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Neural Feedback Influences on Exercise
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Known and Unknown
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Neural Mechanisms Regulating Exercise
Physiology

* Hyperpnea, breathing pattern, bronchodilation
 MAP, muscle vascular conductance/blood flow
* Pacing strategy, fatigue, exercise performance
| mns?
NURnRa (2 |
an Q|
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Approach: Reversibly Block/Reduce Each Input During
Physiologic Exercise



Locomotor Muscle Group Ill, IV Afferents

*Gp Il mechanosensitive/Gp IV metabosensitive

« ACTIVATED: Rhythmic or static muscle contractions via
muscle metabolites, venous distension.

*llI-IV Interactions; supraspinal projections
*Are muscle afferents obligatory to cardiovent exercise response”?

(Mitchell, Light, Adreani, Kaufman, Hill, Haouzi, Amman)



Mediation of Eucapnic Hyperpnea, Breathing
Pattern,Vasc Resistance ? Is Muscle Afferent Feedback
Required??

Max Insp Vol

_ CO2 production
Total-dead space ventil

Tidal Vol

Moderate
Exercise Exercise Exercise Exer

Arterial PCO2 40 mmHg 40 mmHg 30 mmHqg
pH 7.40 7.40 71.27
PO; 90 90 90 mmHg
MAP 100 110 125




IntraThecal Fentanyl,
U Opiate Receptor Agonist

« Opiate agonist | metaboreceptor-
Induced pressor response (Hill,
Kaufman)

« Only muscle afferents blocked-
MVC,Qtw unaffected

« Fentanyl contained within spinal
compartment

B

(Amann et al. 2006-2024)
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Afferent Block = 4 Steady State CV Response to
Cycling

e Aff block = persistent |
— Fertany * in HR and MAP, 1 limb
* vascular conductance,

| cardiac output
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MAP [mmH(g]
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Workload
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... controversial
/pushback!!

...Additional
hypothesis
testing
experiments

7.0 m mol/l lactate
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327+ 16 W




Summary: Group IlI-IV muscle afferents are
required for exercise-induced
sympathoexcitation, tMAP, breathing
frequency/hyperpnea, airway bronchodilation!!

Importance of:
« Muscle mass involved

« Exercise intensity/duration
 Limitation:Only partial
afferent block

« Pathophysiology-
CHF/Hypertension

(Amman,Kaufman,Olson)



Lots of Unknowns Remain!

Near-Eucapnic Exercise Hyperpnea ???

 Relative contributions of feedback/feedforward
stimuli? Stimuli interactions?

Is “VCO2" sensed?...where/how?
Adjusting VE to adapt to changes in Vd:Vt?
Breathing pattern regulation?

Role for long-term associative learning/neural
plasticity via trial and error, resulting in a memory
engram encoding the hyperpnea in the
cerebellum? ( Somjen1990;Welch ,2024)



Plasticity in Exercise
Hyperpnea with Aging?..

...how does the controller
“sense” a changing Vd/Vt,
so that VE:VCOZ2 Is
adjusted to preserve the
VA:VCO2 proportional link ?

PaCo2 (mmHg)

Johnson et al., 1994

£
£
—
c
2
L
K.
l;
3
>

CO, Production(l/min)
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Muscle Afferent Feedback

MUSCLE AFFERENTS AFFECT PERFORMANCE?

mmm—————————e e

~{_ Output [

Metabolic

Magnitude of
Central

Muscle
. ng_ver

Milieu, [
Milleyluig

Postulate: Muscle afferent
feedback constrains central
drive to locomotor muscles
which limits excessive muscle
fatigue/ performance!

Test- Time Trial:

Muscle afferent blockade effects

on pacing, power output,

fatigue(Qtw),muscle metabolites

and performance??

