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Abstract: Modelling is essential for a better understanding of microcirculatory pathophysiology.
In this study we tested our hyperoxia-mouse model with healthy and non-healthy mice. Animals
(n = 41) were divided in groups—a control group, with 8 C57/BL6 non-transgenic male mice, a diabetic
group (DB), with 8 C57BLKsJ-db/db obese diabetic mice and the corresponding internal controls
of 8 age-matched C57BLKsJ-db/+ mice, and a cardiac hypertrophy group (CH), with 9 FVB/NJ
cα-MHC-NHE-1 transgenic mice prone to develop cardiac failure and 8 age-matched internal controls.
After anesthesia, perfusion data was collected by laser Doppler flowmetry (LDF) during rest (Phase 1),
hyperoxia (Phase 2), and recovery (Phase 3) and compared. The LDF wavelet transform components
analysis (WA) has shown that cardiorespiratory, myogenic, and endothelial components acted as main
markers. In DB group, db/+ animals behave as the Control group, but WA already demonstrated
significant differences for myogenic and endothelial components. Noteworthy was the increase of the
sympathetic components in the db/db set, as in the cardiac overexpressing NHE1 transgenic animals,
reported as a main component of these pathophysiological processes. Our model confirms that flow
motion has a universal nature. The LDF component’s WA provides a deeper look into vascular
pathophysiology reinforcing the model’s reproducibility, robustness, and discriminative capacities.

Keywords: hyperoxia; mouse; LDF; wavelet transform; diabetes; cardiac hypertrophy

1. Introduction

The use of oxygen as a challenger has been proposed to study in vivo microcirculatory adaptation
in health and disease [1–3], even considering the conflicting variability in response to hyperoxia.
This variability has been mainly attributed to heterogeneity among studies and protocols. Oxygen
exposure time, hyperoxemia cut-off locations [4], assessment timing, and quantification instruments [5]
are issues under frequent discussion [5,6].

We recently demonstrated that other factors should be taken into consideration to improve the
model and reduce variability, in particular the measurement of the distal effects of hyperoxia in both
limbs simultaneously by non-invasive techniques [6].

Laser Doppler perfusion imaging (LDPI) and flowmetry (LDF) are reference systems for these types
of studies in human, as in animal models, but these involve some concerns, as both technologies rely
on the same biophysical basis, producing the same signal of oscillatory nature, which is very difficult to
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analyze. Nevertheless, LDF has been used for decades, and also studied with the purpose to find ways
to better understand its nature [7]. New mathematical modeling approaches of pulsatile signals, such as
LDF, allowed researchers to define time variability, fractal organization, unpredictability, and chaotic
profile, among other quantitative variables [8,9]. These modeling approaches have also provided the
separation (decomposition) of its main components, meaning that those oscillations, with different time
frequencies affecting the signal, can be related to the activity of different tissues or organs [7,10–12].
Human LDF components have previously been identified as cardiac, respiratory, myogenic (vascular
wall), sympathetic, endothelial NO-dependent and endothelial NO-independent activities [11]. A fast
Fourier transform (FFT) or the wavelet analysis (WA) [7,13,14] might easily provide this information,
allowing a deeper look into the information included in the LDF raw signal. More sophisticated
approaches have been proposed, such as the detrended fluctuation analysis (DFA) to assess its fractal
organization and the multiscale entropy analysis (MSE) to observe signal complexity [13].

The present work is in line with our research to improve this methodology, which finds
support in a mouse model capable to provide access to vascular pathophysiology by hyperoxia
and hyperoxemia [6]. By LDF components analysis in the mouse using the WA, we aim to further
characterize vascular dysfunction from different etiologies, trying to bring more discriminative
capacities to the hyperoxia model in detecting relevant differences in microvascular function between
healthy and non-healthy subjects.

2. Results

The O2 challenge perfusion response obtained by LDF in both limbs, in all groups, is presented
in Table 1, where the expected variability related to hyperoxia is shown. In the C group, all animals
respond to hyperoxia with a bilateral perfusion decrease (perD). In DB groups, db/+ animals show a
bilateral perD in 7/8 (88%) and a mixed perfusion response (perMIX) in one animal (12%), meaning
that one limb shows a decrease of perfusion and the contralateral limb shows the opposite. For db/db
animals, a perD is noted in 5/8 (62.5%) animals, while 3/8 (37.5%) show a perMIX response. In CH
group, controls (NHE1-WT) 4/8 animals (50%) respond with perD and the remaining 50% with
perMIX, while all cardiac overexpressing NHE-1 (NHE1-OE) animals responded with bilateral perD.
No matter these differences, relevant statistical differences between limbs’ perfusion could not be
found (Table 1), thus, for group comparison we used means from both limbs collected in each phase of
the experimental procedure.

Table 1. Mean hind limb perfusion changes, expressed in BPUs (arbitrary blood perfusion units)
registered in the left and right hind limb of each animal group during the experimental protocol
(see text). Statistical comparison between hind limbs is shown in each phase of the protocol (m ± sd:
mean ± standard deviation; * p < 0.05).

