www.nature.com/scientificreports

scientific reports

W) Check for updates

Spatio-temporal metabolic
rewiring in the brain of TgF344-AD
rat model of Alzheimer’s disease
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Guadalupe Soria*®

Brain damage associated with Alzheimer’s disease (AD) occurs even decades before the symptomatic
onset, raising the need to investigate its progression from prodromal stages. In this context, animal
models that progressively display AD pathological hallmarks (e.g. TgF344-AD) become crucial.
Translational technologies, such as magnetic resonance spectroscopy (MRS), enable the longitudinal
metabolic characterization of this disease. However, an integrative approach is required to unravel the
complex metabolic changes underlying AD progression, from early to advanced stages. TgF344-AD
and wild-type (WT) rats were studied in vivo on a 7 Tesla MRI scanner, for longitudinal quantitative
assessment of brain metabolic profile changes using MRS. Disease progression was investigated

at 4 time points, from 9 to 18 months of age, and in 4 regions: cortex, hippocampus, striatum, and
thalamus. Compared to WT, TgF344-AD rats replicated common findings in AD patients, including
decreased N-acetylaspartate in the cortex, hippocampus and thalamus, and decreased glutamate in
the thalamus and striatum. Different longitudinal evolution of metabolic concentration was observed
between TgF344-AD and WT groups. Namely, age-dependent trajectories differed between groups for
creatine in the cortex and thalamus and for taurine in cortex, with significant decreases in Tg344-AD
animals; whereas myo-inositol in the thalamus and striatum showed greater increase along time in
the WT group. Additional analysis revealed divergent intra- and inter-regional metabolic coupling in
each group. Thus, in cortex, strong couplings of N-acetylaspartate and creatine with myo-inositol in
WT, but with taurine in TgF344-AD rats were observed; whereas in the hippocampus, myo-inositol,
taurine and choline compounds levels were highly correlated in WT but not in TgF344-AD animals.
Furthermore, specific cortex-hippocampus-striatum metabolic crosstalks were found for taurine levels
in the WT group but for myo-inositol levels in the TgF344-AD rats. With a systems biology perspective
of metabolic changes in AD pathology, our results shed light into the complex spatio-temporal
metabolic rewiring in this disease, reported here for the first time. Age- and tissue-dependent
imbalances between myo-inositol, taurine and other metabolites, such as creatine, unveil their role

in disease progression, while pointing to the inadequacy of the latter as an internal reference for
quantification.

Abbreviations

AD Alzheimer’s disease

AP Amyloid-B

Cr Creatine

CSF Cerebrospinal fluid

FoV Field of view

FWHM  Full width half-maximum
Gln Glutamine

Glu Glutamate
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Glx Glutamine and glutamate pool
GM Grey matter

GSH Glutathione

Ins Myo-inositol

Ins+Gly  Myo-inositol and glycine pool
LME Linear mixed effect

MCI Mild cognitive impairment
MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy

NAA N-acetylaspartate
NAAG  N-acetylaspartylglutamate

PCr Phosphocreatine

SNR Signal to noise ratio

Tau Taurine

tCho Total choline compounds
tCr Total creatine

tNAA N-acetylaspartate and N-acetylaspartylglutamate
TE Echo time

TPM Tissue probability maps
TR Repetition time

WM White matter

WT Wild-type

Alzheimer’s disease (AD) represents the most common cause of dementia and a major healthcare burden. Com-
pelling evidence demonstrates AD as a continuous, progressive disease, with brain damage occurring decades
before the symptomatic onset"?. Hence, the early characterization and understanding of this pathological cascade
is of great interest. Particularly, brain metabolic alterations associated with AD have been investigated as potential
disease biomarkers in patients, mostly based on magntetic resonance spectroscopy (MRS)>*. This non-invasive
technique allows the in-vivo assessment of brain metabolic profiles and has been applied to follow-up at-risk or
preclinical AD subjects™®, as well as to monitorize the effects of therapeutic interventions”®. The most consistent
MRS findings in AD patients have been decreased levels of N-acetylaspartate (NAA) in different brain regions,
such as the posterior cingulate cortex and hippocampus, and increased myo-inositol-to-creatine ratio (Ins/Cr) in
the posterior cingulate cortex and parietal grey matter®. Decreased levels of glutamine and glutamate (Glx pool)
and increased Ins/NAA have also been reported*. Decreased NAA/Cr and increased Ins/Cr have been detected
in earlier phases of the disease, as well as in mild cognitive impairment (MCI) patients and healthy at-risk
subjects®. Accordingly, decreased NAA/Ins and NAA/Cr have been associated with higher tau protein burden,
and increased Ins/Cr and decreased NAA/Ins with higher deposition of amyloid-p (Ap) plaques®. However,
exploring the true potential of MRS-based biomarkers requires a thorough characterization of the metabolic
pattern changes occurring at different disease stages and brain regions. For this, animal models of AD represent
a very convenient approach to study disease progression, particularly at its earliest stages>°.

