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ABSTRACT

YARROW,J. F.,R. D. WNEK, C. F. CONOVER, M. C. REYNOLDS, K. H. BUCKLEY, J. R. KURA, T. W. SUTOR, D. M. OTZEL, A. J.
MATTINGLY, S. E. BORST, S. M. CROFT, J. I. AGUIRRE, D. T. BECK, and D. J. MCCULLOUGH. Passive Cycle Training Promotes
Bone Recovery after Spinal Cord Injury without Altering Resting-State Bone Perfusion. Med. Sci. Sports Exerc., Vol. 55, No. 5, pp. 813-823,
2023. Introduction: Spinal cord injury (SCI) produces diminished bone perfusion and bone loss in the paralyzed limbs. Activity-based phys-
ical therapy (ABPT) modalities that mobilize and/or reload the paralyzed limbs (e.g., bodyweight-supported treadmill training (BWSTT) and
passive-isokinetic bicycle training) transiently promote lower-extremity blood flow (BF). However, it remains unknown whether ABPT alter
resting-state bone BF or improve skeletal integrity after SCI. Methods: Four-month-old male Sprague-Dawley rats received Ty laminectomy
alone (SHAM; n = 13) or Ty laminectomy with severe contusion SCI (n = 48). On postsurgery day 7, SCI rats were stratified to undergo 3 wk
of no ABPT, quadrupedal (q)BWSTT, or passive-isokinetic hindlimb bicycle training. Both ABPT regimens involved two 20-min bouts per day, per-
formed 5 d-wk . We assessed locomotor recovery, bone tumover with serum assays and histomorphometry, distal femur bone microstructure using in vivo
microcomputed tomography, and femur and tibia resting-state bone BF after in vivo microsphere infusion. Results: All SCI animals displayed
immediate hindlimb paralysis. SCI without ABPT exhibited uncoupled bone turnover and progressive cancellous and cortical bone loss.
qBWSTT did not prevent these deficits. In comparison, hindlimb bicycle training suppressed surface-level bone resorption indices without
suppressing bone formation indices and produced robust cancellous and cortical bone recovery at the distal femur. No bone BF deficits existed
4 wk after SCI, and neither qBWSTT nor bicycle altered resting-state bone perfusion or locomotor recovery. However, proximal tibia BF cor-
related with several histomorphometry-derived bone formation and resorption indices at this skeletal site across SCI groups. Conclusions:
These data indicate that passive-isokinetic bicycle training reversed cancellous and cortical bone loss after severe SCI through antiresorptive
and/or bone anabolic actions, independent of locomotor recovery or changes in resting-state bone perfusion. Key Words: UNLOADING,
DISUSE, VASCULAR, EXERCISE, MUSCULOSKELETAL
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rapid sublesional bone loss (1) and profound fracture

risk that worsens in the paralyzed limbs throughout
the duration of musculoskeletal unloading (2). These bone def-
icits are impacted by the neural insult and the resulting paraly-
sis and may be worsened by other factors (3), including dimin-
ished bone blood flow (BF) in the impaired limbs (4). In this
regard, reduced femur and tibia BF temporally coincides with
bone loss in our SCI model, with the most pronounced bone
BF deficits existing at the distal femur where bone loss is most
severe (5). Moreover, distal femur BF was positively corre-
lated with distal femur cancellous volumetric bone mineral
density (BMD), cortical bone area (Ct.Ar), and cortical bone
area fraction (Ct.Ar/T.Ar) acutely after SCI (5), suggesting
that bone BF may influence skeletal preservation in the para-
lyzed limbs in a site-specific manner.

Activity-based physical therapy (ABPT) modalities
that mobilize and/or reload the paralyzed limbs (e.g.,
bodyweight-supported treadmill training (BWSTT) or passive
limb movements) increase BF in the impaired extremities (6-8)
and may improve muscle recovery (9). Various ABPT regi-
mens have also been promoted as a means to increase BMD
after SCI (10), as intermittent loading with high peak strains
or high strain rates increases BMD in neurologically intact
persons (11). However, well-controlled trials evaluating
the influence of ABPT on BMD in persons with SCI have
produced inconsistent results, especially when assessing
the distal femur and proximal tibia sites that are most prone
to fracture in this population (10). Preclinical ABPT modal-
ities (e.g., quadrupedal (q)BWSTT and passive-isokinetic
bicycle training) also promote hindlimb locomotor and neu-
romuscular recovery in rodent mild-to-moderate SCI models
(12,13), although their ability to alter bone remodeling, im-
prove skeletal integrity, and influence bone perfusion in
the paralyzed limbs remains to be discerned.

The purposes of this study were to 1) determine the effects
of gBWSTT and passive-isokinetic bicycle training on bone
turnover, cancellous and cortical microstructure, and resting-state
bone BF in our rat severe SCI model and 2) evaluate associations
between resting-state bone perfusion and surface-level bone
turnover indices after SCI. We hypothesized that 1) SCI would
produce progressive bone loss due to increased bone resorp-
tion and suppressed bone formation, 2) our ABPT regimens
would attenuate bone loss and promote resting-state bone per-
fusion in the paralyzed limbs via antiresorptive and/or bone
anabolic actions, and 3) resting-state bone perfusion would
be associated with surface-level bone turnover indices.