BPUs
(m ± sd)/Groups

Phase 1 Phase 2 Phase 3

Right Limb Left Limb Right Limb Left Limb Right Limb Left Limb

Control (n = 8) 120.5 ± 13.8 126.0 ± 25.1 101.2 ± 17.7 105.4 ± 29.8 127.7 ± 13.8 125.1 ± 38.61
p 0.943 0.943 0.724

db/+ (n = 8) 139.6 ± 49.7 141.9 ± 41.1 129.4 ± 64.2 134.8 ± 52.6 132.8 ± 63.2 144.84 ± 9.1
p 0.645 0.574 0.505

db/db (n = 8) 135.8 ± 47.4 127.0 ± 15.4 123.8 ± 50.8 130.2 ± 48.3 119.2 ± 71.4 114.1 ± 56.5
p 0.721 0.574 0.878

NHE1-WT (n = 8) 158.1 ± 36.4 140.6 ± 34.3 138.2 ± 42.4 127.2 ± 33.0 145.7 ± 35.0 153.0 ± 36.9
p 0.234 0.645 0.505

NHE1-OE (n = 9) 138.9 ± 29.8 128.2 ± 25.8 118.0 ± 25.0 106.8 ± 21.6 133.0 ± 29.5 113.7 ± 27.0
p 0.387 0.297 0.161
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Those means are summarized and compared in Figure 1. Hyperoxia significantly decreased
perfusion in all groups relative to Phase 1 baseline (Control: 0.001, db/+: 0.041, db/db: 0.001, NHE1-WT:
0.011, NHE1-OE: <0.001). No other relevant differences were detected regarding the Control group or
within groups except those in the CH group, where Phase 3 perfusion was still significantly lower
than Phase 1 (p = 0.001) in NHE1-OE diseased mice group, and a significantly higher perfusion was
noted in Phase 3 for the NHE1-WT (p = 0.030) compared with NHE1-OE. db/+ and NHE1-WT animals
were also compared under these conditions (results not shown) but no differences could be depicted.
The application of WA to LDF raw signals reveals the dominant frequencies for each component,
where all major band components are defined by their limits (in Hz), and might be represented by 2D
frequency spectra (Figure 2). The reference was the human component frequencies [7,11] already used
for rats and recently confirmed in the mouse [15]. Our results are remarkably coincident for the low
frequency oscillations, e.g., for the endothelial, neurogenic and myogenic components, although some
differences arise regarding the cardiac and respiratory components, clearly related with the use of
different anesthetic mixtures [15]. The evolution of these bands of dominant frequencies in all groups
during our experimental protocol is shown in Table 2.
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Figure 1. Mean hind limb perfusion changes, expressed in BPUs (blood perfusion arbitrary units)
registered in the diabetic (DB) group (left, 8 db/db and 8 db/+) and in the cardiac hypertrophy (CH)
group (right, 8 NHE1-WT and 9 NHE1-OE) versus the Control group (n = 8), during the different phases
of the experimental protocol. Statistical comparison, and respective p values between sub-groups is
also shown (m ± sd: mean ± standard deviation; * p < 0.05).

The cardiorespiratory frequency decreased significantly in all groups during hyperoxia ( Control:
p = 0.001, db/db: p = 0.023, db/+ p = 0.001, NHE1-OE: p = 0.044, NHE1-WT: 0.031) while the
frequency of the myogenic band only decreased significantly in the Control (p = 0.002) and db/+

(p = 0.023) groups. During recovery, several components also shifted significantly relative to baseline.
The cardiorespiratory band showed a significantly higher frequency in the Control (p = 0.049), db/db
(p = 0.003), db/+ (p = 0.019), NHE1-OE (p = 0.002) groups. The frequency of the myogenic band was
higher only in the NHE1-WT wild-type (p = 0.041) groups, while for the endothelial nitroxide-dependent
(Nod) band, it was higher in the Control (p = 0.005) and NHE1-OE (p = 0.039). The frequency of the
endothelial nitroxide-independent (NOi) band was higher in the Control (p = 0.025) and NHE1-WT
(p = 0.049) groups.
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Compared to the Control group, the db/+ mice have significantly lower myogenic frequencies
during baseline (p = 0.022) and recovery (p = 0.019), as did the endothelial NOi during baseline
(p = 0.038). Similarly, the db/db mice also have significantly lower myogenic frequencies during
baseline (p = 0.001) and recovery (p = 0.003), as the sympathetic (p = 0.010) and NOi (p = 0.039) during
recovery. Comparing the db/+ and db/db groups, the latter have significantly higher cardiorespiratory
(p = 0.017) and endothelial NOi (p = 0.012) frequencies during recovery and baseline. Compared
to the Control group, the NHE1-WT mice have a significantly lower cardiorespiratory frequency
activity during baseline (p = 0.001) and recovery (p = 0.001), a significantly higher endothelial NOd
(p = 0.046) frequency during baseline, and significantly lower myogenic (p < 0.001) and endothelial
NOi (p = 0.003) frequencies during baseline. Similarly, the NHE1-OE group shows significantly lower
cardiorespiratory and myogenic frequencies during baseline (cardiorespiratory: p = 0.001; myogenic:
p = 0.016) and recovery (cardiorespiratory: p < 0.001; myogenic: p < 0.001) compared to the Control
group. Comparing with the NHE1-WT, the NHE1-OE group has significantly lower sympathetic
(p = 0.035) and endothelial NOd (p = 0.039) frequency during baseline, together with a significantly
higher endothelial NOi (p = 0.003) frequency during baseline recording.Int. J. Mol. Sci. 2019, 20, x 4 of 13 
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Figure 2. Mean power spectrum of the laser Doppler flowmetry (LDF) signal constructed for each
group—Control (A, n = 8), db/+ (B, n = 8), db/db (C, n = 8), NHE1-WT (D, n = 8) and NHE1-OE (E,
n = 9) from all perfusion mean values obtained during the complete protocol.
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Table 2. Mean frequency ranges and dominant (between brackets) frequencies in Hertz, obtained in all groups of tested animals (n = 41, animals (8 Controls, 8 db/+,
8 db/db, 8 NHE1-WT, 9 NHE1-OE) during the different phases of the experimental protocol (Ph1-baseline; Ph2-hyperoxia; Ph3-recovery). Frequencies are obtained
from LDF signals from both hind limbs (means), which allows the identification of each component band (see text). Comparative statistics are shown, for each
component’s dominant frequency in each group, regarding baseline recording (* statistically significant difference p < 0.05).