Animal models are suitable for longitudinal studies of AD, since the whole lifespan can be analysed signifi-
cantly faster than in humans and under controlled conditions'"'2. Importantly, these models should mimic as
close as possible the metabolic changes observed in AD patients and should be studied with the same technolo-
gies, to ensure the research is clinically translatable!’. So far, brain metabolic changes have been mainly evaluated
in mouse models of the disease’*~!”. As in humans, the most common finding is decreased NAA or NAA/Cr in
cortex or hippocampus. Decreased levels of Glu or Glu/Cr have also been reported'>!#-*. However, the overall
results with mouse AD models are less consistent compared to human cohorts, arguably due to differences in the
pathological changes replicated by each model and the different regions and disease stages evaluated by MRS.
For instance, there is no consensus about Ins or Ins/Cr changes: while some studies reported increases???, others
reported no alterations'®**?*, Moreover, it has been hypothesised that the increased taurine (Tau) described in
some of these models might translate to the increased myo-inositol levels observed in humans'®.

Despite more frequent use of mouse AD models, rat models present several advantages: closer to humans in
evolution, and therefore more similar in physiology, morphology and genetics, rats allow the use of more complex
behavioural tests than mice; and their larger size facilitates the use of more robust neuroimaging approaches*°.
Specifically, the ability to select larger regions of interest than in the mouse brain reduces partial volume effects,
thereby providing higher quality MRS data. So far, MRS findings have mainly been reported in two rat models
of AD: the McGill-R-Thy1-APP* and the TgF344-AD?. A longitudinal MRS study conducted in the McGill-R-
Thyl-APP rat model reported NAA decrease at 9 months of age in the hippocampus and frontal cortex, while
an increase was observed in the cortex at 12 months; in the hippocampus Ins was decreased in young animals,
transiently increased at 9 months and similar to controls at 12 months; higher taurine levels and lower Glu and
GABA were also reported in these two regions at different ages®®. While the McGill-R-Thy1-APP model shows A
plaques already at 6 months of age, it does not replicate other aspects of the disease, such as neurofibrillary tangles
or widespread cell death®. Indeed, neurodegeneration was only reported at 18 months of age in this model’.

The TgF344-AD transgenic rat model manifests age-dependent cerebral amyloidosis, tauopathy, gliosis,
apoptotic loss of neurons, and cognitive impairment?. The clearest pathological hallmarks were identified from
16 months on, with neuronal loss, tauopathy and Ap plaques deposition clearly observed in the cortex, hip-
pocampus and striatum?’. Since the emergence of TgF344-AD rats, many other alterations have been reported
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Wild-type TgF344-AD
Time point N Age (months) N Age (months)
1 9 8.43+0.50 8 8.93+0.26
2 9 11.47+0.27 9 11.53+0.07
3 9 15.03+0.30 9 15.07+0.07
4 8 17.87+0.53 6 18.28£0.68

Table 1. Longitudinal MRI/MRS experiment. Sample sizes and age. Number of MRS datasets acquired per
group, time point, and age (median + interquartile range).

in this model affecting neurotransmission, neuronal connectivity, neurovascular function and cognition among
others'>*-*!. Two recent studies have evaluated brain metabolites in TgF344-AD rats: Chaney et al.* reported
decreased NAA levels in the hippocampus and increased Tau in the thalamus of 18 months old TgF344-AD
rats, together with assessment of neuroinflammation, the acetylcholine system, AP plaque deposition and tau
protein aggregates; while®® also reported a decrease in hippocampal NAA starting at 10 months of age together
with decreases of taurine and creatine and increases in choline.

In our work, we aim to go beyond specific brain region analyses and provide a more global perspective includ-
ing the cross-talks of metabolic imbalances across brain regions. To do this, we propose a framework for analys-
ing the spatio-temporal brain metabolic profile changes associated with AD progression, using the TgF344-AD
rat model. Specifically, we carried out a longitudinal analysis with four time points (9, 12, 15 and 18 months of
age), capturing from prodromal to advanced disease stages in four brain areas: cingulate cortex, hippocampus,
thalamus and striatum. Amyloid deposition has been first observed in cortex and later detected in hippocampus
and striatum in this transgenic model”” and in AD patients*. While the involvement of hippocampus and cortex
in AD has been extensively investigated, the role of striatum has been recently highlighted: at early stages of the
disease, striatal AP plaques are characteristic of familial AD but not observed in the sporadic subtype, where
only appear at advanced stages®. Indeed, striatal AP measurements were better correlated with tau burden and
memory scores than the neocortical cortex, suggesting that striatal amyloid deposition might predict disease
severity in the preclinical stage of autosomal dominant AD* Regarding the thalamus, its role in the disease has
drawn attention in the last years, pointing to structural alterations in this region appearing at the earliest stages
of the disease and involved in cognitive decline and memory loss*”*%. Therefore, the choice of these four areas
allows us to evaluate the topographical and temporal pattern of metabolic alterations.

