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KEY POINTS SUMMARY

Cold water immersion is a popular strategy to recover from exercise. However, whether
regular cold water immersion influences muscle adaptations to strength training is not well
understood.

We compared the effects of cold water immersion and active recovery on changes in muscle
mass and strength after 12 weeks of strength training. We also examined the effects of these
two treatments on hypertrophy signalling pathways and satellite cell activity in skeletal
muscle after acute strength exercise.

Cold water immersion attenuated long term gains in muscle mass and strength. It also
blunted the activation of key proteins and satellite cells in skeletal muscle up to 2 days after
strength exercise.

Individuals who use strength training to improve athletic performance, recover from injury
or maintain their health should therefore reconsider whether to use cold water immersion as

an adjuvant to their training.
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ABSTRACT

We investigated functional, morphological and molecular adaptations to strength training
exercise and cold water immersion (CWI) through two separate studies. In one study, 21 physically
active men strength trained for 12 weeks (2 d-wk*), with either 10 min of CWI or active recovery
(ACT) after each training session. Strength and muscle mass increased more in the ACT group than
in the CWI group (P<0.05). Isokinetic work (19%), type 1l muscle fibre cross-sectional area (17%)
and the number of myonuclei per fibre (26%) increased in the ACT group (all P<0.05) but not the
CWI group. In another study, nine active men performed a bout of single-leg strength exercises on
separate days, followed by CWI or ACT. Muscle biopsies were collected before and 2, 24 and 48 h
after exercise. The number of satellite cells expressing neural cell adhesion molecule (NCAM)
(10-30%) and paired box protein (Pax7) (20-50%) increased 2448 h after exercise with ACT. The
number of NCAM" satellite cells increased 48 h after exercise with CWI. NCAM*- and Pax7"-
positive satellite cell numbers were greater after ACT than after CWI (P<0.05). Phosphorylation of
p70S6 Kkinase ™*?YS¢24 increased after exercise in both conditions but was greater after ACT
(P<0.05). These data suggest that CWI attenuates the acute changes in satellite cell numbers and
activity of kinases that regulate muscle hypertrophy, which may translate to smaller long-term
training gains in muscle strength and hypertrophy. The use of CWI as a regular post-exercise

recovery strategy should be reconsidered.

Key words: cryotherapy, adaptation, strength, anabolism
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ABBREVIATIONS

DAPI, 4',6-diamidino-2-phenylindole; ERK, extracellular regulated kinase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; MRI, magnetic resonance imaging; RFD, rate of force
development; mTOR, mammalian target of rapamycin; NCAM, neural cell adhesion molecule;
Pax7, paired box protein 7; p70S6K, p70S6 kinase; RIPA, radioimmunoprecipitation assay buffer;
RM, repetition maximum; rpS6, ribosomal protein S6; Ser, serine; Thr, threonine; Tyr, tyrosine;

4E-BP1, (eukaryotic translation initiation factor) 4E- binding proteinl



INTRODUCTION

Strength training is among the most common forms of organised physical activity. This type of
exercise is often used to improve athletic performance, recover from injury, counteract age- or
disease-related decline in muscle mass and function, and modify body composition/aesthetics
(Folland & Williams, 2007). Athletes and coaches, individuals exercising for recreation, and
practitioners working with clinical populations often seek ancillary strategies to enhance the
benefits of strength training. It is generally assumed that, when used on a regular basis, post-
exercise recovery strategies will reduce muscle fatigue and help exercising individuals to maintain
the required workload during subsequent training sessions, thereby improving the effects of
exercise training while reducing the risk of injury (Barnett, 2006).

Cold water immersion after exercise is believed to reduce muscle fatigue and soreness, and is
thus a frequently used post-exercise recovery modality (Versey et al., 2013). However, few studies
have assessed whether regular cold water immersion after each exercise session influences long-
term training adaptations to exercise training. Several studies have indicated that cold water
immersion attenuates gains in strength (Frohlich et al., 2014), muscle endurance capacity and
brachial artery diameter (Ohnishi et al., 2004; Yamane et al., 2006; Yamane et al., 2015) after 4-5
weeks of strength training. Conversely, other studies have demonstrated that cold water immersion
augmented strength gains after 5 days of strength training (Burke et al., 2000) and increased
markers of mitochondrial biogenesis in muscle (Ihsan et al., 2015). Considering this disparity and
the limitations of these studies (e.g., short training periods, isolated muscle groups, no assessment
of muscle hypertrophy), further research is warranted to develop a better understanding of the
effects of cold water immersion on long-term adaptations to strength training. Knowledge gained
from this research will help to establish how to use cold water immersion most effectively to
optimize training adaptations.

Cold water immersion reduces muscle blood flow at rest (Gregson et al., 2011) and after

exercise (Vaile et al., 2010; Mawhinney et al., 2013). Because muscle protein synthesis depends on



an adequate blood supply (Fujita et al., 2006; Timmerman et al., 2010), the decrease in muscle
blood flow after cold water immersion may have important implications for muscle metabolism
during recovery from exercise. For example, lower blood flow in muscle in response to cold water
immersion could reduce muscle protein synthesis. This might explain, in part, previous observations
that cold water immersion attenuates gains in muscle strength and endurance capacity following
strength training (Ohnishi et al., 2004; Yamane et al., 2006; Frohlich et al., 2014; Yamane et al.,
2015). Although these studies assessed changes in performance, they did not evaluate whether
regular cold water immersion influences gains in muscle mass after strength training.

