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Incognito AV, Nardone M, Teixeira AL, Lee JB, Kathia MM,
Millar PJ. Muscle sympathetic single-unit response patterns during
progressive muscle metaboreflex activation in young healthy adults. J
Neurophysiol 124: 682–690, 2020. First published July 29, 2020;
doi:10.1152/jn.00305.2020.—Muscle sympathetic single units can
respond differentially to stress, but whether these responses are linked
to the degree of sympathoexcitation is unclear. Fifty-three muscle
sympathetic single units (microneurography) were recorded in 17
participants (8 women; 24 � 3 yr). Five 40-s bouts of 10% static
handgrip were performed during a 10-min forearm ischemia to pro-
gressively increase metabolite accumulation. Each static handgrip was
separated by a 75-s ischemic rest [postexercise circulatory occlusion
(PECO)] to assess the isolated action of the muscle metaboreflex.
During each set of PECO, individual single units were classified as
activated, nonresponsive, or inhibited if the spike frequency was
above, within, or below the baseline variability, respectively. From
sets 1–5 of PECO, the proportion of single units with activated (34,
45, 68, 87, and 89%), nonresponsive (43, 44, 23, 7, and 9%), or
inhibited (23, 11, 9, 6, and 2%) responses changed (P � 0.001) as
total muscle sympathoexcitation increased. A total of 51/53 (96%)
single units were activated in at least one set of PECO, 16 (31%)
initially inhibited before activation. This response pattern delayed the
activation onset compared with noninhibited units (set 3 � 1 vs.
2 � 1, P � 0.001). Once activated, the spike-frequency rate of rise
was similar (8.5 � 6.5 vs. 7.1 � 6.0 spikes/min per set, P � 0.48).
Muscle sympathetic single-unit firing demonstrated differential con-
trol during muscle metaboreflex activation. Single units that were
initially inhibited during progressive metaboreflex activation were
capable of being activated in later sets. These findings reveal that
single-unit activity is influenced by convergent neural inputs (i.e.,
both inhibitory and excitatory), which yield heterogenous single-unit
activation thresholds.

NEW & NOTEWORTHY Muscle sympathetic single units respond
differentially to sympathoexcitatory stress such that single units can
increase firing to contribute to the sympathoexcitatory response or can
be nonresponsive or even inhibited. We observed a subgroup of single
units that can respond bidirectionally, being first inhibited before
activated by progressive increases in forearm muscle metaboreflex
activation. These results suggest convergent neural inputs (i.e., inhib-
itory and excitatory), which yield heterogenous muscle sympathetic
single-unit activation thresholds.

microneurography; muscle metaboreflex; sympathetic nervous system

INTRODUCTION

Investigations into the response patterns of muscle sympa-
thetic action potentials underlying integrated multiunit record-
ings have advanced our understanding of the neural substrates
mediating sympathoexcitation during stress. Increases in the
total integrated multiunit burst signal [termed total muscle
sympathetic nerve activity (MSNA)] during classic experimen-
tal stressors (Fagius et al. 1989; Farrell et al. 1991; Hardy et al.
1994; Mark et al. 1985; Sundlöf and Wallin 1978) are now
understood to be driven by increases in the number of action
potentials occurring across and within cardiac cycles (Mace-
field and Wallin 2018; Shoemaker 2017). The use of wavelet
assessments of muscle sympathetic action potential amplitude
clusters (Shoemaker 2017) have demonstrated an important
role for ordered, size-dependent recruitment of sympathetic
fibers in the control of integrated multiunit burst strength (i.e.,
burst height and area) at baseline and during sympathoexcit-
atory stressors (Badrov et al. 2015, 2016; Salmanpour et al.
2011; Steinback et al. 2010). Less understood are the mecha-
nisms underlying muscle sympathetic fiber inhibition and rate
coding during sympathoexcitatory stress.

Our group has identified populations of muscle sympathetic
fibers (termed single units) that can be inhibited amidst acti-
vation of a larger majority of recorded fibers (indicated by
increased total MSNA) during lower body negative pressure
and rhythmic handgrip exercise (Incognito et al. 2019; Millar
et al. 2013, 2015). Similar findings showing patterns of inhi-
bition amidst total MSNA activation have been reported in
select action potential amplitude clusters during arterial baro-
receptor unloading with lower body negative pressure (Badrov
et al. 2015; Salmanpour et al. 2011) and bolus injection of
nitroprusside (Limberg et al. 2018). These data have been
taken as support for differential control of individual sympa-
thetic fibers directed toward the same target organ (Incognito et
al. 2019). Such control is hypothesized to involve an afferent-
specific (e.g., cardiovascular afferents) functional arrangement
within central autonomic regions supplying sympathetic pre-
motor neurons (Morrison 2001). This hypothesis is informed
by animal work that shows rostral ventrolateral medulla
(RVLM) subregions to innervate distinct vascular regions
throughout the body (Lovick 1987; McAllen and Dampney
1990; Mueller et al. 2011). As well, there exists heterogenous
afferent populations with opposing (or differential) discharge
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patterns (i.e., one subpopulation is inhibited while another
subpopulation is activated) in response to single (or homoge-
nous) stimuli (Blair 1986; Folkow 2000; Hainsworth 2014;
Oberg and Thorén 1972, 1973; Seagard et al. 1993). Addition-
ally, subpopulations of efferent postganglionic sympathetic
nerves can respond selectively (DiBona et al. 1996; DiBona
and Sawin 1999; Gregor et al. 1976; Horeyseck et al. 1976) or
differentially (Meckler and Weaver 1988; Riedel and Peter
1977; Simon and Riedel 1975) to afferent stimuli.

