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Introduction 

 

     Glycogen is a carbohydrate store, which can be readily 

synthesized or degraded in response to urgent metabolic 

needs at the tissue or systemic levels. Glycogen mobilization 

in the liver serves to keep normal glycaemia, degrading 

glycogen to counter hypoglycaemia and increasing glycogen 

synthesis to absorb excessive blood glucose in 

hyperglycaemia. In the muscle, glycogen acts as a readily 

available energy source for strenuous exercise. Imbalance in 

intracellular glycogen levels is pathogenic, leading to mostly 

liver and muscle disorders, but also to neurodegenerative 

disorders [1,2] and cancer [3,4,5]. The two neurological 

GSDs are the teenage epilepsy Lafora Disease [6] and the late 

onset neurodegenerative disorder Adult Polyglucosan Body 

Disease (APBD) [7-9], caused by glycogen branching 

enzyme (GBE) deficiency. This deficiency leads to poorly 

branched and therefore insoluble glycogen (polyglucosan), 

which precipitates, aggregates and accumulates into 

polyglucosan bodies (PB). Being out of solution, these 

polyglucosans cannot be digested by the glycogen digesting 

enzyme, glycogen phosphorylase. The amassing aggregates 

lead to liver failure and death in childhood (Andersen’s 

disease; glycogenosis type IV [7,8,10], treatable by liver 
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transplantation. Milder mutations of GBE, such as p.Y329S, 

lead to smaller PB, which do not disturb hepatocytes and 

most other cell types, but which can plug axons over time, 

causing the debilitating and fatal progressive axonopathic 

leukodystrophy and neuromuscular disorder APBD. 

     APBD is currently diagnosed by biochemical 

determination of GBE activity followed by Gbe mutation 

genotyping and assessment of neurological biomarkers [11]. 

As brain PB, or brain glycogen overload, are considered the 

pathogenic factor of APBD and other polyglucosan-

involving GSDs [8,12], a non-invasive biomarker for 

longitudinal assessment of brain glycogen level, as disease 

progresses, is needed. MRI scanning was used for scoring 

disease severity in the GSD Cori disease (GSD type III) [13]. 

However, this study, as other studies using isotope 

equilibrium of other metabolites such as N-Acetyl-Aspartate 

[14], did not directly detect glycogen. Moreover, the ability 

to detect brain glycogen in vivo has been demonstrated: 

Using labeled glucose tracer, brain glycogen, as well as its 

response to physiological modulation [15], were quantified 

in vivo [16-18]. However, these works relied on the possibly 

stressful intravenous injection of the labeled glucose tracer 

and did not follow disease progression over time. Therefore, 

the current pilot work is important as it provides a proof of 

principle for using a stress-free, ad libitum liquid diet to 

monitor brain glycogen over time as a pathogenic factor in 

the ultra-rare neurological GSDs, whose research is poorly 

funded. Proving the success of this approach here can be used 

as a benchmark for larger scale studies. 

 

Methods 
  

     Animals: We used a 4-month-old non-symptomatic and a 

9.5-month-old symptomatic Gbeys/ys transgenic mice, 

homozygous for the human knockin mutation in the Gbe gene 

[19]. The experiments were approved by the Institutional 

Animal Care and Use Committee of the Authority for 

Biological and Biomedical Models at the Hadassah-Hebrew 

University Faculty of Medicine. 

     MRI scan: 72 h before the MRI scan, animals were fed 

with the Teklad liquid diet, supplemented with unlabeled 

glucose [20], for a 48 h habituation period. 24 h prior to the 

scan, diet was replaced with the same liquid diet containing 

[13C6] glucose tracer instead of unlabeled glucose [20]. For 

the MRI scan mice were anesthetized with 3% isoflurane. 

Anesthesia was maintained with 1-2 % isoflurane, using real 

time feedback from a respiration monitor. Body temperature 

was maintained at 36 ±1º C using circulating warm water and 

monitored with a rectal temperature probe. Animals were 

scanned in a Bruker Biospec 15.2 T horizontal imaging 

magnet, using a volume coil with inner diameter of 32 mm 

and coil length of approximately 3 cm, dual tuned to 1H and 

13C. Imaging and spectroscopy were performed using 

Paravision 6.0.1 software. Following the scan, animals were 

awakened and tested for viability for 1 h.  

