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Altitude training has become increasingly popular in recent decades. Its central and
peripheral effects are well-described; however, few studies have analyzed the effects
of intermittent hypobaric hypoxia (IHH) alone on skeletal muscle morphofunctionality.
Here, we studied the effects of IHH on different myofiber morphofunctional parameters,
investigating whether contractile activity is required to elicit hypoxia-induced adaptations
in trained rats. Eighteen male Sprague-Dawley rats were trained 1 month and then
divided into three groups: (1) rats in normobaria (trained normobaric inactive, TNI); (2)
rats subjected daily to a 4-h exposure to hypobaric hypoxia equivalent to 4,000 m
(trained hypobaric inactive, THI); and (3) rats subjected daily to a 4-h exposure to
hypobaric hypoxia just before performing light exercise (trained hypobaric active, THA).
After 2 weeks, the tibialis anterior muscle (TA) was excised. Muscle cross-sections were
stained for: (1) succinate dehydrogenase to identify oxidative metabolism; (2) myosin-
ATPase to identify slow- and fast-twitch fibers; and (3) endothelial-ATPase to stain
capillaries. Fibers were classified as slow oxidative (SO), fast oxidative glycolytic (FOG),
fast intermediate glycolytic (FIG) or fast glycolytic (FG) and the following parameters were
measured: fiber cross-sectional area (FCSA), number of capillaries per fiber (NCF), NCF
per 1,000 µm2 of FCSA (CCA), fiber and capillary density (FD and CD), and the ratio
between CD and FD (C/F). THI rats did not exhibit significant changes in most of the
parameters, while THA animals showed reduced fiber size. Compared to TNI rats, FOG
fibers from the lateral/medial fields, as well as FIG and FG fibers from the lateral region,
had smaller FCSA in THA rats. Moreover, THA rats had increased NCF in FG fibers from
all fields, in medial and posterior FIG fibers and in posterior FOG fibers. All fiber types
from the three analyzed regions (except the posterior FG fibers) displayed a significantly
increased CCA ratio compared to TNI rats. Global capillarisation was also increased in
lateral and medial fields. Our results show that IHH alone does not induce alterations in
the TA muscle. The inclusion of exercise immediately after the tested hypoxic conditions
is enough to trigger a morphofunctional response that improves muscle capillarisation.

Keywords: skeletal muscle, histomorphology, intermittent hypobaric hypoxia, capillarisation, VEGF, exercise,
simulated altitude

Frontiers in Physiology | www.frontiersin.org 1 May 2018 | Volume 9 | Article 481

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.00481
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2018.00481
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.00481&domain=pdf&date_stamp=2018-05-04
https://www.frontiersin.org/articles/10.3389/fphys.2018.00481/full
http://loop.frontiersin.org/people/509302/overview
http://loop.frontiersin.org/people/541074/overview
http://loop.frontiersin.org/people/523899/overview
http://loop.frontiersin.org/people/290344/overview
http://loop.frontiersin.org/people/546792/overview
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00481 May 2, 2018 Time: 14:47 # 2

Rizo-Roca et al. Contracting Muscle Adaptations to Hypoxia

INTRODUCTION

Intermittent exposure to hypoxia involves a wide range of
physiological, pathophysiological and environmental conditions
that induce an equally wide spectrum of physiological responses.
These range from harmful maladaptations that can elicit severe
health outcomes, such as pulmonary hypertension or fibrosis
(Dopp et al., 2007; Schiza et al., 2015), to beneficial adaptations
such as improved aerobic capacity and erythropoiesis stimulation
(Rodríguez et al., 1999; Navarrete-Opazo and Mitchell, 2014),
as well as enhanced cardiac and heart mitochondrial function
(Magalhães et al., 2013, 2014). Moreover, intermittent hypoxia
(IH) has been proposed or used for several types of non-
pharmacological treatments such as therapy for cardiovascular
diseases (Serebrovskaya and Xi, 2016) and muscle recovery (Rizo-
Roca et al., 2017). Physiological responses to IH are greatly
determined by the intensity (altitude), duration and frequency
of the exposure to hypoxia (reviewed by Navarrete-Opazo and
Mitchell, 2014). Thus, adequate doses of IH have been extensively
used in recent decades to elicit positive physiological adjustments,
especially in altitude acclimation and sport performance that
combine exposure to hypoxia with physical exercise (Casas et al.,
2000; Vogt and Hoppeler, 2010).