Thus, we evaluated the ability of the TgF344-AD model to reproduce the brain MRS changes mainly observed
in AD patients. Moreover, we provide new insights into the underlying metabolic processes associated with
the pathology by analysing their inter- and intra-regional couplings. To ensure the reliability of the results, we
propose a quantitative approach with rigorous quality control, from data acquisition to processing and analysis.

Methods

Subjects. The experiments were carried out in a cohort of 18 male rats including: 9 TgF344-AD rats”’ and
9 wild-type (WT) Fisher littermate rats, that were evaluated by MRS every 3 months, from 9 to 18 months of
age. Rats were housed in cages under controlled temperature (21+1 °C) and humidity (55+10%) with a 12 h
light/12 h dark cycle (light between 8:00 AM and 8:00 PM). Food and water were available ad libitum during all
experiments. Due to complexity of the experimental design and limited MRI access, not all the animals could
be scanned at the 4 time points. Table 1 compiles the group sizes and median age at each evaluated time point.

MRI/MRS acquisition. Magnetic resonance imaging (MRI) experiments were conducted on a 7.0Tesla Bio-
Spec 70/30 horizontal animal scanner (Bruker BioSpin, Ettlingen, Germany), equipped with an actively shielded
gradient system (400 mT/m, 12 cm inner diameter) and a 4-channel phased-array receiver surface RF coil, for
the rat brain. Animals were placed in supine position in a Plexiglas holder with a nose cone for administering
anaesthetic gases (1.5% isoflurane in a mixture of 30% O, and 70% N,0O) and were fixed using a tooth bar, ear
bars, and adhesive tape. Animal physiology, i.e. rectal temperature and breathing, were constantly monitored
during acquisition (control/gating module and PC-SAM 32 v8.02, Small Animal Instrument Inc., Stony Brook,
NY, USA), and kept between 34 and 38 °C and 60-80 breaths per minute, respectively. All acquisitions were
performed during the light period.

3D-localizer scans were used to ensure the head position at the isocenter of the magnet, and 1st and 2nd order
shimming performed with MapShim, considering an ellipsoid volume adjusted to fit the brain. A T2-weighted
RARE (rapid acquisition with relaxation enhancement) sequence was used to image the whole brain, with an
effective echo time (TE) of 35.3 ms, repetition time (TR) 6000 ms and RARE factor 8. Matrix size was 256 X 256
with an in-plane voxel size of 0.12 x 0.12 mm?, 40 slices, slice thickness 0.8 mm, resulting in a field of view (FOV)
0f 30 x 30 x 32 mm?>.

Reference T2-weighted images were acquired in axial, coronal and sagittal orientations to accurately posi-
tion the four MRS voxels: hippocampus, 11.88 pL; thalamus, 15.40 pL; striatum, 15.75 pL; and cingulate cortex,
12.60 pL (Fig. 1). For each voxel, MRS was acquired with PRESS localization (TE =12 ms, TR =5000 ms) using the
following protocol: first, local 1st and 2nd order shimming (MapShim) performed in the voxel followed by a refer-
ence water spectrum acquired with 8 repetitions, to ensure a peak full width at half-maximum (FWHM) <12 Hz;

Scientific Reports |

(2022) 12:16958 | https://doi.org/10.1038/s41598-022-20962-6 nature portfolio



www.nature.com/scientificreports/

Figure 1. MRS voxel location. Position and size of the four MRS voxels in representative coronal slices of
the same animal, overlaid in the respective T2-weighted RARE images and the segmentation of the region of
interest: (a) cortex; (b) right thalamus; (c) right hippocampus and (d) right striatum.

then, MRS was acquired with 256 repetitions and VAPOR water suppression, adjusted to keep the water peak
amplitude 30-50% higher than the upfield metabolite peaks.

MRS quantification and quality control. MRS data sets were analysed with LCModel®. Thus, brain
metabolites were detected and quantified by linearly fitting each spectrum with a simulated basis set including
19 metabolites, as well as macromolecules. Absolute concentrations were estimated based on the respective ref-
erence water spectrum. To ensure reliability of the data, spectra with FWHM > 0.06 ppm or signal-to-noise ratio
(SNR) < =10 were discarded, as well as estimated metabolite concentrations with a relative Cramer Raw Lower
Bound (%SD) > 15. Metabolite concentrations were further corrected for partial volume effects, accounting for
the relative contributions of white matter (WM), grey matter (GM) and corticospinal fluid (CSF) present in the
voxel®. The latter were estimated based on automatic tissue segmentation performed in the T2-weighted RARE
dataset. First, ANTs elastic registration40 was used to translate the tissue probability maps (TPM) for WM, GM
and CSF provided in*! to the image acquired from each subject and time point. Then, tissue segmentation was
performed by the unified segmentation algorithm implemented in SPM*?, using the registered TPM as a priori
probability maps. The area covered by each of the MRS voxels was identified over the images, and the percentage
of WM, GM and CSF was computed. Besides, a rat brain atlas*’ was used for automatic parcellation of the brain
in anatomical regions as described in** and the percentage of the MRS voxel corresponding to the region of inter-
est was assessed. These percentages were also considered as quality criteria about the accuracy of voxel location.