 (Amman,Blain,Hureau et
al,2008-24)



Muscle Afferent Effects on “Choosing” the Level of Central Motor
Drive and Power Output During Time Trial Exercise
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Fent Block :15t 2.5 km = | Central Motor Drive/Power
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Fent Block:2" 2.5 km , — Central Motor Drive and {Power Output
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Muscle afferent
Feedback influence:

&)
o
I

-on pacing
strategy!(even in
experienced racers)
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- on Exercise
performance??
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Performance and Afferents? Confounding Effects
on O2 transport of Hypoventilation/ HbO2
Desaturation during Fentanyl time trial

..S0, need to
combine muscle
afferent block with
preserved O2
transport (1 FI1O,)

e e

Control

oo ...(+ quantify post
exercise muscle

fatigue via Qtw)

(Hureau et al, 2018)

lactate [mmol I-1]

PETCO2 [mmHg]

0 1 2 3 4 5
Distance [km]



Peripheral Muscle Fatigue: Supramaximal Magnetic
Femoral Nerve Stimulation

Potentiated twitch
force (Quw,pot)

A Qtw:pre-vs post 5K
time trial-Control
hyperoxia vs Fent

hyperoxia

Pre-Exercise 2 min Post-Exercise



Day-to-day Time Trial Performance
Reliability-Control Conditions

Time to completion 491 +13svs489+13s (ICC0.99)

@ riai270+x20w

Q Trial 2271 = 21 W




Muscle Afferent Block in Hyperoxia
Improves Sustained Neural/ Power
Output/Time Trial Performance

Afferent block 1 muscle fatigue (38%1AQ,,, pre-vs. post-
exercise)(Hureau,2018)



Muscle Afferent Feedback

r————2 i Conclusions:

| Magnitude of I Muscle Afferent Feedback Influences
el ' Early Pacing decisions, Constrains

Central Locomotor Neural/ Power

Output, Limits Muscle Fatigue and

Performance

Other Performance Determinants:
Psychobiological self-regulation of
power output via perceived
exertion/motivation; Associative
learning via past experiences

mm—————————m e

Metabolic
Milieu |

(Marcora,2016;Baumeister
2007;McCormick 2015)
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SMALL MYELINATED AND UNMYELINATED

PHRENIC AFFERENTS

Small diameter — Group
I, 1v

?

Free nerve endings
5. (many)
Large diameter —
Group Ib

Golgi Tendeh,
Organs

ACTIVATION

, = Diaphragm fatigue
/ "~ » Infused capsaicin/elec
~_~  stimulation
» Central projections.
_ (Streeter,Hill,Hussain,Offner)

* ROLE DURING EXERCISE
—canine model
—Human(1994-2019)

(St.Croix,Rodman,Harms,Shee
Romer,Dominelli)

Large diameter —
Group la



MSNA

Reflex Effects of T diaphragm work / fatigue?
(St. Croix 2000)



60% Max Inspiratory Pressure +
70% Duty Cycle: Fatiguing Trial

|—

Mean Arterial
Pressure = 90mmHg 87 mmHg 95 mmHg

oL —— A A W i
(St Croix 2000)

[Mwm I

Pressure
[ 10mmHg

IJ!

IM ‘J
,{w J
!

JI*N

75 . 1 r 1 \
cmH20 \ I/ j’/ i’ ‘/ J‘ r% i

'*Iﬁ'IJEJLL

Pressure

v F gt 4(/(/\( i W wmm

|

wsna o WW*‘MW W‘W "#*W*“v o Wrww M m I mew‘wmr MWJ WM.MM

Burst Frequency =  29/min 31/min 44/min
Total MSNA = 38 /min 37 Imin 86 /min

Threshold effect of insp. and exp. muscle work on MSNA and Q, (Sheel 2002)

Are these reflex effects from Di fatigue relevant to physiologic exercise??