S evere spinal cord injury (SCI) predisposes persons to

METHODS

Animal care. Barrier-raised and specific-pathogen-free
4-month-old male Sprague-Dawley rats (Charles River,
Wilmington, MA) were individually housed in a temperature—/
light-controlled room (12-h light/dark cycles) and fed rodent
chow (Teklad Global 18% Protein Rodent Diet; Harlan,
Indianapolis, IN) and tap water ad libitum. Procedures conformed

to the ILAR Guide to the Care and Use of Experimental An-
imals and were approved by the Institutional Animal Care
and Use Committee at North Florida/South Georgia Veterans
Health System.

Experimental design. Rats were randomized to receive
Tg laminectomy alone (SHAM; n = 13) or laminectomy with
severe SCI (n =41). On postsurgery day 7, SCI rats with qual-
ifying Basso—Beattie—Bresnahan (BBB) scores were stratified
based on locomotor recovery (described hereinafter) to undergo
3wk ofno ABPT (n=13), qBWSTT (n = 12), or passive-isokinetic
bicycle (Cycle) training (n = 16). Open-field locomotion was
assessed weekly via the BBB scale (14). Blood was sampled
weekly from the tail vein to track whole-body bone turnover.
In vivo microcomputed tomography (microCT) was used to
track distal femur cancellous and cortical bone microstructure.
Declomycin and calcein (15 mg-kg ! SC) were administered
to fluorochrome label bone formation sites 10 and 3 d before
sacrifice, respectively. At 4 wk after surgery, femur and tibia
BF was determined in conscious (awake) rats using the in vivo
microsphere infusion method (5). Animals were euthanized by
thoracotomy and terminal exsanguination via cardiac puncture
under isoflurane, with femurs and tibias excised and analyzed,
as described hereinafter.

Animal model rationale. We used skeletally mature male
rats because most SCI occur in adult men (3). Severe contusion
SCI was selected because this model mimics the most common
pathologic mechanism of severe traumatic SCI in humans and
produces immediate and persistent hindlimb paralysis and exten-
sive bone deficits (15,16). In comparison, mild-to-moderate SCI
models recover the ability to support the hindlimbs in stance and
to perform stepping and do not typically display bone loss (17).

Surgery and postoperative care. Surgery and postop-
erative care were performed per our methods (5,15,16,18-22).
Briefly, anesthetized rats received Tg laminectomy alone (SHAM
surgery), which involved surgical isolation and removal of the Tq
spinous process to expose the spinal cord, or Ty laminectomy
with severe (250 kdyne) contusion SCI using the Infinite Hori-
zons Impactor (PSI, Lexington, KY). All rats received ketoprofen
(5.0 mg'kg ! SC) and buprenorphine (0.05 mg-kg ' SC) for 48 h
and ampicillin for 5 d. Rats were housed in recovery units that
were placed partially on and partially off water-circulating
heat pads throughout the study to assist in body temperature
maintenance. Postsurgery care included daily examination for
signs of pain/distress, weight loss, dehydration, fecal clearance,
skin lesions, bladder dysfunction, and joint mobility. Bladders
were expressed twice daily until spontaneous voiding returned,
which typically occurred within 2 wk after surgery. Lactated
Ringer’s was provided to promote rehydration. Jell-O with
added protein/fat, Froot Loops®, and apple slices were given
to assist in body mass recovery.

Verification of SCI severity. We used a priori criteria to
exclude rats that displayed locomotor recovery inconsistent
with severe SCI, as previously reported (5,15), because resid-
ual hindlimb function impedes bone loss after SCI indepen-
dent of therapeutic intervention (16). Our approach was devel-
oped by assessing BBB scores in several hundred male rats
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that received severe SCI (5,16,18-22) and identifying animals
that spontaneously regained the ability to support their hindlimbs
in stance and/or performed weight-supported hindlimb stepping
(BBB >9). Specifically, on day 7 post-SCI, we excluded rats that
displayed BBB scores >4, when averaging hindlimbs, or >7 in ei-
ther hindlimb. All remaining rats were stratified based on BBB
score to undergo no ABPT, qBWSTT, or passive-isokinetic
Cycle training, ensuring homogenous locomotor function among
groups at day 7.

ABPT protocols. qBWSTT and Cycle training were initiated
on day 7 post-SCI and involved training 40 min-d ', 5 d-wk '
for 3 wk. For qBWSTT, rats were suspended by a harness that
provided 40% bodyweight support, with the paralyzed hindlimbs
manually positioned into plantar stepping positions on the tread-
mill (3.5 m'min ', or ~20-25 strides per minute), per our protocol
(22). For Cycle, rats were suspended from a harness that provided
100% bodyweight support, with the hindfeet strapped to
motor-driven pedals that produced passive-isokinetic cycling
motions in the paralyzed hindlimbs (~6 rotations per minute),
as previously reported (12,13). On training day 1, rats were
given 5 min to explore each device. For acclimation, rats per-
formed four 5-min bouts in the morning, with 5-min rest be-
tween bouts, and four 5-min bouts in the afternoon, with 4-
to 5-h rest between sessions. On training day 2, rats performed
two 10-min bouts in the morning and afternoon. On all remain-
ing days, rats completed one 20-min bout in the morning and af-
ternoon. Stepping/pedaling rates were progressively increased
as rats acclimated to training.