LDF Components/Groups Cardiorespiratory Myogenic Sympathetic Endothelial (NOd) Endothelial (NOi)

Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3

Control

5.400–
3.200
(4.0)

4.700–
2.300
(3.2)

6.000–
3.4000
(4.4)

0.170–
0.060
(0.1)

0.160–
0.050

(0.085)

0.170–
0.060
(0.17)

0.054–
0.020

(0.031)

0.050–
0.022

(0.031)

0.056–
0.021

(0.037)

0.018–
0.010

(0.014)

0.021–
0.010

(0.014)

0.019–
0.009

(0.016)

0.009–
0.005

(0.007)

0.009–
0.004

(0.006)

0.009–
0.005

(0.008)

* 0.005 * 0.002 0.972 0.363 0.624

* 0.049 0.221 0.075 * 0.005 * 0.025

db/+

4.900–
3.700
(4.1)

4.000–
3.000
(3.3)

4.600–
3.100
(3.9)

0.140–
0.020

(0.079)

0.140–
0.040

(0.071)

0.160–
0.040

(0.086)

0.034–
0.018

(0.029)

0.040–
0.018

(0.027)

0.040–
0.020

(0.029)

0.018–
0.009

(0.015)

0.018–
0.009

(0.013)

0.014–
0.008

(0.013)

0.008–
0.004

(0.0063)

0.009–
0.004

(0.011)

0.008–
0.004

(0.0069)

* 0.001 * 0.023 0.346 0.666 0.132

* 0.019 0.975 0.683 0.806 0.074

p-value
Control versus db/+

0.202 0.202 0.867 * 0.022 0.061 * 0.019 0.830 0.202 0.061 0.185 0.756 0.325 * 0.038 0.141 0.350

db/db

4.700–
3.000
(3.8)

4.200–
3.000
(3.5)

5.300–
3.200
(4.7)

0.120–
0.050

(0.076)

0.140–
0.050

(0.084)

0.150–
0.050

(0.094)

0.040–
0.017

(0.027)

0.050–
0.021

(0.032)

0.040–
0.014

(0.036)

0.016–
0.009

(0.012)

0.021–
0.010

(0.013)

0.020–
0.010

(0.015)

0.009–
0.005

(0.0078)

0.009–
0.004

(0.0071)

0.009–
0.005

(0.0072)

* 0.023 0.701 0.152 0.346 0.213

* 0.003 0.576 0.433 1.000 0.061

p-value
Control versus db/db 0.840 0.125 0.264 * 0.001 0.169 * 0.003 0.264 0.840 0.064 0.579 0.614 * 0.010 0.687 0.336 * 0.039

p-value
db/+ versus db/db 0.068 0.583 * 0.017 0.116 0.583 0.650 0.169 0.141 0.981 0.128 0.685 0.068 * 0.012 0.458 0.488

NHE1-WT

4.600–
2.600
(3.2)

3.800–
1.700
(3.0)

3.500–
2.300
(3.2)

0.120–
0.040

(0.077)

0.120–
0.045
(0.08)

0.185–
0.056

(0.105)

0.039–
0.022

(0.032)

0.045–
0.024

(0.033)

0.052–
0.020

(0.035)

0.022–
0.011

(0.015)

0.024–
0.013

(0.014)

0.014–
0.008

(0.013)

0.008–
0.004

(0.0063)

0.009–
0.004

(0.011)

0.008–
0.004

(0.0069)

* 0.031 0.475 0.894 0.126 * 0.037

0.118 * 0.041 0.455 0.824 * 0.049

p-value
Control versus NHE1-WT * 0.001 0.168 * 0.001 * <0.001 0.110 0.406 0.936 0.689 0.810 * 0.046 0.936 0.470 * 0.003 0.137 0.225
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Table 2. Cont.

LDF Components/Groups Cardiorespiratory Myogenic Sympathetic Endothelial (NOd) Endothelial (NOi)

Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3 Ph1 Ph2 Ph3

NHE1-OE

4.500–
2.700
(3.3)

3.700–
2.000
(2.9)

3.500–
2.400
(3.0)

0.120–
0.040

(0.089)

0.109–
0.045
(0.08)

0.110–
0.042

(0.085)

0.038–
0.019

(0.027)

0.026–
0.013

(0.031)

0.033–
0.025

(0.031)

0.016–
0.008

(0.012)

0.011–
0.007

(0.013)

0.020–
0.012

(0.015)

0.011–
0.007

(0.0085)

0.013–
0.007

(0.0071)

0.012–
0.007

(0.0073)

* 0.044 0.133 0.507 0.887 0.485

* 0.002 0.492 0.078 * 0.039 0.102

p-value
Control versus NHE1-OE * 0.001 0.170 * <0.001 * 0.016 0.082 * <0.001 0.183 0.489 0.062 0.798 0.417 0.293 0.650 0.859 0.441

p-value
NHE1-WT versus NHE1-OE 1.000 0.744 0.072 0.465 0.950 0.200 * 0.035 0.305 0.368 * 0.039 0.104 0.755 * 0.003 0.072 0.632

p-value
db/+ versus NHE1-WT * <0.001 * 0.02 * <0.001 0.131 0.820 0.432 0.560 0.106 0.322 0.462 0.274 0.860 0.274 0.899 0.940
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3. Discussion