Despite the already well-characterized systemic responses
induced by IH (Navarrete-Opazo and Mitchell, 2014), few studies
have analyzed in detail the effects of IH on skeletal muscle fiber
morphofunctionality. Most are either focused on the effects of
chronic hypoxia or on the effects of altitude training. Chronic
exposure to hypoxia induces fiber atrophy (Green et al., 1989),
loss of mitochondrial density volume (Hoppeler et al., 1990)
and increased CD (Deveci et al., 2001), although it remains
unclear whether this increase is an indirect consequence of a
reduced fiber cross-sectional area (FCSA) (Lundby et al., 2009)
or due to angiogenic phenomena, as reported in rodents by
Deveci et al. (2002). There is a lack of consensus regarding the
effects of altitude training, mainly because of the large differences
in the exercise/hypoxia protocols used. Thus, some studies
have reported increases in oxidative enzyme levels, myoglobin
concentrations, mitochondrial density, FCSA, CD and capillary-
to-fiber ratio (C/F) (Desplanches et al., 1993; Geiser et al., 2001;
Vogt et al., 2001; Schmutz et al., 2010), while others have reported
no changes (Melissa et al., 1997; Masuda et al., 2001) or even
decreases in some of these parameters (Bakkman et al., 2007).
Previous work from our laboratory has also shown divergent
results when exposing rodents to intermittent hypobaric hypoxia
(IHH) in daily 4 h at 4,000 m. Panisello et al. (2007) showed IHH-
induced increases in myocardial fiber capillarisation associated
with a reduced FCSA. Similar results were observed in the
diaphragm of the same rats, mainly in slow oxidative (SO)
fibers, while no changes were found in the tibialis anterior
(TA) muscle, a relatively inactive muscle in resting conditions
(Panisello et al., 2008). Thus, we proposed that the effects of
IHH strongly depend on the degree of contractile activity of the
analyzed muscle: the more active the muscle, the stronger the
IHH-induced effects.

In the present study, we aimed to analyse the effects of IHH,
alone or in combination with light aerobic exercise (LAE), on

the morphofunctional parameters of the TA muscle in trained
rats subjected to 2 weeks of a sedentary lifestyle. We hypothesize
that LAE immediately after exposure to hypoxia will enhance
the response of the TA muscle to hypoxia and be enough to
trigger morphofunctional adaptations. Hence, this study could
provide further information regarding the use of IHH, alone or in
combination with LAE, in the field of altitude medicine, training
and acclimatization.

MATERIALS AND METHODS

Animals and Experimental Design
Eighteen male Sprague-Dawley rats were used in this study. All
animals had free access to food and water and were maintained
at 23◦C under a light–dark cycle of 12 h/12 h. Rats were trained
twice a day on a treadmill for a month. After this period, the
training was stopped and the animals were randomly distributed
into three groups (n = 6 each): (1) trained animals maintained in
normobaric conditions (trained normobaric inactive, TNI); (2)
trained animals subjected to daily sessions of hypobaric hypoxia
(trained hypobaric inactive, THI); and (3) trained animals
subjected to daily sessions of hypobaric hypoxia immediately
before a session of LAE on a treadmill (trained hypobaric active,
THA). Animals were euthanised 2 weeks after the training period.

All procedures were carried out in accordance with the
internal protocols of our laboratory, which were authorized by
the University of Barcelona’s Ethical Committee for Animal
Experimentation and ratified (file #1899), in accordance with
current Spanish legislation, by the Departament de Medi Ambient
i Habitatge (Generalitat de Catalunya).

