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Pompe disease (glycogen storage disease type II) is a lysosomal storage disorder due to a mutation in the gene that encodes acid alpha-glucosidase 

(GAA). GAA deficiency causes the excessive storage of lysosomal glycogen in many cell types, leading to cell and, subsequently, tissue dysfunc-

tion. Cardiac, respiratory and skeletal muscles are the most severely affected. Enzyme replacement therapy (ERT) with recombinant human GAA 

(rhGAA, Myozyme®, Genzyme, Cambridge) is the only approved treatment for Pompe disease. A new therapeutic strategy was developed consist-

ing of delivering adeno-associated virus serotype 9 (AAV9) and serotype 10 (AAV10) vectors expressing human GAA into cerebrospinal fluid of 

GAA-KO 6neo/6neo Pompe mice. The purpose of this work was to investigate synchrotron Fourier transform infrared (sFT-IR) and deep ultraviolet 

(sDUV) microspectroscopies to detect new biomarkers of the disease and the AAV gene therapy in the cardiac muscle, one of the most affected 

organs in Pompe disease. Multivariate statistics applied to sFT-IR spectra between 4000 cm–1 and 950 cm–1 highlighted the potential of sFT-IR to 

discriminate Pompe (-/-), Wild type and AAV-treated animals from C–H stretching vibrations of CH3, from C–O, C–N and C–C stretching vibrations 

of amide I, II, III bands and from specific IR signature of the glycogen. Investigations performed by sDUV microscopy showed a significant increase 
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of the tryptophan autofluorescent signal in the right ventricle for the AAV9-treated Pompe mice. The high-resolution sDUV microspectroscopy 

experiments suggested a correlation between the tryptophan-rich area and the GAA-rich area. These unprecedented results demonstrate that 

high-resolution UV microspectroscopy can be a complementary innovative approach to monitor the chemical change in label-free cardiac muscle 

section. Moreover, this non-destructive technology can be applied to a small amount of tissue allowing therapeutic assessment from biopsy of 

human patients.

Keywords: Pompe disease, glycogenosis type II, gene therapy, cardiac muscle, synchrotron microspectroscopy, infrared, glycogen, deep 
ultraviolet, tryptophan

Introduction
Glycogenosis type II, also known as Pompe disease, is a 
lysosomal storage disorder caused by mutation in the gene 
that encodes acid alpha-glucosidase (GAA), which hydro-
lyses lysosomal glycogen.1,2 It is an autosomal recessive 
neuromuscular disorder with an estimated incidence of 1 
in 40,000 births.3–5 GAA deficiency results in lysosomal 
glycogen storage in multiple tissues that predominantly 
affects cardiac and skeletal muscles.2,6 Clinically, infantile-
onset Pompe disease manifests as hypotonia, cardiores-
piratory distress and cardiomegaly.7–10 Enzyme replace-
ment therapy (ERT) with recombinant human GAA (rhGAA, 
Myozyme®, Genzyme, Cambridge) is the only approved 
treatment for Pompe disease.11 Treatment with Myozyme® 
has been shown to increase the patient’s lifespan by 
reducing cardiac pathology,12,13 however, ERT has a poor 
and highly variable response in skeletal muscle.14–17 It was 
demonstrated that glycogen accumulation also occurs 
in the central nervous system (CNS)6,18 and cannot be 
corrected by ERT due to the blood brain barrier. Patients 
harbouring the infantile form treated using Myozyme® 
ERT displayed an extension of life survival, however, they 
could develop a new neurologic phenotype.19–21 The 
requirement of frequent infusions with high concentra-
tions of rhGAA to achieve efficacy and the risk of a subse-
quent immune response are other drawbacks of ERT treat-
ment in Pompe disease.22,23 Therefore, development of 
alternative therapeutic strategies that would efficiently 
correct the CNS glycogen overload as well as other tissues, 
such as gene therapy are needed. We previously demon-
strated that a single administration of an adeno-associated 
virus serotype 9 and 10 (AAV9 and AAVrh10) expressing 
green fluorescent protein transgene (GFP) into the cere-
brospinal fluid (CSF) leads to widespread GFP distribu-
tion into the brain, spinal cord and peripheral organs in 
rodent models.24,25 We also demonstrated that intra-CSF 

administration of an AAV9 and AAVrh10 expressing hGAA 
therapeutic transgene in GAA-KO 6neo/6neo Pompe mice, 
allowed significant decrease of glycogen storage into the 
brain, spinal cord and cardiac muscle, at the histological 
and molecular levels, with higher efficiency using sero-
type 9.26 Significant functional neurologic correction was 
obtained starting at four months and hypertrophic cardio-
myopathy correction was observed at twelve months in 
AAV9-treated animals. Classical methods for histologic 
investigation of glycogen storage are based on periodic 
acid Schiff (PAS) staining in Pompe disease patients as 
well as in animal models.27–30 Despite the fact that PAS 
staining represents the gold standard method for diagnosis 
in patients and for biomarkers in research, it remains a 
semi-quantitative method that could, therefore, lead to 
bias. Recently, Lagalice et al.31 have shown that Fourier 
transform infrared (FT-IR) microspectroscopy could be an 
alternative method to characterise glycogen mapping in 
skeletal muscle from Pompe mice. This non-destructive 
method based on the vibrational analyses of glycogen 
represented an unbiased method useful to follow the 
course of the disease in skeletal muscle.31