     MRS and biochemical studies: Following the MRI scan, 

animals were sacrificed by cervical dislocation and their 

brain and leg muscle tissues were collected and 

instantaneously put in liquid nitrogen to prevent glycogen 

degradation. These tissues were used in the NMR 

spectroscopic and biochemical analyses of both 13C-labeled 

and total glycogen. 100 mg of brain and quad muscle tissues 

were used for both types of analysis. Samples were subjected 

to alkaline hydrolysis and boiling followed by ethanol 

precipitation of glycogen. Glycogen was then enzymatically 

digested to glucose by amyloglucosidase. Total glycogen was 

determined, following glycogen digestion, based on the 

glucose content and using the Sigma GAGO20 kit. For NMR 

analysis, digested samples were lyophilized overnight and 

dissolved in 1 ml D2O. NMR data were collected for 10.5 h 

on a Bruker AVANCE III™ HD 500 MHz spectrometer. The 

data were processed using MestreNova software.  

 

Results 

 

     In the 4-month-old animal, we were not able to detect 

glycogen signal originating from the brain. Only low non-

localized signal from the peri-brain area was detectable. 

Figure 1 shows a head MRI image with the spectroscopy data 

for the non-localized region. 

      We have also determined labeled and total glycogen in 

brain and quads muscle using NMR and biochemistry. As 

shown in Figure 2, glycogen levels in the brain were lower 

than those in the muscle. Only the most stable anomer of 

glucose carbons, C1β, was detectable in the 4-month-old 

Gbeys/ys animal. 

     The 9.5-month-old animal was placed on the MRI scanner 

so that the bladder, hindquarters, and legs were in the active 

coil region. Non-localized spectroscopy revealed 

considerable 13C signal from these parts of the animal and 

acquiring 13C signal with 0.8 s NOE irradiation increased the 

signal of proton bound carbons, including C1-glycogen and 

C1-glucose, ≈2-fold (Figure 3).
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Figure 1: Brain glycogen in a young Gbeys/ys mouse detected by 13C-MR. Non-localized month-old MR T1-weighted image (left panel) 

and 13C spectra (middle and right panels, expanded region of C1-glycogen signal in the middle panel is shown in the right panel) acquired with 

a 45 flip angle, time of repetition (TR)=3.5s, 128 scans, with Nuclear Overhauser Enhancement (NOE) during preparation and without 

decoupling during acquisition. 

 

Figure 2: 13C NMR of brain and muscle glycogen in a young Gbeys/ys mouse. Left, 13C NMR spectra of glycogen extracted from brain and 

quad muscle as indicated and digested to glucose. Tissues extracted from 4-month-old Gbeys/ys animal fed with a [13C6] glucose tracer diet. 

Right, total glycogen levels determined in the same tissues, n=3 technical repeats. 

 

Figure 3: Non-localized 13C spectroscopy of muscle of an aged Gbeys/ys mouse. 13C non-localized spectroscopy from hindquarters of a 9.5-

month-old mouse. Each spectrum was acquired within 2.6 min with TR=1.4 s using a 60 flip angle. The upper spectrum was acquired without 

NOE and the lower spectrum was acquired with 0.8 s of NOE centered at 5.4 ppm. 
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Figure 4: Localized 13C spectroscopy of muscle of an aged Gbeys/ys mouse. 13C Spectroscopy of leg muscle of a 9.5-month-old mouse 

localized using FOV saturation slabs on different tissues as shown by the red rectangles. Experimental spectra (right) were fit using DMFIT 

software. 

 

Figure 5: Non-localized 13C spectroscopy of head and leg of an aged Gbeys/ys mouse. 13C non-localized spectroscopy from hindquarters 

(upper spectrum) and head (lower spectrum) of a 9.5-month-old mouse. 

 

Figure 6: Localized 13C spectroscopy of brain of an aged Gbeys/ys mouse. 13C spectroscopy of the brain of a 9.5-month-old mouse localized 

using FOV saturation slabs on different tissues as shown by the red rectangles. Experimental spectra were fit using DMFIT software. 
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Figure 7: 13C NMR of brain and muscle glycogen in an aged Gbeys/ys mouse. Left, 13C NMR spectra of glycogen extracted from brain and 

quad muscle as indicated and digested to glucose. Tissues extracted from 9.5-month-old Gbeys/ys animal fed with the [13C6] glucose diet. Right, 

total glycogen levels determined in the same tissues, n=3 technical repeats. 