We observed that inhibition of single units during rhythmic
handgrip was almost exclusively present in individuals with
small increases in total MSNA during rhythmic handgrip
(Incognito et al. 2019). Whether the absence of single-unit
inhibition responses in individuals with high levels of sympa-
thoexcitation during exercise is due to unique phenotypic
and/or neuroplastic differences within individuals or due to the
ability to activate previously inhibited muscle sympathetic
fibers during higher levels of stress is unknown. The latter
would suggest that both inhibition and activation patterns can
be expressed by the same postganglionic fiber in a manner that
is threshold dependent.

The present study assessed the influence of progressive
muscle metaboreflex activation (potent sympathoexcitatory
stimulus) on the response patterns of muscle sympathetic
single units. Participants completed a 10-min forearm isch-
emia, and within the time frame five 40-s bouts of 10% static
handgrip were completed, each separated by a 75-s rest [i.e.,
postexercise circulatory occlusion (PECO)]. The low-intensity
static handgrip exercise periods were used to gradually in-
crease the concentration of metabolites trapped within the
muscle to elicit a progressive change in muscle metaboreflex
activation. We hypothesize that muscle sympathetic fibers can
be both inhibited and activated during PECO such that a
subgroup of single units will be inhibited during low levels of
metaboreflex activation (early sets of the protocol) and will
become activated during higher levels of metaboreflex activa-
tion (later sets of the protocol). When activated (whether early
or late in the protocol), the increase in metaboreflex activation
in subsequent sets will drive progressive increases in single-
unit spike frequency.

METHODS

Participants. Twenty-four participants volunteered for the study.
All participants were young (�40 yr), nonsmoking, unmedicated (not
including birth control), in sinus rhythm, and free of known cardio-
vascular, metabolic, or neuromuscular diseases. Women were tested
during the early follicular phase (day 0–5) or placebo week of their
natural or controlled menstrual cycle, respectively. Due to scheduling
difficulties, one woman was tested on day 6 of her natural menstrual
cycle. All participants were familiarized to the ischemic handgrip
exercise protocol 24 h or longer before the testing visit. The Univer-
sity of Guelph Research Ethics Board approved all study procedures,
and all participants provided informed written consent before famil-
iarization and testing visits.

Measurements. Discrete minute-to-minute blood pressure was measured
using an automated oscillometric blood pressure cuff over the right upper arm
(BPTru Medical Devices, Coquitlam, Canada). Continuous measures of
heart rate (lead II electrocardiography; ADInstruments Inc, Colorado
Springs, CO), blood pressure (photoplethysmography cuff on the left
third digit; Finometer MIDI, Finapres Inc, The Netherlands), respira-
tory excursions (piezoelectric transducer belt placed around the tho-
rax; Pneumotrace II, UFA, Morro Bay, CA), forearm oxygenated and

deoxygenated hemoglobin [near-infrared spectroscopy (NIRS) optode
(Artinis Medical Systems) placed and secured on the medial aspect of
the supinated forearm ~3–4 cm distal to the medial epicondyle and
covered with an opaque cloth], and MSNA (microneurography) were
monitored throughout the experiment. A handgrip dynamometer
(MLT004/ ST; ADInstruments, Sydney, NSW, Australia) was used to
measure handgrip force output and to provide real-time digital feed-
back to ensure appropriate exercise intensities were achieved during
testing. All continuous data (except NIRS data) were digitized and
stored (ADInstruments Inc, Colorado Springs, CO) at a sampling
frequency of 1 kHz, except for the raw MSNA signal, which was
sampled at 20 kHz. NIRS data were sampled at 10 Hz (downsampled
to 1 Hz for analysis). Total hemoglobin was calculated as the absolute
sum of oxygenated and deoxygenated hemoglobin. Oxygenated and
deoxygenated hemoglobin were analyzed separately and normalized
to the individual range of each variable, calculated as the minimum
and maximum values recorded from 30-s epochs throughout the entire
protocol (from the 6-min baseline to the 3-min recovery). A 10-min
occlusion with concurrent ischemic exercise followed by a 3-min
reperfusion period is likely to produce maximal (or near maximal)
ranges of hemoglobin oxygenation and deoxygenation values (Inglis
et al. 2017).