MicroCT assessment of cancellous and cortical
bone microstructure. /n vivo microCT was performed
1-3 d before surgery and at 2 and 4 wk after surgery, using a
Bruker Skyscan 1176 (Kontich, Belgium), per our methods
(5). Briefly, rats were anesthetized via isoflurane and secured
on the scanning bed with the left leg extended to optimize im-
age acquisition at the distal femur. Images were acquired at
80 kVP/311 pA, with both 0.45-mm-thick Cu and a 0.5-mm
Al filter, 2000 x 1336-pixel resolution, 18.0-um voxel, 0.5° ro-
tation step, and 180° tomographic rotation (scan time ~10 min,
anesthesia duration ~16 min). Images were reconstructed in NRecon
(v1.7.4.6, all software Bruker Skyscan) and rotated/aligned in
DataViewer (v1.6.0.0). Volumes of interest (VOI) were devel-
oped and analyzed in CTAn (v1.17.7.2). The cancellous VOI be-
gan 1.5 mm proximal to the growth plate at the distal femoral
metaphysis and extended 4.0 mm in the proximal direction.
The cortical VOI encompassed the most proximal one-third
(1.333 mm) of the cancellous VOI, which completely avoided
the residual growth plate that interferes with the assessment of
cortical bone. All microCT outcomes are reported as percent-
age change from baseline. Cancellous outcomes included the
following: trabecular bone volume (BV/TV; in percent), trabecu-
lar number (Tb.N; numbers per millimeter), trabecular thickness
(Tb.Th; in millimeters), trabecular separation (Tb.Sp; in millime-
ters), and connectivity density (Conn.D; in numbers per cubic
millimeter). Cortical outcomes included the following: total bone
and medullary area (T.Ar; in squared millimeters), Ct.Ar (in
squared millimeters), and Ct.Ar/T.Ar (in percent).

Histomorphometry assessment of bone microstruc-
ture and surface-level bone turnover indices. Cancellous
microstructure and bone turnover indices were evaluated at the
left proximal tibial metaphysis, as previously reported (15). In
brief, tibiae were fixed in 10% phosphate-buffered formalin,
dehydrated in ethanol, and embedded undecalcified in methyl
methacrylate. To assess cancellous structure, 4-pm-thick
sections were stained with von Kossa and counterstained
with tetrachrome (Polysciences, Warrington, PA). To measure
fluorochrome-based bone formation indices, 8-pum-thick sections
remained unstained. The region of interest began 0.5 mm distal to
the growth plate and excluded the primary spongiosa and cancel-
lous bone within 0.25 mm of the endocortical border. Outcomes
measured by the OsteoMeasure System (Osteometrics, Decatur,
GA) included the following: cancellous BV/TV (in percent),
Tb.N (in numbers per millimeter), Tb.Th (in micrometers),
Tb.Sp (in micrometers), number of osteoblasts and osteoclasts
per cancellous perimeter (in numbers per millimeter), eroded
bone surface (ES/BS; in percent), single-labeled surface
(sLS/BS; in percent), double-labeled surfaces (dLS/BS; in per-
cent %), mineralizing surface (MS/BS, %), mineral apposition
rate (MAR; in micrometers per day), and bone formation rate
(BFR/BS; in cubic micrometers per squared micrometer per
day). MS/BS, an index of active bone formation, was calcu-
lated as dLS/BS plus one-half of the sLS/BS divided by total
bone surface [((dLS/BS + 0.5(sLs/BS))/BS]. MAR, an index
of osteoblastic activity, was calculated by dividing the
interlabel distance by the time between fluorochrome labels.
BFR/BS was calculated by multiplying dLS/BS and MAR.
These outcomes conform to recommendations of the ASBMR
Histomorphometry Nomenclature Committee (23).

Circulating bone turnover markers. Enzyme immuno-
assays were used to determine circulating tartrate-resistant acid
phosphatase 5b (TRAPCS5b) and procollagen type 1 N-terminal
propeptide (P1NP) as whole-body bone resorption and forma-
tion markers, respectively (IDS, Scottsdale, AZ). Bone turnover
markers are reported as percentage change from baseline.

Bone BF assessments. /i vivo resting-state bone BF
was determined in conscious (awake) rats via the microsphere
infusion technique, which requires surgical implantation of
fluid filled (sterile, heparinized saline) catheters into the left
ventricle of the heart (via the carotid artery) and the tail (via
the caudal artery) for microsphere infusion and reference blood
sampling, respectively (5). Briefly, 3 d after concluding ABPT,
catheters were surgically implanted into the carotid and caudal
arteries of anesthetized rats. Placement in the left ventricle
was confirmed by retrograde BF into the catheter. The catheters
were externalized and secured to the skin, and surgical incisions
were closed. After 4-h recovery, awake rats were secured, and
1-mL heparinized saline was administered into each catheter.
Next, 15-um colored (UV; yellow) polystyrene microspheres
(~10° spheres, DyeTrak VII+; Triton Technology) were infused
via the carotid catheter, with the line flushed to ensure clearance
of sphere. A reference blood sample was acquired via the caudal
catheter via a withdrawal-infusion pump (GenieTouch, Kent
Scientific) at 0.35 mL-min ' for 1 min after microsphere
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infusion. Rats were then euthanized, and bones dissected,
weighed, and cut cross-sectionally into proximal, midshaft (di-
aphysis), and distal segments. Tissue digestion and microsphere
recovery were performed on the reference blood sample, bilateral
femur segments, and right tibia segments, per the sedimentation
method (5). After microsphere extraction and reconstitution,
supernatant was assessed with UV spectrophotometry (440
and 670 nm). BF was calculated with the DyeTrak VII+ ma-
trix inversion program. After verification of equal distribution
to left and right hindlimbs, BF was averaged across contralat-
eral bones, when available, and reported as milliliters per min-
ute per gram for whole bones and for each bone segment.

