quantifications revealed a significant increase in systolic blood pressure (paired one-tailed t-test; t = 5.40;
P =0.001) and mean arterial pressure (paired one-tailed t-test; t = 4.50; P = 0.003), a decrease in heart rate
(paired one-tailed t-test; t = -10.26; P = 7.56e), and an increase in sympathetic nerve activity (paired one-
tailed t-test; t = 2.26; P = 0.037) during contusion. These were followed by complete reversal after the
contusion, where systolic blood pressure (paired one-tailed t-test; t = -5.97; P = 0.0009), mean arterial
pressure (paired one-tailed t-test; t = -5.14; P = 0.002), sympathetic nerve activity (paired one-tailed t-test; t
=-3.29; P = 0.011), and heart rate (paired one-tailed t-test; t = -2.91; P = 0.017) decreased compared to
pre-injury.

d, We next established the natural history of hemodynamics using 24/7 recordings. We found that
throughout the recording period animals with spinal cord injury deviated outside key thresholds
representing ‘'normal’ values (points scaled by size and transparency based on their deviation outside our
set thresholds [dotted lines]).

e, We found a left-shift in the distribution of hemodynamic values, and a right-ward shift in heart rate values,
indicating generally lower blood pressure, higher heart rate, and more aberrant sympathetic nerve activity
(Kolmogorov-Smirnov test; all P < 2.2e7"4).

f, Quantifications revealed an increase in the number of deviations for systolic blood pressure (independent
samples one-tailed t-test; t = 5.92; P = 0.0005), diastolic blood pressure (independent samples one-tailed
t-test; t = 3.68; P = 0.007), mean arterial pressure (independent samples one-tailed t-test; t = 3.23; P =
0.011), heart rate (independent samples one-tailed t-test; t = 2.0; P = 0.0499), and sympathetic nerve activity
(independent samples one-tailed t-test; t = 3.20; P = 0.006). We additionally found an increase in the
variance of systolic blood pressure (independent samples one-tailed t-test; t = 2.70; P = 0.011), diastolic
blood pressure (independent samples one-tailed t-test; t = 2.01; P = 0.036), mean arterial pressure
(independent samples one-tailed t-test; t = 2.85; P = 0.009), and sympathetic nerve activity (independent
samples one-tailed t-test; t = 3.20; P = 0.006), fitting the criteria for hemodynamic instability after spinal cord
injury.

g, Formal baseline recordings revealed that baseline systolic blood pressure (two-way repeated measures
ANOVA,; interaction effect F¢ 1 = 7.05; P = 1.10e%; all Tukey post-hoc P < 0.001) and mean arterial pressure
(two-way repeated measures ANOVA,; interaction effect F4 1 = 4.93; P = 0.0004; all Tukey post-hoc P <0.001)
were reduced, in agreement with spontaneous 24/7 data recordings.

h, We devised a closed-loop negative pressure system to mimic an orthostatic challenge in rats. Animals
with spinal cord injury could not respond to decreasing pressures, whereas uninjured animals responded
and slowly recovered. This response was consistent across all six weeks post injury and is contrasted against
week 0 (no injury for both groups).

i, Quantification of this response revealed increased negative deltas for the spinal cord injury group for
systolic blood pressure (two-way repeated measures ANOVA,; interaction effect Fs1 = 3.80; P =0.003; all
Tukey post-hoc P < 0.05) and mean arterial pressure (two-way repeated measures ANOVA,; interaction effect
Fe,1 =4.12;, P=0.001; all Tukey post-hoc P < 0.05).

jr After SCI we observed a time-dependent increase in the linear relationship between chamber pressure
and blood pressure (likelihood ratio test of nested models; P < 0.001), indicating that hemodynamics cannot
be stabilized during orthostatic challenge without a functioning baroreflex. In all panels, percent change is
presented for clarity as needed, while all statistics are calculated from raw values. Bar plots represent the
mean with raw data overlaid.

*P < 0.05; **P < 0.01; **P < 0.001.

Abbreviations: iISNA: integrated sympathetic nerve activity; HR: heart rate; MAP: mean arterial pressure;
SBP: systolic blood pressure; SCI: spinal cord injury.