The purpose of the present study was to assess cardiac 
muscle correction after hGAA-AAV gene therapy in 
GAA-KO 6neo/6neo Pompe mice using synchrotron radia-
tion as a new tool. FT-IR microscopy coupled to a synchro-
tron source (sFT-IR) allows both high spatial resolution 
and high signal-to-noise ratio to be achieved, offering 
a highly sensitive signal detection of chemical modifi-
cations at the cellular level without staining.32 In addi-
tion, synchrotron deep ultraviolet (sDUV) fluorescence 
microscopy and microspectroscopy are powerful tools to 
investigate the autofluorescent components of cells and 
tissues.33–35 Nicotinamide adenine dinucleotide (NADH), 
collagen cross-links, tyrosine, elastin and tryptophan can 



L. Dubreil et al., J. Spectral Imaging 8, a13 (2019)	 3

be localised without any external probe or staining at high 
spatial resolution.35–40

In this study, we highlight the potential of sFT-IR micro-
spectroscopy to investigate the cardiac muscle during the 
course of Pompe disease as well as to assess the efficacy of 
hGAA-AAV vectors in GAA-KO 6neo/6neo mice. Multivariate 
statistics applied to IR spectra between 4000 cm–1 and 
950 cm–1 highlighted the potential of sFT-IR to discrim-
inate Pompe, Wild type (Wt) and AAV-treated animals 
from C–H stretching vibrations of CH3 and CH2 (3000–
2800 cm–1), from C–O, C–N and C–C stretching vibra-
tions of amide I, II, III bands (1700–1300 cm–1) and from 
specific IR signatures of glycogen (1152 cm–1, 1080 cm–1, 
1025 cm–1).

On the other hand, investigations performed on heart 
by sDUV showed a significant increase of the tryptophan 
autofluorescent signal in the right ventricle for the AAV9-
treated Pompe mice. High-resolution UV microspectros-
copy experiments suggested a correlation between the 
tryptophan-rich area and the GAA-rich area, detected in 
parallel by immunohistochemistry in serial thin-sections. 
These unprecedented results propose complementary 
highly resolved and sensitive approaches to assess thera-
peutic strategies in cardiac muscle by monitoring chemical 
changes. This technology that can be applied to a small 
amount of tissue is relevant and useful for biopsies from 
human patients.

Methods
Biological material
Production of vectors
The recombinant viral vectors AAV9-CAG-rhGAA 
and AAV10-CAG-rhGAA used for gene therapy were 
produced by the Vector Production Center of the INSERM 
U1089 unit in Nantes, France. The gene of interest is that 
encoding human GAA.

Animals and cross-sections preparation
The studies were performed in a Pompe disease mice 
model (GAA-KO 6neo/6neo; Nina Raben, NIH, Bethesda, 
MD, USA). Experiments on animals were carried out 
according to European guidelines for the care and use of 
experimental animals, and were reviewed and approved 
by the regional ethics committee (CEEA Pays de la Loire, 
authorisation number CEEA-2012-210). IR microspec-
troscopy studies were first performed on three Wt mice 

and three GAA-KO 6neo/6neo mice, one-month old and 
twelve-months old, in order to detect chemical modifica-
tions during the course of the disease. Furthermore, six 
one-month old GAA-KO 6neo/6neo mice were injected 
with AAVrh10-CAG-rhGAA (three mice -/- AAV10) or 
AAV9-CAG-rhGAA (three mice -/- AAV9). At twelve 
months, injected mice were euthanised. Finally, a total 
of 18 mice were included in the study, 6 mice euthanised 
at one-month old and 12 mice euthanised at twelve-
months old. After anaesthesia and analgesia, mice were 
perfused intracardially in the left ventricle with 1 mL of 
phosphate buffer saline followed by 9 mL of 4 % parafor-
maldehyde (PFA) in order to carry out exsanguination and 
a first fixation of the tissues of interest. The heart was 
then removed and fixed for 48 h in a 4 % PFA bath at 4 °C.

Once the hearts were fixed, they underwent several 
dehydration baths (from alcohol to cyclomethylhexane) 
and were included in paraffin. Hearts were cut with a 
microtome (Microm model HM355S, MM France), which 
cut the paraffin blocks with a very high precision. The 
sections of 10 μm depth were placed on zinc selenide 
windows (ZnSe, 13 mm in diameter, Crystran, UK) for IR 
microspectroscopy and on quartz slides for DUV imaging.

Tissue processing for histology
Paraffin-embedded 10 µm serial sections were stained 
with PAS and observed using the Nikon Eclipse 90i® 
microscope (Nikon, Champigny, France) and NIS-element 
software.

Immunohistochemistry
Paraffin-embedded sections were used to investigate 
the cellular localisation of GAA in the cardiac muscle. 
Immunohistofluorescence was performed with a rabbit 
anti-GAA antibody (home-made) on dewaxed sections. 
Briefly, primary antibody was incubated overnight 
at 4 °C after permeabilisation and the secondary anti-
body labelled with Alexa® red 555 (Life Technologies; 
555A21429-1/500) was incubated for 1 h at room 
temperature. Observations and image acquisition were 
performed with a confocal laser scanning microscopy 
(LSM 780 Zeiss, Marly le Roi, France).