Vasoconstriction is the primary reported response to hyperoxia, in spite of the contradictions
which still exist [1,2,16]. Locally, O2 inhibits NO release, which would explain the vasoconstriction
in most vascular beds. However, different responses have been registered without any convincing
explanation. Cross talk among the different regulatory agents is a major determinant we need to better
understand. Hyperoxemia seems to deactivate carotid body chemoreception, reducing sympathetic
activity, which evokes a negative feedback between chemoreflex and baroreflex, such that inhibition of
the carotid body triggers the baroreflex response [16,17]. Anesthesia is another major determinant
to consider. Ketamine/xylazine anesthesia was suggested [18] to increase parasympathetic activity
and suppress sympathetic and baroreceptor activity on rats, and a recently published study in the
mouse shows that anesthesia definitively affects LDF component amplitudes associated to sympathetic
activity and cardio-respiratory limits [15]. Finally, experimental design is a critical determinant. As we
recently reported by distinct approaches, in human as in animal, vigil (human) or anesthetized (mouse)
when perfusion changes in one of the limbs, circulation of both limbs cooperates to readjust to a
new perfusion set-point [6,19]. Thus, distal (hind limb) measurements in vivo should always involve
recordings from both limbs to reduce variability. The inclusion of male and female animals in the
tested disease groups avoids any potential bias related with sex [20].

In the present study, a prevalent perD response was detected in all groups, as expected in all
animals from Control group and the majority in DB and CH groups (Table 1). While some perMIX
responses were consistently present, these had no statistical relevance. As suggested previously [6],
this (perMIX) response might result from a regional adaptation to sudden perfusion changes but might
also be an artifact from the LDF technique, known to be affected by significant variability. Keeping in
mind that this apparent perfusion balance between limbs needs to be further studied, and that the
main objective of this paper lies in reinforcing the analytical capacities of the hyperoxia model itself,
we decided to exclude the perMIX responses from further analysis.

WA seems to confirm that flow motion has a universal nature, no matter the species, where the
highest recorded frequency signals are attributed to heart and respiratory activities taken together.
Mean heart and respiratory rates of vigil mice are 500–600 beats/ minute corresponding to 8.3–10 Hz,
and 84 to 230 cycles / minute, or 1.4–3.8 Hz, respectively. Heart and respiratory rates from C57/BL6
mice under ketamine-xylazine anesthesia were 280 beats/ minute and 240 cycles/ minute, respectively
(means), corresponding to 4.6 and 4.3 Hz. These very similar rates are not distinguishable in a frequency
spectrum, and therefore overlap. We keep in mind that ketamine has a positive chronotropic effect,
likely not disclosed by the negative chronotropic effect of xylazine [21]. The four lower frequency
bands here described agree, in terms of frequency range, with the myogenic, sympathetic, NOd and
NOi activities previously described for humans.

With this model, we recently demonstrated that perfusion is profoundly modified in the new HLI
vessels [6]. We are currently further testing this model by applying the WA to detect vascular changes
in diabetic and cardiac failure mice, as they cannot be detected by direct comparison of LDF perfusion
curves. These two conditions are known to affect microcirculation in different ways. In human, diabetes
affects primary organs and territories (retina, kidney, foot) microcirculation by multiple mechanisms,
ultimately affecting endothelium vasodilation and reducing local reflex responses [22–26]. In turn,
endothelial dysfunction and inflammation seem to be present in chronic heart failure patients, most
likely associated with the ageing process and involving reduction of vascular reactivity [27,28].

WA shows that hyperoxia decreases the cardiorespiratory component activity in all groups, which
return to their reference values in the recovery period except for the NHE1-OE group (Table 2). In the
Control group hyperoxia also decreases myogenic activity, and significantly changes both NOd and
NOi activities in the recovery period (Phase 3), likely because oxygen is a direct suppressor of the
endothelial secretion activity (Table 2). These results agree with recently published data exploring a
similar model [6].
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In the DB group, db/+ mice have a recessive mutation with no phenotype described, being
regarded as identical to Control group. In fact, hyperoxia evoked in db/+ and db/db animals a similar
cardiorespiratory component changes as seen in the Control group. A similar reduction for the
myogenic component in db/+ is also shown, while no other significant changes are noted, which seems
to confirm that the behavior of db/+ is not very different from the Control healthy group. Interestingly,
some significant differences are found for the myogenic (baseline and recovery after hyperoxia) and
the endothelial components when compared with the Control group. These might be age-related
differences or might be regarded as DB group markers, consistent with the known pathophysiology of
the disease, where a decrease in microcirculatory vasomotion affects perfusion and local regulation [22].
The sympathetic overactivity noted for the db/db animals, although not significant, is also in line with
the current knowledge on the pathogenesis of diabetes [23] (Table 2).

Regarding the CH group, NHE1-WT animals show that hyperoxia primarily reduces the
cardiorespiratory component amplitude (p = 0.031), which then recovers to baseline values. Myogenic
and NOi components are the other significant markers, as in the Control group, but in distinct phases.
Although increasing during hyperoxia, a significant increase in the myogenic component amplitude
is only seen in the recovery phase. Also interesting is the increase of the sympathetic component in
all phases, although not statistically significant. In turn, the amplitudes are significantly higher in
Phases 2 and 3 for NOi components, and have an opposite evolution for NOd components, relative
to Control (Table 2). The comparison between NHE1-WT and Control components, obtained under
these conditions, confirms that significant differences are mostly present in the baseline recordings,
for cardiorespiratory, myogenic and endothelial components, and also for the recovery period of the
cardiorespiratory component, likely linked to the background genotype and cardiac failure, being
a good indicator for this analysis. Comparing both wild types, since db/+ is regarded as “normal”,
significant differences are detected in the cardiorespiratory component in all phases, since this is likely
the most expressive marker of NHE1 group (Table 2). In the NHE1-OE subgroup we note that hyperoxia
significantly reduces the cardiorespiratory component frequency, as in the Control group. However,
unlike the increase in the recovery phase for the Control group, these animals do not recover to baseline
values during the experiment duration, showing instead a significant reduction of this component
relative to baseline. This is likely related with their background and pathology, as which is a good
indicator of analytical sensitivity (Table 2). This meets our expectations, since this transgenic strain
overexpresses a protein that compromises the myocyte performance, producing cardiac remodeling
and failure [29]. Also noteworthy is the decrease in the myogenic frequency (Phases 2 and 3), and the
sustained increase in the sympathetic component activities. The increase in the cardiac sympathetic
nerve activity and respective peripheral drive has been reported in cardiac hypertrophy [24], and in
fact we note that this component behaves significantly different in these two subgroups at baseline
(Table 2). Regarding the endothelial component we note the slight increase (Phase 2) and significant
recovery (Phase 3) as in Control group for NOd frequencies. NHE1-OE and Control components,
obtained under these conditions, confirm that significant differences are mostly present in the baseline
and recovery periods for the cardiorespiratory and myogenic components. Comparing components
frequencies from both NHE1 subgroups we confirm that significant differences between these groups
are present at the baseline recording of sympathetic and endothelial (NOd and NOi) components
(Table 2).