23



EXTENDED DATA FIGURE 3
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Extended Data Figure 3. Functional and anatomical mapping reveal hemodynamic hotspots
preferentially enriched to respond to epidural electrical stimulation.

Step 1(a): We confirmed the role of the splanchnic ganglia in activating pressor responses. Electrical
stimulation of splanchnic ganglia led to pressure responses that linearly increased with the stimulation
amplitude (n = 4, linear mixed modelling; all R > 0.71; all P < 6.72e'?). These relationships were robust
across systolic blood pressure, diastolic blood pressure, and mean arterial pressure.

Step 2(b): Retrograde tracing of splanchnic ganglia using fluorogold labelled sympathetic pre-ganglionic
neurons, which we confirmed using Choline Acetyltransferase (ChAT) staining. Successful injection was
confirmed in splanchnic ganglia by colocalization of fluorogold with tyrosine hydroxylase (TH). We found a
peak density in the number of sympathetic pre-ganglionic neurons projecting to splanchnic ganglia in the
lower thoracic segments.

Step 3(c): We next completed functional mapping of the spinal cord by iterating through each segment and
stimulating epidurally to activate pressor responses. We completed these experiments in animals one-hour
post-injury (acute, n = 3), one-week post-injury (sub-acute, n = 3), two-weeks post-injury (intermediate, n =
5), and four-weeks post-injury (chronic, n = 5). We recorded blood pressure using a terminal carotid
catheterization preparation, and calculated the peak change in blood pressure during the stimulation.
Step 4(d): We found that the response to targeted epidural electrical stimulation (TESS) increased with time
post-injury, and that there was a hemodynamic hotspot in the lower thoracic spinal cord.

Step 5(e): We found a linear relationship between the functional and anatomical mapping results, providing
a clear rationale for the existence of the observed hemodynamic hotspot (linear modelling; all R? > 0.72; all
P < 0.003).

Step 6(f): We used computational modelling (see Extended Data Figure 4) and found that lateral edge
(near root entrance/exit) placement of electrodes resulted in preferential recruitment of T12, even with TESS
placed at L2. This was in contrast to more midline stimulation where we saw preferential recruitment off L2.
Indeed, with electrodes placed with a subtle ‘lateral shift’ the shift in recruitment to T12 already begins. We
reasoned this may be the mechanism by which serendipitous clinical observations were made. We
confirmed this hypothesis using a rhizotomy experiment, whereby we cut the T12 root after stimulating with
TESS at L2 (n = 5). We found a significant blunting of the TESS response in systolic blood pressure (paired
one-tailed t-test; t = -4.54; P = 0.009), mean arterial pressure (paired one-tailed t-test; t = -3.08; P = 0.027),
and diastolic blood pressure (paired one-tailed t-test; t = -2.40; P = 0.048). Bar plots represent the mean
with raw data overlaid.

Abbreviations: ChAT: choline acetyltransferase; DBP: diastolic blood pressure; MAP: mean arterial
pressure; SBP: systolic blood pressure; SCI: spinal cord injury; SPN: sympathetic pre-ganglionic neuron;
TESS: targeted epidural electrical spinal cord stimulation; TH: tyrosine hydroxylase.
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EXTENDED DATA FIGURE 4
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Extended Data Figure 4. Epidural electrical stimulation induces pressor responses through the
recruitment of posterior afferents and excitatory interneurons.

Step 1(a): We developed a hybrid computational model based on real anatomical structures generated
through high-resolution CT and MRI scans. This model combines a geometrically realistic 3D finite element
model of the spinal cord with realistic compartmental cable models of all afferents, efferents and some
interneurons. We established a computational pipeline to obtain anisotropic tissue property maps,
discretize the model, perform simulations using an electro-quasi-static solver and couple these simulations
with  NEURON-based electrophysiology models (Sim4Life by ZMT, www.zurichmedtech.com). We
investigated the recruitment patterns of various afferent and efferent fibers within the spinal cord structure.
We found that stimulation over the dorsal aspect of the spinal cord led to high levels of recruitment of major
afferents, prior to any recruitment of efferent neurons directly from the stimulation. This suggested that
epidural electrical stimulation activates pressor responses by recruiting afferents.