Multiunit and single-unit muscle sympathetic nerve activity
(MSNA) was recorded from the fibular nerve, as previously described
(Millar et al. 2013; Notay et al. 2016). A high-impedance tungsten
microelectrode (FHC, Bowdoin, ME) was inserted posterior and
slightly distal to the fibular head with the knee flexed ~30° and
adjacent to a low-impedance reference electrode inserted beneath the
skin surface. The raw MSNA neurogram was amplified (75,000 times)
and bandpass filtered (0.7– 2.0 kHz), and the multiunit MSNA
neurogram was rectified and integrated using a 0.1-s time constant
(Nerve Traffic Analyzer, model 662C-4; Absolute Designs, Iowa City,
IA). Muscle sympathetic nerve traffic was identifiable by pulse-
synchronous burst patterns and amplified by voluntary apnea. Ab-
sence of skin sympathetic nerve traffic was confirmed by lack of
responsiveness to unexpected clapping. To ensure stability of the
nerve recording, 7–10 min were given to monitor the neurogram
without microelectrode manipulation. Once a high-quality nerve re-
cording was confirmed (signal-to-noise ratio � 3:1 with no baseline
noise drift), the experimental protocol commenced. During the study
protocol, if there was a potential change in the site recording, the
protocol was stopped and restarted after 15–20 min of rest. The study
was terminated if the nerve recording could not be found or was
repeatedly compromised during the protocol.

Multiunit MSNA was analyzed using a custom semiautomated
LabView software program (National Instruments, Austin, TX), as
described previously (Millar et al. 2013; Notay et al. 2016). Multiunit
MSNA was quantified with the following variables: burst frequency
(bursts/min), burst incidence (bursts/100 heartbeats), normalized burst
height (relative to peak baseline height), total MSNA (normalized
mean burst area � burst frequency), and burst latency (ECG R spike
to burst peak). Single-unit MSNA was analyzed using Spike2 (v7;
Cambridge Electronics Design Ltd, Cambridge, UK), as described
previously (Incognito et al. 2019; Millar et al. 2013). Spikes display-
ing a triphasic morphology with a negative amplitude deflection
visually inspected to be larger than the noise width and active during
the resting baseline were subject to single-unit classification. With the
use of previously published criteria (Macefield et al. 2002; Murai et al.
2006, 2009), candidate single units were matched by amplitude of the
negative deflection and waveform shape to yield minimal variation in
waveform overlays. Single-unit MSNA was quantified with the fol-
lowing variables: spike frequency (spikes/min), spike incidence
(spikes/100 heartbeats), probability of spike firing one or more times
per cardiac cycle (%), probability of multiple spike firing within a
cardiac cycle (%), and spike onset latency (ECG R spike to first spike;
ms) (Macefield et al. 2002; Murai et al. 2006, 2009). Baseline spike
frequency was used as an inverse index of postganglionic fiber size
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(Incognito et al. 2019; Salmanpour et al. 2011). All MSNA analyses
were completed by a single investigator (A.V.I.).

Experimental protocol. Participants arrived at the laboratory after
voiding and abstaining from caffeine, alcohol, recreational drugs, and
strenuous exercise for 20–24 h. All testing was performed in a supine
position with the upper body elevated slightly (~10–20°) to permit
view of handgrip force output on a computer screen. Prior to instru-
mentation, participants performed two maximal volitional handgrip
contractions (MVC) in the right hand separated by 60 s of rest. The
effort yielding the highest force output was used as the MVC.
Following instrumentation, participants rested for 10 min before
undergoing a 6-min baseline period. The oscillometric blood pressure
cuff on the right upper arm was then replaced with a manual sphyg-
momanometer and inflated to suprasystolic pressure (240 mmHg) for
10 min. During the 10-min period of blood flow occlusion, partici-
pants performed five sets of 40-s static handgrip at 10% MVC. After
each bout, 75 s of ischemic rest were completed and labeled as
postexercise circulatory occlusion (PECO). The low-intensity static
handgrip exercise periods were used to increase the concentration of
metabolites trapped within the muscle to elicit a progressive change in
muscle metaboreflex activation. NIRS measures of total hemoglobin
(oxygenated � deoxygenated hemoglobin) were used to assess
whether additional blood entered the forearm during the occlusion.
NIRS measures of oxygenated and deoxygenated hemoglobin were
obtained to confirm that oxidative metabolism was continuous
throughout the protocol. The first handgrip set began 25 s after the
inflation of the cuff. Prior to each handgrip set, participants were
given a 5-s countdown. Following deflation of the manual sphygmo-
manometer cuff, participants were given 3–4 min of rest before
completing a maximal end-expiratory voluntary apnea.