4. Materials and Methods

4.1. Animals

Forty-one animals were selected and assigned to different groups—a Control group with 8 C57/BL6
non-transgenic male mice (8 weeks old (w.o.), 22.7 ± 1.0 g); a spontaneous mutated diabetic group
(DB) including 8 transgenic C57BLKsJ-db/db obese diabetic mice, 4 male and 4 female, (16.0 ± 3.2 w.o,
43.1 ± 12.7 g) and the corresponding internal controls of 8 age-matched C57BLKsJ-db/+ mice, 4 males
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and 4 females, (16.0 ± 3.2 w.o., 28.3 ± 12.7 g); and, a transgenic cardiac hypertrophy group (CH)
with 9 FVB/NJ cardiac α-MHC-NHE-1 mice prone to develop cardiac failure, 7 males and 2 females,
(20.7 ± 3.6 w.o., 29.7 ± 1.6 g) and the corresponding 8 age-matched internal controls, 6 males and
2 females, (23.4 ± 8.1 w.o., 29.6 ± 6.4 g). In this well-established model of obesity-induced type
2 diabetes [30], the db/db mice (homozygotes) carry a recessive mutation in the leptin receptor
gene, which makes them resistant to its effects, including appetite suppression [31]. The db/+ mice
(heterozygotes) have normal leptin receptor expression, no phenotype described. The FVB/NJ diseased
mice overexpress the constitutively active mutant of sodium-proton exchanger 1 specifically in cardiac
myocytes (NHE-OE), a protein mainly responsible for intracellular pH maintenance that produces
cardiac hypertrophy and heart failure [29], while the internal controls have a normal endogenous
NHE1 expression (NHE1-WT) (Table 3).

Table 3. Summary of the genetic profile of each selected group of animals regarding background,
mutation and sex (see text).

Name Background Mutation Male Female Total

Control group - C57Bl/6 - 8 - 8

Control CH NHE1-WT FVB/NJ - 6 2 8

CH group NHE1-OE FV/NJ NHE1 overexpression 7 2 9

Control DB Db/+ C57BL/KsJ Lepr +/db 4 4 8

DB group Db/db C57BL/KsJ Lepr db/db 4 4 8

Type 2 obesity related diabetes was confirmed previously in a separate DB group composed
of 6 C57BL/KsJ-db/db mice (3 males, 3 females, 12 w.o., 43 ± 3 g) with 320 ± 140 mg/dL glycemia
measured by the FreeStyle papillon Vision System (Abbot, USA). Cardiac failure was confirmed in the
CH group NHE1-OE mice by a reduced ejection fraction (<40%) measured by an echography imager
(Visualsonics VEVO 2100 UK, with a 35 MHz probe MS400-0063).

Animals were installed at the INSERM U1034 animal facility, with controlled temperature and
humidity conditions (21 ± 1 ◦C, 40–60%), exposed to regular 12 h light / 12h darkness cycles with
food and water ad libitum. Animal experiments were performed in accordance with the guidelines
from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes, approved by the local Animal Care and Use Committee of Bordeaux University, complying
with recently published Principles and standards for reporting animal experiments [19].

4.2. Experimental

4.2.1. Anesthesia and Setting

Animals were anesthetized by an intraperitoneal administration of a saline mixture of ketamine
(125 mg/kg, Imalgene, Merial, Duluth, Georgia USA) and xylazine (10 mg/kg, Ronpum, Bayer, Munich,
Germany), providing sedation for 50 min. Under anesthesia, animals were laid horizontally onto a
surgical pad placed on top of an electric mat (Rainforest Heat Wave Mat Substrate Heater, Exo-Terra,
Mansfield, MA, USA) kept at 36 ◦C. Their heads were fixed to the pad by a proper adapter, while the
respective hind limbs were lateralized.

4.2.2. Hyperoxia

The oxygen (O2) content was supplied by a suitable cylinder connected to the pad (AirLiquide,
Bordeaux, France). For the hyperoxia challenge, oxygen was continuously administered (0.5 L/min) to
ensure an inhalation fraction � 100%.

Recordings were taken in three phases, each of ten minutes duration—a stabilization phase
(Phase 1), with animals breathing the room atmosphere; a provocation phase (Phase 2), with animals
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breathing a 100% saturated oxygen atmosphere; and a recovery phase (Phase 3), returning to room
atmosphere. As discussed ahead, exposure time to oxygen seems to be a critical determinant of the
responses following. These timings were chosen based on our experience on human exposure to
hyperoxia, as a similar response pattern was found in mice [5,16].