Step 2(b): Next, we experimentally tested the hypothesis that pressor responses induced by TESS were
dependent on afferent activation. We completed successive dorsal rhizotomies at T11, T12, and T13 and
found a graded reduction in the response to stimulation (one-way ANOVA,; all P < 0.001; post-hoc results
indicated), with the largest decrease when removing T12, consistent with our functional and anatomical
mapping results. Grey box indicates stimulation. Bar plots represent the mean with raw data overlaid.

Step 3(c): Next, we developed a NEURON-based spiking neural network model composed of integrate-and-
fire neurons to predict the presence of direct, indirect excitatory, and indirect inhibitory connections.
Indirect inhibitory connections resulted in poor sympathetic pre-ganglionic neuron recruitment (left panel)
and in the minimization of membrane potentials in response to increasing stimulation amplitude (right
panel; various stimulation amplitudes indicated by alpha; action potential threshold indicated by horizontal
dotted line; stimulation onset indicated by vertical dotted line). This suggested that pressor responses to
TESS likely are mediated by either direct, monosynaptic connections between afferents and sympathetic
pre-ganglionic neurons or by indirect circuits including excitatory interneurons.

Step 4(d): We completed anterograde tracing of the dorsal root ganglia. Using dynamic image registration
we generated a digital dorsal horn whereby we could select a region of interest (ROI; grey box) and
determine the mean intensity (‘Observed ROI') of either axons (orange) or synapses (red). Using 1000
bootstraps of random ROls as a null distribution we found a depletion of axons (empirical P = 0.019) and
synapses (empirical P = 0.001) in the intermediolateral column. We confirmed this result by counting
neurons with appositional synapses on ChATON neurons in the ventral horn versus the lateral horn and found
a similar statistical depletion (n = 10 images, 294 neurons; Fisher's exact test; OR: 0.082; P < 2.2e"¢). This
suggested that the most likely circuit mediating these responses instead included an excitatory interneuron.
We therefore completed retrograde trans-synaptic tracing and found interneurons trans-synaptically
connected to splanchnic ganglia that were Slc17aé positive, and had Vglut1 synaptic puncta in their
immediate vicinity (see Figure 2), suggesting direct connections with large diameter afferents.

*P < 0.05; **P < 0.01; **P < 0.001.

Abbreviations: ChAT: choline acetyltransferase; PRV: pseudorabies; ROI: region of interest; Rz: rhizotomy;
TESS: targeted epidural electrical spinal cord stimulation.
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EXTENDED DATA FIGURE 5

Step 1 (a)

Hemodynamic hotspot stimulation with TESS results in activation of splanchnic ganglia neurons

TESS \1’12 N

/ Perfusion (1h post TESS) TESS
DRG
y 04 .
S 30d
> Afferents
T35 30 minutes TESS
Stimulated (n=5 rats) I
Non-Stimulated (n=>5 rats) I/' L= O“Anery
h \
. Splanchnic ganglia

o

Harvest
ganglia

paje|nwuis

Afferent nerve axotomy of ganglionic neurons results in loss of
TESS induced pressor response

/ o
od)-e .. Axotomy 100
2+ (n=4rats) °
T3 SClI Axotomy - £5 75
34 .
a5 50 2
So
9
8% 25
_. Axotomy 0
TESS I 100
- Celiac L4
ganglon 2 & 75
Abdominal Sa
aorta 28 T
Sa 50
£3
0 i
100
e
§ z 75 .
Artery E% 50 I
8% 25
<~L@® &
Axotomy 0