Only two studies have investigated how cold water immersion influences muscle metabolism
after acute exercise in humans (Gregson et al., 2013; Ihsan et al., 2014). Several animal studies
have examined the effects of applying ice to muscle strain or crush injuries (Lee et al., 2005;
Carvalho et al., 2010; Puntel et al., 2011; Takagi et al., 2011). However, these studies focused more
on inflammation and oxidative stress, and produced inconsistent findings. The mammalian target of
rapamycin (mTOR) signalling pathway and satellite cells play important roles in regulating muscle
hypertrophy following strength training (Baar & Esser, 1999; Dreyer et al., 2006; Petrella et al.,
2008; Terzis et al., 2008; Bellamy et al., 2014; Mitchell et al., 2014). The effects of cold water
immersion on MTOR signalling and satellite cells after exercise are unknown. If cold water
immersion reduces the activity of the mTOR pathway and satellite cells, then this could attenuate
muscle adaptations to strength training.

We investigated the effects of cold water immersion on functional, morphological and molecular
adaptations in muscle after strength training. The present investigation was divided into two studies.
The aim of the first study was to examine the influence of regular cold water immersion on changes
in muscle mass and strength after 12 weeks of strength training. The aim of the second study was to
investigate the effects of cold water immersion on acute hypertrophy-signalling pathways and
satellite cell activity in skeletal muscle during recovery from an acute bout of strength exercise. We

hypothesized that cold water immersion would attenuate long-term training adaptation by reducing



the activity of key signalling proteins in skeletal muscle and/or blunting satellite cell activity in the

first 48 h following strength exercise.

METHODS
Ethical approval

Before providing their written informed consent, all participants were informed of the
requirements and potential risks of the studies. The experimental procedures adhered to the
standards set by the latest revision of the Declaration of Helsinki and were approved by the Human

Research Ethics Committee of The University of Queensland.

Experimental details for Study 1

Experimental design. Study 1 was a randomized, controlled trial in which 24 physically active
young men volunteered to participate in a 12-week lower-body strength training program. Before
the training period began, the participants were matched for strength and lean body mass, and one
of the two participants was randomly assigned to a group that performed cold water immersion (n =
12), or active recovery (n = 12) within 10 min after each training session. The second person in the
pair was allocated to the other group. Before the training period began and again at least 2 d after
the final training session, muscle strength and mass were measured, and resting muscle biopsies
were collected from vastus lateralis. Inclusion criteria required that all participants had at least 12
months of experience in strength training and were familiar with all exercise aspects of the study.
One participant in the cold water immersion group and two participants in the active recovery group
withdrew from study 1 because of injury not associated with the study. Their data were
subsequently excluded from the analysis. The characteristics of the participants in this study are

described in Table 1.



Strength training. Strength training for Study 1 involved mainly the lower body. Training
sessions were performed twice a week, separated by 72 h. The loads were set to 8-, 10- and 12-
repetition maximum (RM), and weights corresponding to a proportion of each participant’s body
mass. Strength training was progressive, and included 45° leg press, knee extension, knee flexion,
walking lunges and plyometrics exercises. The plyometric component comprised countermovement
drop jumps, slow eccentric squat jumps, split lunge jumps and countermovement box jumps. All
strength training was supervised and was performed at normal room temperature (23-25°C). See

Table 2 for further details.

Recovery therapies. Cold water immersion was performed within 5 min after each training
session. Participants in the cold water immersion group sat in an inflatable bath (iCool iBody,
iCool, Miami, Australia) for 10 min with both legs immersed in water up to the waist. Water was
circulated continuously and maintained at 10.1 + 0.3°C using a circulatory cooling unit (iCool
LITE, iCool). Participants in the active recovery group performed 10 min active recovery at a self-
selected low intensity on a stationary cycle ergometer (Wattbike, Nottingham, United Kingdom).
The mean power output for each participant in the active recovery group was recorded after the first
recovery session and was replicated following subsequent recovery sessions. The mean power
output during active recovery was 59.5 + 9.4 W. The participants minimized any re-warming
following cold water immersion or cooling following active recovery by not showering or bathing

for at least 2 h after the recovery therapies.

Assessment of muscle function. The participants were familiarized with the testing protocol and
pre-training muscle strength for training load prescription was assessed over 2 days, 10-14 days
before the first training session. On day 1, unilateral isometric torque, isokinetic work, and rate of
force development (RFD) were assessed using a dynamometer (Cybex 6000, CSMI, Stoughton,

MA, USA). On day 2, bilateral isotonic (1, 8, 10 and 12 RM) leg press strength, bilateral 1 and 12



RM knee flexion and extension strength, and unilateral peak isometric torque were measured.
Walking lunges and plyometric jumps were also performed for further familiarization. Post-training
strength and muscle function were assessed in the 12" week of training in place of the last (i.e.,
24™) training session. This testing was performed 48 h following the last training session to avoid
any residual fatigue from prior training. Isometric and isokinetic strength, and RFD were measured
in the dominant leg. For these measurements, the lateral condyle of the femur was aligned with the
axis of rotation, and the seat angle was fixed at 90°. Peak isometric knee extension strength was
identified as the peak torque measure at any time during two 5 s contractions, separated by 90 s, and
performed at 70° knee angle (full knee extension = 0°). Isometric RFD was assessed over the initial
500 ms of the contraction. Isokinetic work was assessed during 50 isokinetic knee extensions
performed over a 90° range at a velocity of 90°s. Repetition tempo was set at 0.5 Hz using a
metronome (MT50, Wittner GmbH, Wernberg-Kaoblitz, Germany), and knee flexion velocity was
set at 250°s* to allow passive flexion following each knee extension.