Synchrotron source and methods of 
acquisition
FT-IR microspectroscopy
Dewaxed cardiac muscle cross-sections were studied 
from one-month old animals (three Wt and three 
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Pompe mice) and from twelve-month old animals 
(three mock-treated Pompe mice, three AAV9-treated 
Pompe mice, three AAV10-treated Pompe mice and 
three Wt mice). Conventional FT-IR microspectro-
scopic imaging was performed at the SMIS beam-
line (Spectroscopy and Microscopy in the IR using 
Synchrotron SOLEIL, Gif/Yvette, France) using an IR 
microscope (Nicolet iN10, Thermo Scientific, USA) to 
collect chemical information at medium resolution in 
order to perform an IR mapping of the whole cardiac 
cross-section. Spectra were acquired in transmission 
mode with an aperture of 25 × 25 µm2 and steps of 
25 µm. Glycogen content was determined by the area 
under the curve for the glycogen peaks and ratioed 
against the amide I peak area using Omnic software 
(Thermo Scientific). High spatial resolution IR spectral 
maps were then collected using the SMIS beamline. All 
spectra were recorded in transmission mode using a 
10 × 10 µm2 dual-path single-aperture on a Continuum 
XL microscope (Thermo Scientific). The microscope 
comprises a motorised sample stage and a liquid-
nitrogen-cooled mercury cadmium telluride (MCT-A) 
detector (50 µm element size). The microscope oper-
ates in confocal mode using a 32× infinity-corrected 
Schwarzschild objective (NA  = 0.65) and a matching 
32× condenser. Two approaches to the investigation 
were performed: i) point mapping including fibres 
and connective tissue exploration and ii) single point 
exploration allowing single fibre analysis without 
connective tissue. Individual spectra were saved in 
log (1/R) format at 8 cm–1 spectral resolution, with 
128 co-added scans encompassing the mid-IR region 
from 4000 cm–1 to 650 cm–1. All IR spectra were pre-
processed and submitted to multivariate data analysis 
(The Unscrambler X 10.3, CAMO Process AS, www.
camo.com). Spectral data were first baseline corrected 
and unit vector normalised. Second derivatives of the 
spectral data were assessed (nine-point Savitzky–Golay 
filter) to enhance the spectral resolution of the absorp-
tion bands. The second derivative IR spectra pre-
multiplied by –1 were analysed by applying principal 
component analysis (PCA). The computation of prin-
cipal components was based on the non-linear itera-
tive projections by alternating least-squares algorithm. 
While the score plots allowed a comparison of the IR 
spectra, the corresponding loading plots revealed the 
main characteristic absorption bands behind the clus-
tering of the spectra.

Synchrotron DUV fluorescence imaging
Dewaxed cardiac muscle cross-sections (10 µm) from 
twelve-month old animals were studied (three AAV9-
treated Pompe mice and three mock-treated Pompe 
mice-/- PBS). The sections were placed on circular 
quartz slides for DUV imaging (diameter 12.7 mm, ESCO 
optics, New Jersey, USA). The DISCO beamline at SOLEIL 
synchrotron has an experimental imaging station on 
which the bending magnet delivers DUV radiation in the 
visible, continuously tuneable from 180 nm to 600 nm 
(1.2–20 eV). Many aromatic groups and many enzymes 
naturally luminesce under UV excitation without external 
markers. This makes the DISCO beamline an instrumen-
tation adapted to the in situ study of samples derived 
from cell biology and biomedine, with a desire to exploit 
the intrinsic fluorescence of molecules.35,41,42 The DISCO 
beamline imaging station consists of two microscopes. 
The first microscope, so-called Telemos, is a full-field fluo-
rescence microscope. A second microscope, so-called 
Polypheme, is a microspectroscopic microscope devoted 
to hyperspectral imaging. The full-field sDUV imaging 
system is constructed around a Zeiss Axio Observer Z1 
(Zeiss) inverted microscope constructed with quartz-
only optics. The white beam of DISCO beamline at 
Synchrotron SOLEIL is monochromatised by an iHR320 
(Jobin-Yvon Horiba) before coupling with the entrance 
of the modified Zeiss Axio Observer Z1, the monochro-
matic beam was settled at 280 nm. A sharp dichroic 
mirror transmitting only above 300 nm (Omega Optical) 
reflected the incident light before focussing onto the 
sample through a Zeiss Ultrafluor 40 (NA = 0.6, glycerine 
immersion). Emission was recorded with a Pixis 1024-BUV 
camera (Princeton Instruments) after passing through a 
series of bandpass filters [307–323 nm, 327–353 nm, 
370–410 nm, 412–438 nm and 420–480 nm (Semrock)]. 
These channels were chosen according to the aromatic 
groups which fluoresce at these wavelengths and which 
can be associated in their interpretation with the pres-
ence of different amino acids or proteins. Thus, we 
assigned the first channel to the presence of tyrosine, 
the second and third to the presence of tryptophan and 
finally the last two to the presence of collagen cross-
links in the tissue (Figure 6). Fluorescence images where 
typically recorded in a few seconds exposure. Power 
measured on the sample was close to µW cm–1. The 
whole system is controlled via Micro-Manager.43,44 The 
acquisitions were made with a ×10 lens allowing mosaics 
to be made and reconstructing a large image representa-

http://www.camo.com
http://www.camo.com
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tive of a cross-section of the heart’s size of the field. Five 
large images were acquired per sample. The images were 
analysed using Fiji software.45 These images needed to 
be contrasted and coloured artificially by the software to 
be comparable and interpretable in a clearer and more 
precise way. The same contrast has been applied to all 
images. The intensity of fluorescence on the images 
increases from green to violet to orange (blue orange 
lookup table in Fiji). Ratios between images acquired 
in two different channels allow the expression of one 
element to be followed in relation to another and thus 
show biological interest. Images were divided following 
several combinations and four of them revealed significa-
tive difference between treated and untreated cardiac 
samples. Results are expressed as means ± standard devi-
ation (sd). Effects of heart region analysed (septum, right 
and left ventricles) and experimental conditions (307–
438 nm) on the percentage of fluorescent area have been 
evaluated with linear mixed-effects models. The theory 
of parametric estimation provides principles to compare 
different experimental situations. A significant difference 
was considered to exist when p < 0.05. Statistical analysis 
was performed using non-linear mixted effect packages 
in R software (R Core Team).