Training Protocol
Training sessions were performed twice a day at room
temperature (21 ± 2◦C) on a motorized treadmill (LE 8710;
Panlab, Barcelona, Spain), with a 6-h recovery interval between
the sessions. The speed and duration of the training sessions were
gradually increased to a speed of 45 cm·s−1 and a duration of
35 min.

Intermittent Hypobaric Hypoxia
Exposure
Animals were exposed to hypobaric hypoxia for 2 weeks in a
hypobaric chamber with a volume of approximately 450 L that
provided space for three rat cages. A rotational vacuum pump
(TRIVAC D5E; Leybold, Köln, Germany) was used to create a
relative vacuum, with its air-flow rate regulated at the inlet by a
micrometric valve. Two differential sensors (ID 2000; Leybold,
Köln, Germany) driving a diaphragm pressure regulator (MR16;
Leybold) controlled the inner pressure of the chamber. The target
pressure of 462 torr (equivalent to an altitude of 4,000 m) was
achieved steadily over 15 min and maintained for 4 h before
restoring normal barometric pressure gradually over 15 min.
Animals had free access to food and water inside the hypobaric
chamber. Rats belonging to the TNI group were placed over the
chamber during the sessions.
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Light Aerobic Exercise
Immediately after exposure to hypobaric hypoxia, THA rats
performed LAE to stimulate the contractile activity and aerobic
metabolism of their hind limb muscles. This low-impact exercise
session consisted of 20 min at 30 cm·s−1 on a treadmill with an
inclination of 5◦.

Muscle Sampling and Histochemical
Procedures
Right TA muscles were excised, rinsed in saline solution,
immediately frozen in precooled isopentane and stored in liquid
nitrogen until analysis.

Muscle samples were embedded in an optimal cutting
temperature embedding medium (Tissue-Tek; Sakura Finetek
Europe, Zoeterwoude, the Netherlands) at −22◦C, and serial
transverse sections (12–16 µm) were cut using a cryostat (Leica
CM3050S; Wetzlar, Germany). Samples were stained for: (1)
endothelial adenosine triphosphatase (eATPase) to reveal muscle
capillaries (Fouces et al., 1993); (2) myofibrillar adenosine
triphosphatase (mATPase) following alkaline (pH 10.7) pre-
incubation to identify slow- and fast-twitch fibers (Brooke
and Kaiser, 1970); and (3) succinate dehydrogenase (SDH) to
differentiate between aerobic and anaerobic fibers (Nachlas et al.,
1957).

Morphofunctional Measurements
Morphofunctional measurements were performed on
microphotographs obtained with a light microscope (BX61;
Olympus, Tokyo, Japan) connected to a digital camera (DP70;
Olympus, Tokyo, Japan) at ×20 magnification. In a previous
study conducted in our laboratory (Torrella et al., 2000), we
found that rat TA muscle fiber types are unevenly distributed
along the muscle (from proximal to distal) and across the muscle
cross-section (from lateral to medial and anterior to posterior).
Following these previous findings and in order to avoid possible
biased results derived from zone selection, we decided to analyse
the muscle equatorial zone considering lateral, medial and
posterior zones (Figure 1). All the parameters listed below were
measured or calculated from transverse cross-section tissues
with an area of 5.5× 105 µm2 using an image analyzing software
(ImageJ; Rasband).

All muscle fibers were typified classed as slow-twitch oxidative
(SO), fast-twitch oxidative glycolytic (FOG), fast glycolytic (FG),
or fast-twitch intermediate glycolytic (FIG). The same researcher
performed the fiber typing to ensure the same typing criteria
were applied, using software to decide the staining intensity
thresholds. Figure 2 shows representative microphotographs
of the eATPase, mATPase, and SDH stainings of all the fiber
types identified and for every experimental group. SO fibers
had no mATPase activity and displayed high SDH staining;
FOG fibers were dark when stained both for mATPase and
SDH assays; FG fibers presented moderate mATPase activities
and remained unstained after SDH incubation; FIG fibers
stained from moderate to high for mATPase and presented an
intermediate SDH staining, higher than FG but lower than FOG
fibers.