All data from the dynamometer were collected at 1,000 Hz using a custom-designed LabVIEW
script (LabVIEW, National Instruments Corp., Austin, TX, USA) and were stored on a personal
computer for offline analysis. The test-re-test coefficients of variation were 2.1% for peak torque in

the 5 s isometric contraction and 3.5% for work performed in the isokinetic task.

Assessment of muscle mass. Muscle mass was assessed in Study 1 by measuring the mass of the
quadriceps muscle group of the dominant leg using magnetic resonance imaging (MRI; Magnetom
Sonata 1.5T, Siemens AG, Munich, Germany). MRI assessment comprised serial 5 mm slices with
no inter-slice gap covering the area between the iliac crest and the superior border of the patella.
Quadriceps volume was first calculated (blindly) by semi-automated manual segmentation and
open-source software (Yushkevich et al., 2006) from the most proximal to distal slice in which the
vastus lateralis was visible. Quadriceps volume was then converted to lean mass based on a muscle

density of 1.04 kg-I"* (Vierdort, 1906). The test—retest coefficient of variation for quadriceps



muscle volume was 2.8% based on calculations from six pre-training and six post-training MRI
scans. Pre-training measurements were performed at rest 8—10 d before the first training session and

again 4-5 d after the final training session.

Collection of muscle tissue. A muscle biopsy was collected from the mid-portion of the vastus
lateralis muscle of the dominant leg of each subject after an overnight fast. Post-training biopsies
were collected ~3 cm proximal to the pre-training site. Pre-training biopsies were collected 4-5 d
before the first training session, and post-training biopsies were collected 6—7 d after the last
training session. Biopsies were collected under local anaesthesia (10 mg/ml xylocaine) with a 6-mm
Bergstrom needle (Pelomi, Alberteslund, Denmark), which had been modified for the application of
manual suction. All muscle tissue was washed quickly in 0.9% saline, and any fat, connective tissue
or blood was dissected before the sample was weighed and frozen in liquid N, (for western blotting)
or isopentane cooled in dry ice (for immunohistochemistry). All samples were stored at —80°C until

analysis.

Control procedures. We attempted to minimize potential variation in training responses by
providing standardized nutrition after each training session and instructing the participants to avoid
doing any extra strength exercise outside the prescribed training. All participants were given a 30 g
serve of whey protein isolate (WPI, Body Science, Gold Coast, Australia) containing 27 g protein to
drink 60 min before each training session and following the completion of the recovery therapy.
They were also given a recovery bar (Missile Performance Energy Bar, Body Science) containing
18 g protein and 30.7 g carbohydrate to eat 2 h after each training session. The participants were
instructed to avoid consuming any additional dietary supplements and to follow their habitual diet
for the duration of Study 1. Dietary intake was monitored through a 5 d food diary completed every
third week. The participants refrained from any additional lower-body strength exercise during the

12 weeks of supervised training.
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Immunohistochemistry analysis of muscle fibre type, myofibre cross-sectional area and
myonuclear number. Muscle cross-sections (10 um) were cut at —20 °C on a cryostat (CM3050 S,
Leica, NufBloch, Germany), mounted on microscope slides and air-dried at room temperature.
Sections were blocked for 60 min in 10% goat serum with PBS before incubation overnight at 4°C
in primary antibodies against type I myosin (mouse 1gG2b, 1:50; DSHB, #BA-F8), type 11 myosin
(mouse 1gG1, 1:300; DSHB, #SC-71), and dystrophin (mouse 19G2a, 1:12.5; DSHB,
#MANDYS1(3B7)). Monoclonal antibodies were obtained from the Developmental Studies
Hybridoma Bank (DSHB), created by the NICHD of the NIH and maintained at The University of
lowa, Department of Biology, lowa City, IA 52242. The following morning sections were washed
in PBS and then incubated at room temperature for 60 min with the respective secondary antibodies
at a 1:500 dilution in PBS (Goat Anti-Mouse IgG1 Alexa Fluor® 488 (A-21121) to detect SC-71,
Goat Anti-Mouse 1gG2b Alexa Fluor® 555 (A-21147) to detect BA-F8 and Goat Anti-Mouse
IgG2a Alexa Fluor® 647 (A-21241) to detect MANDYS1(3B7); Invitrogen, Grand Island, NY,
USA). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). The microscope slides
were mounted in aqueous media, covered with a coverslip, sealed and stored at 4°C. Muscle
sections were visualized using a high-resolution camera (CoolCube 1c, Meta-Systems, Newton,
MA, USA) mounted on a fluorescence microscope and equipped with the ISIS fluorescence
imaging system (MetaSystems, Altlussheim, Germany). Images for fibre type and cross-sectional
area analysis were exported to a personal computer and analysed in a blinded manner using open-
source ImageJ software (Schneider et al., 2012). An average (+ SD) of 440 (+ 256) fibres was
analysed to assess muscle fibre cross-sectional area. Myonuclear number was analysed by counting
the number of DAPI stained nuclei within the sarcolemma (visualised by dystrophin staining) of 50

(25 type I and 25 type I1) random selected fibres per section.
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Experimental details for Study 2

Experimental design. Study 2 comprised a randomized, cross-over study in which 10 physically
active young men completed two bouts of single-leg strength exercise on separate days; each of the
sessions was followed by cold water immersion or active recovery. Muscle biopsies were collected
from vastus lateralis of the exercised leg before and after each training session. Similar to Study 1,
all participants had at least 12 months of experience in strength training, and were familiar with all
exercise aspects of the studies. Because of injury not associated with the study, one participant
withdrew from Study 2, and his data were subsequently excluded from the analysis. The

characteristics of the participants in this study are described in Table 1.