In UV fluorescence microspectroscopy, the excitation 
wavelength was at 280 nm and the recovery of the fluo-
rescence was carried out between 300 nm and 550 nm. 
One hundred spectra were collected per region, i.e. 
between 200 and 300 spectra per animal with three 
animals per condition (AAV9 treated and mock-treated 
Pompe mice). Spectra were pre-processed and submitted 
to multivariate data analysis (The Unscrambler).

Results 
Investigation of Pompe disease status by 
FT-IR microspectroscopy
Images of whole cardiac muscle sections were first 
recorded at medium spatial resolution (25 × 25 µm2) using 
an iN10 microscope equipped with a thermal IR source. 
FT-IR spectral maps measured on cardiac muscle sections 
from one-month old and twelve-month old Pompe mice 
were compared with those of Wt animals. Figure 1a 
shows the representative raw IR spectra obtained from 
the cardiac muscle fibre of Wt mice (green and blue lines) 
and Pompe mice (orange and red lines), respectively 
aged one month and twelve months. The absorption 

intensities of the peaks at 1025 cm–1, 1080 cm–1 and 
1152 cm–1, that originate from the C–O stretching vibra-
tions of glycogen,46 are distinctly stronger in Pompe mice 
at the early stage of the disease (one-month old) and are 
greatly increased in adult Pompe mice (twelve-month old) 
compared to the Wt animals.

Since the cardiac muscle sections comprised large 
empty areas devoid of any tissue, different tissue-filled 
areas were recorded sequentially and the image was then 
reconstituted by matching the spectral information of 
each single area to reconstruct a larger image. The ratio 
between the area under the glycogen peaks and the 
area under the amide I peak was used to normalise the 
samples’ thickness heterogeneity in the chemical maps. 
Red hues indicated regions with high glycogen content; 
green hues indicated medium glycogen content while 
blue hues indicated low glycogen content (Figure 1b; ii, 
iv). Infrared microspectroscopy imaging enabled a sensi-
tive detection of glycogen accumulation in comparison 
with PAS staining which did not allow a clear discrimi-
nation between Wt and Pompe cardiac muscle at one 
month (Figure 1b; i, iii). IR microspectroscopy imaging 
showed that no specific glycogen tissue compartmentali-
sation was present in the heart of one-month old Pompe 
mice (Figure 1b).

Synchrotron FT-IR microspectroscopy
The SOLEIL synchrotron radiation source was then used 
to achieve a spatial resolution compatible with the meas-
urement of individual muscle fibres (10 × 10 µm2) and to 
maintain a high signal-to-noise ratio necessary for multi-
variate analysis. Analyses were carried out in the heart 
pillar area in order to get information about glycogen 
storage in numerous transverse fibres at the single cell 
level. Indeed, cardiac muscle cells are very close and 
dense in the pillar area with a minimum size close to 
10 µm and a thin connective tissue between the fibres 
requiring high spatial resolution synchrotron investiga-
tion to analyse cells individually.

The spectra were analysed by PCA and the results were 
represented by the score plot in which one point corre-
sponds to one fibre spectrum and by the loading plot where 
the contribution of each wavenumber in the clustering of 
the spectra is explained (Figure 1c, d). Band assignments 
in the IR spectra was tentatively done according to the 
literature.47–49 Three clusters can be separated along the 
PC-1 axis in the score plot (Figure 1c) and the loading 
plot showed the strong weight of the bands for glycogen 
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at 1025 cm–1, 1080 cm–1 and 1152 cm–1 in the clustering 
(Figure 1d). One-month and twelve-month old Wt mice 
were grouped in the first cluster (grey and black markers). 
One-month old Pompe mice (light blue markers) with a 
moderated elevation of the bands assigned to the carbo-
hydrates of glycogen (1152 cm–1, 1080 cm–1, 1025 cm–1) 

constituted a second cluster and finally twelve-month 
old Pompe mice (red markers) were grouped in a third 
cluster with stronger glycogen bands. There was no or 
little overlap between the Pompe and the Wt clusters, 
showing that most Pompe muscle fibres were affected 
by the increase in glycogen storage from as early as one 