Splanchnic ganglia Control mmmm Axotomy

,’ . s .
/ Celiac ga(\gllon \' 9
H Aﬁgominal aorta 3
1
i ‘M il \ | Inferior 3
I AT \ / =
TR YRR \ //vena cava ;i
2 1 \M\“H“W e N/ e ) .
£ | | I \“‘\Hﬂ”‘ H“ \\‘ 0 I o/ _ Stain for activity
Il l Jom=- rk
;5 Superior mesenteric markers
ganglion
Step 2 (b) Step 3 (c)
Stimulation leads to an increased Optogenetic inhibition of ganglionic neurons results in blunting of pressor
number of cFos positive neurons response elicited by TESS
750 1000 100 Opsin Optogenetics 2
S A 10
600 800 S 80 % God Control
2 2 5 I
5 s
g 40 5 600 3 TESS £ ¢ o
2 = z T3 SCI g Light ON
3 300 S 400 @ 40 ]
* 3 £ Optogenetics (n=4 rats) g 4
=z
150 200 & 2 2
= TESS ol
0 0 0 DRG -30 -20 -10 0 10 20 30 40
Time (s)
Control TESS s sy 51 .
450 7 ax 100 100 Afferents
K < :\; =3 4 % =3 4 E=] 4
< 8 2 801 . B B €
2 g & K g3 g3 g3
H 800 3 e - 2 w0 2. 32, 2,] o
2 z z Artery % % i °
3, 2 40 8 40 @ A8 © L = o
S 150 s ‘5 ) ) 1 TNe !
[y S z ) Splanchnic ganglia
E g ® — === Opsin OFF 0 0 0
0 0 = AAV5-CAG-eNpHR3.0-eYFP Control Light
Step 4 (d) SIC G

Alpha, receptor blockade blocks the effect of TESS on blood pressure

30d e Alpha, receptor
Noradrenergic

T3SCl Prazosin - O o0 9! Blockade ) /8 ) %
injection ¢ 9 2o
fniec A Non-noradrenergic . B 5%
., Stimulated neuron - Ny, ‘é )
o (n=7 rats)’ « Prazosin > \ EE

7 © 2

TESS o @

DRG Lumen
Washout
-
Afferents

- Artery

Splanchnic
ganglia

28



Extended Data Figure 5. Epidural electrical stimulation induces pressor responses through the
recruitment of splanchnic ganglia.

Step 1(a): To determine whether epidural electrical stimulation activated splanchnic ganglia we stimulated
rats with T3 spinal cord injury (SCI) for thirty minutes (n = 5), or did not stimulate them (n = 5). We harvested
the splanchnic ganglia and subjected them to immunohistochemisty. We stained each section for tyrosine
hydroxylase (TH), cFos (immediate early gene), DAPI, and Nissl to confirm neuronal phenotypes. We then
used an automatic cell segmentation algorithm to identify cells that coexpressed TH, Nissl, and or cFos.
Step 2(b): Quantifications revealed that animals stimulated with thirty minutes of EES had more cFos positive
neurons than unstimulated rats (independent samples one-tailed t-test; t = 6.56; P = 0.001), and that these
neurons colocalized with TH and Nissl stains (both p < 0.001).

Step 3(c): We next completed two loss of function studies to examine the causal role of the splanchnic
ganglia in the pressor responses to TESS. We conducted an optogenetics silencing experiment (n = 4) and
an axotomy experiment whereby we surgically severed the connection between the sympathetic pre-
ganglionic neurons in the spinal cord and the splanchnic ganglia (n = 4). We completed these experiments
on animals 60 days after T3 spinal cord injury. For optogenetics experiments viral injections occurred at 30
days post-injury. Activating the inhibitory opsin eNpHr3.0 with yellow light suppressed the pressor response
to TESS, and therefore increased the difference between the peak response to TESS and the minimum
response during light (or control) for systolic blood pressure (independent samples one-tailed t-test; t =
2.90; P = 0.031) and mean arterial pressure (independent samples one-tailed t-test; t = 2.60; P = 0.040).
Step 4(d): Axotomy of the connection between sympathetic pre-ganglionic neurons and splanchnic ganglia
likewise blunted the pressor response for systolic blood pressure (independent samples one-tailed t-test; t
= -4.54; P = 0.001), diastolic blood pressure (independent samples one-tailed t-test; t = -2.40; P = 0.048),
and mean arterial pressure (independent samples one-tailed t-test; t = -3.08; P = 0.027). These experiments
indicate the splanchnic ganglia are necessary to induce a pressor response with TESS.

Step 5(e): We next tested whether blocking alphai receptors on systemic blood vessels would blunt the
response to TESS. We administered IV prazosin and found an immediate loss of pressor responses to TESS.
The response returned after drug washout (one-way repeated measures ANOVA; F, = 15.63; P = 0.0001;
Tukey HSD).