Muscle function assessment. Unilateral knee extension and leg press 8, 10 and 12 RM strength for
both legs was assessed 4-5 days before each experimental trial. Single-leg squats and walking

lunges were also performed for further familiarization, and to reinforce correct technique.

Strength exercises. The strength training sessions for the two experimental trials involved lower-
body exercises such as the 45° leg press, single leg squats, knee extensions and walking lunges.
These exercises were performed at loads of 8, 10 and 12 RM. All strength training was supervised,

and performed at normal room temperature (23-25°C). See Table 2 for further details.

Recovery therapies. The same recovery therapies and equipment described previously were also
used in Study 2. In the cold water immersion trial, water was circulated continuously and
maintained at 10.3 + 0.5°C. In the active recovery trial, the participants exercised on a bike at a self-
selected power output of 36.6 = 13.8 W. The participants minimized any re-warming following cold

water immersion or cooling following active recovery by not showering or bathing until after the 2

12



h muscle biopsy was collected. Participants were allowed to towel dry and change clothing if

desired following each therapy.

Muscle tissue collection. The muscle biopsy collection and storage procedures for Study 2 were
similar to those described above for Study 1. Biopsies in Study 2 were collected while the
participants were in a fed state before exercise and again at 2, 24 and 48 h after each exercise trial.
Pre-exercise and 2 h post-exercise biopsies were collected from the same incision. The pre-exercise
biopsy was collected with the needle inserted in a distal direction, and the 2 h biopsy was collected
with the needle inserted in a proximal direction. This method ensured that the two biopsy sites were
separated by at least 3 cm. Biopsies at 24 and 48 h were collected from separate incisions, each ~3

cm proximal from the previous incision.

Control procedures. For the same reasons described above for Study 1, we attempted to control
the post-exercise diet and patterns of physical activity between the two trials. Before each trial, the
participants consumed the same meal 2 h before the pre-exercise muscle biopsy and consumed a 30
g serve of the same whey protein isolate used in Study 1 before the recovery therapy. The
participants then fasted until the 2 h biopsy was collected, after which they were provided with
another 30 g of whey protein isolate to drink. The participants were instructed to avoid consuming
any additional supplements between 4 d before each pre-exercise biopsy and the 48 h post-exercise
muscle biopsy. The participants were encouraged to consume their habitual diet for 2 d before each
experimental trial and until the 48 h muscle biopsy. Dietary intake before and during the first
experimental trial of Study 2 was recorded in a food diary and replicated for the second
experimental trial. The participants refrained from any additional lower-body strength exercise until

after the 48 h muscle biopsy.
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Western blotting. About 25 mg of muscle tissue was homogenised on ice in 15 ul-mg™* of 1x
RIPA lysis buffer (#20-188, Millipore, Temecua, CA, USA) with added protease and phosphatase
inhibitors (Halt™, Thermo Scientific, Waltham, MA, USA #78442). Samples were centrifuged at
15,000 g for 10 min at 4°C, and the supernatant was collected and analysed for protein
concentration using the bicinchoninic acid assay (Pierce™ BCA Protein Assay Kit, Thermo
Scientific, # 23225). Working samples were diluted to 2 pg-ul™ of protein in distilled water and
Laemmli loading buffer, and then heated at 95°C for 5 min. Samples and a pooled control (20 ng)
were loaded on to 8-15% SDS-PAGE gels for protein separation by electrophoresis. Proteins were
transferred to polyvinylidene fluoride membranes (Bio-rad, Hercules, CA, USA, #170-4157) by
semi-dry transfer (Trans-Blot® Turbo™, Bio-rad) before blocking for 2 h at room temperature in
5% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBST). The membrane was
incubated overnight at 4°C with primary antibodies against phosphorylated (p) p-p70S6
kinase™"42YSer424 (1-1 000; #9204), p-p70S6 kinase ™*®° (1:1,000; #9205), pERK-1"20T¥r20% 5nq
pERK2MEMYMET (1-1 000; #4377), p-rpS6°42>2%¢ (1:2,000; #2215S), p-rpS6>424%24 (1:2,000;
#4856S) and total (T) proteins for T-p70S6 kinase (1:1,000; #2708), T-ERK1/2 (1:1,000; #4695),
4E-BP1 (1:1;000; #9644) and T-rpS6 (1:1,000; Abcam #40820). All antibodies were obtained from
Cell Signaling Technology (Danvers, MA, USA), unless stated otherwise. The membrane was
washed in TBST, incubated with horseradish peroxidase conjugated secondary antibody at room
temperature for 1 h, and washed again in TBST. Immunoreactive bands were detected by
chemiluminescence (Amersham™ ECL Select'™, GE Healthcare, Pitssburgh, PA, USA #RPN2235)
on a ChemiDoc XRS+ imaging system (Bio-rad). Densitometry of the bands was measured using
native software (ImagelLab V4.1, Bio-rad). The intensity of each band was recorded relative to the
pooled control sample run on each gel and then adjusted to the intensity of the band for the
housekeeping protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10,000; Abcam,

#9485) to control for equal protein loading. The intensity of the phosphorylated 4E-BP1 band was

14



recorded relative to the pooled control and then adjusted for the expression of the y-form of 4E-BP1

(Kimball et al., 1997; Vary, 2006).