Figure 1. (a) Example of mean IR spectra obtained from cardiac muscle fibre of Wild type (Wt) and Pompe mice (-/-). 
Spectra from 1-month and 12-month old Wt are represented, respectively, by the green and blue curves. Spectra from 
1-month Pompe mice (-/- 1 month) and 12-month old Pompe mice (-/- 12 months) are represented, respectively, by the 
orange and red curves, (*) three peaks (1152, 1080, 1025 cm–1) attributed to glycogen. Spectra integration was performed 
on Omnic software, the area of glycogen peak was reported to the area of amide I peak. (b) (i) Periodic acid Schiff (PAS) 
staining of cardiac muscle sections from Wt and (iii) from Pompe mice. (ii) Glycogen mapping by IR microspectroscopic 
imaging in cardiac muscle from Wt and (iv) from Pompe mice performed from spectra integration described in (a). (c) PCA 
score plot realised from the second derivative (multiplied by –1) of IR spectra between 1400 cm–1 and 950 cm–1. 1-month 
and 12-month old Wt animals were merged in the same cluster on the positive side of PC-1 axis, spectra from 1-month 
old Pompe animals are located mostly on the negative side of the plot axis, 12-month old Pompe animal spectra were 
all located on the negative side of the plot axis with higher negative values. (d) Loading plot showed spectral regions 
associated with chemical functional groups responsible for the clustering seen in the scores plot (glycogen: 1152, 1080, 
1025 cm–1), the higher glycogen signal was associated with the spectra of the Pompe animals.
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month, and that almost no Wt fibres had significantly 
higher glycogen levels. The spectra of cardiac fibres from 
the twelve-month old and one-month old Pompe mice 
showed very little overlap, evidencing a large increase in 
the glycogen level and suggesting that different stages in 
the progression of the disease may exist. In the loading 
plot, a small peak at around 1350 cm–1 appeared corre-
lated with the stronger C–O peaks from glycogen. This 
might be tentatively assigned to the C–H deformation 
from CH3 generally found at 1380 cm–1 and this could 
indicate a change in the lipid concentration associated 
with the change in glycogen storage. Alternatively, this 
could be assigned to the C–H deformation from CH2 of 
beta-anomers at 1370 cm–1 that can be detected in pure 
glycogen spectra.

Multivariate data analyses were also performed on 
the 3600–1200 cm–1 wavenumber range to exclude 
the main bands of glycogen capable of masking new 
discriminant markers of the pathology and of the therapy 
response. The data analyses were focused on three parts 
of the spectra: the 3600–2800 cm–1 range for CH inves-
tigation associated with lipids but also NH (3300 cm–1) 
and OH (3400–3600 cm–1), the 1780–1200 cm–1 range 
for exploration of amide I, II, III and lipid esters, and the 
1480–1180 cm–1 range for amide III and collagen (1320–
1360 cm–1) investigations. PCA results were represented 
by the corresponding score and loading plots (Figure 2). 
For the 3600–2800 cm–1 range (Figure 2a), separation 
of twelve-month old mice from one-month old mice was 
obtained along the PC-1 axis with the main differences at 
2908, 2860 and 2840 cm–1 observed on the loading plot. 
The peaks at 2919 and 2850 cm–1 were not interpreted 
since the tissues were first paraffin embedded and then 
dewaxed. Only CH3 peaks were considered informative. 
Furthermore, PCA performed on the 1780–1200 cm–1 
range highlighted a separation along the PC-1 axis 
between twelve-month old Pompe mice (80 % below the 
PC-1 axis) and one-month old mice (for both one-month 
old Wt mice and one-month old Pompe mice, 86 % above 
the PC-1 axis). Twelve-month old Wt mice were distrib-
uted on either side of the PC-3 axis (59 %/41 %) and 
on either side of the PC-1 axis (54 %/46 %) (Figure 2b). 
Twelve-month old Pompe mice formed a cluster along 
the PC-3 axis (88 % of twelve-month old Pompe mice 
separated along the PC-3 axis). A shift of the amide I 
toward low frequencies (shown by the peak at 1630 cm–1 
in PC-1 loadings) was related to the separation of the 
twelve-month old Pompe mice by PCA. This suggested 

that changes in the proteins, either conformational, inter-
molecular aggregation or de novo expression, were impli-
cated in the separation of the cluster. We focused on 
the analysis of collagen which exhibits a strong signal at 
1637 cm–1 arising from the triple-helix.50

Assessment of AAV gene therapy efficiency by 
FT-IR microscopy
The objective of our IR experiments was also to demon-
strate the potential of this new approach to assess AAV 
gene therapy on Pompe cardiac muscle.

We first mapped the distribution of glycogen in the 
whole cardiac muscle of mock-treated Pompe mice (-/- 
PBS), AAV9-treated Pompe mice (-/- AAV9), AAV10-
treated Pompe mice (-/- AAV10) and Wt mice using the 
iN10 imager (Figure 3). Thanks to glycogen spectroscopic 
mapping, we demonstrated that glycogen storage was 
strongly decreased in cardiac muscle of AAV9-treated 
Pompe mice compared to AAV10-treated Pompe mice 
(Figure 3b). Furthermore, thanks to the sensitive FT-IR 
glycogen mapping and GAA immunohistochemistry, our 
study allowed us to demonstrate a partial concordance 
between the GAA-rich area and the poor glycogen area 
on AAV9-treated Pompe cardiac section (Figure 3c). GAA 
expression was particularly high in the papillary muscles 
from AAV9-treated Pompe. This GAA-rich area was asso-
ciated with a low glycogen concentration (Figure 3c).

Higher-resolution IR microspectroscopy analyses were 
carried out in the heart papillary muscles using synchro-
tron radiation. The papillary muscles area was chosen for 
its homogeneous structure (transversal fibres exclusively). 
PCA performed on the 1400–950 cm–1 range revealed a 
clear separation along the PC-1 axis between the AAV9-
treated and the AAV10-treated mice in the spectral area 
specific to glycogen (1025, 1080 and 1152 cm–1; Figure 
4). Furthermore, PCA performed on the 1450–1300 cm–1 
range revealed that 88 % of twelve-month old mice 
(both Pompe and Wt) were located above the PC-2 axis 
whereas 63 % of AAV10-treated mice and 40 % of AAV9-
treated mice were situated below PC-2 associated with 
1403 cm–1, 1375 cm–1 and 1332 cm–1 (Figure 5).