To account for potential confounders related to physiological conditions, besides the rectal temperature and
breathing measured during acquisition, brain temperature was additionally estimated from the acquired spectra
according to* based on the chemical-shift of NAA (fy,,) relative to the residual water peak (fy;,0) as follows:
T?=36+106.38 (fi120-fyas-2.6759).

Statistical analysis. Linear mixed effect model. Due to acquisition or experimental issues and after qual-
ity control and outlier removal in each group (using 1.5 interquartile range as criteria), we could have missing
values for specific metabolite concentration at one or more of the evaluated time points and regions. To deal
with this and also account for heterogeneities in basal concentrations, longitudinal analysis was performed by
fitting a linear mixed effect (LME) model to each time-course. LME models take into account both fixed effects,
common to the entire population (age and group), and random effects, i.e. subject-specific parameters to model
the deviation of each subject from the population®. Each metabolite concentration was modelled as a function
of group and age, and their interaction. Since not all the metabolites showed a clear linear temporal evolution,
we considered a quadratic dependence with age according to Eq. (1):

Cmb,s = Po + P1 genotype + B2 age2 + B3 genotype age2 + Bass+E (1)

where c,,,; is the concentration of the metabolite mb in subject s at a given age; f3, is the global intercept; 8, f3,
B; are the fixed-effect parameters, assessing the influence of group, age, and interaction respectively; f3,, is the
subject-specific correction and § is the regression error term.
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Based on?’, the minimum sample size for longitudinal analysis of each metabolite was estimated to be 40,
that is, if there were less than 40 concentration values estimated with enough quality for a given metabolite at a
specific region, this metabolite was not considered for the analysis.

The significance of group, age or their interaction, was evaluated from the LME model fitting. In case of sig-
nificant interaction between age and group (p <0.05), the group-specific age effect was evaluated by the model
fitted separately to each of the groups. In addition, for those metabolites with significant group or interaction
effects (p <0.05), the differences at each of the evaluated time points were assessed with Kruskal-Wallis statistics.
Effect size of each parameter in the LME model and Kruskal-Wallis were estimated by Cohen’s 2 and %, respec-
tively. This specific time point comparisons were only performed if there were a minimum of 6 samples per group.

Intra- and inter-regional correlations. Intra- and inter-regional associations between metabolites were evalu-
ated with the Spearman’s correlation, for the WT and the TgF344-AD group. To discard spurious correlations,
only highly significant correlations (p <0.001) were considered.

Ethics approval and consent to participate. All animal work was performed following the local legis-
lation (Decret 214/1997 of July 20th by the Departament d’Agricultura, Ramaderia i Pesca de la Generalitat de
Catalunya) under the approval of the Experimental Animal Ethical Committee of the University of Barcelona,
CEEA (committee’s reference number 10724), and in compliance with European legislation.

Results

Quality control. After the initial quality control assessment, 24 out of 252 spectra (9%) were discarded
according to the FWHM and SNR selection criteria, including different brain regions: cortex, 8 (4 TgF344-AD,
4 WT); hippocampus, 2 (1 TgF344-AD, 1 WT); striatum, 1 (1 TgF334-AD); and thalamus, 13 (10 TgF344-
AD, 3 WT). For more details about the distribution of the discarded spectra at specific timepoints, see Sup-
plementary Table 1. In addition, metabolite concentrations not estimated with enough reliability (%SD> 15)
were also discarded. After quality control, outlier detection and sample size criteria, the metabolites included in
the study were: creatine (Cr), total creatine (tCr), glutamate (Glu), glutamine (Gln), glutamate and glutamine
pool (Glx), total choline compounds (tCho), glutathione (GSH), myo-inositol (Ins), myo-inositol and glycine
pool (Ins+Gly), N-acetylaspartate (NAA), total NAA (tNAA) including NAA and N-acetylaspartylglutamate
(NAAG), in all regions; and phosphocreatine (PCr) and taurine (Tau), in all regions but thalamus.

As an example of the quality of the obtained metabolic profiles, Fig. 2 shows the average profile for each group
at 18 months of age in the four evaluated regions.

Atlas-based parcellation of each brain was used to assess the percentage of the region of interest included in
the MRS voxel. No differences between TgF344-AD and WT animals were observed, as shown in Supplementary
Table 3. Rectal and estimated brain temperature are also reported in Supplementary Table 3, showing no dif-
ferences between transgenic and WT animals in hippocampus or striatum (acquired first), while slightly lower
temperatures were detected in the striatum and cortex (acquired later) of the transgenic group.