Data and statistical analysis. Mean values of all NIRS, hemody-
namic, and MSNA variables were calculated for the baseline period
and during PECO (10–70 s of each 75-s occlusion set). Mean values
of all hemodynamic and MSNA variables were also calculated for the
last 20% of maximal end-expiratory apnea time. We classified single-
unit responses for each set of PECO as either activated, nonrespon-
sive, or inhibited based on whether the spike frequency during each
set was above, within, or below the range of 1-min absolute values
observed in the baseline period, respectively. We selected 3 min of
baseline measures (three 1-min time points) to quantify these response
thresholds to align with prior work (Incognito et al. 2019). Using this
method, we quantified the activation threshold of each single unit,
defined as the first set that elicited an increase in spike frequency
above the highest active minute recorded in the baseline. Furthermore,
we also quantified the responsiveness to muscle metaboreflex-medi-
ated activation in each single unit as the rate of rise in spike frequency
once activated. This variable was quantified as the linear regression
slope between spike frequency and set number (termed the activation
slope). The sets used for the regression analysis were the set imme-
diately preceding the first set of activation (activation threshold) and
set 5. Given the variability in the activation threshold, this yielded
variability in the number of points used for each regression. To allow
for assessments of single units that were activated in set 5 (n � 3),
only two points were used (set 4 and set 5). All other slopes had a
minimum of three points, and only single units with strong (r � 0.60)
linear regressions were used. We also assessed whether common
response patterns over time were apparent in each set of PECO. We
defined two general response patterns and grouped single units into
those that were inhibited in early sets of the protocol before becoming
activated in later sets (termed initially inhibited single units) or those
that were not inhibited in any set of PECO (only nonresponsive or
activated; termed noninhibited single units).

One-way ANOVAs with repeated measures were used to quantify
responses of all NIRS, hemodynamic, and multi- and single-unit
MSNA variables during the experimental protocol. A Fisher’s exact
probability test was used to compare proportional differences in
activated, nonresponsive, and inhibited single-unit responses across

all five sets of PECO. Unpaired Student’s t tests were used to compare
the baseline spike frequency, spike-frequency response to maximal
end-expiratory apnea, activation threshold, and the activation slope
between the initially inhibited and noninhibited single units, as well as
the baseline characteristics between individuals with and without
initially inhibited single units. Two-way ANOVAs with repeated
measures were used to quantify the spike-frequency difference be-
tween the two single-unit subgroups throughout the five sets of PECO
[group (initially inhibited vs. noninhibited single units) � time (set
number)], as well as the NIRS (data expressed as change from
baseline), hemodynamic, and multiunit MSNA responses in the indi-
viduals that possessed and did not possess initially inhibited single
units. Pearson correlational analyses assessed the relationship between
variables of interest. Bonferroni post hoc procedures were performed
on all ANOVA analyses with significant interaction effects. All
analyses were performed using IBM SPSS Statistics 23 (Armonk,
NY). Significance level was set at P � 0.05, and all data are presented
as means � SD, unless otherwise stated.

RESULTS

Complete data were obtained in 17 (8 women) participants
[age: 24 � 3 yr; height: 170 � 10 cm; weight: 72 � 15 kg;
body mass index (BMI): 25 � 3 kg/m2]. The remaining seven
were excluded due to an inability to find an MSNA site or hold
a stable site during the protocol. Representative data across the
entire study protocol from one participant are shown in Fig. 1.

NIRS, hemodynamic, and multiunit MSNA responses. Total
hemoglobin, oxygenated and deoxygenated hemoglobin, heart
rate, blood pressure, and multiunit MSNA responses are sum-
marized in Table 1. Total hemoglobin was maintained at levels
similar to baseline throughout the protocol (all P � 0.99).
Muscle oxygenation and deoxygenation reached a maximal
decrease (�	70 � 20%, P � 0.001) and increase (�81 � 9%,
P � 0.001) from baseline in sets 4 and 5 of PECO, respec-
tively. Heart rate (�4 � 4 beats/min, P � 0.01) and blood
pressure (systolic and diastolic: �6 � 4 and �4 � 3 mmHg,
both P � 0.008) were increased above baseline by set 1 of
PECO. Multiunit MSNA burst frequency (set 2: �5 � 6 bursts/
min, P � 0.06), burst incidence (set 3: �11 � 8 bursts/100
heartbeats, P � 0.001), burst height (set 3: �5 � 4% of
baseline peak, P � 0.002), and total MSNA (set 2: �164 � 205
arbitrary units/min, P � 0.07) were increased from baseline by
sets 2–3 of PECO (Table 1).