*P < 0.05; **P < 0.01; **P < 0.001.

Abbreviations; DRG: dorsal root ganglia; SBP: systolic blood pressure; TESS: targeted epidural electrical
spinal cord stimulation; TH: tyrosine hydroxylase.
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EXTENDED DATA FIGURE 6
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Extended Figure 6. Mechanistic insight enabled the development of a targeted electronic dura mater
and biomimetic stimulation strategy to recapitulate the natural dynamics of the sympathetic nervous
system.

Step 1(a): To develop the spatial features of an electrode array specifically targeting hemodynamic hotspots
we first quantified all the features of the low thoracic spinal column. We measured the precise length of
each spinal segment and vertebrae using a combination of gross anatomical dissections, high resolution CT
scans, and custom MRI sequences.

Step 2(b): We used these anatomical features, driven by the identification of hemodynamic hotspots to
develop an electronic dura mater specifically targeting T11, T12, and T13 spinal segments. Detailed
dimensions of the active stimulation sites (500 um diameter, 0.002 cm? geometric surface area).

Step 3(c): When placed on the spinal cord, the array increases blood pressure and all electrodes are
functional. Top: electrochemical impedance spectrum (modulus, left and phase, right) of an electrode array
acquired in vitro post-fabrication.

Step 4(d): To recapitulate the natural dynamics of the sympathetic nervous system we first measured from
three key areas including the rostral ventrolateral medulla (RVLM) using a multichannel neural signal
processor, the renal sympathetic nerve, and blood pressure using an arterial cannula.

Step 5(e): We measured these three key areas in response to a hypotensive stimulus (sodium nitroprusside
[SNP]) in both injured and uninjured animals (n = 5). We found that there was an impaired response in the
sympathetic nerve activity after SCI.

Step 6(f): To quantify the changes in these dynamics we trained a feed-forward neural network to predict a
continuous output from a given input. For example, predicting sympathetic nerve activity (iISNA) from RVLM
activity (i.e., iSNA ~ RVLM). We found that in uninjured animals there were strong correlations between
each step in the system, whereby the model could predict one from the other. Here, we show the ability of
the model to predictiSNA from RVLM spikes, and to predict SBP from iSNA (strength of correlation [Pearson
correlation] presented as -log10(p) for each group and comparison). Of note is that changes in the system
are driven by an external perturbation and therefore our model quantifies simply the relative dynamics of
this response.

Step 7(g): To understand the timing delay of RVLM activation to sympathetic outflow from the spinal cord
we stimulated the RVLM electrically, and measured the efferent volley over T11, T12, and T13 (n = 5).
Stimulation of the RVLM dramatically increased blood pressure, confirming localization of the stimulation.
We then measured the delay between action potentials in response to 100Hz 10s pulse trains of RVLM
stimulation and found a 2.5 * 0.4ms delay between segments. Representative traces across segments are
shown for one animal. We therefore integrated this delay into the stimulation design between segments.
Step 8 (h): Finally, to understand the precise role of frequency dynamics in blood pressure control we
stimulated the RVLM using optogenetics in TH-Cre rats. We found that stimulation with blue light led to a
robustincrease in wavelet spectrogram within the 0.4-1.0Hz band (paired samples one-tailed t-test; t = 2.67;
P =0.028). This was in contrast to activation of an inhibitory opsin using a yellow laser (which would, in this
case, inhibit the RVLM due to the presence of an inhibitory opsin), which showed significantly less activation
compared to blue light (paired samples one-tailed t-test; t = 2.44; P = 0.035). In response to an orthostatic
challenge, the wavelet power response in uninjured rats was less pronounced in the presence of inhibitory
(yellow) light (bottom panels; independent samples one-tailed t-test; t = 4.04; P = 0.008).

*P < 0.05; **P < 0.01; **P < 0.001.