Statistical analysis. One-way ANOVA and repeated-measures
ANOVA were used to evaluate outcomes assessed at single or
multiple time points, respectively, with Tukey’s post hoc tests per-
formed when appropriate (SPSS v26.0.0; IBM). Data distribution
was assessed with the Kolmogorov—Smirnov test. Consistency in
bilateral BF was verified with paired-samples #-tests and Pearson
correlation coefficients. Associations between proximal tibial BF
and proximal tibial bone turnover indices were assessed with
Pearson correlation coefficients across all SCI groups, with the
Holm—Bonferonni correction used to control type 1 error. Results
are reported as means + SEM (for actual values) or estimated
marginal means + SEM (for percent change from baseline),
with P < 0.05 as the threshold of significance.

RESULTS

No baseline differences were observed among groups, and
no differences in impact force or velocity used to produce the
contusion SCI, via the IH impactor, were present among the
SCI cohorts (Supplemental Table 1, Supplemental Digital Con-
tent, Presurgical body mass and injury characteristics, bone mi-
crostructural parameters, and serum bone turnover markers,
http://links.lww.com/MSS/C771).

Animal recovery. All SCI rats displayed immediate post-
surgical hindlimb paralysis. On day 7 post-SCI, n = 8 SCI rats
were removed for exceeding a priori criteria (1-wk BBB
score = 6.2 + 0.6). Another rat was excluded after experiencing

a distal femur fracture of unknown origin with radiographi-
cally visible callous formation impairing joint mobility. These
animals were replaced to ensure similar group allocations. All
SHAM rats maintained BBB scores of 21 throughout, and no
signs of pain, distress, or abnormal behavior were observed.
Group and time main effects for BBB and body mass are pre-
sented in Supplemental Table 2 (Supplemental Digital Con-
tent, Statistical outcomes and treatment effects for variables
assessed at multiple time points, http://links.lww.com/MSS/
C771), with interactions revealing that all SCI groups had
lower BBB scores and greater body mass loss versus SHAM
and compared with baseline at all postsurgical time points
(P < 0.01; Figs. 1A, B). Neither ABPT regimen improved
BBB score.

MicroCT assessment of cancellous and cortical
bone microstructure. Representative images of cancellous
and cortical bone within the VOI are presented in Figures 2
and 3, respectively. Group and/or time main effects existed
for all cancellous and cortical outcomes (Supplemental Table 2,
Supplemental Digital Content, Statistical outcomes and treatment
effects for variables assessed at multiple time points, http://links.
Iww.com/MSS/C771). For cancellous bone (Figs. 2A-E), in-
teractions revealed that the SCI no-ABPT group exhibited ro-
bust BV/TV and Tb.N deficits and lower Conn.D at 2 wk (all
P <0.01 vs SHAM) and continual bone loss thereafter. This
was evidenced by lower BV/TV, Tb.N, and Tb.Th, and higher
Tb.Sp at4 wk (all P<0.01 vs SCI 2 wk and for SCI vs SHAM
at 4 wk). gBWSTT did not prevent these deficits or alter the
trajectory of bone loss over either period. In comparison, Cy-
cle attenuated the reduction in Conn.D during the initial 2 wk
(P < 0.05 vs SCI and SCI + gBWSTT), without preventing
other SCI-induced cancellous bone deficits. From 2 to 4 wk,
Cycle increased BV/TV by completely preserving Tb.N and
by concomitantly increasing Tb.Th ~20% over this period,
resulting in increased Conn.D (all P < 0.01, 4 vs 2 wk). Ulti-
mately, SCI + Cycle displayed percentage change values for
BV/TV, Tb.N, and Conn.D that were not different from SHAM
(P<0.01 vs SCI and SCI + gBWSTT), along with a 15%25%
greater Tb.Th increase versus all other groups (P < 0.01).
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FIGURE 1—A and B, BBB locomotor rating scores and body mass change from before surgery (pre-sx) in rats that received Ty laminectomy alone
(SHAM), Ty laminectomy plus SCI, SCI with qBWSTT (SCI + ¢BWSTT), or SCI with passive-isokinetic bicycle training (SCI + Cycle). Values are
estimated marginal means + SEM, n = 12-16/group. Some error bars are within the size of the symbol. { indicates difference vs pre-sx, and letters indicate
difference vs respectively labeled groups (a = vs SHAM, b = vs SCI, ¢ = vs SCI + gBWSTT, and d = vs SCI + Cycle) at P < 0.05 or *P < 0.01. Note:
Horizontal dashed line (A) indicates the threshold for voluntary overground weight-supported plantar stepping (i.e., BBB > 9). SCI animals that exceeded
a priori criteria were excluded before analysis. Complete statistical findings are in Supplemental Table 2 (Supplemental Digital Content, Statistical outcomes
and treatment effects for variables assessed at multiple time points, http://links.lww.com/MSS/C771).
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FIGURE 2—A-E, Cancellous bone microstructural data (A-E) and representative cancellous bone images (right panel) at the distal femoral metaphysis
cancellous VOI acquired via in vivo microCT before surgery (pre-sx) and 2 and 4 wk after rats received Ty laminectomy (SHAM), Ty laminectomy plus
SCI, SCI plus gBWSTT (SCI + ¢BWSTT), or SCI plus passive-isokinetic bicycle training (SCI + Cycle). Values are estimated marginal means + SEM
of the percent change from pre-sx, n = 11-15/group. Some error bars are within the size of the symbol. 1 indicates within-group difference for 2 vs 4 wk.
Letters indicate difference vs respectively labeled groups (a = vs SHAM, b = vs SCI, ¢ = vs SCI + qBWSTT, and d = vs SCI + Cycle) at P < 0.05 or
*P <0.01. Scale bar, 1 mm. Complete statistical findings in Supplemental Table 2 (Supplemental Digital Content, Statistical outcomes and treatment effects
for variables assessed at multiple time points, http:/links.lww.com/MSS/C771).