Muscle sympathetic single-unit responses. A total of 53
single units were identified [number of single units per partic-
ipant: one (n � 2); two (n � 4); three (n � 4); four (n � 4);
five (n � 3)]. Figure 2 demonstrates the proportion of single
units during sets 1 to 5 that were activated (34, 45, 68, 87, and
89%), nonresponsive (43, 44, 23, 7, and 9%), or inhibited (23,
11, 9, 6, and 2%) throughout the protocol. The proportion of
activated (r � 0.95, P � 0.02), nonresponsive (r � 	0.93,
P � 0.02), and inhibited (r � 	0.86, P � 0.06) single units
were linearly related to the percent change in multiunit total
MSNA in each set. For comparison, the last 20% of the
maximal end-expiratory apnea yielded higher total MSNA than
set 5 of PECO (�1,505 � 1,447 vs. �161 � 79 arbitrary units/
min, P � 0.001) and 100% of single units were activated. The
remaining analyses were based on the 51 (96%) single units
that were activated in at least one set of PECO. Mean single-
unit MSNA response data are summarized in Table 1. Spike
frequency (set 2: �3 � 6 spikes/min, P � 0.05), spike inci-
dence (set 3: �14 � 22 spikes/100 heartbeats, P � 0.001),
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spike probability (set 3: �6 � 8%/cardiac cycle, P � 0.001),
and probability of multiple spike firing (set 4: �8 � 15%, P �
0.01) were increased from baseline by sets 2–4 of PECO.

Muscle sympathetic single-unit response pattern subgroups.
We identified 16 (31%) single units that were initially inhibited
before activation (Fig. 3, open circles for examples). Baseline
spike frequency was not different between the initially inhib-
ited vs. noninhibited single units (15 � 13 vs. 19 � 17 spikes/
min, P � 0.42), nor was the spike frequency during maximal
end-expiratory apnea (176 � 175 vs. 253 � 197, P � 0.19).

When assessing the activation threshold of each single unit (the
set number when the spike frequency was first greater than the
highest active minute recorded in the baseline), we observed
the initially inhibited single units to have a delayed onset of
activation or a higher activation threshold (set 3 � 1 vs. 2 � 1,
P � 0.001; Fig. 4A). This observation was also apparent when
the mean responses of the single-unit subgroups were com-
pared, which showed the spike frequency of the initially
inhibited single units to be increased above baseline in set 5
(�14 � 12 spikes/min, P � 0.001) compared with set 3

Apnea

2 msec

60 sec

Handgrip (N)

Raw MSNA (V)

Integrated MSNA (A.U.)

Blood pressure (mmHg)

Unit 1

Unit 2

Unit 3

Unit 1

Unit 2

Unit 3

Baseline SHG1 PECO1 SHG2 PECO2 SHG3 PECO3 SHG4 PECO4 SHG5 PECO5 Apnea

A

B

Cuff
deflate

Cuff
inflate

Analysis window
(1.5 msec)

Total time

Respiratory excursions (A.U.)

Fig. 1. A: representative recording of handgrip force, arterial pressure, and multi- and single-unit muscle sympathetic nerve activity (MSNA) during baseline,
the ischemic handgrip protocol, and a maximal end-expiratory voluntary apnea. B: overlaid spike waveforms for each single unit across 30-s epochs in each phase
of the experimental protocol [i.e., baseline, static handgrip (SHG), postexercise circulatory occlusion (PECO), apnea] and across the whole experimental protocol
[i.e., total time (23 min)] to show the typical variability within each waveform template. Spike waveform parameters that were matched over time fell within
a 1.5-ms time window. Absent waveforms for unit 2 during set 1 of SHG and set 2 of PECO and for unit 3 during set 1 of PECO are the result of a lack of firing
of each respective single unit during the protocol phases. A.U., arbitrary units; N, newtons; V, volts.
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(�15 � 13 spikes/min, P � 0.001) in the noninhibited single
units (Fig. 4B).

The proportion of single units with strong linear regression
slopes (r � 0.60) when the rate of rise in spike frequency was
evaluated did not differ between initially inhibited vs. nonin-
hibited single-unit subgroups [13/16 (81%) vs. 31/35 (89%),
P � 0.66], nor did the slopes (8.5 � 6.5 vs. 7.1 � 6.0 spikes/
min/set, P � 0.48; Fig. 4C). The magnitude of maximal
activation (greatest � from baseline in spike frequency
achieved during the protocol) was significantly lower in the
initially inhibited vs. noninhibited single units (�16 � 11 vs.
30 � 24 spikes/min, P � 0.03), which was expected given the
higher activation threshold and similar rate of rise in spike
frequency. Noteworthy, the magnitude of activation at the

activation threshold was not different between single-unit sub-
groups (�7 � 7 vs. 11 � 9 spikes/min, P � 0.18). Lastly, in
the initially inhibited single units, baseline spike frequency was
correlated to the magnitude of inhibition (r � 	0.76, P �
0.001), the magnitude of activation at the activation threshold
(r � 0.58, P � 0.02), and the magnitude of maximal activation
(r � 0.58, P � 0.02). Similarly, in the noninhibited single
units, baseline spike frequency was related to the magnitude of
activation at the activation threshold (r � 0.41, P � 0.02) and
the magnitude of maximal activation (r � 0.66, P � 0.001).

