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ABSTRACT

International Journal of Exercise Science 15(3): 1085-1104, 2022. Individuals with spinal cord injury
(SCI) may experience cardiovascular, musculoskeletal and organ function dysregulation. Sequelae include reduced
catecholamine secretion and attenuated immune responses which may impact exercise-induced leukocytosis. The
purpose of this study was to characterize major leukocyte subtypes following 30 minutes of acute, submaximal
aerobic exercise, in line with updated international SCI exercise guidelines for adults. It was hypothesized that
exercise would increase major leukocyte subtypes when compared to fasted baseline. Eight participants with SCI
(incomplete n = 6; complete n = 2) completed a 30-minute bout of aerobic exercise on an arm cycle ergometer at
60% of their peak power output followed by 90 minutes of recovery, or a 2-hour seated control condition, in a
randomized crossover design, separated by 7-14 days. Blood samples were taken at baseline, post exercise, and 90
minutes after exercise (with time matched control). Leukocyte subtypes were analyzed via flow cytometry and
plasma catecholamines by ELISA. Several leukocytes increased from pre- to post-exercise (time X condition
interaction; all P < 0.05; mean * SD), including CD3+ Lymphocytes (19 + 16%), CD4+ T helper (16 +13%), CD8+ T
cytotoxic (24 + 23%), CD3+/CD56+ natural killer T (31 + 34%), and CD3-/CD56+ natural killer (63 + 82%).
CD16+/CD144im monocytes decreased by 27 + 38% following exercise to 90 minutes post-exercise. No changes were
observed for catecholamines for either condition. Thirty minutes of acute submaximal aerobic exercise sufficiently
increased most lymphocyte subsets with effector functions, while leading to decreased proinflammatory monocytes
during the recovery phase. This exercise duration and intensity appear to be an appropriate option for modulating
circulating immune cells in individuals with SCI.
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exercise guidelines
INTRODUCTION

The spinal cord is responsible for relaying efferent and afferent impulses, with disruption to this
system potentially leading to considerable physiological dysregulation (46). Damage to the
cervical spinal region may limit cardiac autonomic sympathetic innervation which originates
from spinal nerves T1 - T4, resulting in impaired sympathetic cardiac control leading to a
possible inability of increasing an individual’s heart rate above ~130 beats per minute (bpm) (11,
16). Loss of sympathetic outflow from spinal nerve T6 and above may limit adrenal gland
innervation that may lead to reduced catecholamine secretion (41), and to the spleen, which is
crucial for blood pressure regulation and staging of immune responses (3, 25). Loss of
sympathetic control of the vasculature, adrenal glands, and spleen may lead to reductions in
effective blood based immune responses in individuals with SCI who are known to experience
pressure ulcers, urinary tract infections, reduced wound healing (1) and reductions in natural
killer (NK) cell activity (3). Consequently, around 30% of individuals living with SCI will require
rehospitalization as a result of otherwise minor complications (31). Investigating leukocyte
responses to bouts of exercise in this population may inform medical protocols surrounding
treatment of acute injuries and illnesses, and policies to reduce the personal and economic
impacts of SCL.

In able-bodied individuals, acute exercise consistently stimulates a transient increase in white
blood cells termed “exercise-induced leukocytosis”. Epinephrine and norepinephrine secreted
by the adrenal glands at the onset of exercise are implicated in leukocyte mobilization. T cells, B
cells, NK, natural killer T (NKT) lymphocytes, as well as monocytes respond to catecholamine
signalling as demonstrated by mobilization following epinephrine infusion (12) and a blunting
following administration of the beta () 2 adrenergic receptor antagonist propranolol during
exercise (14). Furthermore, exercise induced alterations to leukocyte populations, such as the
reduction of circulating pro inflammatory monocytes (47) and improved pathogen detection
and clearing due to increased natural killer cell recruitment and presence (34) may play a role
in mediating the beneficial effects of exercise on the immune system. It is speculated that exercise
initiates an increase in the myokine Interleukin (IL)-6 which leads to the secretion of the anti-
inflammatory cytokine IL-10, which is understood to favor a more anti-inflammatory
environment (37).