FIGURE 1 | Equatorial transverse section of the right rat tibialis anterior
muscle stained for succinate dehydrogenase. Circles indicate lateral, medial
and posterior zones selected for histochemical and morphometrical analyses.
Scale bar, 5 mm.

The following parameters were measured or calculated:
mean FCSA, circularity (calculated as 4·π·FCSA/perimeter2),
number of capillaries per 1,000 µm2 of the FCSA
(CCA = NCF·103/FCSA), number of capillaries per fiber
(NCF), FD, CD, and capillary-to-fiber ratio (C/F = CD/FD).

Citrate Synthase Activity
Citrate synthase activity was assessed as a biomarker of skeletal
muscle mitochondrial content. TA muscle was homogenized in
ice-cold medium (1:10 w/v) containing 75 mM Tris·HCl, 2 mM
MgCl2, and 1 mM EDTA. The homogenate was centrifuged
5 min at 11,000 × g and the supernatant was used to measure
the enzymatic activity of the citrate synthase according to Srere
(1969).

VEGF Protein Semiquantification
Thirty milligrams of TA muscle were homogenized in ice-cold
lysis buffer (50 mM Tris·HCl (pH 8.0), 150 mM NaCl, 1% Triton
X-100, 0.5% DOC, and 0.1% SDS) supplemented with protease
and phosphate inhibitor cocktails (P8340 and P5726, respectively;
Sigma-Aldrich, St. Louis, MO, United States) and centrifuged
at 10,000 × g for 10 min. The protein concentration of the
collected supernatants was determined using the bicinchoninic
acid assay (Thermo Scientific, IL, United States). Equivalents
amounts of TA muscle protein were separated by SDS/PAGE
(10%) and transferred onto PVDF membranes (Millipore, Maine,
United States). Membranes were blocked with non-fat dry milk
and incubated with anti-VEGF (MA1-16629, Thermo fisher
Scientific, United Kingdom) and its correspondent secondary
antibody (sc-2005, Santa Cruz, CA, United States). Membranes
were photographed using an Odyssey R© FC Imaging System
(LI-COR Biosciences, NE, United States). Ponceau-S staining
was used to normalize differences in protein loading and/or
transference.

Statistical Analysis
Data were analyzed using a one-way ANOVA test followed
by the Holm-Sidak post hoc test after checking for normality
(Kolmogorov-Smirnov test) and homoscedasticity (Levene’s test).
The power analysis for the ANOVA test was automatically
performed according to the following adjustments: minimum
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FIGURE 2 | Fiber types in the posterior field of the rat tibialis anterior muscle in Trained Normobaric Inactive (A–C), Trained Hypobaric Inactive (D–F), and Trained
Hypobaric Active (G–I) animals. (A,D,G) Myosin ATPase (alkaline pre-incubation); (B,E,F) succinate dehydrogenase; and (C,F,I) endothelial ATPase (arrows indicate
muscle capillaries). ∗, slow oxidative (SO); #, fast oxidative glycolytic (FOG); •, fast intermediate glycolytic (FIG); †, fast glycolytic (FG). Scale bar, 100 µm.

detectable difference in means of 0.8 and alpha of 0.05. A P value
less than 0.05 was considered statistically significant. The results
are reported as mean ± SEM. All statistical tests were performed
using SigmaPlot 11 (Systat Software, Inc., 2008–2009).

RESULTS

Tibialis Anterior and Animal Body Weight
As shown in Table 1, no significant differences were found
in the TA and body weights across the different experimental
groups, although THA rats had a trend toward lower body
weight and higher TA mass. Moreover, when the two parameters
were analyzed together, THA animals exhibited higher TA/Body
weight ratio than TNI and THI groups (P < 0.05).