 

     The C1-glycogen signal was localized by use of a FOV 

saturation slab, designed to saturate glycogen signal in the 

slab indicated by the red rectangle (Figure 4). From the 

localized signal originating from the leg muscle, the signal of 

C1-glycogen can still be clearly observed in less than 3 

minutes (Figure 4). 

     After this acquisition, the 9.5-month-old animal was 

moved so that the head was in the active coil region. Non-

localized spectroscopy revealed lower levels of 13C signal as 

compared to the hindquarters (Figure 5). In order to observe 

only C1-Glycogen signal originating from the brain, FOV 

saturation pulses were applied to the tissues outside the brain 

and 13C signal was measured with NOE irradiation (Figure 

6). 

     Although the signal-to-noise is much lower than that in 

the leg muscle, necessitating more signal averaging, the C1-

glycogen signal from the brain is observable. 

     As in the 4-month-old animal, 13C-labeled and total 

glycogen were also determined in the 9.5-month-old animal, 

using NMR and a biochemical method, respectively. As 

Figure 7 shows, total glycogen levels are higher in the 9.5-

month-old Gbeys/ys animal as compared to the 4-month-old 

animal (Figure 2). The NMR data have shown that in the 

older animal, both the C1β and C1α glucose anomers can be 

detected, as well as more glucose carbons, possibly revealing 

an increase in tracer glucose incorporation into glycogen in 

the older animals, which could be explained by reduced 

glycogen degradation. 

Discussion 

      

     Our results demonstrate that a rise in brain glycogen 

content, notably correlated with disease progression and 

aggravation in neurological GSDs, can be longitudinally and 

non-invasively monitored as a biomarker. These results lay 

the groundwork for designing clinical methods to assess the 

capacity of leading GSD therapeutic candidates, such as 

small molecules, antisense oligonucleotides against glycogen 

synthase and the recently published Fab-antibody-fused 

amylase [21], to lower tissue glycogen. Putative reduction in 

MR-detected brain glycogen content may be correlated with 

other beneficiary effects mediated by these tested candidates.  

     As relatively high magnetic field (15.2 T) and long 

scanning time were needed to detect brain glycogen by MR, 

another prospective endeavor justified by our work is the 

establishment of new rat, rather than mouse, GSD models. 

MR scanning (and tissue NMR for confirmation) can be used 

for quantifying 13C-labeled glycogen in tissues from these 

prospective rat models. The reason for testing [13C6] 

glycogen MR scanning in rat models is that the MRI signal 

in rats is anticipated to be much higher, as also reported for 

[13C1] glycogen [18]. Therefore, especially in the brain, we 

expect to detect a larger dynamic range of glycogen levels in 

a rat model as compared to a mouse model, where brain 

glycogen levels were close to detection limits, as 

demonstrated here, even in an old, symptomatic animal 

imaged at the very high magnetic field of 15.2 T. The 
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anticipated higher detectability of brain glycogen by MR in 

the rat would better elucidate the effects of tested 

therapeutics. On the other hand, the relatively high magnetic 

field (15.2 T) and long scanning time (20 min) for detecting 

glycogen in the mouse brain result from its relatively small 

size. We anticipate that when used in the larger brain of the 

rat and especially, human in the clinic, the larger sizes of the 

rat and human brains will require a much lower magnetic 

field to detect brain glycogen.  

 

Conclusions  

 

     We have shown that high field 13C magnetic resonance 

spectroscopy (MRS) is able to detect in vivo C1 glycogen 

signal from the leg muscle and brain of a Gbeys/ys mouse in 

reasonable times (approximately 3 min and 20 min 

respectively). Further optimization is necessary to verify the 

localization efficiency and to ensure that the maximal signal-

to-noise per measurement time is obtained. 13C-labelled 

glucose calibration studies are needed to derive from our 

NMR measurements of ex vivo tissue extracts the fraction of 

C1 glycogen that is labeled with the feeding protocol used 

[20]. In the future, it may be of interest to explore 1H 

chemical exchange saturation transfer (1H-CEST) 

measurements, as there are reports in the literature that such 

a method can be used at high field to quantify glycogen 

content in various tissues without the need for 13C labeling 

[22,23]. 
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