At least one initially inhibited single unit was observed in
seven participants (3 women). Individuals with initially inhib-
ited single units compared with individuals with only nonin-
hibited single units had an attenuated rise in deoxygenated
hemoglobin in sets 1, 2, and 3 of PECO (set 1: �38 � 10 vs.
�50 � 14, P � 0.02; set 2: �67 � 10 vs. �78 � 7, P � 0.02;
set 3: �75 � 7 vs. �85 � 6% of maximal range, P � 0.07),
corresponding to a delayed increase from baseline in MSNA
burst frequency [set 4: �8 � 5 (P � 0.001) vs. set 2: �6 � 5
bursts/min (P � 0.002)], burst incidence [set 4: �10 � 7 (P �
0.01) vs. set 2: �8 � 7 bursts/100 heartbeats (P � 0.03)], and
total MSNA [set 3: �243 � 174 (P � 0.08) vs. set 1:
�232 � 197 arbitrary units/min (P � 0.02)].

DISCUSSION

This study sought to investigate response patterns of muscle
sympathetic single units during progressive muscle metabore-
flex activation, evoked with intermittent periods of ischemic
static handgrip. Nearly all single units [51/53 (96%)] were
activated by the muscle metaboreflex, albeit at varying sets of
PECO. The fourth and fifth sets of PECO yielded the greatest
proportion of single units that were activated (i.e., with activity
levels above baseline variability; 87 and 89% of single units,
respectively), which coincided with the greatest reductions and
elevations in oxygenated and deoxygenated hemoglobin, re-

Table 1. NIRS, hemodynamic, and MSNA responses to progressive isolated muscle metaboreflex activation

Baseline Set 1 Set 2 Set 3 Set 4 Set 5

NIRS
Total hemoglobin, A.U. 43 � 9 44 � 10 44 � 10 42 � 9 41 � 8 41 � 8
Oxy. hemoglobin, %max range 66 � 16 42 � 16* 21 � 10*† 11 � 7*† 6 � 5*† 7 � 9*
Deoxy. hemoglobin, %max range 13 � 6 58 � 9* 86 � 7*† 93 � 5*† 93 � 6* 94 � 6*

Hemodynamics
Heart rate, beats/min 64 � 11 68 � 12* 69 � 12* 69 � 12* 69 � 12* 68 � 12§
SBP, mmHg 106 � 9 113 � 11* 117 � 12*† 120 � 16* 125 � 14*† 130 � 16*†
DBP, mmHg 67 � 7 71 � 8* 74 � 7*† 76 � 8*† 79 � 8*† 83 � 8*†

Multiunit MSNA
Burst frequency, bursts/min 18 � 7 18 � 8 22 � 10§ 26 � 8* 30 � 8* 34 � 9*†
Burst incidence, bursts/100 heartbeats 28 � 12 28 � 13 33 � 15 39 � 14* 43 � 12* 50 � 14*†
Burst height, %baseline peak 47 � 11 51 � 16 48 � 12 52 � 12* 57 � 14*† 62 � 18*
Total MSNA, A.U. 684 � 280 762 � 340 849 � 355§ 1,079 � 355*† 1,313 � 311*† 1,639 � 398*†
Burst latency, ms 1,300 � 91 1,302 � 92 1,308 � 93 1,311 � 85 1,305 � 96 1,296 � 104

Single-unit MSNA
Spike frequency, spikes/min 18 � 16 20 � 19 21 � 19* 28 � 24*† 35 � 30*† 41 � 34*†
Spike incidence, spikes/100 heartbeats 30 � 30 33 � 33 32 � 31 44 � 40*† 54 � 50*† 66 � 58*†
Spike probability, %/cardiac cycle 17 � 12 18 � 13 18 � 12 24 � 15*† 27 � 15*† 31 � 17*†
Prob. multiple spike firing, % 28 � 19 31 � 25 26 � 24 31 � 24 35 � 24* 39 � 24*
Spike onset latency, ms 1,202 � 107 1,197 � 115 1,201 � 125 1,200 � 129 1,199 � 122 1,175 � 136*†