Fiber Type Distribution
Myosin ATPase and SDH staining revealed changes in the fiber
type distribution in the TA medial and posterior fields of rats
exposed to IHH (Figure 3). Thus, THI rats exhibited a decreased
percentage of FOG fibers in the medial field compared to TNI
animals (22.6± 3.3 vs. 34.3± 1.8, P < 0.05), while a significantly
increased percentage of FIG fibers was observed in THA rats
compared to TNI animals (36.0 ± 1.3 vs. 21.8 ± 3.8, P < 0.01).

In the posterior field, both the THI and THA groups showed an
increased percentage of FIG fibers compared to normobaric rats
(23.0± 1.7 and 19.3± 2.5 vs. 9.4± 1.0, P < 0.001).

Fiber Cross-Sectional Area and Fiber
Circularity
When combined with LAE, IHH exposure reduced the FCSA in
all fiber types of the lateral field (THA: FOG, 2,062 ± 95 µm2;
FIG, 2,751 ± 151 µm2; and FG, 4,452 ± 196 µm2 vs. TNI:
FOG, 2,556 ± 122 µm2; FIG, 3,580 ± 274 µm2; and FG,
5,313± 184 µm2; P < 0.05, P < 0.05, and P < 0.01, respectively)

TABLE 1 | Tibialis anterior and body weight.

TNI THI THA

Body weight (g) 473 ± 39 453 ± 39 430 ± 33

Tibialis anterior (g) 1.61 ± 0.21 1.53 ± 0.36 1.72 ± 0.18

Tibialis anterior/Body weight
(mg/g)

3.41 ± 0.45 3.23 ± 0.55 3.97 ± 0.32∗†

Data are expressed as mean ± standard deviation. Statistically significant
differences are indicated as follows: ∗ P < 0.05 vs. TNI; † P < 0.05 vs. TNI, Trained
Normobaric Inactive; THI, Trained Hypobaric Inactive; THA, Trained Hypobaric
Active.
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FIGURE 3 | Effects of intermittent hypobaric hypoxia (IHH) alone or in combination with light aerobic exercise on fiber type distribution in three TA muscle regions
from trained rats (A, lateral; B, medial; C, posterior). Fibers were classed as fast oxidative glycolytic (FOG), fast intermediate glycolytic (FIG), fast glycolytic (FG), or
slow oxidative (SO, only present in the posterior field). ∗, ∗∗ and ∗∗∗ indicate P < 0.05, P < 0.01, and P < 0.001, respectively, compared to TNI rats. TNI, trained
normobaric inactive; THI, trained hypobaric inactive; THA, trained hypobaric active.

(Figures 4A–C). While a similar trend was observed in the other
regions of the TA muscle, only FOG fibers from the medial field
exhibited a significantly reduced FCSA compared to TNI rats
(2,285 ± 126 µm2 vs. 2,742 ± 97 µm2, respectively, P < 0.01).
IHH alone (THI) induced a statistically significant decrease only
in the lateral FOG fibers (2,047± 218 µm2, P < 0.05).

As shown in Figures 4D–F, no differences were observed in
fiber circularity, with mean values ranging from 0.77 to 0.81.

Fiber Capillarisation
Individual fiber capillarisation was assessed by counting the
NCF and calculating the CCA ratio. As can be observed in
Figures 5A–C, IHH tended to increase the NCF in different fiber
types across the three analyzed fields, although without reaching
statistical significance. However, when IHH was immediately
followed by LAE, this trend was highly accentuated. Compared
to the TNI group, THA rats exhibited an increased number
of capillaries surrounding the FG fibers in all fields (lateral,
9.1 ± 0.43 vs. 7.5 ± 0.12, P < 0.01; medial, 10.0 ± 0.41 vs.
8.5 ± 0.32, P < 0.01; and posterior, 9.2 ± 0.27 vs. 8.0 ± 0.42,
P < 0.05), as well as a higher NCF in the medial and posterior
FIG fibers (8.8 ± 0.17 vs. 7.1 ± 0.28, P < 0.001, and 8.8 ± 0.18
vs. 7.5 ± 0.40, P < 0.01) and posterior FOG fibers (7.5 ± 0.12
vs. 6.7 ± 0.25, P < 0.01). For medial FG fibers, THA animals
exhibited a higher NCF than THI rats (10 ± 0.41 vs. 8.34 ± 0.41,
P < 0.01).