Immunohistochemistry. For satellite cell counts, 8 um sections were incubated with primary
antibodies against neural cell adhesion molecules (NCAM) and paired box protein (Pax) 7 (1:200;
Abcam, #AB9018 and #AB55494) in combination with laminin (Abcam #AB831009, incubated at
4°C overnight). The sections were then incubated with goat anti-mouse (Alexa Fluor® 488,
Invitrogen) and goat-anti rabbit (Alexa Fluor® 594, Invitrogen) secondary antibodies for 1 h at
room temperature. The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (ProLong
Gold Antifade Reagent with DAPI, P36935, Invitrogen). The slides were covered with coverslips
and stored at room temperature before visualization with an Axi-ocam camera (Zeiss, Oberkochen,
Germany) mounted on an Axioskop-2 light microscope (Zeiss). Satellite cells were identified by
DAPI staining surrounded by NCAM staining and by DAPI staining overlapping with Pax7
staining, inside the laminin ring (Hanssen et al., 2013). Only regions of interest were analysed from
sections. Any damaged or transverse orientated fibres were excluded. An average (xSD) of 296 *
136 fibres was analysed to calculate the numbers of satellite cells. Satellite cells were visualized and

counted at x40 magnification and are presented as the number of positive cells per fibre.

Statistical analysis

Statistical analyses were performed using the Statistical Package for Social Sciences (V.19,
IBM, Armonk, NY, USA). All data were assessed and conformed to a normal distribution as
determined by the Shapiro—-Wilk test. A two-factor repeated-measures ANOVA was used to
evaluate time effects and trial x time interaction effects. Following ANOVA analysis, multiple
pairwise comparisons were evaluated by unpaired t tests, and validated using the false discovery rate
(Curran-Everett, 2000). Absolute data were used to analyse changes in performance and muscle mass
data, whereas relative changes (% or fold-change) from pre-training (Study 1) or pre-exercise (Study 2)

15



were used to analyse protein expression and immunohistochemistry data. Cohen’s effect size (d) was
calculated to compare the magnitude of differences between conditions. Magnitudes were assessed
as follows: 0.2 to < 0.5 = small effect, 0.51 to < 0.8 = moderate effect, and > 0.8 = large effect. Data

are presented as mean + SD. Significance was accepted at P < 0.05.

RESULTS
Study 1: muscle mass accretion

Muscle mass increased significantly following training in both the active recovery group (309 +
73 g) and cold water immersion group (103 £ 71 g) (P < 0.001) (Figure 1). However, the change in
muscle mass accretion was significantly smaller in the cold water immersion group compared with
the active recovery group (206 g; d = —4.1; P < 0.001). Type Il fibre (17.1 £ 5.1%; P = 0.009) and
total (type I + type Il) cross-sectional area (14.2 £ 5.4%; P = 0.021) increased significantly
following training in the active recovery group, but not in the cold water immersion group (type Il
fibre P = 0.10; total P = 0.12) (Figure 2A). The number of myonuclei per type 1l fibre (26.1 £ 4.2%);
P < 0.001) and the total number of myonuclei (type | + type Il fibres) (17.0 + 4.4%; P = 0.005)
increased significantly after training in the active recovery group, but not in the cold water
immersion group (P = 0.13 for myonuclei per type 1l fibre and P = 0.18 for the total number of

myonuclei) (Figure 2B).

Study 1: strength changes

Maximal strength (1-RM) was significantly greater (P < 0.05) after training (compared with
pre-training) for the active recovery and cold water immersion groups during the leg press (201 +
65 kg for the active recovery group vs 133 £ 43 kg for the cold water immersion group) and knee
extension (33.8 + 8.5 kg for the active recovery group vs 17.8 £ 9.2 kg for the cold water immersion
group) (Figure 3). After training, leg press strength (57 kg; d = 1.5; P = 0.033; Figure 3A) and knee

extension strength (15.6 kg; d = 1.4; P < 0.001; Figure 3B) were significantly greater in the active

16



recovery group than in the cold water immersion group. Maximal isometric torque increased
following training in the active recovery group (65 + 32 Nm; P < 0.001), whereas no increase
occurred in the cold water immersion group (P = 0.11) (Figure 3C). The RFD impulse increased
significantly after training in the active recovery group (164 + 130 Nm-s') and cold water
immersion group (51 + 44 Nm-s™) (P < 0.001; Figure 3D). Both maximal isometric torque (45 Nm,
d =1.2; P = 0.039) and the RFD impulse (114 Nm-s™, d = 2.1; P = 0.012) were significantly greater
after training in the active recovery group compared with the cold water immersion group.
Similarly, isokinetic knee extension work performed over contractions 1-25 only increased after
training in the active recovery group (0.7 £ 0.4 kJ; P = 0.032) (Table 3). Training did not alter
maximal isokinetic knee extension torque (P = 0.19 for the active recovery group vs P = 0.83 for
the cold water immersion group) or the total isokinetic work performed during contractions 26-50

(P = 0.25 for the active recovery group vs P = 0.46 for the cold water immersion group).

Study 2: anabolic signalling

The phosphorylation of p70S6 kinase'™" ¢

was significantly greater 2 h after exercise
compared to pre-exercise in the active recovery trial (3.6-fold increase; P = 0.002) and the cold
water immersion trial (2.2-fold increase; P = 0.002) (Figure 4A). p70S6K T2l/serazd
phosphorylation remained significantly higher than pre-exercise at 24 h (2-fold; P = 0.007), and
tended to remain higher at 48 h (1.8-fold; P = 0.068) after exercise in the active recovery trial.
p70S6K phosphorylation was significantly greater following active recovery compared with cold
water immersion at 2 h (90%; d = 4.7; P = 0.048) and 24 h (60%; d = 5.3; P = 0.049) after exercise.