Assessment of AAV gene therapy efficiency by 
DUV microscopy/microspectroscopy
The DISCO imaging beamline devoted to synchrotron 
radiation UV fluorescent microscopy was used to explore 
the autofluorescence of cardiac tissue.35,41 We elected 
to investigate tyrosine, tryptophan and collagen cross-
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links (pentosidine) autofluorescence using sDUV micro-
spectroscopy with 280 nm excitation. Figure 6 shows a 
series of images obtained from cardiac muscle sections 
showing the different patterns of fluorescence mapping 
obtained using five complementary filters (described in 
Figure 6a). The ratio between the image obtained with 
filter 2 (327–353 nm) and the image obtained with filter 1 
(307–323 nm) gave a resultant image attributed to tryp-
tophan/tyrosine ratio (image not shown), and the ratio 
between the image obtained in filter 2 (327–353 nm) 
and the image obtained in filter 4 (412–438 nm) gave a 
resultant image attributed to tryptophan/collagen cross-
links ratio (Figure 7). These operations allowed the results 

to be rationalised and to bypass a possible surface rough-
ness effect (Figure 7a–c). Fluorescence of rationalised 
images was analysed separately in the right ventricle, left 
ventricle and in the septum by the selection of regions 
of interest (ROI) and by using a determined threshold for 
image analysis. Histograms shown in Figure 7d–e showed 
significant differences between mock-treated Pompe 
mice and AAV9-treated Pompe mice in the right ventricle 
for the images resulting from tryptophan/collagen cross-
links ratio and tryptophan/tyrosine ratio with a level of 
risk tolerance equal to 5 % and a p-value less than 0.05.

Hyperspectral imaging using highly sensitive and high-
resolution UV microspectroscopy analyses was carried 

Figure 2. (a) PCA score plot realised from the second derivative (multiplied by –1) of IR spectra between 3600 cm–1 and 
2800 cm–1. 12-month old Pompe animals were all located on the negative side of PC-1 axis with the main differences at 
2908, 2860 and 2840 cm–1 observed on the loading plot. (b) PCA score plot realised from the second derivative (multi-
plied by –1) of IR spectra between 1780 cm–1 and 1200 cm–1. Two clusters were separated in the score plots, i) along the 
PC-1 axis, separation of 1-month old mice from 12-month old Pompe mice with strong differences in the clustering on 
1655 cm–1 (high weight for 1-month old mice) and 1630 cm–1 (high weight for 12-month old Pompe mice), ii) along PC-3 
axis, 12-month old Pompe mice formed a cluster at right of PC-3. 12-month old Wt mice were distributed from either side 
of PC-3 and PC-1 axis.
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out in mock-treated and in AAV9-treated Pompe mice. 
Three distinct areas were investigated in cardiac muscle 
from three mock-treated Pompe mice (-/- PBS) and three 
AAV9-treated Pompe mice (-/- AAV9). The GAA-rich 

area from AAV9-treated Pompe mice was selected from 
serial tissue sections previously immunolabeled with 
anti-GAA antibody. Immunolabeling of GAA showed a 
heterogeneous expression in the tissue (Figure 8a). PCA 

Figure 3. Representative sections of cardiac muscle from 12-month old mice. (a) PAS staining of cardiac muscle of Wild 
type mouse (Wt), mock-treated Pompe mouse (-/-), AAV9-treated Pompe mouse (-/- AAV9), AAV10-treated Pompe mouse 
(-/- AAV10). The glycogen storage appears in purple on a light pink background. (b) Infrared chemical mapping of glycogen 
in cardiac muscle of Wt, mock-treated Pompe mouse (-/-), AAV9-treated Pompe mouse (-/- AAV9), AAV10-treated Pompe 
mouse (-/- AAV10). The relative concentration of glycogen was determined from the area under the curve for the glyco-
gen pic centred at 1080 cm–1 and normalised versus the protein pic area centred at 1654 cm–1. (c) Acid alpha-glucosidase 
immunolabeling on AAV9-treated Pompe mice cardiac muscle section (-/- AAV9). (d) partial colocalisation between area 
with glycogen correction and GAA immunodetection.

Figure 4. PCA scores plot realised from IR spectral data obtained between 1400 cm–1 and 950 cm–1 for 12-month old mice: 
Wild type (Wt), Pompe mice (-/- PBS), AAV9-treated Pompe mice (-/- AAV9) and AAV10-treated Pompe mice (-/- AAV10). 
Wt and AAV9-treated Pompe mice (-/- AAV9) were merged in the same cluster on the positive side of axis with low 
content of glycogen whereas mock-treated Pompe mice (-/-) and AAV10-treated Pompe are merged and located mainly 
on the negative side of the plot axis with high glycogen content. (b) Loading plots showed spectral regions associated with 
chemical functional groups responsible for the clustering seen in the scores plot (glycogen: 1152, 1080, 1025 cm–1).
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was performed on the DUV spectra and the results were 
represented as score plots (Figure 8b). The discrimination 
of clusters was possible using the score plot, and the 
loading plot revealed that clustering was based on the 
characteristic band of tryptophan (Figure 8c). In the score 
plot, each red spot corresponded to an emission spectrum 
obtained from mock-treated Pompe mice fibres, whereas 
each blue/purple spot (purple, blue, light blue) corre-
sponded to an emission spectrum from AAV9-treated 
Pompe mice fibres from three animals. One hundred 
spectra were analysed for each condition. Red spots 
formed an elongated cloud along the PC-1 axis, showing 
a strong variability in the 310/348 nm ratio, whereas 
blue/purple spots formed three distinct clouds of points 
along the PC-3 axis with two clouds located in the posi-
tive part of the plot (high content in tryptophan). The 
two positive clouds represented spectra obtained from 
one AAV9-treated Pompe mice (purple points; Figure 8b) 
and could be due to the presence of GAA. The hetero-
geneity of the clusters for the AAV9-treated Pompe mice, 
obtained with PCA, could be related to the heterogeneity 
of hGAA content detected in the serial tissue sections 
by hGAA immunolabeling. The hGAA detection from its 
tryptophan autofluorescence UV spectra would be in 

accordance with the high content of tryptophan residues 
in hGAA (21/952 amino acids).