Group and age effects in longitudinal metabolite profiles.  Figure 3 displays the time-course of met-
abolic concentrations where a significant group or group-age interaction was observed. p-values and Cohen’s
£ effect sizes of the LME model for each factor and their interaction are compiled in Supplementary Table 4,
including not only the metabolites showing group or interaction effects but also the metabolites that were
affected by age. If a significant interaction between age and group was observed, LME model was fitted group-
wise. Supplementary Table 5 shows the significance of aging effect in each group.

The cortex and thalamus were the regions where more metabolites were found to be altered. Specifi-
cally, N-acetylaspartate (NAA and tNAA) showed a significant interaction between age and genotype (NAA:
Pinter, ctx = 0-0027, Pincer, tha = 6.86 1075 tNAA: Pirer, cix = 0.0049, Pinger. tna = 0.0036) and significantly decreased with
age in the transgenic group (NAA: g, cix=0.0024, Pyge, ha = 0.0006; INAA: Pyge, cx=0.0038, Pige, 1na = 0.0050); while
no age effect was observed in the control group in cortex and a significant increase was detected in the thalamus
(NAA: pge, tha =0.0057). Moreover, in the cortex, the group effect was also significant in the concentration of
these two metabolites (NAA: Pyroyp, cix = 0.03255 tNAA: Py i =0.0370). The longitudinal evolution of cortical Cr
and thalamic tCr were significantly affected by the genotype (NAA: pyyoup, cix = 0.03255 tNAA: Py 1 = 0.0370),
with a significant decrease with age in TgF344-AD rats (Cr: P, ctx = 0.0065; tCr: pyge, 1n, = 0.0040) and no effect
(cortex) or significant increase (thalamus, tCr: p,ge 1o =0.0278) in WT. In the cortex, Tau and tCho concen-
trations were significantly affected by genotype (Tau: pyqyp, cix=0.0092; tCho: Pyroyp, c1x=0.0105) and showed
significantly different temporal trajectories in TgF344-AD and WT animals (Taw: iy, ot = 8-08-107%; tCho:
Pinter, et = 0.0445). Tau decrease with age was significant in the transgenic group (Pjuge, o = 1.03-107%), while no
age effect was observed in WT animals. In the thalamus, Glu and Ins+Gly also showed significantly different
age-dependent trajectories (Glu: Piyer, tha = 0.0138% Ins+Gly: Pineer, tha = 0.0281). Glu significantly decreased in
transgenic animals (P, o =0.0041), but not in controls while levels of Ins+Gly significantly increased in WT
animals (P, na =0.0400), but not in TgF344-AD.

In the hippocampus, a significant interaction between age and group was detected for NAA (pjyer, i = 0.0211),
which significantly increased in the WT group (page, njp=0.0171) but not in the transgenic group. In addition, a
significant group effect was observed in tCho (pyyoup, nip = 0-0449), with increased values in TgF344-AD.

Finally, the striatum Glu concentration was significantly lower in transgenic animals (Pgyoup, s = 0.0437). The
age-dependent changes in Ins+Gly differed between groups (pipnr, st =0.0178): although in both cases Ins+Gly
concentration significantly increased with age (p,ge, v =7.95-107%), the effect was much larger in the WT group
(page, str— 00272)
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Figure 2. Regional metabolic profiles in aged rats. Average MRS profiles for each of the four brain regions
evaluated in the WT (blue) and TgF344-AD (orange) cohorts at 18 months of age. Peaks corresponding

to the main metabolites are indicated in the hippocampus profile: 1, myo-inositol (Ins); 2 and 7, total
creatine (tCr); 3 and 11, glutamate + glutamine pool (Glx); 4, myo-inositol and glycine (Ins+Gly); 8 and

12, total N-acetylaspartate (tNAA); 5, taurine (Tau); 6, choline compounds (tCho); 9, glutamine (Gln); 10,
glutamate (Glu). For quantitative information of median and interquartile range of the metabolite peaks, see
Supplementary Table 2.

Besides the evaluation of longitudinal trajectories, concentrations at specific time points were compared if
a significant group or group/age interaction was found. Significant differences and n? effect size are reported in
Table 2.

Significant group differences between WT and transgenic animals at specific time points (only evaluated if
statistically significant group-age interaction or group effect was observed in the LME model). p-value (* p <0.05;
** p<0.01; % p<0.001) and n? effect size are reported. Asterisks represent small (¥, n?>0.01), medium (**,
n*>0.06) and large (***, n*>0.14) effects according to convention.

Intra-regional coupling of longitudinal metabolic changes. To evaluate specific metabolite inter-
actions in the TgF344-AD rat model, we investigated the relationship between different metabolites within a
specific region. This relationship was based on the correlation between the estimated concentration of each pair
of metabolites taking into account all the time points. Figure 4 summarises the correlation between pairs of
metabolites (only highly significant correlations are displayed, defined as p <0.001). Correlation coefficients for
every metabolite pair are reported in Supplementary Fig. 1.