Abbreviations: iSNA: integrated sympathetic nerve activity; RVLM: rostral ventrolateral medulla; SBP:
systolic blood pressure; TESS: targeted epidural electrical spinal cord stimulation; TH: tyrosine hydroxylase.
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EXTENDED DATA FIGURE 7
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Extended Data Figure 7. Neuroprosthetic baroreflex implemented in rodents with SCI.
Step 1(a): We tested whether we could stabilize hemodynamics using the neuroprosthetic baroreflex,
operating in closed-loop, in animals with acute (n = 7; 18 hours post-injury) and chronic (n = 6; one month
post-injury) T3 spinal cord injury (SCI). We implemented the neuroprosthetic baroreflex within research-
grade technology in order to achieve precise control over stimulation parameters.
Step 2(b): We found a linear relationship between stimulation amplitude and the pressor response to
stimulation in both animals with acute (mixed model linear regression; R2 = 0.84, P < 2.2e%) and chronic
(mixed model linear regression; R2 = 0.81, P < 1.0e"°) spinal cord injury.
Step 3(c): We completed a series of trials to test the ability of the neuroprosthetic baroreflex to stabilize
hemodynamics in rats with acute spinal cord injury. The neuroprosthetic baroreflex was activated in closed-
loop prior to the activation of the lower-body negative pressure chamber. In trials where the stimulation was
ON, we found a reduction in the target (baseline) error (paired samples one-tailed t-tests; SBP: t = -6.12, P
= 5.50e0% MAP; t = -6.08, P = 4.48¢e%%, DBP; t = -5.85, P = 4.34e%*) reduced time outside key thresholds (-
10 mmHg; paired samples one-tailed t-tests; SBP: t =-12.52, P = 9.94e; MAP; t =-12.29, P = 8.83e™; DBP;
=-11.73, P = 1.15e%), a restoration of the non-linear relationship between blood pressure and chamber
pressure, and a concomitant reduction in the linear model coefficient (likelihood ratio test of nested models;
all P < 0.001). These quantifications held for systolic blood pressure (top), diastolic blood pressure (middle),
and mean arterial pressure (bottom).
Step 4(d): We completed the exact same experiments on animals with chronic spinal cord injury and found
similar results to those of the acutely injured rats. Specifically, in trials where the stimulation was ON, we
found a reduction in the target (baseline) error (paired samples one-tailed t-tests; SBP: t = -3.84, P = 0.006;
MAP; t=-3.83, P=0.006; DBP; t=-3.83, P = 0.006), reduced time outside key thresholds (-10 mmHg; paired
samples one-tailed t-tests; SBP: t = -4.37, P =0.004; MAP; t = -4.43, P = 0.003; DBP; t = -4.21, P = 0.004), a
restoration of the non-linear relationship between blood pressure and chamber pressure, and a
concomitant reduction in the linear model coefficient (likelihood ratio test of nested models; all P < 0.001).
These quantifications held for systolic blood pressure (top), diastolic blood pressure (middle), and mean
arterial pressure (bottom).
Step 5(e): We found that in response to stimulation blood pressure rapidly reached the set-point, with
convergence times of 0.76s in the example case presented in Figure 4, and 1.15s (95% Cl: 0.36 - 2.5s)
across n = 13 animals in response to the negative pressure chamber. In this case convergence was defined
as stable within 2.5 mmHg.
Step 6(f): The neuroprosthetic baroreflex, acting in closed loop, re-established natural frequency dynamics
(increased wavelet power in the 0.4-1.0Hz spectrogram) in both animals with acute (paired samples one-
tailed t-test; t = 4.46; P = 0.002) and chronic SCI (paired samples one-tailed t-test; t = 3.37; P = 0.014).
Step 7(g): We tested how our neuroprosthetic baroreflex compared to the natural baroreflex by recording
from the rostral ventrolateral medulla and using this as input to our controller (n = 3), instead of automated
blood pressure changes as the detection (i.e., a brain-spine interface). We scaled the stimulation amplitude
in proportion to the number of detected spikes in the rostral ventrolateral medulla.
Step 8(h): We found a 10-20s delay in the response within the rostral ventrolateral medulla in response to a
negative pressure stimulus. In contrast, the neuroprosthetic baroreflex responded more than 10x faster to
stabilize hemodynamics in the face of an orthostatic challenge.
Step 9(i): Quantifications of Step 8 (h); Wilcoxon rank sum test all P < 0.05).
*P < 0.05; **P < 0.01; **P < 0.001.
Abbreviations: DBP: diastolic blood pressure; MAP: mean arterial pressure; RVLM: rostral ventrolateral
medulla; SBP: systolic blood pressure; SBP: systolic blood pressure; SCI: spinal cord injury; TESS: targeted
epidural electrical spinal cord stimulation.
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Extended Data Figure 8. Translation of the neuroprosthetic baroreflex to non-human primates.