Similarly, phosphorylation of p70S6 kinase ™

was significantly greater 2 h after exercise
compared to pre-exercise in the active recovery trial (0.7-fold increase; P = 0.008) and the cold
water immersion trial (0.6-fold increase; P = 0.024) (Figure 4B). Phosphorylation of p70S6

kinase™*®° remained elevated at 24 h (0.9-fold increase; P = 0.020) and 48 h (0.4-fold increase; P =

0.032) after exercise in the active recovery trial, whilst it had returned to the pre-exercise
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phosphorylative state at the same time points in the cold water immersion trial. Phosphorylation
tended to be higher in the active recovery trial compared with the cold water immersion trial at 24 h
post-exercise (0.8-fold higher; P = 0.060). p70S6K total protein content was significantly elevated
at 48 h (1.3-fold; P = 0.030) after the active recovery trial, and was significantly higher compared
with the cold water immersion trial (30%; d = 1.8; P = 0.021) (Figure 4C). p70S6K total protein
remained unchanged at all time points following the cold water immersion trial (P = 0.25 to 0.89).

4E-BP1 phosphorylation (assessed by the mobility shift appearance of the y isoform) was higher
2 h after exercise compared with exercise in the active recovery trial (4.2%; P = 0.008) and the cold
water immersion trial (4.1%; P = 0.008) (Figure 5). The phosphorylation state of 4E-BP1 had
returned to pre-exercise values by 24 h after both trials. There were no significant differences in 4E-
BP1 phosphorylation between the trials (P = 0.15 to 0.77).

Phosphorylation of ERK-1T""202/T¥r204 gpq pThr8MYM8T tanded to increase after exercise in the
cold water immersion trial (P = 0.067) (Figures 6A and B) but did not increase significantly at any
time after exercise in the active recovery trial (P = 0.11 to 0.98). There were no significant
differences between the trials (P = 0.12 to 0.38). Total ERK phosphorylation (phosphorylation of
ERK-1 + ERK-2 combined; Figure 6C) increased 2 hr after exercise in the cold water immersion
trial (P = 0.019) and remained elevated at 24 h (P = 0.034). ERK-1 and 2 total protein expression
did not change over time or differ between conditions (P = 0.13 to 0.82) (data not shown).

66240244 and rpS6™2**2% did not change significantly after exercise in

Phosphorylation of rpS
either trial (P = 0.09 to 0.65; Figures 7A and B). However, rpS6 total protein was greater at 24 h
(40%; d 1.2; P = 0.027) and 48 h (50%; d 1.5; P = 0.032) following exercise in the active recovery

trial compared with the cold water immersion trial (Figure 7C).

Study 2: satellite cell numbers
The number of Pax7” cells increased above the pre-exercise values at 24 h (21%; P = 0.023) and

48 h (48%; P = 0.004) after exercise in the active recovery trial (Figure 8A). By contrast, Pax7" cell
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numbers did not increase at any time after the cold water immersion trial (P = 0.16 to 0.79). Pax7"
cell count was greater following exercise at 48 h (33%; d = 1.4; P = 0.013) in the active recovery
trial compared with the cold water immersion trial. The number of NCAM cells increased above
pre-exercise values at all time points following exercise in the active recovery trial (10% to 32%; P
= 0.012 to 0.031) (Figure 8B), whereas it did not change following the cold water immersion trial
until 48 h post-exercise (9.5%; P = 0.014;). The number NCAM" cells was significantly higher 24 h
after the active recovery trial compared with the cold water immersion trial (90%; d = 1.7; P =

0.024).

DISCUSSION

This investigation provides new insights into the effects of cold water immersion on functional,
morphological and molecular adaptations in muscle after strength training. The key findings were
that cold water immersion (1) substantially attenuated long-term gains in muscle mass and strength,
and (2) delayed and/or suppressed the activity of satellite cells and kinases in the mTOR pathway
during recovery from strength exercise. We propose that regular deficits in acute hypertrophy
signalling in muscle after cold water immersion accumulated over time, which in turn resulted in
smaller improvements in strength and hypertrophy. The present findings contribute to an emerging
theme that cold water immersion and other strategies (e.g., antioxidant supplements, non-steroidal
anti-inflammatory drugs) that are intended to mitigate and improve resilience to physiological stress
associated with exercise may actually be counterproductive to muscle adaptation (Peake et al.,
2015).

This investigation offers the strongest evidence to date that using cold water immersion on a
regular basis may interfere with training adaptations. No previous study has investigated the effect
of cold water immersion on muscle hypertrophy after strength training. Our findings partially
support the work of Takagi et al. (2011), who found that icing attenuated muscle fibre regeneration

and caused greater fibrosis 4 weeks after muscle crush injury in rats. Yamane et al. (2006)
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investigated changes in muscle endurance capacity and muscle strength after 4 weeks of handgrip
training (3x per week) with cold water immersion (20 min at 10 = 1°C) or passive recovery. The
gains in muscle endurance capacity (but not strength) were significantly smaller in the arm that was
treated with cold water immersion. The same group have reported similar findings from a follow-up
study (Yamane et al., 2015). Frohlich et al. (2014) evaluated changes in strength after 5 weeks of
leg-curl exercise (frequency not specified) with cold water immersion (3 x 4 min at 12 + 1.5°C) or
passive recovery. Improvements in hamstring strength were significantly smaller in the leg that was
treated with cold water immersion.