For cortical bone (Figs. 3A—C), interactions revealed that all
SCI groups displayed lower Ct.Ar and Ct.Ar/T.Ar versus
SHAM at 2 wk (both P <0.01), regardless of the intervention.
Thereafter, the SCI no-ABPT group displayed ongoing corti-
cal loss, evidenced by reduced T.Ar (P < 0.01, 4 vs 2 wk)
and relatively stable Ct.Ar over this period, producing an ap-
parent Ct.Ar/T.Ar increase (P < 0.01). From 2 to 4 wk,
gBWSTT attenuated the SCI-induced T.Ar loss but did not al-
ter Ct.Ar, resulting in lower Ct.Ar/T.Ar versus SCI at 4 wk
(P <0.01). Cycle also attenuated the T.Ar reduction from 2
to 4 wk and concomitantly increased Ct.Ar, producing 15%

higher Ct.Ar/T.Ar (both P < 0.01, 4 vs 2 wk). Ultimately,
SCI + Cycle exhibited more cortical bone recovery than other
SCI groups, evidenced by higher percentage increases in T.Ar
(P<0.01, vs SCI only), Ct.Ar (P <0.01, vs both), and Ct.Ar/T.
Ar (P < 0.01, vs both), and a similar Ct.At/T.Ar increase to
SHAM. However, T.Ar and Ct.Ar both remained lower in
SCI + Cycle versus SHAM (both P < 0.01).
Histomorphometry assessment of bone microstruc-
ture and surface-level bone turnover indices. Cancellous
bone structural outcomes and cell surface/dynamic histomor-
phometry findings are presented in Figures 4A—L. SCI displayed
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FIGURE 3—A-C, Representative cortical bone microstructural images (left panel) and cortical microstructural data (A—C) at the distal femur cortical VOI
acquired via in vivo microCT before surgery (pre-sx) and 2 and 4 wk after rats received Ty laminectomy (SHAM), Ty laminectomy plus SCI, SCI plus
qBWSTT (SCI + ¢BWSTT), or SCI plus passive-isokinetic bicycle training (SCI + Cycle). Values are estimated marginal means = SEM of the percent
change from pre-sx, n = 11-15/group. Some error bars are within the size of the symbol. } indicates within-group difference for 2 vs 4 wk. Letters indicate
difference vs respectively labeled groups (a =vs SHAM, b =vs SCI, ¢ = vs SCI + gBWSTT, and d = vs SCI + Cycle) at P <0.05 or *P <(.01. Scale bar, 1 mm.
Complete statistical findings are in Supplemental Table 2 (Supplemental Digital Content, Statistical outcomes and treatment effects for variables assessed at
multiple time points, http://links.lww.com/MSS/C771).
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FIGURE 4—A-L, Cancellous bone microstructural and cell surface data and dynamic bone turnover indices assessed via histomorphometry at the prox-
imal tibial metaphysis 4 wk after surgery in rats that received Ty laminectomy (SHAM), T laminectomy plus SCIL, SCI plus g BWSTT (SCI + qBWSTT), or
SCI plus motorized passive-isokinetic bicycle training (SCI + Cycle). Values are Means + SD, n = 9—15/group. Letters indicate differences vs respectively
labeled groups (a = vs SHAM, b = vs SCI, ¢ = vs SCI + qBWSTT, and d = vs SCI + Cycle) at P < 0.05 or *P < 0.01.
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45%-50% lower proximal tibia BV/TV and Tb.N and ~20% Circulating bone turnover markers. Group and time
lower Tb.Th versus SHAM (all nonsignificant), along with main effects existed for circulating TRAPCS5b and P1NP (Sup-
higher Tb.Sp (P < 0.01) and number of osteoblasts per cancellous plemental Table 2, Supplemental Digital Content, Statistical
bone perimeter (N.Ob/B.Pm; P <0.05) versus SHAM. SCI + outcomes and treatment effects for variables assessed at multi-
gBWSTT exhibited no histomorphometric differences when ple time points, http:/links.lww.com/MSS/C771). Group ef-
compared with SCI or SHAM. In comparison, SCI + Cycle fects indicated that all SCI groups displayed higher TRAPC5b
exhibited 10%—-35% higher Tb.Th versus SCI (P < 0.01) and versus SHAM (P < 0.001), with interactions revealing that
SCI + gBWSTT (P < 0.05), lower number of osteoclasts per larger TRAPCS5D percentage increases for all SCI groups ver-
cancellous bone perimeter (N.Oc/B.Pm; P < 0.01) and ES/BS sus SHAM at both 1 and 2 wk and for SCI + gBWSTT versus
(P < 0.05) versus SCI, and lower sLS/BS and 60%—100% SHAM at 3 wk (Fig. SA, P <0.05-0.01). In addition, group
higher dLS/BS versus all other groups (both P < 0.05-<0.01). effects indicated that the PINP decrease from baseline
N.Ob/B.Pm and BFR/BS were also ~80% higher (directionally) was greater for SCI and SCI + Cycle versus SHAM and
in SCI + Cycle versus SHAM, although these and other SCI + gBWSTT (Fig. 5B).