Since the NCF strongly depends on fiber size, we also
calculated the CCA index, which normalizes the NCF to the
FCSA (Figures 5D–F). IHH induced a non-significant increase
in the CCA ratio in most fiber types across the different
regions, which became statistically significant when combined
with LAE. Specifically, THA rats had a higher CCA ratio in all
the fibers from all fields, with the sole exception of posterior FG
fibers.

Capillary Density and Capillary-to-Fiber
Ratio
Although IHH alone or in combination with LAE did not alter
the FD of the TA muscle, IHH together with LAE did increase the

CD in all fields. As can be observed in Figure 6A, the THA group
exhibited a higher CD than TNI animals in the lateral (795 ± 42
vs. 641± 17, P < 0.05), medial (915± 40 vs. 726± 47, P < 0.05)
and posterior fields (1,284 ± 85 vs. 1,078 ± 60, P = 0.08), as
well as higher medial CD than the THI group (915 ± 40 vs.
697 ± 36, P < 0.05). Therefore, as the FD remained unaltered
(Figure 6B), statistically significant differences between THA
and TNI rats were also reported in the C/F ratio in the lateral
(3.46 ± 0.17 vs. 2.77 ± 0.10, P < 0.01) and medial regions
(3.57 ± 0.14 vs. 2.89 ± 0.14, P < 0.01) (Figure 6C). Statistically
significant differences in C/F between the THA and THI rats were
only observed in the medial field (3.57 ± 0.14 vs. 3.04 ± 0.14,
P < 0.05).

Citrate Synthase Activity
No statistical differences were found among the different groups
in the citrate synthase activity (Figure 7A). However, a clear trend
was observed in the THA group, in which the activity of this
enzyme was 40% higher than in TNI animals (1.69 ± 0.21 vs.
2.35± 0.24, P = 0.09).

VEGF Protein Expression
Figure 7B shows the semiquantification of the pro-angiogenic
protein VEGF by Western Blot. The combination of IHH
and LAE (THA rats) induced a significant increase of VEGF
expression in TA muscle when compared to the TNI group (THA,
137%± 11.4, P < 0.05).

DISCUSSION

The effects of chronic hypoxia and altitude training on skeletal
muscle morphofunctionality have been extensively analyzed
in the last decades (Terrados et al., 1988; Hoppeler et al.,
2008; Lundby et al., 2009). However, despite the use of IH in
some altitude training protocols, few studies have analyzed its
effects (without exercise) on skeletal muscle (Panisello et al.,
2008). Here, we provide evidence for the first time that IHH
requires a minimum amount of physical exercise to induce
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FIGURE 4 | Effects of intermittent hypobaric hypoxia (IHH) alone or in combination with light aerobic exercise on the mean fiber cross-sectional area (A–C) and fiber
shape (D–F) in three TA muscle regions from trained rats. ∗ and ∗∗ indicate P < 0.05 and P < 0.01, respectively, compared to TNI rats. TNI, trained normobaric
inactive; THI, trained hypobaric inactive; THA, trained hypobaric active.

FIGURE 5 | Effects of intermittent hypobaric hypoxia (IHH) alone or in combination with light aerobic exercise on the NCF (A–C) and fiber capillarisation index (CCA)
(D–F) in three TA muscle regions from trained rats. ∗, ∗∗, and ∗∗∗ indicate P < 0.05, P < 0.01 and P < 0.001, respectively, compared to TNI rats. † and †† indicate
P < 0.05 and P < 0.01, respectively, compared to THI animals. TNI, trained normobaric inactive; THI, trained hypobaric inactive; THA, trained hypobaric active.
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FIGURE 6 | Effects of IHH and IHH+LAE on the (A) CD, (B) FD, and (C) C/F ratio in three TA muscle regions from trained rats. ∗ and ∗∗ indicate P < 0.05 and
P < 0.01, respectively, compared to TNI rats, while † indicates P < 0.05 compared to THI rats.