Step 1(a): To further establish the efficacy of the neuroprosthetic baroreflex we performed experiments in
three non-human primates. First, we measured arterial blood pressure using an invasive catheter in the
subclavian artery. Next, we performed a T3 spinal cord injury (SCI) in order to mimic the experimental
conditions of our rodent experiments. We next mapped the pressor responses to epidural stimulation from
T7 to L3. We combined these results with ex-vivo dissections of the anatomical dimensions of the lower
thoracic spinal cord in Rhesus Macaques (n = 3) to design an electronic dura mater. Finally, we implemented
all the features of the neuroprosthetic baroreflex.

Step 2(b): We tested the efficacy of the neuroprosthetic baroreflex specifically within the context of acute
traumatic SCI. We emulated all the features of standard neurointensive care including arterial blood
pressure measurements, clinical grade anesthesia (intravenous Propofol), as well as temperature and
respiration control. We integrated our stimulation approach into clinical-grade technologies using an
implantable pulse generator and a spatially selective spinal implant.

Step 3(c): All the features of the neuroprosthetic baroreflex were injected into our previously used clinical-
grade stimulation approach. Briefly, the neuroprosthetic baroreflex received beat-by-beat continuous blood
pressure in order to provide closed loop control. Stimulation output control was sent to the neural research
programmer interface, which communicates with the implantable pulse generator through a series of
bluetooth and infrared links. These commands were then sent directly to the customized spinal implant.
Step 4(d): Similar to rodent experiments, we found that T3 spinal cord injury induced a significant surge in
systolic blood pressure (paired one-tailed t-test; t = 4.15; P = 0.027), mean arterial pressure (paired one-
tailed t-test; t = 3.96; P = 0.029), diastolic blood pressure (paired one-tailed t-test; t = 3.80; P = 0.031), and
an accompanying decrease in heart rate (paired one-tailed t-test; t = -4.05; P = 0.028). By one-hour post-
injury we observed clinically relevant neurogenic shock, characterized by decreased systolic blood pressure
(paired one-tailed t-test; t = -3.20; P = 0.043), mean arterial pressure (paired one-tailed t-test; t = -5.23; P =
0.017), and diastolic blood pressure (paired one-tailed t-test; t = -6.24; P = 0.012).

Step 5(e): Despite the fact that we observed an immediate decrease in resting blood pressure, epidural
electrical stimulation was able to cause an immediate and transient pressor response in all three animals. In
all cases, where percent change is presented statistics were completed on raw values.

*P < 0.05; **P < 0.01; **P < 0.001.

Abbreviations: DBP: diastolic blood pressure; EES: epidural electrical stimulation HR: heart rate; MAP: mean
arterial pressure; SBP: systolic blood pressure; SCI: spinal cord injury.
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Extended Data Figure 9. Neuroprosthetic baroreflex implemented in non-human primates with
spinal cord injury.

Step 1(a): We recorded blood pressure using an axillary artery catheterization preparation, and calculated
the peak change in blood pressure during stimulation. We found that there was a hemodynamic hotspot in
the lower thoracic spinal cord, specifically over segments T10, T11, and T12.

Step 2(b): Accounting for the offset in segments between species, we found a linear relationship between
the functional mapping results in rats and the functional mapping results in non-human primates, further
confirming the localization of a hemodynamic hotspot in the last three thoracic segments (linear modelling;
R?=0.65; P =0.018).

Step 3(c): To develop the spatial features of an electrode array specifically targeting hemodynamic hotspots
in the non-human primate we quantified all the features of the low thoracic spinal column. We measured
the precise length of each spinal segment and vertebra using a combination of gross anatomical dissections,
high resolution CT scans, and custom MRI sequences.

Step 4(d): We used these anatomical features, driven by the identification of hemodynamic hotspots to
develop an electronic dura mater specifically targeting T10, T11, and T12 spinal segments. Detailed
dimensions of the active stimulation sites (0.7 mm diameter, 0.014 cm? geometric surface area).