surface-based bone formation indices did not achieve statis- Bone BF assessments. /i vivo resting-state bone perfusion
tical significance. was highly correlated between contralateral femurs (» = 0.905,
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FIGURE 5—A and B, TRAPC5B (whole-body bone resorption marker) and PINP (whole-body bone formation marker) assessed before surgery (pre-sx)
and 1, 2, and 3 wk after rats received Ty laminectomy (SHAM), Ty laminectomy plus SCI, SCI plus ¢BWSTT (SCI + qBWSTT), or SCI plus
passive-isokinetic bicycle training (SCI + Cycle). Values are estimated marginal means + SEM of the percent change from baseline, n = 11-12/group. Some
error bars are within the size of the symbol. } indicates within-group difference vs 1 wk. Letters indicate difference vs respectively labeled groups
(a=vs SHAM, b = vs SCI, ¢ = vs SCI + ¢BWSTT, and d = vs SCI + Cycle) at P < 0.05 or *P < 0.01. Note: Values are not available at 4 wk because
the colored microspheres present within the circulation (necessary to assess bone BF) interfered with colorimetric assays. Complete statistical findings
are in Supplemental Table 2 (Supplemental Digital Content, Statistical outcomes and treatment effects for variables assessed at multiple time points,
http://links.lww.com/MSS/C771).
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FIGURE 6—A-H, Resting-state bone BF determined in the whole bones and the proximal, midshaft, and distal regions of the femurs (A-D) and tibia (E-H)
in unanesthetized (awake) rats via the microsphere infusion technique. BF was assessed 4 wk after surgery in rats that received Ty laminectomy (SHAM), Ty
laminectomy plus SCI, SCI plus g BWSTT (SCI + ¢BWSTT), or SCI plus motorized passive-isokinetic bicycle training (SCI + Cycle). Note: Resting-state BF
was assessed 3 to 4 d after cessation of gBWSTT or Cycle. Values are means + SD, n = 9-11/group. No differences were present among groups, although
SCI + Cycle displayed the highest resting-state bone BF at all sites evaluated.

P <0.001) with no differences in right versus left femur perfusion
within any group (data not shown), indicating bilateral symmetry
in bone BF distribution. However, resting-state femur and tibia BF
was not different across groups when assessed 3 d after the con-
clusion of training. Regardless, whole bone and region-specific
femur and tibia perfusion were 10%—-30% higher (directionally)
in SCI + Cycle versus all other groups (Figs. 6A—H).

Across all SCI groups, associations existed between proxi-
mal tibia BF and the following histomorphometry-derived
proximal tibia bone formation and resorption indices: dLS/
BS (r = 0.560, P = 0.003), MS/BS (r = 0.505, P = 0.009),
BFR/BS (r = 0.464, P = 0.022), and ES/BS (r = —0.479,
P=0.013; Figs. 7A-F). Proximal tibia BF was also associated
with proximal tibia Tb.Th across all SCI cohorts (» = 0.480,
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FIGURE 7—A-F, Comparison of proximal tibia BF and histomorphometry-derived bone turnover and bone structural indices at the proximal tibia in rats
that received Ty laminectomy plus SCI, SCI plus gBWSTT (SCI + gBWSTT), or SCI plus passive-isokinetic bicycle training (SCI + Cycle). Values reported
for individual animals, n = 8-9/group. Note: BF is on the horizontal x axis, and histomorphometry-derived bone outcomes are on the vertical y axis.
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P = 0.015) and within the SCI + Cycle group (r = 0.723,
P =0.043; Figs. 7A-F).

DISCUSSION

SCI produces extensive cancellous and cortical bone loss at
the distal femur and proximal tibia (24,25), which worsens
fracture risk at these sites (2). This bone loss is influenced by
disuse resulting from the neurologic insult and perhaps by
other factors (3), such as reduced bone BF in the paralyzed
limbs acutely after SCI (5). ABPT modalities that mobilize and/
or reload the paralyzed limbs transiently increase lower-extremity
BF (6-8) and improve muscular recovery (9). As a result, it
has been proposed that certain ABPT may alter bone perfusion
(26,27) and promote bone recovery (10), although this remains
to be elucidated. Herein, we assessed the effects of gGBWSTT
and passive-isokinetic Cycle training on bone turnover, bone
microstructure, and resting-state bone BF in the paralyzed limbs
of our rat severe SCI model. In doing so, we observed increased
circulating TRAPC5b (bone resorption marker) and concomi-
tantly reduced PINP (bone formation marker) throughout the
acute (baseline to 2 wk) to subacute (2 to 4 wk) post-SCI phase
in the SCI no-ABPT group, concurrent with ongoing cancellous
bone loss and persistent cortical bone deficits at the distal femur.
gBWSTT did not prevent any SCl-induced bone microstruc-
tural deficit at the distal femur, nor did it alter circulating
TRAPCSD. In contrast, passive-isokinetic Cycle training 1)
completely preserved distal femur Tb.N over the subacute
phase and robustly increased Tb.Th from 2 to 4 wk, which
restored BV/TV to SHAM levels; 2) improved distal femur
cortical bone recovery; and 3) suppressed surface-level bone
resorption indices and concomitantly increased dLS/BS, a
surface-level bone formation measure. At 4 wk after surgery,
no differences in resting-state femur or tibia perfusion were
present among groups, although bone BF was directionally
highest in the SCI + Cycle group throughout all femur and tibia
subregions. Moreover, across SCI groups, proximal tibia BF
was positively associated with proximal tibia Tb.Th and with
several bone formation indices, and was negatively associated
with ES/BS, a bone resorption index. These results indicate that
passive-isokinetic Cycle training produced robust antiresorptive
actions, without suppressing bone formation, resulting in im-
proved cancellous and cortical bone recovery after severe SCI
and suggest that subtle alterations in bone BF may influence
bone turnover in the paralyzed limbs.