Individuals with SCI may experience immune system dysregulation because of disruption to
autonomic neural pathways. Leukocyte recruitment appears to be blunted in individuals with
SCI compared to able-bodied individuals which may be a consequence of inadequate
innervation of the adrenal glands, spleen, and peripheral vasculature (3, 41). Impaired adrenal
gland innervation may lead to the observed attenuation in circulating concentrations of
epinephrine, in turn, potentially impairing subsequent lymphocyte (52) and monocyte
mobilization (23, 50, 52). Surprisingly, specific NKT, B cell, T cytotoxic, and T helper cell
responses during submaximal exercise in individuals with SCI remain insufficiently
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characterized. Documenting these responses may assist researchers in targeting specific
leukocyte subsets for investigation. Regular moderate exercise has been shown to enhance
pathogen detection by increasing neutrophil and natural killer cell counts in the circulation
immediately after exercise as well as reducing symptoms of upper respiratory tract infections
(URTTI) (34). Research using brief 30 minute bouts of cycling have led to an increase in specialized
NK cells that are more cytotoxic against cancer cells expressing human leukocyte antigen (HLA)
(6). Acute exercise is also purported to enhance some forms of cancer treatment such as
hematopoietic stem cell transplantation (HSCT) by increasing circulating lymphocyte
concentrations (45). These studies illustrate the importance of a transient exercise induced
increase in circulating leukocytes for cancer immunosurveillance, reductions in URTI
symptoms, and enhanced NK phenotypes.

Recently updated exercise guidelines for people with SCI (26) recommend that individuals with
SCI engage in moderate aerobic exercise for at least 30 minutes, 3 days per week to improve
cardiometabolic health. Though comprehensive literature exists for the able-bodied population
regarding exercise-induced leukocyte responses, much less information exists for the SCI
population. This novel study aims to characterize the impact that a single guidelines-based
aerobic exercise bout elicits on circulating immune cell count. The results of this study will add
to the literature for B cells, NKT cells, and monocyte subsets which are largely unrepresented
and undocumented and inform the research team during a larger trial (NCT04160858).
Additionally, few studies have made simultaneous comprehensive characterizations of
leukocyte subsets in response to a typical acute exercise bout in SCI, leading to an incomplete
depiction of the immune response during moderate physical exertion. The aims of this study
were two-fold: 1) to determine the impact of 30 minutes of acute submaximal aerobic exercise
on leukocytosis in individuals with SCI; and 2) to characterize leukocyte responses to exercise
in individuals with SCI following a 30-minute bout of acute submaximal aerobic exercise. It was
hypothesized that acute exercise would lead to increased circulating total leukocytes and
leukocyte subsets.

METHODS

Participants

Four individuals with paraplegia and four individuals with tetraplegia volunteered to
participate in this secondary analysis of a larger registered case series study (NCT03955523). To
participate, individuals provided informed consent, had to be able to read and speak English,
possess an injury below C3, complete a maximal aerobic exercise test following current ACSM
exercise guidelines (28), be training in recreational wheel chair rugby or a similar intensity sport
3 days per week and be capable of providing 3 separate blood samples by venipuncture.
Participants were excluded if they were unable to refrain from anti-inflammatory medication
for 24 hours prior to testing, if they were currently a national team athlete (exceptional fitness),
were pregnant, or if they had a diagnosed metabolic disorder. Human ethics approval was
granted by the University of British Columbia Clinical Research Ethics Board (H18-03191). This
study meets all ethical considerations required by the International Journal of Exercise Science
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Editorial Board. Furthermore, all authors have complied with the ethics statements contained in
this manuscript (32). Age, sex, injury level, and years post injury are displayed in table 1. Results
of these pilot data, and other sub studies guided the selection of outcome measures for a larger
randomized controlled trial (27). Herein, we present data testing the hypothesis that exercise
impacts circulating leukocytes when compared to seated control.

Protocol

Participants completed a peak power output aerobic exercise test using a Lode Angio CPET arm-
cycle ergometer (ACE, Groningen, The Netherlands) adjusted for their stature and comfort.
Participants were provided a heart rate monitor and underwent a graded aerobic exercise test
at 55 - 65 revolutions per minute (rpm) until exhaustion or for a maximum duration of 30
minutes to determine their peak power output (PPO) which is a predictor of VOomax (17).
VOomax was not utilized as PPO was deemed a more practical measure for typical exercising
individuals with SCI. After a 5-minute warmup at a self-selected resistance and cadence, power
output was increased by 10 Watts (W)/min (paraplegia) or 2W/min (tetraplegia) starting at 0
W. Rating of perceived exertion (RPE) using the 6-20 Borg scale (7) was recorded during the
final 10 seconds of each minute with test termination following volitional fatigue or after 30
minutes (19). Upon conclusion of the test, 60% PPO was calculated and assigned for the
participant’s exercise trial. Participants were then allocated into three separate conditions based
on simple random allocation, which consisted of a 2-hour seated control condition, an exercise
condition, and a meal condition, with a 7-14-day washout period in between. Results of the
acute meal condition and exercise impacts on neuropathic pain have been published previously
(13, 48), therefore data reported here are for the cellular responses during the exercise and seated
control conditions, which addressed the specific hypotheses related to how an acute bout of SCI
physical activity guideline-based exercise impacts circulating immune cells.