While some metabolite correlation patterns were common to both groups, others were only observed in
one of them. In cortex NAA, tNAA and tCr showed strong correlation with Tau (ryaa, roa=0.75; Tinaa, e =0.71,
Iy, Tau = 0.68) in TgF344-AD animals but with Ins and Ins+Gly (rxa, 1ns = 0.73, Tnaa, msecly = 0-76, Tiyan, 1ns = 0.73,
Tovaa, ns+Gly = 0-74, Ty ns = 0.82, Ty, sy =0.79) in the WT group. Also in the cortex, Glu and Glx correlated
strongly with tCr in the transgenic group (rgy, ;= 0.67, Iy, cr =0.69), but with NAA and tNAA in the WT
animals (rgy, naa =0.66, Tgiy, vaa =0.69, Tai, nan =0.72, Tgiy, ivaa = 0.75).

Different correlation patterns were also observed in the hippocampus. Specifically, Ins correlated with tCr
(Pps, i =0.67) in TgF344-AD rats, but with NAA and tNAA (1, naa =0.65, I'ing vaa =0.67) in WT animals. In
this region, the correlations between Ins+Gly and Tau (ry,q,gly, 7w = 0-8), Tau and tCho (rpy, cno =0.63), Glu and
tCr (rgyy, (o= 0.64) and PCr and tCr (rpc,, ;= 0.72) were only significant in the WT group; while tCr was cor-
related with Ins, Glx and NAA (r,c; 1n;=0.67, Ticy, insrcly = 0-76, T'icr, 61 = 0.69; Ty, nan = 0.65, Tyc, waa = 0.63) in the
transgenic group.

In the striatum, the correlation between NAA and Glx was only significant in the WT group (ryaa g, =0.62).
Likewise, PCr was strongly correlated with tCr and Cr only in the WT animals (rp¢; (¢, =0.69, I'pc,, cr=—0.70). As
reported in Supplementary Fig 1, while PCr and tCr correlation was positive, PCr and Cr were anticorrelated.
In the thalamus, significant correlations were observed between NAA and tNAA (WT: ryaa ivaa =0.74, TG:
I'vaa, ivaa = 0.76) and between Glx and Glu (WT: rg, g, =0.88, TG: 1), g1x=0.91) in both groups. Interestingly,
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Figure 3. Longitudinal analysis of metabolite concentrations. Time-course metabolic changes in TgF344-AD
(orange) and WT (blue) animals displaying only metabolites/regions with significant effect of group or group-
age interaction in the LME model. Solid lines represent the LME model fitting, each dot corresponding to one
sample (subject and time point). *: p-value of the group effect <0.05; **: p-value of the group effect <0.01; #:
p-value of the group-age interaction <0.05; ## p-value of the group-age interaction < 0.01; ###: p-value of the
group-age interaction <0.001.

TgF344-AD rats showed a significant correlation between Cr and tNAA (r¢, yaa =0.82) not observed in the
WT animals.

Inter-regional interaction of metabolites. Finally, metabolic associations between different regions
were also evaluated. The results are shown in Fig. 5. The inter-regional correlation coefficients between each
metabolite/region pair are compiled in Supplementary Fig. 2.

The pattern of significant inter-regional correlations differed between WT and TgF344-AD rats. Namely,
specific correlations across the hippocampus, striatum and cortex were observed for myo-inositol (either
Ins or Ins+Gly) in the transgenic group (riug hip, s ctx = 0-735 Ting hip, Ins+Gly ctx = 0:645 TingiGly hip, Ins ctx = 071,
rInerGly hip, Ins+Gly ctx = 061’ I hip, Ins str = 061) rIns+Gly hip, Ins str = 064) Tins ctx, Ins str — 070)) but for Tau in the WT

TTau hip, Tau ctx = 0-8 1, Tug hip, Tau str = 0-65, Tay cix, Tau st = 0-70). In this group, cortical and striatial Tau were also
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NAA n.s - n.s - 0.0176* | 0.1579***
Cortex

Tau n.s - 0.0228% 0.3028*** | 0.0285*% | 0.2620***
Hippocampus NAA 0.0095** | 0.1166** 0.0095** | 0.1752*** | 0.0284* | 0.1121**
Striatum Glu n.s - 0.0343* 0.2068*** | n.s -

tCr 0.0106* 0.1436*** | 0.0106* 0.1537%** 1 0.0105* | 0.0377*
Thalamus NAA n.s - n.s - 0.0105* | 0.1052**

Glu n.s - 0.0185* | 0.2109*** | n.s -

Table 2. Between-group comparison of metabolite concentration at specific time points.