In several past studies, our laboratory (15,16,19,21,22) and
others (28,29) utilized static/dynamic histomorphometry and
ex vivo microCT to compare bones excised from rodent SCI
models and controls. These techniques are common within
cross-sectional study designs, although they do not control
for heterogeneity in bone turnover or microstructure present
in Sprague-Dawley rats (30), nor do they allow determination
of the rates of bone loss or bone recovery or account for the
possibility that sham surgical interventions impact bone loss,
as previously reported (5). To overcome these limitations,
we tracked circulating bone turnover markers and cancellous

and cortical bone loss throughout the acute to subacute phases
using serum assays and in vivo microCT, respectively. In do-
ing so, we observed that Tg laminectomy (SHAM surgery) re-
duced PINP and produced distal femur cancellous bone loss
over the acute phase without altering TRAPCS5b, congruent
with our previous work (5,15). Regardless, over the acute
phase, all SCI groups displayed considerably more cancellous
bone loss than SHAM, accompanied by impaired cortical bone
gain. These skeletal deficits were driven by a bone remodeling
imbalance that favored bone loss, as evidenced by a near dou-
bling of TRACP5b and a concomitant >80% reduction in
PINP in the initial post-SCI week. Similarly, in past studies,
our laboratory (5,15) and others (29) used time-course histo-
morphometry to demonstrate that ongoing bone resorption and
a near absence of bone formation coexist in the paralyzed limbs
during the acute post-SCI phase, confirming uncoupled bone re-
sorption. The SCI no-ABPT group also exhibited ongoing can-
cellous bone loss throughout the subacute phase, resulting in
fewer and thinner trabeculae (lower Tb.N and Tb.Th), along with
a persistently smaller distal femur cross-sectional area that com-
prised less compact bone. These microstructural changes suggest
that profound whole-bone mechanical deficits existed at the distal
femur, aligning with previous reports (15,16). Nevertheless, at 4 wk
after surgery, we observed similar histomorphometry-derived
bone turnover indices in SCI versus SHAM, supporting the
observation that uncoupled bone resorption is transient and
exists predominantly during the acute post-SCI phase (15).
Comprehensive physical rehabilitation regimens focused on
improving recovery after SCI use ABPT modalities to mobi-
lize and/or reload the impaired limbs. Such modalities im-
prove central (31) and peripheral (32) cardiovascular health
markers in persons with SCI, produce transient hyperemic re-
sponses in the paralyzed limbs (6-8), and improve muscular
recovery in both humans (9) and animals (12,13) subsequent
to mild/moderate SCI. Moreover, treadmill exercise transiently
increases muscle (33) and bone BF (34) in nonneurologically
impaired models. However, it is unknown whether ABPT alters
bone perfusion after SCI (26,27) or improves bone recovery in
paralyzed limbs (10). For example, two studies that used
near-infrared spectroscopy to evaluate bone BF in persons with
SClI reported no change in proximal tibia perfusion immediately
after exercise in response to facilitated plantar flexor exercise
(26) or functional electrical stimulation rowing (27), whereas
increased bone BF was present in nonneurologically impaired
controls. Moreover, meta-analyses and systematic reviews re-
port only sparse evidence to support claims that ABPT im-
proves bone in persons with SCI (35,36), with >50% of studies
reporting no BMD improvements (10). The reasons underlying
the inconsistent bone adaptations to ABPT are unknown, al-
though many studies used training parameters that were not op-
timal to increase BMD and assessed heterogeneous populations
that included persons of varying ages, SCI severities, and SCI
durations (10). To address this, we used in vivo microCT to
track bone changes at the distal femur in age-/sex-/littermate-
matched rats that received severe SCI and that displayed
near-identical locomotor deficits before ABPT. We also
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ensured that the training frequency, duration, and rest intervals
(two 20-min bouts per day, separated by 4- to 5-h rest, per-
formed 5 d-wk ' for 3 wk) were consistent with regimens that
improve bone in other models (37). In doing so, we noted that
all SCI groups exhibited strikingly similar percentage changes
in bone turnover and in the magnitude of cancellous and cortical
bone loss over the acute phase, which encompassed the week
before ABPT initiation and the ABPT acclimation week. In this
regard, it is notable that gBWSTT did not lessen distal femur
cancellous or cortical bone loss in the acute or subacute phases,
nor did it alter surface-level bone turnover indices or suppress
circulating TRAPCSb when compared with SCI. However, cir-
culating PINP was higher in SCI + gBWSTT versus SCI, pri-
marily because of changes occurring after initiation of qBWSTT,
suggesting that other skeletal sites may have responded more fa-
vorably to this ABPT. In this regard, several case studies/series
and controlled clinical trials reported that partiall BWSTT and/
or overground walking increased hip and/or spine BMD in per-
sons with SCI (38-40), whereas others suggest no change or
worsening BMD at the distal femur or proximal tibia (41,42).
Passive bicycle training has been investigated as a modality
to improve BMD in persons with SCI, with mixed results (10),
perhaps because of the issues detailed previously. Regardless,
passive limb movements transiently increase BF in the para-
lyzed limbs (6-8) and produce neuromuscular benefits in rodent
mild-to-moderate SCI models, including improved locomotor
recovery (12,13). We extend these findings by reporting that
passive-isokinetic Cycle training prevented the SCl-induced re-
duction in distal femur Tb.N and robustly increase Tb.Th over
the subacute phase, which combined to increase distal femur
BV/TV. In addition, Cycle training improved distal femur cor-
tical bone gain in the subacute phase, evidenced by increased
Ct.Arand Ct.Ar/Tt.Ar. Moreover, SCI + Cycle exhibited higher
proximal tibia Tb.Th versus SCI and SCI + gBWSTT, indicat-
ing that bone improvements were not limited to the distal femur.
This bone gain was accompanied by fewer osteoclasts (N.Oc/B.
Pm) and less eroded bone surface (lower ES/BS) along the can-
cellous perimeter versus SCI, providing bone surface—level ev-
idence that Cycle stimulated antiresorptive actions, and by
higher dLS/BS and concomitantly lower sLS/BS versus all
other groups with all other surface-level bone formation indices
residing at SHAM levels, indicating that bone formation was
maintained. Notably, these Cycle-induced skeletal adaptations
occurred independent of locomotor recovery, given that BBB
scores were near-identical across SCI groups and remained be-
low the thresholds to support the hindlimbs in stance and/or per-
form weight-supported stepping (i.e., BBB >9). As such, it is
not clear how Cycle training and gBWSTT produced divergent
skeletal responses, especially given that training frequency, du-
ration, and rest intervals were matched and that the loading
magnitudes (BWSTT, <40% bodyweight-support vs Cycle,
100% bodyweight-support) were below that needed to prevent
bone loss in non-SCI disuse models (43). Given this, it is possi-
ble that Cycle training stimulated bone strains at the knee inde-
pendent of weight bearing, although this remains to be deter-
mined. Regardless, our results provide the first direct evidence