Discussion
The efficacy of a rhGAA-AAV9 gene therapy on cardiac 
muscle of GAA-KO 6neo/6neo mice was demonstrated by 
using sDUV microscopy and sFT-IR microspectroscopies. 
From glycogen spectroscopic mapping, we demonstrated 
that glycogen storage was strongly decreased in cardiac 
muscle of AAV9-treated Pompe mice compared to 
AAV10-treated Pompe mice. These results are consistent 
with those obtained using biochemical glycogen assay 
performed on AAV9- and AAV10-treated Pompe cardiac 
muscles.26 Furthermore, the heterogeneity observed 
inside the AAV9-treated Pompe mice cluster was in 
agreement with the variability of the glycogen storage 
correction previously described in AAV9-treated mice 
cardiac muscle from GAA and glycogen assay.26

The results are in accordance with previous studies 
published by Hordeaux et al.26 that demonstrated a 
better efficiency of the AAV9 vector for the correction of 
cardiac muscle in Pompe disease by using conventional 

Figure 5. (a) PCA scores plot realised from IR spectral data obtained between 1450 cm–1 and 1300 cm–1 for 12-month 
old mice: Wild type (Wt), Pompe mice (-/- PBS), AAV9-treated Pompe mice (-/- AAV9) and AAV10-treated Pompe mice 
(-/- AAV10). Wt and mock-treated Pompe mice (-/-) were merged in the same cluster on the positive side, whereas mainly 
AAV9-treated Pompe mice and AAV10-treated Pompe were located on the negative side of the plot axis. (b) Loading plots 
showed spectral regions associated with chemical functional groups responsible for the clustering seen in the scores plot 
(1403, 1375, 1332 cm–1).
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approaches as glycogen biochemical assay, GAA enzy-
matic activity measurements and histological investiga-
tions.

The potential of synchrotron IR microspectroscopy is 
particularly well documented in the mapping of chemical 
modifications in pathological tissue,32,51–54 but until now, 

no sFT-IR or sDUV spectroscopy has been performed 
to investigate the chemical changes in Pompe cardiac 
muscle.

By using high spatial resolution synchrotron methods 
and multivariate data analysis applied to IR spectral data, 
we have shown for the first time that it was possible to 

Figure 6. (a) Table with the list of emission filters used for the image acquisition and 
the corresponding autofluorescent components. (b) images of cardiac muscle section 
resulting from the acquisition with the different filters. (c) Fluorescence spectra of 
tyrosine, tryptophan, collagen. Scale bar, 400 µm.
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follow glycogen accumulation in the cardiac muscle from 
Pompe mice, fibre by fibre, thanks to the glycogen spec-
tral signature. The power of the method was particularly 
demonstrated by the capability to separate clearly AAV9-
treated Pompe mice and Wt mice from AAV10-treated 
Pompe mice and mock-treated Pompe mice by consid-
ering their differences in glycogen spectral intensities. 
Glycogen and GAA content are the two main biomarkers 
of Pompe disease currently analysed to follow the course 
of the disease and to assess the efficacy of therapies. 
These biomarkers are routinely analysed by performing 
biochemical assays and histopathological investigations 
consisting of glycogen PAS staining and GAA immuno-
histochemistry on tissue sections.15,26,55–57 Glycogen 
PAS staining is based on the principle of periodic acid-
induced oxidative cleavage of carbon-to-carbon bounds 
in 1,2-glycols to form dialdehydes reacting with fuchsin-
sulphurous acid, which in turn combines with the basic 

pararosaline, yielding a magenta-like stain.58 PAS staining 
could be used to quantify glycogen in tissue sections but 
the thickness of the sections has to remain constant to 
ensure the validity of the comparison of glycogen content 
between sections.59 Different tissue types, thicknesses, 
hydration state or densities could affect the penetration 
rate of the stain and the accuracy of the quantification. 
On the other hand, infrared microspectroscopy offers 
the opportunity to study the glycogen mapping on tissue 
sections by investigating the intrinsic glycogen molecular 
vibration without adding any marker and with µm spatial 
resolution.60–62 Thanks to the normalisation of glycogen 
bands with the amide I band, it is possible to account 
for the varying thickness of the sample, which was not 
possible from glycogen PAS staining. In this work, we only 
carried out a semi-quantitative assessment of glycogen 
concentration by measuring the glycogen/protein peak 
area ratio, but it would be possible to determine the exact 

Figure 7. Representative cardiac muscle section from (a) mock-treated Pompe mice (-/-) tryptophan/collagen ratio. (b) 
AAV9-treated Pompe mice tryptophan/collagen ratio (-/- AAV9). (c) AAV10-treated Pompe mice (-/- AAV10) tryptophan/
collagen ratio. Scale bar, 400 µm. (d–e) Fluorescence of rationalised images was analysed separately in right ventricle, left 
ventricle and the septum by the selection of regions of interest (ROI) and by using a common threshold for image analy-
ses. Histograms of (d–e) showed significative differences between mock-treated mice and AAV9-treated mice in the right 
ventricle for the images resulting from (d) the tryptophan/collagen ratio and (e) the tryptopan/tyrosine with a level of risk 
tolerance equal to 5 % and a p-value less than 0.05. Statistical analyses were performed using linear mixed effects models 
with R software.
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glycogen concentration in each of the cells from the 
same IR spectra by using multivariate regression methods 
(partial least squares regression, principal component 
regression, multivariate curve resolution alternating least 
squares etc.). It would be necessary to build a regres-
sion model with IR spectra from mixtures of proteins 
(e.g. cardiac muscle actin) and glycogen with a known 
concentration. Compared to the conventional methods, 
infrared microspectroscopy is a promising non-destruc-
tive method using a small quantity of tissue compatible 
with human tissue exploration.