Participants arrived at the lab between 9:00 am and 10:00 am following an overnight fast (= 12
hours) for both conditions to maintain diurnal consistency. Individuals were provided a
window of time due to the nature of important self-care and began both trials within 30 minutes
of each other. Participants were asked to refrain from exercise, alcohol, and caffeine 12 hours
prior to testing. After a 5-minute warmup, participants performed 30 minutes of arm-cycle
exercise at their calculated 60% PPO. Heart rate (HR) was monitored (Polar, Kempele, Finland)
for participant safety, with RPE (19) recorded during the final 10 seconds of each minute of
exercise. Blood samples were drawn into 4 mL EDTA tubes from an antecubital vein at baseline
(TO; pre-exercise), immediately post-exercise (T1), and 90 minutes post-exercise (T2) by a
researcher trained in phlebotomy. During recovery, participants would relocate to a nearby
quiet room where they would watch an episode of a nature documentary. During the time
matched control protocol, in replace of exercise, participants would sit in the same room and
watch the same documentary for the entire duration of the trial. The blood sample schedule was
time matched to exercise with a sample taken at baseline (T0), immediately post-exercise (T1: 30
minutes control), and 90 minutes post exercise (T2: 120 minutes post-baseline). Blood samples
were processed and analyzed immediately in an adjacent research laboratory for cell
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quantification, with EDTA plasma aliquoted and stored at -80°C for future analysis using a
catecholamine ELISA.

Immune cell count and phenotypes were analyzed using a MacsQuant Analyzer (Miltenyi
Biotec, CA, USA) immediately after transport to an adjacent laboratory. Prior to daily analysis,
the flow cytometer was brought up to operating temperature, and calibrated using calibration
beads (130-093-604, Miltenyi Biotec, CA, USA). 100 pl of EDTA blood was transferred to a 5 mL
culture tube and 10 pl of 8-color immunophenotyping cocktail (130-120-640, Miltenyi Biotec, CA,
USA) was added to determine CD3+ lymphocytes, CD3+/CD4+ T helper cells, CD3+/CD8+ T
cytotoxic cells, CD14+/CD16- classical monocytes, CD14+/CD16+ intermediate monocytes,
CD16+/CD144im non-classical monocytes, CD16+ neutrophils, CD19+ B cells, CD3+/CD56+
NKT cells and CD3-/CD56+ natural killer cells. The dye conjugates for the 8-color
immunophenotyping cocktail are provided and readily available through Miltenyi. 10ul of 7-
AAD (130-111-568, Miltenyi Biotec, CA, USA) was also added as a cell viability marker to allow
for gating out dead cells. Samples were vortexed (~30% max; Thermo Fisher, MA, USA) for 5
seconds and placed in the dark on a rocker (Benchmark Scientific, NJ, USA) for 10 minutes. 2
mL of 1X red blood cell lysis solution (130-094-183, Miltenyi Biotec, CA, USA) was added to the
sample which was then vortexed for 5 seconds at ~30% max and placed in the dark on a rocker
for 15 minutes. Total leukocytes were determined as the sum of each individual cell type
counted in the 8-colour panel. Fluorescence minus one (FMO) controls were completed on
participant blood using the identical dye conjugates found in the 8-color immunophenotyping
kit. Prior to analysis, an automated compensation was completed and applied to the template
to ensure accurate gating placement using the same dye conjugates. Additionally, instrument
settings such as channel gain and triggers were finalized prior to participant data collection and
used for every participant, thereafter, ensuring consistent immune cell quantification. The
gating strategy used to measure these immune cell populations was a version of the express 8-
color panel on the MacsQuant Analyzer (readily available from Miltenyi) modified to optimize
cell identification. Flow cytometry data acquired by the device were analyzed using
MACSQuantify (Version 2.11; Miltenyi Biotec, CA, USA). Concentrations were back calculated
based on blood, antibody, and reagent volumes to present data as cells/mL.