Pdi (cmH,0)

Testing Role of Diaphragm Metaboreflex in
Humans Cycle Exercising at High Intensity

20 A
10 A

O -
-10 A
-20 A
-30 A
-40 -
50 - Control inspiration

Pes (cmH,0)

60 -
50 -
40 -
30
20 T
10 -
0 1
0 0.5 1 1.5 2
Breath time (S)
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Pes (cmH,0)

Pdi (cmH,0)

T WOB ( Inspiratory Resistive Load)

20 A
10 - /“
0
-10
-20
-30
-40
50 - Control inspiration

Loaded inspiration

60 T
50 T
40 T
30 T
20 -
10 |

0 0.5 1 1.5 2
Breath time (S)




Pes (cmH,0)

Pdi (cmH,0)

N
(@)
[

| WOB (Mechanical Ventilator)

PN
o O
L

L

50 - Control inspiration

Loaded inspiration
60 Unloaded inspiration

Effects on: Dia Fatigue (Q+y),
Q. (thermo dilution), CO (direct
Fick), Limb muscle fatigue
107 (Quiitcr), €XeErcise performance?

0 0.5 1 1.5 2
Breath time (S)
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1 Work of Breathing:{ CV Effects inHi Intensity Exercise

! WOB = prevent di fatigue;¥
MSNA, Limb Vasc. Resist,CO,
T Limb Blood Flow,

! Limb fatigue/ T exercise
nerformance

=
o
S
[ ==
Q
o
X
N
»
o
o)
e/

( Reduced sympatholysis in
Diaph vs limb vasc ?)

(Harms, St. Croix, Romer, Miller,
Sheel, Babcock, Johnson [1994-
A U 2002])-2017-Dominelli;2023,Angus

Work of Breathing (% control)




SUMMARY: RESPIRATORY MUSCLE METABOREFLEX

Sympathetic efferent discharge
Limb Vasoconstriction in heavy
exercise

T Limb fatigue/”’central fatigue”

~L Performance

_—_—_—*

T Reflex activating metabolites/diaphragm fatig
T Group llI/IV phrenic afferent discharge \j
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CAROTID
CHEMOREFLEX IN Effects of Car Chemo

EXERCISE Tonic Activity

o Effects onVE, SNA,Vasc
Conductance

e Canines/Humans
 Plasticity/Pathophysiology

(1996-2017)




Transient Hyperoxia Quantifies Tonic Chemo-
receptor Activity Effects on VE,MSNA \v ‘

|
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Prasad,2020;

Hypertensive
Pts with OSA)



Transient Inhibition of Carotid Chemos at
Rest, Exercise In Health and CHF Canines

Inhibit CB via Local CB dopamine / hyperoxic saline



10 ng/kg Dopamine, 4.0 mph, 10% grade

Vasodilatory effects
of transient DA/
hyperoxia prevented
via adrenergic
blockade, CBX

... effects of CB tonic
Blood 1o activity on sympathetic
(mmHg) eo .

g tone-rest vs exercise?

(Stickland et al. Circ Res. 2008)



Sympathetic Tone: Effects of o Blockade vs
Chemoreceptor Inhibition: HEALTHY CANINE (EF 55%)

Max

% Change 100
Hindlimb
Vascular
Conductance 50 -

L

Systemic Chemo Systemic  Chemo
Alpha Inhibition Alpha Inhibition
Blockade Blockade

Rest Mild Exercise

Enhanced CB tonic activity In exercising canine/human



Effects of Mild intensity arm exercise + transient
hyperoxia in healthy humans (Stickland et al. 2008)



Transient Hyperoxia: Exercise (2008)

AMSNA
(%Baseline)

15 30 45 60

75 90 105 120 135 150 165180
Time (sec)

Transient hyperoxia, v
dopamine = 30% 1 limb

vasc. conductance, Q.
(Stickland,2011)



Pathophysiology:Excessive
CarChemosensitivity/Tonicity in
CHF/Hypertension /COPD

Human CHF = 1 car chemo tonic activity, MSNA,
sleep disordered breathing,exercise tachypnea

* Dog and rabbit models of CHF via 6 wks of cardiac
pacing = 1 carotid sinus nerve activity, 1 renal SNA,
limb vasc resistance, MAP

| carotid blood flow/shear stress 1 chemosensitivity

* “Treat” high car chemo tonic activity in
hypertension/CHF??