In contrast with the findings from the present study, and these other studies (Yamane et al.,
2006, 2015; Frohlich et al., 2014), Burke et al. (2000) reported a greater increase in isometric hip
flexor strength after 5 d of isometric training combined with cold water immersion (10 min at 8 +
1°C) compared with passive recovery after each session. (Halson et al., 2014) reported that cold
water immersion (15 min at 15°C) after exercise (4 d-wk™) did not influence changes in cycling
power output or time trial performance after 3 weeks of intensified training. However, that study
focused more on whether cold water immersion helps to maintain, rather than enhance, training
adaptations. In addition, lhsan et al. (2015) found that regular cold water immersion increased the
expression of markers of mitochondrial biogenesis in muscle. In the present study, we addressed
some of the limitations of these studies by including a longer training period, training multiple
muscle groups, evaluating a wider array of muscle functions, and assessing changes in muscle mass,
myofibre cross-sectional area, and myonuclear accretion. The results of the present study therefore
provide stronger and more comprehensive evidence for the attenuation of strength training
adaptations in response to regular cold water immersion.

To determine the potential mechanisms by which cold water immersion attenuated gains in
muscle strength and hypertrophy after 12 weeks of strength training, we conducted a follow-up
study involving acute strength exercise (Study 2). Using two distinct satellite cell markers (Pax7

and NCAM), we found that cold water immersion blocked or delayed the normal increase in
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satellite cell number that occurs after acute strength exercise. The number of Pax7” cells increased
only after exercise in the active recovery trial, and the number of NCAM™ cells increased 2, 24 and
48 h after exercise in the active recovery trial. By contrast, the number of these cells increased only
48 h after exercise in the cold water immersion trial. These findings are consistent with the findings
of Takagi et al. (2011), who reported that topical icing following crush injury delayed the increase
in Pax7" satellite cell numbers in regenerating muscle of rats.

Satellite cells play an important role in regulating muscle hypertrophy in response to strength
exercise. Petrella et al. (2008) discovered that long-term gains in satellite cells after resistance
training in humans were accompanied by greater increases in the numbers of myonuclei per fibre.
Bellamy et al. (2014) observed that most individuals (80%) who showed the greatest gains in
muscle mass after 16 weeks of resistance training also showed the greatest increases in the number
of Pax7" satellite cells associated with type | and 11 muscle fibres 24 and 72 h after acute resistance
exercise. Further analysis revealed that individuals who gained the most muscle mass also showed
long-term increases in the number of satellite cells associated with type Il fibres. Conversely, those
individuals who gained the least muscle mass showed little or no change in the number of satellite
cells associated with type 11 fibres (Bellamy et al., 2014). We did not differentiate between satellite
cell responses in type | versus type Il fibres, nor did we assess chronic changes in the number of
satellite cells. Nevertheless, based on the findings of these studies, we propose that, by suppressing
and/or delaying satellite cell activity in muscle after each training session, cold water immersion
diminishes long-term gains in the numbers of myonuclei and muscle mass.

In addition to evaluating satellite cell activity, we also compared acute changes in downstream
targets of the mTOR and ERK pathways, including p70S6K, 4E-BP1 and rpS6. p70S6K 2/ser24
phosphorylation increased significantly at 2 h and 24 h after exercise in the active recovery trial. By
contrast, p70S6K 2524 shosphorylation increased only at 2 h after exercise in the cold water
immersion trial, and the level of activation was lower compared with the active recovery trial. 4E-

BP1 activation increased at 2 h after exercise in both the active recovery and cold water immersion
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trials and did not differ significantly between the trials. rpS6°°*°** phosphorylation did not change
significantly after exercise in either trial. (Baar & Esser, 1999) first identified that p70S6K
contributed to muscle hypertrophy after resistance training in rats. Subsequently, (Terzis et al.,
2008) found that the extent of p70S6K phosphorylation after acute resistance exercise correlated
with gains in muscle mass and strength after resistance training in humans. In addition, (Koopman
et al., 2006) reported that p70S6K phosphorylation after acute resistance exercise occurred mainly
in type Il muscle fibres. If cold water immersion blunted p70S6K phosphorylation in type 11 muscle
fibres, then this could partly explain our observation that the cross-sectional area of type Il fibres
did not change after strength training and cold water immersion. Although these putative
mechanisms seem plausible, others have presented evidence that acute phosphorylation of p70S6K
(and 4E-BP1) after exercise did not correlate with gains in muscle mass after strength training
(Phillips et al., 2013). The role of p70S6K and other kinases in the mTOR pathway as regulators of
muscle hypertrophy may vary depending on the nature of the strength training protocols.
Accordingly, we cannot be certain to what extent differences in the activity of these kinases after
active recovery versus cold water immersion influenced long-terms gains in muscle mass and
strength.

The physiological and/or biochemical factors responsible for the lower activation of satellite
cells and p70S6K after cold water immersion are not immediately obvious. Reductions in muscle
blood flow and temperature may be involved. Fujita et al. (2006) reported that muscle protein
synthesis correlates with muscle blood flow (r = 0.79, P <0.0001). Timmerman et al. (2010) found
that muscle protein synthesis increases in response to stimulation of muscle blood flow. Cold water
immersion reduces blood flow to muscle (Gregson et al., 2011; Mawhinney et al., 2013) and the
limbs (Vaile et al., 2010). By reducing muscle blood flow, cold water immersion may reduce the
delivery of amino acids to skeletal muscle, and this could suppress signalling pathways that control