Catecholamines were quantified using platelet poor EDTA plasma, collected and stored in 700
ul aliquots at -80°C immediately following processing for subsequent analysis. Catecholamines
were measured using the 2-CAT (A-N) Research ELISA (BA E-5400; Labor Diagnostika,
Nordhorn, Germany), with 100 ul plasma in a total well volume of 100 pl according to the
manufacturer’s instructions. Intraplate sample coefficient of variation (CV) on duplicates was
10.8% for the Epinephrine plate and 13.1% for the Norepinephrine plate. Standards, controls,
and CVs were all within allotted specifications provided in the quality control (QC) report.
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Figure 1. Example of the gating strategy used to discern leukocyte subpopulations using pilot data. A) Single cells
are separated from aggregated cells, or “doublets”. B) Live cells are separated from dead cells. C) Cell morphology
is analyzed for total cell populations, split into granulocytes, monocytes, and lymphocytes. D) Total CD14+
monocytes are isolated from non-monocyte cells. E) Monocyte subpopulations separated as classical
(CD14+/CD16-), intermediate (CD14+/CD16+), and non-classical cells (CD16+/CD144im). F) CD19+ B cells are
isolated from non-B Cells. G) CD16+ neutrophils are separated from total granulocytes, and cells with low side
scatter are gated. H) Total CD3+ lymphocytes, CD3+/CD56+ natural killer T cells, and CD3-/CD56+ natural killer
cells are all separated. I) CD3+ lymphocytes further separated into CD4+ T helper, and CD8+ T cytotoxic.

Statistical Analysis
Data were analyzed using a linear mixed model (LMM) in GraphPad Prism (V8.0.1) (15) to

determine the impact of acute exercise and quiet sitting on circulating leukocyte counts across
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time. Time and condition served as fixed effects, with participants serving as the random effect.
Due to the hypothesis of exercise-induced leukocytosis, significant time X condition interactions
were subject to Tukey’s HSD post hoc tests comparing each timepoint within each condition
separately. Main effects of time were followed up with Tukey HSD post hoc tests comparing all
three timepoints with conditions collapsed. All cellular measures and catecholamine data were
subject to a LMM with both exercise and control conditions included in the same analysis to
determine the presence of interactions. Assumption testing included visual inspection of QQ
plots and histogram skewness. Data that failed assumption testing were log transformed and
successfully met assumptions. Outliers were determined using the 1.5*IQR method and
followed up with comparison to clinical values to justify exclusion. Hedges" g effect sizes (18)
(g, 0.2 = small, 0.5 = medium, 0.8 = large) are also reported and were calculated using the
“effsize” package in R (38, 49). Statistical significance was established as P < 0.05. All time points
for each of the eight participant samples were included in the analysis. Due to the exploratory
nature of the study, an a priori sample size calculation was not performed.

RESULTS

Participant characteristics are provided in detail in table 1.

Table 1. Participant characteristics and ramped maximal test results for SCI exercise study.

Paraplegia Tetraplegia Total

(n=4; 3 male) (n=4; 4 male) (n=28; 7 male)
Age (years) 422+16.1 35.5+532 389117
Injury Duration (years) 16.8 +12.7 16.43 +7.16 16.6+9.6
Injury Level T4-11 C5-C7 C5-1L1
Incomplete 2 3 5
Complete 1 1 2
Unsure 1 1
Seated Resting BP (mmHg)
Systolic 141.5+23.1 103 £25.3 122.3+30.4
Diastolic 743 +85 56 +13.2 65.13 +14.2
Heart Rate (bpm)
Range of Max 182 -199 102 - 131 102 - 199
Test Average 133.5+73 99+£129 116.3 +20.9
RPE (6-20)
Range of Max 18 -20 17 -19 17 -20
Test Average 126+14 129+0.9 127+11
Resistance (W)
Range of Max 90 - 160 60 92.5+39.6
Max Average 125+29 60+0 93 £40
60% 75+17.3 360 55.5+23.7

Exercise descriptors for 30-minute ramped maximal test. Values as mean + SD. C, cervical vertebrae; T, thoracic
vertebrae; L, lumbar vertebrae; BP, blood pressure; mmHg, millimetres of mercury; bpm, beat per minute; RPE,
rating of perceived exertion; W, watts.
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Overall, participants reported an average exercise session RPE of 13.4 + 1.7. Specifically,
individuals with paraplegia (n = 4) reported an average RPE of 13.7 + 1.8, and individuals with
tetraplegia (n = 4) reported an average RPE of 13.1 £ 1.6 which suggests that the exercise intensity
was somewhat hard which is in line with a submaximal aerobic workload.