Cortex Thalamus

Hippocampus Striatum

Figure 4. Intra-regional correlation. Correlation between the concentrations of metabolites within each region.
Lines represent highly significant correlations (p <0.001). Blue lines, correlation in WT rats; orange lines:
correlation in TgF344-AD rats.

associated to hippocampal Ins+Gly levels (rry cix, ns+Gly hip = 0-7 1 Tt st Ins+Gly hip = 0-69); and hippocampal Tau was
correlated to striatal tCho (I hip, cho s = 0.61). Finally, while striatal GSH did not show significant differences
between transgenic and WT animals, it correlated with cortical Gln in transgenic (rgsy sir, Gin ot = 0.73) but with
cortical NAA in WT animals (rgsg s, naa etx = 0-73).

Scientific Reports|  (2022) 12:16958 | https://doi.org/10.1038/s41598-022-20962-6 nature portfolio



www.nature.com/scientificreports/

Figure 5. Inter-regional correlations. Correlation between metabolite concentrations in different brain regions.
Lines represent highly significant correlations (p <0.001). Blue, correlations in WT rats; orange, correlations

in TgF344-AD rats. Intra-regional correlations between displayed metabolites, shown in Fig. 4, are not plotted
here.

Discussion

In this work, we aimed to characterise the spatio-temporal metabolic profile changes during the onset of AD-
like pathology in the TgF344-AD rat brain. Longitudinal MRS studies were performed in the same cohort of
WT and TgF344-AD animals. Four time points, from 9 to 18 months, were evaluated to capture the onset of
metabolic changes: three points before the manifestation of gross pathological changes, as described in this
model?’; and another one later on. To account for specific regional differences in the progression of the disease,
MRS data was acquired from four voxel positions, whose accurate location was evaluated based on automatic
segmentation of structural MRIL

Based on a strict quality control and processing pipeline, the longitudinal metabolic profiles demonstrated
progressive changes in TgF344-AD rats compared to WT, consistent with the major findings reported in clini-
cal AD, such as decreased N-acetylaspartate and glutamate. Specifically, decreased NAA and/or tNAA in the
cortex, hippocampus and thalamus, and decreased Glu in the thalamus and striatum were detected in TgF344-
AD compared to WT animals, further confirming the suitability of this model for translational studies on AD
progression. Additional analysis revealed strong intra-regional couplings of cortical NAA, tNAA and tCr with
myo-inositol (either Ins or Ins+Gly) in W'T, but with Tau in transgenics rats; whereas in the hippocampus, Tau
showed strong correlations with Ins+Gly and tCho only in the WT group. Moreover, divergent inter-regional
metabolic couplings in TgF344-AD and WT animals were observed. Specific crosstalks between cortex, hip-
pocampus and striatum were found for Tau in the WT group and for myo-inositol in the TgF344-AD rats. This
analysis sheds light into the complex spatio-temporal metabolic rewiring in AD, which would be linked to the
pathological cascade associated to the disease>*. The different associations of Ins and Tau with other metabolites
in WT and TgF344-AD rats, suggest a relevant role for these two metabolites during the course of the pathology.
While Ins has been related to neuroinflammation** modulatory role in microglial activation has been associated
to Tau™. This fact would be in line with the AD trajectory described in*%, where it is suggested that AP deposition
associated to ageing is followed by a protective microglial activation. Therefore, inappropiate microglial reponses
leading to inflammatory response could be related with impaired coupling between Tau and Ins observed in the
transgenic animals. The lack of effectivity in this early response would be followed by an increase in Ap deposi-
tion, tau protein pathology and neurodegeneration, all of them associated with the decreased levels of NAA*
observed in our study, more evident at 15 and 18 months of age. Interestingly, NAA was coupled with Tau in
transgenic animals but with Ins in wild-type animals, supporting this dual trajectory depending on the initial
microglial response.

Importantly, the age-dependent decrease of cortical and thalamic creatine and its strong correlation with
metabolites such as NAA or myo-inositol, reveals its inadequacy as an internal reference for relative quantifica-
tion methods routinely used in the clinic (e.g. Ins/Cr), highlighting the need for careful interpretation of such
results in the context of AD. To mention, the age-dependent evolution of creatine in hippocampus shown a
similar pattern than in cortex and thalamus, although not significant differences were identified. Indeed, similar
results were reported in a study with a bigger sample size including both male and female TgF344-AD, where
significantly decreased levels of hippocampal tCr were observed in the transgenic group®.

Objective quality control was used to assure the reliability of the absolute metabolite concentrations estimated
from each MRS dataset, including spectral selection based on SNR and FWHM, and fitting performance based
on Cramér-Rao Lower Bounds assessment. Moreover, the study groups were assessed for potential outliers
(based on interquartile range), controlled physiological condition throughout the acquisition (breathing and
rectal temperature), and similar percentage of the region of interest covered by the MRS voxel. The slightly lower
rectal and brain-estimated temperatures noticed in the cortex and thalamus of the transgenic group are consistent
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with previous findings in AD patients suggesting limited thermoregulation functions which have been associ-
ated with reduced number of suprachiasmatic nucleus neurotensin neurons®"*2. Importantly, these differences,
although significant, were not associated with the metabolic changes detected. It deserves to be mentioned that
all the acquisitions were performed during the light period to avoid effects associated to the circadian cycle. It
has been shown that diurnal variability in MRS measures is low and makes this technique reliable during this
period®. Together with this, it has been shown that the use of isoflurane anaesthesia disrupts the differences
associated to circadian phases in rats®* and therefore the results would not be significantly affected by the day-
time of acquisition.