FIGURE 7 | Effects of IHH and IHH+LAE on (A) the biomarker of mitochondrial content citrate synthase activity and (B) the relative content of the pro-angiogenic
factor VEGF in TA muscle homogenates. Band’s intensity were normalized to the Ponceau staining and then relativized to the TNI group. ∗ indicates P < 0.05
compared to TNI rats.

significant morphofunctional changes in the TA muscle of trained
rats, namely reduced FCSA and increased fiber and muscle
capillarization.

Fiber Type Proportion
Non-uniform distribution of fiber types, as well as variations
in their size and capillarisation, is commonly observed in
heterogeneous muscles (Bruce and Turek, 1985; Torrella et al.,
2000) to enable complex locomotor tasks and adaptation
to different metabolic and biomechanical requirements
(Gonyea and Ericson, 1977). Consequently, hypoxia-
induced morphofunctional alterations have been found to
be heterogeneous across different TA muscle regions and fiber
types (Deveci et al., 2002; Panisello et al., 2008), highlighting
the importance of a detailed and careful analysis when working
on histological cross-sections. Thus, THA animals exhibited a
significantly increased percentage of FIG fibers in the medial and
posterior fields, but not in the lateral region, while THI rats only
had more FIG fibers in the posterior region. Surprisingly, this
increase was at the expense of both aerobic (FOG) and anaerobic
(FG) fibers. Therefore, as FIG fibers exhibit an intermediate
oxidative and contractile phenotype, the observed changes could
be interpreted as a sign of metabolic flexibility and a higher
capacity to adapt to both hypoxic and normoxic conditions.
Indeed, the measurement of the citrate synthase activity revealed

that the oxidative capacity of the TA muscle of THA rats was not
only not compromised despite the decrease of FOG fibers but
even displayed non-significant higher enzymatic activity than
TNI animals, suggesting that the overall oxidative capacity of the
muscle could be improved.

Fiber Morphometry and Individual Fiber
Capillarisation
Despite the lack of changes in fiber type proportion of the lateral
field, this region underwent the most pronounced alterations
fiber size wise. Thus, IHH followed by LAE reduced the FCSA of
all fiber types within the TA lateral region and of the medial FOG
fibers, with none of these changes being statistically significant
in the posterior area. Interestingly, this region exhibits a smaller
mean FCSA and better capillarisation regardless of the fiber
type (Torrella et al., 2000), suggesting that hypoxia-induced fiber
size adaptations preferentially occur in regions with larger fibers
rather than in areas with smaller fibers. Furthermore, as reflected
by the different capillary parameters (such as CCA and CD),
the lateral and medial fields are irrigated by blood vessels to
a lower degree than the posterior region, which could increase
their sensitivity to hypoxia. Although chronic hypoxia is usually
associated with fiber atrophy (Green et al., 1989; Hoppeler et al.,
1990), a reduced FCSA contributes to an overall better irrigation
of the muscle and its fibers, allowing more capillaries per mm2
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and decreasing the oxygen diffusion distance (León-Velarde et al.,
1993). Indeed, THA rats did not exhibit an increased NCF of
the lateral and medial aerobic fibers (FOG and FIG), but their
CCA ratio was found to be increased in all the fields. This
ratio normalizes the NCF to the FCSA, thus indicating that
fiber size reduction was the main contributor to the increased
capillarisation. The results for the FG fibers were particularly
interesting: despite a significantly smaller FCSA (lateral field)
when compared to TNI animals or an unaltered FCSA (medial
and posterior fields), the NCF was higher, thus increasing the
CCA ratio. Therefore, the improved irrigation of the FG fibers
was due to an increased number of capillaries rather than a
consequence of fiber size alteration, suggesting fiber type-specific
neovascularization.

So far, these results demonstrate that different muscle regions
and fiber types respond distinctly to the hypoxic stimulus,
although all tend toward increasing fiber vascularization by
means of reduced FCSA, increased NCF or a combination of
both. This increased fiber irrigation will facilitate oxygen and
energetic substrates supply.