Following post hoc analysis of time X condition interactions (P < 0.05), several cell types
displayed significant changes. Total CD3+ lymphocytes increased by 19% (P = 0.004; g = 0.319,
Figure 2A) immediately following exercise when compared to baseline. In the seated control
condition, CD3+ lymphocytes increased 19% from baseline to 120 minutes (P = 0.004; g = 0.407),
and 20% from 30 to 120 minutes (P = 0.002; ¢ = 0.415, Figure 2B). CD4+ T helper cells increased
16% (P = 0.007; g = 0.286, Figure 2C) during exercise. During the seated control condition, CD4+
T helper cells increased 19% from baseline to 120 minutes (P = 0.001; g = 0.438), and 19% from
30 to 120 minutes (P = 0.002; g = 0.295, Figure 2D). CD8+ T cytotoxic cells increased by 24% (P =
0.008; g =0.329, Figure 2E) following the acute bout of aerobic exercise. During the seated control
condition, CD8+ T cytotoxic cells increased 19% from baseline to 120 minutes (P = 0.031; g =
0.295) and 24% from 30 minutes to the final measurement (P = 0.008; g = 0.424, Figure 2F). No
significant interaction effects (P = 0.0877) were detected for CD19+ B cells during exercise
(Figure 3A) or the seated control protocol (Figure 3B). CD19+ B cells displayed a main effect of
time (P = 0.0102), increasing by 17% (P = 0.008; g = 0.374) from baseline to the final time point
with conditions collapsed. CD3+/CD56+ NKT cells were 31% higher than baseline following
exercise (P = 0.003; g = 0.419, Figure 3C) while exhibiting no changes during the seated control
condition (Figure 3D). CD3-/CD56+ NK cells increased by 63% (P < 0.001; g = 0.905, Figure 3E)
during the same period while displaying no difference during the seated control condition
(Figure 3F).

CD14+/CD16- classical monocytes displayed a main effect of time (P = 0.018), increasing by 15%
(P = 0.018; g = 0.384) from baseline to the final time point with groups collapsed, however there
were no time X condition interactions (P = 0.09, Figure 4A-B). No significant main effects of time
(P = 0.274) or time X condition interactions (P = 0.072) were observed for CD14+/CD16+
intermediate monocytes during the exercise (Figure 4C) or seated control conditions (Figure 4D).
A significant time X condition interaction was observed for CD16+/CD144im non-classical
monocytes (P = 0.005). Non-classical monocytes were reduced by 27% at the final time point, 90
minutes following exercise cessation (P = 0.017; g = 0.804, Figure 4E). Alternatively, non-classical
monocytes increased by 40% from 30 minutes to 120 minutes (P = 0.033; g = 1.055, Figure 4F)
during the seated protocol. Monocyte subpopulations as a percentage of total monocytes are
provided here for descriptive detail and are displayed in the order of classical, intermediate, and
non-classical monocytes. Baseline (T0) prior to exercise were 92 + 3%, 5 + 2% and 4 + 1% with
baseline seated control values as 91 £3% 5+ 2% and 4 + 1%. Post exercise (T1) values were 90 =
5%,6+4% and 4 + 1% with 30 minutes seated control values as 92 +2%,4 +2% and 4 +1%. The
final measurement (T2), 90 minutes after exercise monocyte percentages were 93 + 2%, 5 + 2%
and 3 1%, with 120 minutes seated control values as 91 +3%,5+2% and 4 +1%.
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CD16+ neutrophils displayed a main effect of time (P = 0.0108), increasing by 26% (P = 0.008; g
= 0.664) from baseline to the final time point when conditions were collapsed (Figure 5A-B).
Total leukocytes also showed a main effect of time (P = 0.009), increasing by 21% (P = 0.006; g =
0.688) from baseline to the final time point with conditions collapsed (Figure 5C-D). All cell
counts for all time points and conditions are in table 2.

Catecholamines were measured in duplicate at each time point using stored, frozen EDTA
plasma (-80°C) that was processed immediately after collection. No significant main effects of
time (P = 0.626) or time X condition interactions (P = 0.113) were observed for epinephrine
(Figure 6A-B). No significant main effects of time (P = 0.155) or time X condition interactions (P

= (0.161) were observed for norepinephrine (Figure 6C-D).
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Figure 2. Total lymphocytes (A, B), T helper (C, D), and T cytotoxic cells (E, F) during exercise or a seated control
protocol. TO = baseline, T1 = 30 minutes control, post exercise, T2 = 120 minutes control, 90 minutes post exercise.
Condition means as grey bars, with whiskers as standard deviation. Significant within condition interactions
following Tukey’s HSD post hoc testing (*P < 0.05, ** P < 0.01) are displayed on each panel.
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Figure 3. B cells (A, B), natural killer T cells (C, D), and natural killer cells (E, F) during exercise or a seated control
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Figure 5. Neutrophils (A, B) and total leukocytes (C, D) during exercise or a seated control protocol. TO = baseline,
T1 = 30 minutes control, post exercise, T2 = 120 minutes control, 90 minutes post exercise. Condition means as grey
bars, with whiskers as standard deviation. Neutrophils displayed a main effect of time (P = 0.01) as did total
leukocytes (P = 0.009) with both measures increasing from TO to T2. No significant within condition interactions
were detected following Tukey’s HSD post hoc analysis.
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Figure 6. Plasma norepinephrine (A, B) and epinephrine (C, D) during exercise or a seated control protocol. TO =
baseline, T1 = 30 minutes control, post exercise, T2 = 120 minutes control, 90 minutes post exercise. Condition means
as grey bars, with whiskers as standard deviation. No main effects of time, or significant within condition
interactions were detected following Tukey’s HSD post hoc analysis. A main effect of group was detected with
individuals with paraplegia possessing higher overall values for both measures.
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Table 2. Leukocyte counts obtained during both exercise, and seated control conditions.