4.2.3. Data Collection and Signal Analysis

Blood perfusion was primarily quantified by LDF, expressed in arbitrary blood perfusion units
(AU). Two LDF probes were attached by double-sided adhesive strips (PF 105-3 Double-sided Tape
Strips, Perimed, Järfälla, Sweden) to the inferior aspect of both paws, one probe for each paw, close
to the posterior limit of plantar footpads. LDF signals were collected at a 32 Hz sampling frequency,
using a time constant of 0.01 s from two PF 407 probes connected to two PF5010 modules of a Periflux
5000 system (Perimed).

A subset of the Control group (n = 5) was submitted to a 40 min baseline perfusion measurement
in both hind limbs to obtain a clear spectral profile of the LDF signals for further processing (Figure 3).
As shown, we obtained a similar profile to what is known in human, with the exception of the cardiac
and respiratory bands, where a clear distinction between them could not be found. Instead we noted
one single (merged) cardiorespiratory band.
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Figure 3. Baseline LDF signal registered in ta subset of the Control group animals for 40 min (top) and
respective mean power spectrum obtained with the Wavelet analysis (WA) (bottom). Simultaneous
recordings from both limbs (left, in red and right, in blue) are shown (n = 5).

The hyperoxia provocation procedure was equally applied to all groups time and compared.
The vascular response to O2 provocation was evaluated by the perfusion changes in each phase and
modelled with by the WA, as follows:
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A wavelet is defined as a small wave or oscillation that decays quickly. Wavelets are considered a
family of functions constructed from translations and dilations of a single function called the “mother
wavelet” ψ(t). They are defined by:

ψa,b(t) =
1
√
|a|
ψ

( t− b
a

)
, a, b ∈ R, a , 0 (1)

The parameter a is the scaling parameter or scale, and it measures the degree of compression.
The parameter b is the translation parameter which determines the time location of the wavelet. If |a| < 1,
then the wavelet in the above equation is the compressed version (smaller support in time-domain) of
the mother wavelet and corresponds mainly to higher frequencies. On the other hand, when |a| > 1,
then ψa,b(t) has a larger time-width than ψ(t) and corresponds to lower frequencies. Thus, wavelets
have time-widths adapted to their frequencies [24]. WA allows the decomposition of a complex
multiscaled signal into its main frequency components and the estimation of the contribution of each
component to the overall signal in each time point [32].

4.2.4. Statistics

Three periods, one of each phase of the protocol, were selected for statistical analysis—resting
phase, considered between 6:30 to 9:30 min; the provocation phase, considered between 10:00 and
13:00 min, and the recovery phase, considered between 18:00 and 21:00 min. Descriptive (Microsoft
Excel, USA) and nonparametric statistics (IBM SPSS Statistics, v21.0, IBM Corporation, Armonk, NY,
USA) were calculated. After confirmation of the stability of the signal in a subset of Control group
animals, the WA was applied to LDF raw signals using a MATLAB-based toolbox (Morlet wavelet
function). This analysis, first proposed for the mouse by our group [33], allows the identification of
dominant frequencies for each component.

The Wilcoxon signed-rank test was used for phase comparisons, while the Mann–Whitney test
was used for comparisons between hind limbs (left versus right) on the same animal group and for
inter-group (Control versus test animals), and a 95% confidence level adopted.

5. Conclusions

Our hyperoxia-mouse model complemented with the component analysis by the WA effectively
provides a deeper observation to this study. The methodology seems to be reproducible and robust,
considering that (a) it uses a key physiological player in microcirculatory homeostasis as a challenger,
providing measurements as near as possible to the normal physiological conditions, (b) variability
often attributed to the stressor, to the perfusion signal or to anesthesia, is dramatically reduced by using
data from both limbs, avoiding readings in different moments of the perfusion adaptation following
the challenge, (c) the WA component provides a very stable signal compared to the LDF raw signal,
one that in the presence of oxygen leads to identifiable markers which, (d) can be applied to any other
signal with the same pulsatile nature (e.g., photoplethysmography) for (e) both in human (vigil) or
animal (under adequate anesthesia).

The model depicts a clear functional distinction for Control, DB, and CH animals, also between
the expressed set and the respective (non-expressed) wild type. DB animals’ main markers were found
in the cardiorespiratory, myogenic and endothelial components, in particular in the recovery phase for
db/db mice. The main markers for CH animals (again cardiorespiratory, myogenic and endothelial
components) were already different from Control in the baseline recordings, but clearly different at the
recovery in the NHE1-OE mice. Also noteworthy was the increase of the sympathetic components
(although not statistically significant) in the db/db set, and more obviously in the NHE1-OE animals,
in both cases reported as a main component of these pathophysiological processes. We believe this
is a positive indicator of the method’s sensitivity, considering that all animals were under the same
anesthesia (see above).
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The present experimental approach reduces variability, improves reproducibility and discriminative
capacities, and provides a means to further explore more mechanistic views. Therefore, we recommend
this hyperoxia-mouse model as an experimental challenger in vascular medicine.

Author Contributions: Conceptualization, L.M.R.; Data curation, H.N.S., H.F. and A.-P.G.; Formal analysis,
L.M.R., H.F. and A.-P.G.; Funding acquisition, L.M.R. and A.-P.G.; Investigation, H.N.S.; Methodology, L.M.R.;
Resources, A.-P.G.; Software, H.N.S. and H.F.; Supervision, L.M.R. and A.-P.G.; Writing—original draft, L.M.R.,
H.N.S., H.F. and A.-P.G.; Writing—review and editing, L.M.R. and A.-P.G.