(Schultz, Marcus, Stickland, Nakayama, Paton)



SUMMARY- Obligatory Neural
Feedback Mechanisms Iin Exercise

Physiology:02 /Acid —base homeostasis,work of
oreathing, MSNA /blood flow distribution, central
ocomotor output/fatigue/exercise performance.

Patho-Physiology:-Excessive muscle
afferent/carotid chemoreceptor sensitivities In
CHF, Hypertension, COPD, OSA.

Many Unknowns remain!!



Hypertension is significantly dependent on the carotid
body input in the spontaneously hypertensive rat.
(Abdala et al., 2012)

Time (days)

...role for (selective) CBX in drug resistant hypertension??



Isocapnic Exercise Hyperpnea Adjusted to Change in
Resting Setpoint (PaCO2~VCO2/VA * K)

A B

VCOZ
(I/min)
2.0

20 30 40 50 i 1.0
I I | | | | | |

Pacoz (mmHg) VCO: (I/min)

How does controller adjust VA:VCOZ2 response to
changing resting setpoint/plant gain?




Rhythmic Handgrip Exercise + Transient
Hyperoxia (FIO2 ~ 1.0)

Blood

Pressure hl']n il Lm " J’ “ "W“M lu il ll W ” Lll N'Nu M\”
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Lung Stretch Receptor Feedback
Affects on Breathing Pattern/

* X

® Control

O Vagal
blockade

FREQ (B/MIN)

(L/MIN)

%

T — U T -
. 10 20 . 10 20
v002 (mismin~ kg Vea, (mlismin~'kg"

Ainsworth, 1992; Winning, 1985; Sciurba, 1988




EXERCISE-INDUCED BRONCHODILATION

=
N

Pre-exercise e

(o0}

Post-exercise

Flow Rate (L/sec)

o

7 6 5 4 3 2 1

Volume (Liters)

...occurs via withdrawal of cholinergic tone to
alrway smooth muscle by locomotor muscle
afferent feedback (Kaufman, 1982-'88-
anesthetized canines).Exercising humans??



Underbuilt Diaphragm: Long-lasting Fatigue

following High Intensity Endurance Exercise
(supramaximal phrenic nerve stim, 1-20 Hz)

Pre-exercise Pust-exe-{cise
{90—9_5% Vo

2 max)

e

RD EMG Pl"' AN

P

g

Cardiovascular consequences of diaphragm metabolite
accumulation/ fatigue? 16



Rhythmic Handgrip Exercise + Transient Hypoxia
(FIO2 ~ 1.0)

(Stickland et al., 2008)

JERWANE W LN,

e e

reco: (i |‘HH|H\|W" ‘H\'Hn"u"l'\u‘ \HH'U"M “‘IH uh’h'u F'J'”W‘ﬂ “‘u‘uh”" |

AL M L|L Mq (I t L '\M
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1 minute

MSNA latency to |PAO2 ~15 — 20 sec.

:—

Handgrip




Exercise Hyperventilation in Human CHF

— * 1 Sensitivity of
160

muscle afferents,

carotid chemos
120

* 1 Pul. cap.
Severe HF
80 pressures
« 1 Vd/Vt

* Inhibitory effects of
hyperoxia/muscle

Ve TTEs afferent blockade

(Olson 2013)




Feedback Control Of “Excessive” Sympathetic Outflow
and Hyperventilation
In Heart Failure: What Goes Wrong?

g

o o
) L
/

WE@EE +) Chemoreflex

_ DT
2\ AT !\]
e
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(-) Baroreflex
2\ - ; @
(-) Cardiopul. - —
reflex %: -
Y \ %
(+) Mechano ‘ﬁ, @

<

S

. hemosensitivity via physical training (Schultz, Marcus)



SYMPATHETIC TONE: Effects of a Blockade /
Chemoreceptor Inhibition:
HEALTHY CANINE (EF 55%)