Values are means � SD. Heart rate, blood pressure, and multi- and single-unit muscle sympathetic nerve activity (MSNA) responses to the experimental
protocol were analyzed using one-way ANOVAs with repeated measures in 17 participants and 51 single units. No bursts or spikes were recorded during at least
one time period in 1 participant and 2 single units, thus the burst height and latency analysis had 16 participants and spike onset latency analyses were performed
on 49 single units. A.U., arbitrary units; DBP and SBP, diastolic and systolic blood pressure; NIRS, near-infrared spectroscopy; Oxy. and Deoxy., oxygenated
and deoxygenated; Prob., probability. *P � 0.05, §P �0.07 vs. baseline; †P � 0.05 vs. previous set.
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spectively. A minority of single units [16/51 (31%)] underwent
inhibition before being activated. This single-unit subgroup
had higher metaboreflex activation thresholds, evident by their
delayed onset of activation during the protocol, yet a similar
rate of rise in spike frequency to noninhibited single units once
activated. Our findings reveal a subgroup of single units with
bidirectional response patterns, which suggests that both inhib-
itory and excitatory neural inputs can simultaneously influence
sympathetic single unit activity.

In our prior work, we identified single units with heteroge-
nous response patterns to rhythmic handgrip exercise. Interest-
ingly, single units undergoing inhibition during rhythmic hand-
grip were nearly absent in individuals with the largest inte-
grated MSNA response (Incognito et al. 2019). As we did not
assess whether single-unit activity could change response di-
rectionality over time, it was unclear as to whether these
observations were due to interindividual differences in single-
unit phenotypes or due to differential response thresholds of
each single unit. The present study demonstrates clearly that all
single units can be activated given a threshold level of sym-
pathoexcitation. Under low levels of sympathoexcitation
(quantified by the integrated total MSNA response), there is a
proportion of single units with inhibitory response patterns. As
sympathoexcitation increases, we see a progressive shift to-
ward an activation response (increase in spike frequency) of
nearly all single units, with a subpopulation of single units
shifting from being inhibited to activated. Moreover, all single
units were activated during maximal end-expiratory apnea,
which elicited a more potent sympathoexcitatory response
compared with the progressive muscle metaboreflex protocol.

Currently, differential control has been postulated to be
governed by distinct neural pathways (Morrison 2001). This
model was recently portrayed as an axonal ribbon cable,
whereby a single neural afferent pathway [arising from a
specific cardiovascular receptor (i.e., baroreceptor, chemore-
ceptor)] synapses in the brain stem on a neuron(s) that directly
influences a single sympathetic efferent pathway (Zera et al.
2019). The organizational framework of this model arises from
evidence of RVLM neurons (as well as others) with dedicated
innervations to regionally (Lovick 1987), viscerally (McAllen
et al. 1995; McAllen and Dampney 1990; Mueller et al. 2011),
and functionally (Farmer et al. 2019) distinct end-target organs,
alongside evidence of heterogenous afferent responsiveness to
single stimuli (Blair 1986; Folkow 2000; Seagard et al. 1993).
Though potentially relevant in the context of inter-organ dif-
ferential control, the relevance of this mode of control of
postganglionic fibers directed toward a functionally similar
single target organ is unlikely. Our observation of a subpopu-
lation of muscle sympathetic single units that underwent inhi-
bition before being activated by progressive muscle metabore-
flex stress argues against a model where distinct supraspinal
neural pathways are solely responsible for differential control
of postganglionic muscle sympathetic fibers (i.e., the capacity
for only inhibited or activated single-unit response patterns
throughout the protocol). Instead, it suggests that this level of
differential control is regulated by supraspinal convergence
and weighting of multiple inhibitory and excitatory neural
inputs to produce differential inhibition and activation response
thresholds. We hypothesize that single-unit inhibition before
activation is due to inhibitory baroreceptor inputs that compete
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with excitatory muscle metaboreceptor inputs. The point of
convergence (or competition) has been postulated to be within
the nucleus tractus solitarii (NTS), whereby muscle metabore-
flex afferents inhibit arterial baroreflex inhibition of sympa-
thetic outflow through GABAergic transmission (Teixeira et al.
2020).

There is a high degree of neural input convergence within
the NTS (Andresen and Kunze 1994; Andresen and Peters
2008; Boscan et al. 2002; McDougall et al. 2009; McDougall
and Andresen 2013; Paton 1999) and a strong influence of NTS
neurons on sympathetic premotor neurons (Aicher et al. 1995;
Boscan et al. 2002; Ross et al. 1985). There is also evidence of
neural afferent input summation that showcases the functional
implications of input convergence in supraspinal regions. Sym-
pathetic responses have been shown to be augmented during
the application of multiple sympathoexcitatory stimuli (Cui et
al. 2001, 2002; Farrell et al. 1991; Seals et al. 1991), as well as
attenuated during the simultaneous application of sympathoin-
hibitory and sympathoexcitatory stimuli (Chruścielewski et al.
1981; Katayama et al. 2016, 2018; Somers et al. 1991).
Furthermore, case reports have shown a paradoxical with-
drawal of multiunit MSNA during severe hypotensive stressors
(Converse et al. 1992; Scherrer et al. 1990; Wallin and Eckberg
1982), which suggests that all muscle sympathetic single units
can lose their negative feedback relationship with arterial blood
pressure and the arterial baroreflex. In support, we observed a
small number of muscle sympathetic single units to have
positive relationships with diastolic blood pressure when phar-
macologically driven outside of normal resting arterial barore-
flex operating ranges (Incognito et al. 2020). These observa-
tions may be mediated by a shift in dominant negative feed-
back control from arterial baroreceptors to positive feedback
control by cardiopulmonary baroreceptors (Dorward et al.
1985; Folkow 2000; Oberg and Thorén 1972, 1973; Simpson et
al. 2020), made possible through simultaneous influence of
multiple convergent neural inputs.