Global Field Capillarisation
Additionally, our analysis of global field parameters, namely
CD, FD, and the C/F ratio, supported previous results. Either
because of the FCSA decrease or the NCF increase observed
in the different fiber types, the number of capillaries per
mm2 (i.e., CD) was increased in all TA regions of THA
rats (although non-significantly in the posterior) compared to
normobaric rats. Similar results were found for the C/F ratio,
suggesting an enhanced capillary network occurring through
an angiogenic process within the muscle (Hudlicka et al.,
1992). This observation was further confirmed by analysing
the expression of VEGF, a well-known hypoxia-inducible pro-
angiogenic protein (Breen et al., 2008). Animals exposed to
IHH+LAE exhibited higher VEGF expression than TNI rats,
supporting the histological findings. Furthermore, the C/F ratio
has been reported to positively correlate with mitochondrial
volume (Poole and Mathieu-Costello, 1996), which would lead
to an improved oxidative capacity. Indeed, the analysis of
the citrate synthase activity, a biomarker of mitochondrial
content, pointed to similar conclusions, as THA animals
exhibited a clear increasing trend. Previous studies in humans
subjected to hypoxia and exercise also showed increased muscle
capillarisation (Desplanches et al., 1993; Schmutz et al., 2010),
although Vogt et al. (2001) found increased VEGF expression
and capillary length density in the vastus lateralis of subjects
performing high-intensity altitude training, but not in those
performing low-intensity altitude training. However, it should
be noted that (in addition to the different experimental model)
Vogt et al. (2001) did not carry out region- or fiber type-specific
analysis, which could have masked significant changes.

Overall, myofibers from THI rats displayed an intermediate
morphological phenotype between those of the TNI and THA
animals. This was especially evident in the parameters involving
both fiber size and capillarisation, such as the CCA and C/F
ratios, where the THI group showed a clear but non-significant
increasing trend. Thus, our results suggest that IHH alone

does not induce significant fiber morphofunctional adaptations
in the TA muscle of trained rats. However, a light exercise
protocol in a treadmill immediately after exposure to hypoxia
can trigger a wide range of histomorphological alterations. These
findings demonstrate that a minimum amount of contractile and
metabolic activity is required for a hypoxic response in the TA,
probably through further challenging the oxygen homeostasis
of the muscle. It is unlikely that the LAE protocol alone could
have elicited a similar response in the normobaric trained rats
since its intensity, frequency and duration were much lower than
the exercise protocol used for the initial training. The initial
training protocol involved 35 min on the treadmill at 45 cm·s−1

twice a day (giving a daily run distance of 1,890 m), while
the LAE protocol involved only 20 min at 30 cm·s−1 (giving
a daily run distance of 360 m), which is hardly equivalent to
50% V̇O2 max (Powers et al., 1992; Lawler et al., 1993). As has
been reviewed elsewhere (Mujika and Padilla, 2000), although
trained subjects can preserve, at least partly, muscle adaptations
to physical exercise even with reduced regimes, maintaining the
training intensity is essential. Furthermore, unpublished data
from our laboratory revealed that endurance training led from
10 to 38% increases in FCSA in all fiber types from all TA
muscle regions. Thus, if LAE were a stimulus strong enough
to induce muscle adaptations per se it would be expected to
find larger FCSA, contrary to what was observed in THA
rats.

CONCLUSION

Our results demonstrate that the TA muscle histomorphology
of previously trained rats is relatively irresponsive to a daily 4-
h exposure to hypobaric hypoxia, consistent with the data of
previous studies carried out in sedentary animals (Panisello et al.,
2008). However, LAE immediately after exposure to hypoxia is
enough to induce changes in fiber size and muscle capillarization
in different TA regions. Furthermore, these results open the
door to future treatments of musculoskeletal disorders or injury
recovery programs in which high-intensity exercise protocols are
not recommended.
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