Funding: This work was supported by national funds from FCT—Fundação para a Ciênciae a Tecnologia, I.P,
within the project UID/DTP/04567/2016.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Rousseau, A.; Bak, Z.; Janerot-Sjoberg, B.; Sjoberg, F. Acute hyperoxaemia-induced effects on regional blood
flow, oxygen consumption and central circulation in man. Acta Physiol. Scand. 2005, 183, 231–240. [CrossRef]
[PubMed]

2. Bak, Z.; Sjoberg, F.; Rousseau, A.; Steinvall, I.; Janerot-Sjoberg, B. Human cardiovascular dose-response to
supplemental oxygen. Acta Physiol. (Oxford) 2007, 191, 15–24. [CrossRef] [PubMed]

3. Silva, H.; Ferreira, H.; Bujan, M.J.; Rodrigues, L.M. Regarding the quantification of peripheral
microcirculation–Comparing responses evoked in the in vivo human lower limb by postural changes,
suprasystolic occlusion and oxygen breathing. Microvasc. Res. 2015, 99, 110–117. [CrossRef]

4. Branson, R.D.; Robinson, B.R. Oxygen: When is more the enemy of good? Intensive. Care Med. 2011, 37, 1–3.
[CrossRef]

5. Silva, H.; Ferreira, H.; Rodrigues, L.M. Studying the Oscillatory Components of Human Skin Microcirculation.
In Agache’s Measuring the Skin; Humbert, P., Fanian, F., Maibach, H., Agache, P., Eds.; Springer: Cham,
Switzerland, 2017; Chapter 55; p. 569. [CrossRef]

6. Rodrigues, L.M.; Silva, H.; Ferreira, H.; Renault, M.A.; Gadeau, A.P. Observations on the perfusion recovery
of regenerative angiogenesis in an ischemic limb model under hyperoxia. Physiol. Rep. 2018, 6, e13736.
[CrossRef] [PubMed]

7. Stefanovska, A.; Krošelj, P. Correlation integral and frequency analysis of cardiovascular functions. Open Syst.
Inf. Dyn. 1997, 4, 457–478. [CrossRef]

8. Esen, F.; Aydın, G.S.; Esen, H. Detrended fluctuation analysis of laser Doppler flowmetry time series.
Microvasc. Res. 2009, 78, 314–318. [CrossRef]

9. Humeau, A.; Buard, B.; Mahé, G.; Rousseau, D.; Chapeau-Blondeau, F.; Abraham, P. Multiscale entropy of
laser Doppler flowmetry signals in healthy human subjects. Med. Phys. 2010, 37, 6142–6146. [CrossRef]

10. Stauss, H.M.; Anderson, E.A.; Haynes, W.G.; Kregel, K.C. Frequency response characteristics of
sympathetically mediated vasomotor waves in humans. Am. J. Physiol. Heart Circ. Physiol. 1998,
274, H1277–H1283. [CrossRef] [PubMed]

11. Kvandal, P.; Landsverk, S.A.; Bernjak, A.; Stefanovska, A.; Kvernmo, H.D.; Kirkebøen, K.A. Low frequency
oscillations of the laser Doppler perfusion signal in human skin. Microvasc. Res. 2006, 72, 120–127. [CrossRef]

12. Kvernmo, H.D.; Stefanovska, A.; Kirkebøen, K.A.; Kvernebo, K. Oscillations in the human cutaneous
blood perfusion signal modified by endothelium-dependent and endothelium-independent vasodilators.
Microvasc. Res. 1999, 57, 298–309. [CrossRef] [PubMed]

13. Sifuzzaman, M.; Islam, M.R.; Ali, M.Z. Application of wavelet transform and its advantages compared to
Fourier transform. J. Phys. Sci. 2012, 13, 121–134.

14. Bernjak, A.; Stefanovska, A. Importance of wavelet analysis in laser Doppler flowmetry time series. Conf. Proc.
IEEE Eng. Med. Biol. Soc. 2007, 4064–4067. [CrossRef]

15. Astashev, M.E.; Serov, D.A.; Tankanag, A.V. Anesthesia effects on the low frequency blood flow oscillations
in mouse skin. Skin Res. Technol. 2018, 1, 1–7. [CrossRef] [PubMed]

16. Sinski, M.; Lewandowski, J.; Przybylski, J.; Zalewsky, P.; Bartosz, S.; Abramczyk, P.; Gaciong, Z. Deactivation
of carotid body chemoreceptors by hyperoxia decreases blood pressure in hypertensive patients. Hypertens.
Res. 2014, 37, 858–862. [CrossRef]

http://dx.doi.org/10.1111/j.1365-201X.2005.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/15743383
http://dx.doi.org/10.1111/j.1748-1716.2007.01710.x
http://www.ncbi.nlm.nih.gov/pubmed/17506865
http://dx.doi.org/10.1016/j.mvr.2015.04.001
http://dx.doi.org/10.1007/s00134-010-2034-y
http://dx.doi.org/10.1007/978-3-319-32383-1
http://dx.doi.org/10.14814/phy2.13736
http://www.ncbi.nlm.nih.gov/pubmed/29932507
http://dx.doi.org/10.1023/A:1009681002818
http://dx.doi.org/10.1016/j.mvr.2009.07.005
http://dx.doi.org/10.1118/1.3512796
http://dx.doi.org/10.1152/ajpheart.1998.274.4.H1277
http://www.ncbi.nlm.nih.gov/pubmed/9575932
http://dx.doi.org/10.1016/j.mvr.2006.05.006
http://dx.doi.org/10.1006/mvre.1998.2139
http://www.ncbi.nlm.nih.gov/pubmed/10329256
http://dx.doi.org/10.1109/IEMBS.2007.4353226
http://dx.doi.org/10.1111/srt.12593
http://www.ncbi.nlm.nih.gov/pubmed/29790611
http://dx.doi.org/10.1038/hr.2014.91