muscle protein synthesis after exercise.
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Cold water immersion also reduces muscle temperature (Gregson et al., 2011; Gregson et al.,
2013; Mawhinney et al., 2013), and this might influence the expression of genes or the activity of
transcription factors that regulate muscle growth. For example, cold shock inhibits myogenin
expression in myoblasts and stops them forming myotubes (Shima & Matsuda, 2008). By
extension, cold shock could (theoretically) inhibit satellite cells from differentiating and adding to
the myonuclear domain. Cold shock also induces the expression of the cell cycle regulatory proteins
p53 and p21 in various cell types (Matijasevic et al., 1998; Roobol et al., 2009). These proteins play
an important role (both stimulatory and inhibitory) in regulating muscle growth and remodelling
(Chen et al., 2002; Fox et al., 2014). Changes in their expression or activity in response to cold may
also influence muscle hypertrophy. Cold shock induces the expression of other proteins such as
RNA-binding motif protein-3 in muscle cells (Ferry et al., 2011). However, because RNA-binding
motif protein-3 promotes cell survival and prevents apoptosis (Ferry et al., 2011), it seems unlikely
that changes in this protein can account for our observations of diminished muscle hypertrophy
following strength training and cold water immersion. Our finding that ERK1/2 phosphorylation
increased after exercise only in the cold water immersion trial (Figure 7C) probably does not
indicate any stimulatory effect or stress response to cold water immersion per se. Rather, it may
simply indicate that cold water immersion delayed the exercise-induced activation of ERK1/2
which typically occurs early during recovery.

In conclusion, these two studies offer new and important insights into how cold water
immersion during recovery from strength exercise affects chronic training adaptations and some of
the molecular mechanisms that underpin such adaptations. Cold water immersion delayed or
inhibited satellite cell activity and suppressed the activation of p70S6K after acute strength exercise.
These effects may have been compounded over time to diminish the expected increases in muscle
mass and strength as a result of training. The results of these studies challenge the notion that cold

water immersion improves recovery after exercise. Individuals who use strength training to improve
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athletic performance, recover from injury or maintain their health should therefore reconsider

whether to use cold water immersion as an adjuvant to their training.
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Figure legends

Figure 1. Quadriceps muscle mass. Main effects existed for time (P < 0.001) and time x group (P <

0.001). ** P < 0.001 for the change from PRE. # P < 0.05 difference between groups.

Figure 2. Change in type Il muscle fibre count, myofibre cross-sectional area and myonuclear
accretion. Main effects for time existed for type Il fibre cross-sectional area (P = 0.004) (A) and
myonuclear accretion (type Il; P < 0.001) and total; P = 0.002) (B). ** P < 0.001 and * P < 0.05
change following training. Representative pre-training (C & E) and post-training (D & F) images
from the same participant. Type | fibres stain red, nuclei stain blue, and type Il fibres are unstained.
The dystrophin labelled muscle fibre membrane stains far-red but is pseudo-coloured green for
presentation. Myonuclei were identified as nuclei within dystrophin rings (E & F; highlighted by

arrows). Scale bars = 100 pum.

Figure 3. Maximum leg press strength (A), knee extension strength (B), knee extension isometric
torque (C) and isometric rate of force development (RFD) impulse (D). Main effects existed for leg
press (time P < 0.001; time x group P = 0.013), knee extension strength (time P < 0.001; time x
group P < 0.001), isometric torque (time P < 0.001; time x group P = 0.014) and RFD impulse
(time P < 0.001; time x group P = 0.005). * P < 0.05 and ** P < 0.001 for the change following

training. # P < 0.05 difference between groups.
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Figure 4. Change in phosphorylated p70S6K™*#42% (A) phosphorylated p70S6K™% (B) and
total p70S6K (C). Main effects existed for time (P < 0.001) and time x trial (P = 0.028) for
phosphorylated p70S6K™“2/4% " A main effect existed for time (P = 0.001) for phosphorylated
p70S6K™3  Molecular weight marker information has been provided for phosphorylated
p70S6K ™™ o aid with antibody specificity. The molecular weight of p70S6K resolved by SDS-

PAGE is 70kDa. * P < 0.05 change from PRE, # P < 0.05 difference between groups.

Figure 5. Change in the y-form of 4E-BP1. A main effect existed for time (P = 0.001). * P < 0.05

change from PRE.

Figure 6. Change in phosphorylated ERK-1 (A), ERK-2 (B) and total ERK (phosphorylated ERK-1
+ ERK-2) (C). The main effect for time was not statistically significant for ERK-1 (P = 0.067) or

ERK-2 (P = 0.12), but was for ERK1/2 (P = 0.004).

Figure 7. Change in phosphorylated rpS6%¢24%24 (A), phosphorylated rpS6°¢2%/2% (B) and total
rpS6 (C). Main effects for time were not statistically significant for phosphorylated rpS6°¢240/244
(time P = 0.22), phosphorylated rpS6°¢%/2% (p = 0.18) or total rpS6 (P = 0.23). A main effect for

trial existed for total rpS6 (P = 0.025). # p < 0.05 difference between groups.

Figure 8. Change in Pax7" (A) and NCAM™ (B) satellite cell numbers. Main effects existed for
Pax7" cells (time P = 0.008; time x trial P = 0.038) and NCAM" cells (time P = 0.025; time x trial P
= 0.002). * P < 0.05 change from PRE. # P < 0.05 difference between groups. Representative

images 2 h post-exercise from the ACT leg (Study 2) showing: NCAM or Pax7 (C and G; bright
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green), laminin (D and H; red), DAPI staining of nuclei (E and I; blue) and merged images (F and
J). Satellite cells were identified as nuclei within laminin rings, with overlapping NCAM (F;
highlighted by arrows) or Pax7 staining. White arrows indicate NCAM™ or Pax7" cells. Scale bar =

50 um.
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Figure 2

Training-induced change
(% increase)

N
o
1

AN
o
1

w
o
1

N
o
1

-
o
1

A ] ACT =m CWI

o

Type Il Count

Type Il CSA

Myonuclei per fibre

B [ Pre I Post
*%*
*
ACT CWI ACT CWI ACT CwiI
Type | Type ll Total

32



Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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Figure 8
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