(cells/mL) x 103
CD Marker Cell TO 1 T2
CD3+ Lymphocyte Exercise 889 £+ 294 1058 £ 4181 953 + 343 2
Control 903 £ 313 894 + 319 1075 + 368 1.2

CD3+ D+ T Holper Contol  so1aan  smens  0semrn
CD3+ CD8+ T lisiioate ifrffﬁf,'f ;Zg i ZZ 321516iilfc)501 321577 ii 11220;2

3 + + 1 + 2
CD3+ CD56+ Natural Killer T Cell ]E:;erff;(sj i; ; g; 54?0_12187 34:96_i1280

. + + +
CD14+ CD16- Classical Monocyte ];:;erl;fl:: 322598;1;10 328588;16734 337061_1-19124
CD14+ CD16+ Intermediate Monocyte }é);e;f;z(f 11731:_,_152 21424;250 21061-1167
ggiilm Non-Classical Monocyte Ié);eifjf)? 1; i g 18 i ;L ﬁ i Z z
CD16+ Neutrophil }éxoerl;friZT 2238 i 1(1)12 3276820211;9919 gggg i ZZZ

: + + +
eSO b R e

. + + 1 + 602
CD3- CD56+ Natural Killer Cell }ECZerI;:;ZT 13; ; 33 31?7_11 gz 126;3_i67()1
NA TotlLeskocytes G000 ifaea  etnasi000 o8t a1nes

Leukocyte count at baseline (T0), 30 minutes control or post exercise (T1), and 120 minutes control or 90 minutes
post exercise (T2). Values (cells/mL) displayed as mean + SD. Significant interaction effects within condition
calculated using Tukey post-hoc tests (P < 0.05) specified as: 1different from T0; 2different than T1. Total leukocytes,
classical monocytes, neutrophils, and B cells were all significantly increased (P < 0.05) from TO to T2 (Tukey’s post
hoc test with conditions collapsed) following a main effect of time (P < 0.05).

DISCUSSION

This study sought to characterize the effect of acute exercise on leukocyte responses in people
with SCI. In line with our hypothesis, acute exercise significantly increased total lymphocytes,
CD4+ T helper cells, CD8+ T cytotoxic cells, CD3-/CD56+ NK and CD3+/CD56+ NKT cells.
This effect was unlikely mediated by changes in catecholamines given that epinephrine and
norepinephrine remained unchanged with exercise. Interestingly, CD3+ lymphocytes, CD4+ T
helper cells, CD8+ T cytotoxic cells, and CD16+/CD144im monocytes exhibited significant
changes during the seated protocol suggesting the presence of diurnal variability with respect
to leukocyte mobilization over the course of the 2-hour seated control protocol. These findings
based on our small sample size propose that a SCI exercise guideline-based prescription of acute
submaximal aerobic exercise may be effective at increasing levels of circulating lymphocyte
subsets in people with SCI and that this effect is unlikely mediated by changes in
catecholamines. Furthermore, the lack of an increase for total leukocytes and neutrophils to a
moderate bout of aerobic exercise in our small sample sized pilot study should be noted if
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neutrophils, or a general leukocytosis is a specific outcome. The finding that leukocyte
mobilization occurs in the absence of a robust exercise induced catecholamine response suggests
that a multitude of other factors present during acute submaximal aerobic exercise exhibit
preference over catecholamine signalling.