Max

% Change 100
Hindlimb
Vascular
Conductance 50 -

L

Systemic Chemo Systemic  Chemo
Alpha Inhibition Alpha Inhibition
Blockade Blockade

Rest Mild Exercise

(Stickland 2008)



Inhibiting Carotid Chemoreceptor Tonic
Activity During (Normoxic) Exercise In

Healthy Humans

| VE, MSNA, MAP
* Limb vascular conductance, blood flow

-- Hyperadditive interactive effects of Carotid
chemoreflex + muscle afferent input on SNA
mediated vasoconstriction /VE

(Stickland, Morgan, Wan,Amann)



Systemic Hypertension and
Carotid Chemoreceptors

Chemoreceptor glomus cell
proliferation

Imbalance of CB HIF iso-forms,
neuromodulators

T Ang Il receptors in chemos

Bilateral CBX In hypertensive
humans = | MAP

(Paton, Winters)



Hypertension is significantly dependent on the carotid
body input in the spontaneously hypertensive rat.
(Abdala et al., 2012)

Time (days)

...role for (selective) CBX in drug resistant hypertension??



Summary: Critical Roles for Carotid
Chemoreceptor in Health and Disease

Multiple stimuli - CV / resp. / metabolic effects

Extended chemoreceptor pathway / peripheral
chemoreceptor hyperadditive effects on central
CO, responses

Chemoreceptor contributions in health to eupnea,
sympathetic control of vascular resistance

Adaptive / Maladaptive chemoreceptor
sensitization in hypoxic acclimatization

Role In sleep apnea pathogenesis / treatment

Role of chemo / muscle afferents in CHF,
nypertension




Phrenic Artery Lactic Acid Bolus: Resting Dog

20 ml/min

QAbd 18 ml/min
100 ml/min

Q 85 ml/min
Renal

0.60 I/min
0.40 I/min

QHindIimbs B

3.00 I/min
2.50 I/min

110 mmHg
80 mmHg

120 mmHg

60 mmHg

10 seconds

(Rodman et al., 2005)




SYMPATHETIC TONE: Effects of o Blockade vs

Chemoreceptor Inhibition: CHF CANINE
(EF 18%, 1 Hypoxic Vent. Response)

..alsoin

150 human
CHF/hyperte
Max i
% Change 100 nSI\_/e
Hindlimb patients
Vascular

Conduct
onductance g (Stickland 2015;

Sayegh 2024)

Systemic Chemo Systemic Chemo
Alpha Inhibition Alpha Inhibition
Blockade Blockade

Rest Mild Exercise




In Vitro Vascular Responsiveness

[ Diaphragm
@ Red Gastroc

A White Gastroc
(Aaker, 2002)
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Muscle Afferent
Effects on Vg, Gas
Exchange In
Prolonged Exercise

(lannetta, Amman,et
al,2024)



T WORK OF BREATHING EFFECTS ON RESP / LIMB MUSCLE BLOOD FLOW (304W, 95% VO,,..,)

Mech Vent (+He:0,) Control 1 Airway Resistance
WOB 45% 100% 130%

40

Oesophageal pressure (emH0)

40 4

04

SCM EMG (V)

02 4

Blood flow (% control)
V. Medialis 115+15% 100% 95+12%

SCM 49+5% 100% 230+25%
(Dominelli et al., 2017)



Testing Diaphragm
Metaboreceptor Effects on CV
Response to Exercise In Canines

-Blood flow probes on ascending aorta,
hind limb,abd muscle,renal feed arteries

* Moderate Intensity treadmill exercise

 Lactic acid bolus delivered to diaphragm
via phrenic artery catheter

* Pre- post-sympathetic blockade

(Rodman et al., 2005)



Diaphragm Lactic Acid Bolus in Exercising Canine (n=8)

Hind Limb
CO'  Blood Flow Vascular Conductance
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Symp block prevents CV response!
Effects in exercising humans??
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