The power of sFT-IR resides also in the fact that 
investigation of chemical changes is not restricted to 
the major biomarkers of a disease but could highlight a 
large panel of new minor and discriminant biomarkers. 
Thus, our experiments showed that the twelve-month 
old Pompe mice spectra could be separated from the 
other groups according to differences in the C–H bands 
intensity between 2960 cm–1 and 2840 cm–1, assigned 
in the literature to asymmetric and symmetric C–H 
stretching vibrations of CH3 (2956 cm–1 and 2874 cm–1) 
and CH2 (2900 cm–1 and 2852 cm–1).32 This discrimi-

Figure 8. (a) Immunohistochemistry of GAA on cardiac muscle section for three AAV9-treated Pompe mice. GAA was 
detected in red fluorescence. Areas 1, 2, 3 corresponded to the area explored with UV microspectroscopy. Scale bar 
200 µm. (b) PCA scores plot realised from UV spectral data obtained between 300 nm and 550 nm for cardiac muscle from 
three mock-treated and three AAV9-treated Pompe mice. Three distinct areas were investigated in each cardiac muscle. 
PCA methods allowed the discrimination of clusters based on the characteristic band of tryptophan. Each red spot cor-
responded to an emission spectrum obtained from total mock-treated mice fibres whereas each of the purple and blue 
clusters (purple, blue, light blue) corresponded to the emission spectrum from, respectively, the three AAV9-treated mice 
analysed. Red spots formed an homogenous cloud of points along the horizontal axis whereas blue/purple spots formed 
three distinct clouds of points with two clouds located in the positive part of the plot (high content in tryptophan repre-
sented in purple, a first cluster with data from area 1, a second cluster with data from area 2 + 3). The heterogeneity of the 
spectra obtained from the AAV9-treated Pompe mice could be related to the heterogeneity of hGAA detected in the serial 
tissue sections by hGAA immunolabeling. Spectra were pre-processed and submitted to multivariate data analysis (The 
Unscrambler, CAMO Process AS, www.camo.com). (c) Loading plot.

http://www.camo.com
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nation of twelve-month old Pompe mice by their CH3 
peak intensity is compatible with the excessive accumu-
lation of enlarged lysosomes in Pompe cardiac fibres well 
described in the literature.63 Furthermore, our sFT-IR 
spectral analyses have shown that the bands associated 
with amide I, II and III were capable of discriminating the 
cluster of twelve-month old Pompe mice from the other 
groups. Twelve-month old Pompe mice spectra were 
characterised by a high positive signal at 1630 cm–1 attrib-
uted to the β-sheets structure of proteins in the litera-
ture.64 This high content of β-sheet in cardiac fibres of 
Pompe mice could be a sign of protein denaturation and/
or aggregation and is in accordance with the complete 
disorganisation of the Pompe myofibrils largely described 
in the literature.26,63 On the other hand, we have shown 
that 60 % of AAV9-treated animals formed a cluster 
associated with the bands at 1403 cm–1, 1375 cm–1 and 
1332 cm–1 related to lipid C–H.

In addition, our results have demonstrated that sDUV 
microspectroscopy was able to discriminate the AAV9-
treated Pompe mice from the other animals by both their 
high tryptophan/collagen ratio and tryptophan/tyrosine 
ratio, especially in the right ventricle. sDUV radiation 
has been described as a method with a high potential 
to detect autofluorescence of aromatic amino acid.36 
The higher content of tryptophan observed in the right 
ventricle could be compatible with the presence of hGAA 
(21 tryptophan for 952 amino acids). GAA immunodetec-
tion performed on cardiac muscle sections have shown 
the presence of GAA in the right ventricle but not exclu-
sively in this area (Figure 3). On the other hand, hyper-
spectral imaging analyses revealed a clustering of spectra 
from one AAV9-treated mouse based on the charac-
teristic band of tryptophan, which could be due to the 
presence of GAA detected by immunohistofluorescence 
in serial cardiac muscle section. The presence of tryp-
tophan, highlighted by sDUV, needs to be investigated 
further to establish a direct relation with the presence of 
GAA in the tissue.

In conclusion, these dual complementary approaches 
using synchrotron IR and DUV radiations represent 
promising, label-free, non-destructive and unbiased 
methods to investigate the course of the disease as well 
as to assess the efficacy of new therapeutic strategies 
with high sensitivity and robustness in animal models 
and in human patients. Thanks to the high resolution 
of synchrotron light and because the spectral analyses 
were performed a priori, we have identified unexpected 

changes in sFT-IR spectra and a new autofluorescent 
profile in sDUV that can be used to characterise the 
course of Pompe disease and the efficiency of therapy. 
Furthermore, thanks to this non-invasive method, unla-
belled samples can, after being analysed spectroscopi-
cally, be used for histopathological analysis or mass spec-
trometry imaging analysis for a deeper understanding of 
the pathophysiology.
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