Significant increases in total lymphocytes, T helper cells, T cytotoxic cells, NK and NKT cells
were observed following 30 minutes of submaximal aerobic exercise in individuals with SCI. Of
the measured cells, NK cells possessed the greatest acute increase in response to exercise.
Typically during exercise, increases in concentrations of circulating plasma epinephrine and
sympathetic innervation of the spleen augment the mobilization of NK cells from their marginal
pools (40, 44). NK cells typically respond to a multitude of exercise intensities and durations in
the able-bodied population (30) and similar increases have been observed in individuals with
SCI (21). Increased circulating NK cell concentration may enhance pathogen detection through
improved immunosurveillance (36). NK cells are paramount in the protection against cancer
cells (20), therefore, an increase in circulating NK cells is likely of benefit. Additionally, there
was no significant reduction after 120 minutes compared to baseline, suggesting that the original
circulating concentrations prior to exercise remained unaltered, and resting
immunosurveillance had not been compromised. Meta-analysis suggests that a ~30 minute
exercise duration for mobilization of NK cells into the peripheral circulation is sufficient (43)
indicating that our practical bout of exercise, prescribed according to the scientific SCI exercise
guidelines (26), may be adequate for mobilizing this cell population into the peripheral
circulation. However, a larger, powered investigation would be needed to verify this response.

Thirty minutes of acute submaximal aerobic exercise led to significant increases in total
lymphocytes, T helper, T cytotoxic, and NKT cells in the peripheral circulation. The expression
of B2 adrenergic receptors on T lymphocytes and subsequent catecholamine signalling (24) due
to fluctuations in plasma concentrations during exercise may lead to mobilization from marginal
pools. T cytotoxic, NKT and NK cells may serve evolutionary protective roles as epinephrine
infusion mimicking a stress response evokes an increase in cells with effector functions (12).
Similar to the T cytotoxic cell response, T helper cells were also increased following exercise,
which to our knowledge, were both previously undocumented in the SCI exercise immunology
literature. Interestingly, the observed increases in T cells, NKT and NK cells during exercise in
our recreationally fit participants did not appear to be dependent on an increase in circulating
catecholamines, as no significant differences in catecholamines were observed. T helper, T
cytotoxic and NKT cells are all part of the adaptive immune system which are required to mount
specific responses to pathogenic insult (9), and their transient elevated presence in the
circulation are observed as beneficial for some cancer therapies (45). By increasing their
circulatory presence, the “odds” of pathogen detection improves based on numbers alone,
suggesting that this small window of elevated circulating lymphocytes may be beneficial. For
clinical populations at risk of cancer, the responses observed in this guidelines-based bout of
exercise may be sufficient with respect to lymphocytosis, however further investigation in
clinical oncology is warranted.
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Non-classical monocytes decreased by 27% ninety minutes after exercise cessation, an opposite
response from the seated control protocol where the same cells increased 40% between 30 and
120 minutes in our small group of eight individuals. In able-bodied individuals, monocytes tend
to require higher intensity exercise of ~80% VOzmax (39) to be mobilized into the peripheral
circulation. Exercise protocols at ~60% VO:max for twenty minutes (23, 52), and for two hours
(50) in individuals with SCI failed to evoke a monocytosis, suggesting higher levels of exercise
stress/intensity are needed. The reduction of non-classical monocytes during recovery from
exercise may be of benefit, given this monocyte subset is documented to secrete TNFa (29), a
systemically elevated proinflammatory cytokine implicated in chronic inflammation. Beyond
the reductions in non-classical monocytes, exercise has been shown to favourably alter several
monocyte microRNA, some which are linked to atherosclerosis progression and vascular
dysfunction (39). Recent research evidence has determined that in order to achieve the same
anti-inflammatory benefits of exercise, individuals with SCI must perform exercise for a longer
duration (4). Combined with lowered pro-inflammatory monocyte counts, beneficial alterations
to microRNA may offer a protective effect, positioning exercise as a preventative therapeutic

tool for individuals with SCI with respect to cardiometabolic function and inflammatory status
(33).

Though a main effect of time was obtained for total leukocytes, exercise did not lead to a
significant increase in circulating leukocytes. Additionally, a main effect of time with no
interaction was observed for neutrophils, which comprise the bulk of the leukocyte population.
Neutrophils express 32 adrenergic receptors, however, they are not overly responsive to isolated
increases in epinephrine (12) suggesting that mobilization from marginal pools relies upon a
combination of exercise-induced physiological factors. Propranolol administration during
exercise failed to blunt the increase in granulocytes, signifying a dependence on other
mechanisms (14). The lack of an exercise-induced neutrophilia in our SCI participants suggests
that cardiovascular and endocrine mechanisms were insufficient to demarginate neutrophils
from their vascular pools in conjunction with no differences in circulating catecholamines.
Neutrophils have been observed to increase in individuals with SCI for brief bouts at the greatest
manageable workload (21), and prolonged periods of time (2, 5). Increases in able-bodied
individuals have also been noted from moderate intensity with prolonged duration (30, 35) to
high intensity maximal tests (51). It is likely that given the moderate, aerobic exercise intensity
bout that was performed, a longer duration and higher intensity/volume would be needed for
neutrophilia to occur.