indicating that passive-isokinetic Cycle training produces ro-
bust cancellous and cortical bone recovery after severe SCI
by suppressing osteoclast-mediated bone resorption and by
concomitantly maintaining osteoblast-mediated bone forma-
tion, via yet-to-be-identified mechanisms.

Vascular impairments (44,45) and diminished bone BF (46)
have been proposed as factors that might influence disuse-induced
bone loss (47). In this regard, persons with severe SCI exhibit
reduced femoral artery absolute diameter and reduced maxi-
mal perfusion in the femoral artery (4), suggesting that im-
paired bone perfusion exists in the paralyzed limbs. We previ-
ously reported that femur and tibia perfusion was 30%—40%
lower in conscious (awake) rats subjected to severe SCI during
the acute phase, temporally coinciding with uncoupled bone
resorption and the most rapid bone loss in our model and that
distal femur perfusion was positively associated with several
distal femur bone structural parameters in the acute phase
(5). These results suggest that altered bone perfusion may in-
fluence bone integrity in the paralyzed limbs. As such, we
were surprised that the current study indicated no differences
in femur or tibia BF in SHAM versus SCI at 4 wk after sur-
gery, especially considering that Ding et al. (48) reported that
mice subjected to spinal cord transection exhibited lower
intraosseous vascular volume and vessel diameter at 4 wk after
surgery, along with lower vascular endothelial growth factor
and CD31 within the circulation. Collectively, these findings
suggest that 1) the bone BF and bone turnover deficits in the
acute phase are likely transient and that both renormalize rela-
tive to SHAM during the subacute phase, and 2) the bone BF
reductions that exist in the paralyzed limbs during the acute
post-SCI phase may be one factor influencing impaired bone
turnover and bone loss or vice versa. In support of this, our
current results indicate that proximal tibia BF was positively
associated with several surface-level dynamic bone formation
indices at the same skeletal site and negatively associated with
ES/BS, a marker of bone resorption. Similarly, others have re-
ported positive associations between bone formation rate and
bone blood vessel area, in nonneurologically impaired rodents
(49). Regardless, one area that remains unknown is whether
Cycle transiently altered bone BF during training or in the im-
mediate postexercise period, which might underlie the im-
proved bone recovery in response to this ABPT.

Although our results are robust, several limitations merit
mention. First, our design did not permit comparison of circu-
lating and surface-level bone turnover indices at 4 wk after
surgery because the technique we used to determine BF re-
quired infusion of colored microspheres into the circulation,
which interfered with spectrophotometric analyses (5). Sec-
ond, we could not determine bone mechanical characteristics
or assess molecular signaling pathways underlying our find-
ings because histomorphometry and microsphere-based BF
assessments require embedding/sectioning or destruction of
tissue samples. Lastly, we used a SHAM control group to ac-
count for the surgical stress required to produce the contusion
SCI, and it is unclear how bone loss occurring in response to
To laminectomy may have influenced resting-state bone BF.
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Future studies controlling for these factors are warranted based
on our current and past results (5).

CONCLUSIONS

In summary, we observed rapid cancellous and cortical bone
loss in the acute post-SCI phase in our rat severe contusion SCI
model and relatively slower bone deficits developing thereafter.
The acute phase bone loss was accompanied by unbalanced
bone remodeling that favored bone resorption, with no dis-
cernable surface-level bone turnover deficits or bone perfusion
impairments in the subacute phase. qBWSTT did not attenuate
distal femur bone loss after severe SCI, nor did it alter surface-level
bone turnover or resting-state bone perfusion in the paralyzed
limbs. In comparison, passive-isokinetic Cycle training improved
distal femur cancellous and cortical bone parameters by suppress-
ing bone resorption and by concomitantly maintaining bone for-
mation. These Cycle-induced bone improvements occurred in
the absence of locomotor recovery and without detectable changes
in resting-state bone perfusion in the paralyzed limbs during
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