Step 5(e): Electrochemical impedance spectrum (modulus, left and phase, right) of an electrode array
acquired in vitro post-fabrication indicates functional, low-impedance electrodes.

Step 6(f): We fully implemented a negative pressure chamber designed to fit a non-human primate in order
to induce an orthostatic challenge. We found that stimulation using the chamber led to an immediate and
consistent decrease in blood pressure.

Step 7(g): We next implemented our biomimetic stimulation protocols. We found a linear relationship
between stimulation amplitude and the pressor response (n = 3 monkeys; linear modelling, R2 = 0.85; P =
9.33e%). Compared to stimulating only one hotspot, stimulating with all three sets of electrodes, and
therefore targeting each hemodynamic hotspot led to a more robust increase in blood pressure (n = 2
monkeys).

Step 8(h): Implementation of the neuroprosthetic baroreflex, acting in closed loop, led to sustained
increases in blood pressure that did not fatigue (n = 1 monkey). In comparison, continuous open-loop
stimulation elicited an increase in blood pressure that was immediately followed by rapid fatigue. Only
biomimetic stimulation re-established the natural frequency dynamics, revealed using wavelet
decomposition (n = 2 monkeys).

Step 9(i): Using this closed loop approach, we found a reduction in the target (baseline) error, reduced time
outside key thresholds (-5 mmHg; -2 mmHg for diastolic blood pressure), a restoration of the non-linear
relationship between blood pressure and chamber pressure, and a concomitant reduction in the linear
model coefficient. These quantifications held for systolic blood pressure (top), diastolic blood pressure
(middle), and mean arterial pressure (bottom).

Abbreviations: DBP: diastolic blood pressure; MAP: mean arterial pressure; SBP: systolic blood pressure;
TESS: targeted epidural electrical spinal cord stimulation.
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Extended Data Figure 10. Targeted epidural electrical stimulation enables control of hemodynamics
in a human with spinal cord injury.

Step 1(a): We implanted a 5-6-5 Medtronic paddle array below the T10 and T11 vertebral bodies in a 38-
year-old patient with clinically-complete cervical spinal cord injury (SCI) presenting with medically-refractory
orthostatic hypotension. We confirmed the paddle array location with computerized tomography and
magnetic resonance imaging.

Step 2(b): We recorded hemodynamics, sympathetic nerve activity and catecholamine levels in the patient
without and with stimulation. We used personalized computational modelling and a genetic algorithm to
predict the ideal spatial configurations to activate the lower thoracic spinal segments. We then used the
illustrated decision-making process to determine whether to move forward with the use of a given
configuration.

Step 3(c): We identified an optimal configuration, which recruited the lower thoracic spinal segments,
increased blood pressure, normalized plasma norepinephrine levels, and increased muscle sympathetic
nerve activity. We tested other configurations that are not optimally targeted to these roots and found the
blood pressure responses were not robust.

Step 4(d): Activation of the posterior columns using medial electrodes did not lead to a pressor response.
Step 5(e): Using the optimal configuration, we found a stepwise increase in blood pressure as we increased
the amplitude of stimulation (R? = 0.86; P = 0.02; linear regression).

Step 6(f): To test whether the concept of the neuroprosthetic baroreflex could be implemented in humans,
we verticalized the patient to induce an orthostatic challenge while recording blood pressure. We
performed feature extraction to obtain a rolling mean blood pressure, from which we calculated a
continuous error (delta blood pressure). We then adjusted the weighted proportion to generate a calculated
stimulation output, which was implemented using a clinician controller to modulate blood pressure in
closed-loop.

Step 7(g): When our closed-loop system was activated, blood pressure was tightly regulated evidenced by
stabilized blood pressure and mitigated target error.

Step 8(h): This patient now uses the stimulation daily and has been able to cease other treatments for
orthostatic hypotension. Furthermore, the daily use of this therapy has reduced the self-reported burden of
orthostatic hypotension for this patient, as assessed using clinical questionnaires.

Abbreviations: ASIA: American spinal injury association impairment scale; TESS: targeted epidural electrical
spinal cord stimulation.
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