Over the course of this trial, several diurnal effects were observed, as highlighted by significant
increases in some leukocyte counts from baseline to 120 minutes in the seated control condition
which differ from the responses observed from baseline to 30 minutes in the exercise condition.
The observed responses differ highly, given that most changes as a result exercise occurred
immediately following exercise, whereas no changes were viewed at the same time (30 minutes
after baseline) in the seated control condition. Significant increases in total CD3+ lymphocytes,
CD4+ T helper, CD8+ T cytotoxic cells and CD16+/CD144im monocytes occurred in the absence
of exercise or consumption of food (water excluded). The increases observed in these leukocytes
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over the course of two hours is likely explained through diurnal influence as no extraneous
stimulus was present. Haematological measures such as neutrophils, as well as total leukocytes,
have demonstrated increases from 9:00 am until ~8 - 10 pm in fed, able-bodied participants (42).
Gradual increases have also been observed from 9:00 am until around midnight of the same day
in able-bodied individuals, further demonstrating that increases in leukocyte counts may
increases in a manner unrelated to exercise (10). These responses cannot be explained solely by
catecholamine concentrations as there are no clear trends correlated with the increases in
leukocytes in adults (8), though less is known regarding diurnal activity in individuals with SCI.
Our demonstration of no difference in catecholamine concentrations following exercise, or
during the seated control trial, appear to confirm this notion. It is possible that intraindividual
variability, and disruptions to the function of various clock genes in individuals with SCI (22)
could contribute to the unexpected increases over time in the seated control condition but this
will require further study using larger sample sizes.

There were several strengths of this study, firstly we utilized an achievable exercise duration
and intensity based on current evidence-based exercise guidelines specifically for individuals
with SCI. The decision to use peak power output with a combination of RPE over a percentage
of VO2max allows for the user to crudely determine their own PPO on a device of their choice -
allowing for calculation to be done in the gym setting, as well as determine subjective exercise
intensity. Secondly, blood samples were analyzed promptly and processed with as little cellular
manipulation as possible reinforcing the reliability of the cell counts. Moreover, the use of a time
matched seated control served as a means characterizing diurnal influence and subsequent
changes which are rarely recorded in exercise immunology trials. Finally, this study investigated
the leukocyte response to exercise in a highly heterogenous population, allowing researchers to
observe a great deal of individual variability. Though there are many strengths, there were some
limitations to this trial. This investigation was carried out on eight individuals with a great deal
of interindividual variability, making it difficult to generalize to the overall SCI population. The
individual variability, coupled with a small, underpowered sample size does not responsibly
allow us to statistically compare responses in our paraplegia and tetraplegia groups. Future
studies should take intraindividual variability into account as was observed in our trial to verify
repeatable responses to exercise and be powered to compare the responses between individuals
with tetraplegia and paraplegia. Our decision to choose an exercise intensity of 60% PPO and
not a percentage of VO2max or ventilatory threshold reduces the direct comparison to other
trials, much of which uses an intensity of ~70% VO,max. In addition, several previous studies
use exercise of longer duration, which would be expected to invoke greater catecholamine
responses. It would also be favourable to complete a larger trial to characterize diurnal influence
on endocrine and leukocyte measures. Thus, it would be prudent to apply the same
comprehensive cell measurement techniques to exercise at multiple different intensities and
durations to allow for more mechanistic insight into the drivers for specific cell responses.
Finally, a large-scale, randomized controlled trial is needed to determine the causal effects of
chronic exercise with respect to leukocyte mobilization among individuals with SCI.
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Conclusion: Thirty minutes of submaximal arm-cycle exercise increased circulating leukocyte
subpopulations including CD3+, CD4+, CD8+, CD3+/CD56+, and CD3-/CD56+ cells and led
to a significant reduction in proinflammatory CD16+/CD144im monocytes during the recovery
period. This submaximal bout of exercise, however, appears to be insufficient at inducing a
general leukocytosis, nor did it alter circulating neutrophil counts when compared to baseline.
This trial investigated the impact of acute exercise on CD4+ and CD8+ T cells, CD3+/CD56+
NKT cells, and CD16+/CD144im monocytes in people with SCI, with comprehensive cell
counts for these leukocytes rarely provided in the literature. Follow-up studies are warranted
to investigate the mechanistic basis of this observed response and to determine the utility of
exercise in counteracting the immunodepression commonly observed in individuals living
with SCL
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