The magnitude of responses, whether inhibited or activated,
were related to the baseline spike frequency, a proxy of
postganglionic fiber size (Incognito et al. 2019; Salmanpour et
al. 2011), whereby the largest responses occurred in the small-
est single units (highest baseline activity). These observations
suggest a size-dependent order of rate coding, which comple-
ments previous work of a size-dependent order of recruitment
(Shoemaker 2017; Steinback et al. 2010). Interestingly, single
units that underwent inhibition before activation were of sim-
ilar fiber size to single units that were only activated. This
suggests that size-dependent, ordered response magnitudes are
dictated at the level of the paravertebral ganglia, as previously
shown (Klassen et al. 2018), whereas response directionality is
dictated upstream and within the central circuitry (supraspinal
regulatory regions). We also observed that once single units
were activated, the rate of rise in spike frequency was similar
between initially inhibited and noninhibited single units. This
indicates that the inhibitory influences on progressive muscle
metaboreflex activation maintained a consistent influence over
single-unit activity in each response pattern subgroup. We
speculate that single units with initial inhibition patterns are
governed by baroreflex neurons with high-threshold metabo-
receptor inputs, given the known synaptic influence of metabo-
receptor afferents on baroreceptor neurons in the NTS (Teix-
eira et al. 2020). Once the high-threshold metaboreceptors are

activated, a progressive ordered inhibition of inhibitory baro-
reflex neurons then commences. Further work is warranted to
understand the integration of metaboreceptor and baroreceptor
neural inputs.

There are several limitations in the present study to consider.
First, our ability to classify and match single-unit waveforms
requires large-amplitude deflection from the baseline noise
width. It is unknown as to whether these responses are repre-
sentative of the entire postganglionic sympathetic fiber pool.
However, our recent work has shown that a large majority of
single units are under strong arterial baroreflex control (Incog-
nito et al. 2020), which parallels findings using action potential
denoising methods, which are capable of identifying a larger
number of waveform amplitude clusters (Klassen et al. 2020;
Salmanpour and Shoemaker 2012). Second, we confirmed in
this study that the level of sympathoexcitation dictates re-
sponse directionality of MSNA single units. There exists a
large heterogeneity in the sympathoexcitatory level achieved
between individuals, and therefore, each single unit recorded
was influenced by the overall metaboreflex response in each
individual. Indeed, individuals with initially inhibited single
units (n � 7) had a delay (set 1 vs. set 3) in the increase in the
total integrated MSNA above baseline compared with individ-
uals without initially inhibited single units. Though this pro-
vides further support of our individual single-unit responses
being representative of the function of a larger neuronal pool,
it reveals that comparisons of single-unit response patterns
between groups must be cautioned in future works if sympa-
thoexcitation level is unmatched. Finally, despite strong sup-
port from our previous studies, the mechanistic explanations of
our observations remain speculative as they have not been
tested directly. Future investigations should aim to prove the
validity of these mechanistic hypotheses underlying differen-
tial control of sympathetic outflow.

In conclusion, we demonstrate that individual muscle
sympathetic single units can be both inhibited and activated
in response to progressive muscle metaboreflex stress,
which suggests that both inhibitory and excitatory neural
inputs can simultaneously influence muscle sympathetic
single-unit activity. Once top-down inhibition or activation
is initiated, the magnitude of the response is then dependent
on the size of the postganglionic fiber, with smaller fibers
possessing greater response magnitudes. The degree of sym-
pathoexcitation required to activate an individual postgan-
glionic fiber may be influenced by the strength of conver-
gent inhibitory neural inputs, whereby a high level of
excitatory neural input is needed to override strong inhibi-
tory neural inputs governing subgroups of sympathetic ef-
ferents. The findings open new hypotheses on the mecha-
nistic underpinnings of differential sympathetic control.
Inhibition or activation of a specific sympathetic efferent
may be dependent on heterogenous supraspinal activation
thresholds, influenced by the unique summative milieu of
multiple convergent neural inputs.
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