Int. J. Mol. Sci. 2019, 20, 2178 13 of 13

17. Despas, F.; Lambert, E.; Vaccaro, A.; Labrunee, M.; Franchitto, N.; Lebrin, M.; Galinier, M.; Senard, J.M.;
Lambert, G.; Esler, M.; Pathak, A. Peripheral chemoreflex activation contributes to sympathetic baroreflex
impairment in chronic heart failure. J. Hypertens. 2012, 30, 753–760. [CrossRef]

18. Svorc, P., Jr.; Bacova, I.; Svorc, P.; Bužga, M. Autonomic nervous system under ketamine/xylazine and
pentobarbital anaesthesia in a Wistar rat model: A chronobiological view. Prague Med. Rep. 2013, 114, 72–80.
[CrossRef]

19. Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and
Experimental Physiology. J. Physiol. 2015, 593, 2547–2549. [CrossRef]

20. Krisch, J.A. How Much Do Sex Differences Matter in Mouse Studies? The scientist feb 24. 2017.
Available online: https://www.the-scientist.com/news-analysis/how-much-do-sex-differences-matter-in-
mouse-studies-31974 (accessed on 30 April 2019).

21. Hsu, W.H. Effects of atropine on xylazine-pentobarbital anesthesia in dogs: Preliminary study. Am. J. Vet. Res.
1985, 46, 856–858.

22. Stansberry, K.B.; Shapiro, S.A.; Hill, M.A.; McNitt, P.M.; Meyer, M.D.; Vinik, A.I. Impaired peripheral
vasomotion in diabetes. Diabetes Care 1996, 19, 715–721. [CrossRef]

23. Kobayashi, D.; Murai, H.; Usui, S.; Kaneko, S.; Takamura, M. Sympathetic nerve activity in type 2 diabetes
mellitus; a promising potential therapeutic target. Austin J. Endocrinol. Diabetes 2014, 1, 1007.

24. Schlaich, M.P.; Kaye, D.M.; Lambert, E.; Sommerville, M.; Socratous, F.; Esler, M.D. Relation between cardiac
sympathetic activity and hypertensive left ventricular hypertrophy. Circulation 2003, 108, 560–565. [CrossRef]
[PubMed]

25. Hile, C.; Veves, A. Diabetic neuropathy and microcirculation. Curr. Diab. Rep. 2003, 3, 446. [CrossRef] [PubMed]
26. Newman, J.M.; Dwyer, R.M.; St-Pierre, P.; Richards, S.M.; Clark, M.G.; Rattigan, S. Decreased microvascular

vasomotion and myogenic response in rat skeletal muscle in association with acute insulin resistance.
J. Physiol. 2009, 587, 2579–2588. [CrossRef] [PubMed]

27. Andersson, S.E.; Edvinsson, M.L.; Edvinsson, L. Cutaneous vascular reactivity is reduced in aging and in
heart failure: Association with inflammation. Clin. Sci. 2003, 105, 699. [CrossRef]

28. Edvinsson, M.L.; Uddman, E.; Andersson, S.E. Deteriorated function of cutaneous microcirculation in chronic
congestive heart failure. J. Geriatr. Cardiol. 2011, 8, 82. [CrossRef]

29. Nakamura, T.Y.; Iwata, Y.; Arai, Y.; Komamura, K.; Wakabayashi, S. Activation of Na+/H+ exchanger 1 is
sufficient to generate Ca2+ signals that induce cardiac hypertrophy and heart failure. Circ. Res. 2008, 103,
891–899. [CrossRef]

30. Belke, D.D.; Severson, D.L. Diabetes in mice with monogenic obesity: The db/db mouse and its use in the
study of cardiac consequences. Methods Mol. Biol. 2012, 933, 47–57. [CrossRef]

31. Wang, B.; Chandrasekera, P.C.; Pippin, J.J. Leptin- and leptin receptor-deficient rodent models: Relevance for
human type 2 diabetes. Curr. Diabetes Rev. 2014, 10, 131–145. [CrossRef]

32. Bracic, M.; Stefanovska, A. Wavelet-based analysis of human blood flow dynamics. Bull Math. Biol. 1998, 60,
919–935. [CrossRef]

33. Silva, H.; Renault, M.; Ferreira, H.; Bujan, M.J.; Gadeau, A.; Rodrigues, L.M. Hyperoxia evokes opposite
hind limbs vascular responses in the murine model of ischemia. ISBS 40th World Congress Abstract Book.
Biomed. Biopharm. Res. 2016, 15. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/HJH.0b013e328350136c
http://dx.doi.org/10.14712/23362936.2014.25
http://dx.doi.org/10.1113/JP270818
https://www.the-scientist.com/news-analysis/how-much-do-sex-differences-matter-in-mouse-studies-31974
https://www.the-scientist.com/news-analysis/how-much-do-sex-differences-matter-in-mouse-studies-31974
http://dx.doi.org/10.2337/diacare.19.7.715
http://dx.doi.org/10.1161/01.CIR.0000081775.72651.B6
http://www.ncbi.nlm.nih.gov/pubmed/12847071
http://dx.doi.org/10.1007/s11892-003-0006-0
http://www.ncbi.nlm.nih.gov/pubmed/14611739
http://dx.doi.org/10.1113/jphysiol.2009.169011
http://www.ncbi.nlm.nih.gov/pubmed/19403615
http://dx.doi.org/10.1042/CS20030037
http://dx.doi.org/10.3724/SP.J.1263.2011.0008
http://dx.doi.org/10.1161/CIRCRESAHA.108.175141
http://dx.doi.org/10.1007/978-1-62703-068-7_4
http://dx.doi.org/10.2174/1573399810666140508121012
http://dx.doi.org/10.1006/bulm.1998.0047
http://dx.doi.org/10.19277/bbr.2016.5.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Animals 
	Experimental 
	Anesthesia and Setting 
	Hyperoxia 
	Data Collection and Signal Analysis 
	Statistics 


	Conclusions 
	References