Temporal metabolic profile changes in the TgF344-AD rat brain. Metabolic profile analysis showed
different longitudinal evolutions of NAA and/or tNAA in the cortex, hippocampus and thalamus of WT and
TgF344-AD rats. Specifically, these metabolites decreased during ageing only in transgenic animals. NAA is a
marker of neuronal density and its decrease has been associated with neuronal loss or dysfunction®. Consistently,
decreased NAA is one of the most reproducible findings in the cortex and hippocampus of AD patients?, as well
as in rat*®®*?* and mouse models'*. Progressive neuronal damage has been described in the TgF344-AD model”,
aligned with decreased NAA also reported in the hippocampus and thalamus***. Since NAA/Cr has also been
negatively correlated with A burden®?’, decreased NAA at the latest time points in TgF344-AD animals could
be also associated with the presence of A plaques, as has been described at 16 months of age by Cohen et al.”
and verified by histopathological analysis in the study cohort at 18 months of age (Supplementary Fig. 3).

A decrease of Glu was observed in the thalamus of TgF344-AD rats during ageing, not observed in WT, while,
in the striatum, TgF344-AD showed stable lower levels of Glu than WT rats over the study. Glu is one of the main
neurotransmitters in the brain, essential for dendrite and synapse formation. Lower Glu concentration has been
associated with neuronal loss and correlated with poor cognitive outcome®. Therefore, the observed changes are
consistent with the neuronal loss described in the transgenic model”. Indeed, we observed significantly lower Glu
levels at 15 months of age in TgF344-AD with respect to WT animals, when clear cognitive impairment has been
described?. Glu neurotransmission is crucial for learning and memory function®, and therefore, the early lower
levels of striatal Glu observed in transgenic rats could be related to the early learning deficits previously described
in these rats , such as impairments in long-term spatial memory described at 4 months of age®, slower learning
in a delay-non-match-to-sample test** and impaired reversal learning on the Morris Water Maze® and Barnes
Maze?. In mouse models of AD, decreased Glu or Glu/Cr was found in the cortex and hippocampus!®!35%5,
correlating with Ap plaque deposition®. In human cohorts, decreased cortical levels of Glx or Glu have been
reported in AD, MCI and at-risk populations**, as well as non-significant decreases of Glx/Cr in the striatum
and thalamus of AD patients®.

The time-course profiles of cortical Cr and thalamic tCr also showed an age-dependent decrease in TgF344-
AD animals, not observed in the WT group. In the thalamus, significant lower tCr concentration was observed
in transgenic with respect to WT animals at 12, 15 and 18 months of age. These changes are coherent with the
decrease in tCr observed in hippocampus recently reported in the same model** and might be associated with
cell energetics disturbances occurring in neurodegenerative pathologies®, consistent with a neuroprotective
effect of Cr against AP toxicity reported in the McGill-R-Thy1-APP rat model of AD%%. Previous studies in AD
or MCI patients reporting lower tCr levels in areas such as the hippocampus®** support our findings, probably
related with a similar metabolism of tCr in human and other mammals as described in®, where it is suggested
the relationship between PCr and glutamate neurotoxicity associated to AD as well as the role of oxidative stress
(related to creatine metabolism) in neurodegenerative diseases. Indeed, oxidative stress has been described in
the TgF344-AD animals, where decreased antioxidant capacity was reported in these animals®. In the same line,
ex-vivo analysis revealed lower tCr levels in the hippocampus and frontal cortex in a transgenic mouse model of
ADY. However, increased tCr levels were reported in the cortex of McGill-R-Thy1 rats*® and in the hippocampus
and thalamic regions of TASTPM mice?*. These two models showed early amyloid pathology but none of them
replicate other aspects of the disease such as neurofibrillary tangles or widespread cell death**®, that have been
described in the TgF344-AD rats”’. Therefore, discrepancies may be related to pathological processes associated
to neurodegeneration or tau protein pathology®.

Importantly, these results warn that metabolite to tCr ratios should be analysed with caution, since tCr is not
a constant reference in AD and therefore it can lead to conflicting conclusions.

Regarding myo-inositol, a metabolite commonly related to human AD*, the MRS literature typically quantifies
it as mixed Ins+Gly levels, since the metabolic profiles of both metabolites significantly overlap. Thus, Ins and
Gly were both included in our basis set for their individual quantification. Although Gly was not further evalu-
ated after quality control assessment, it improved the estimations of Ins+Gly compared to Ins alone, as expected.
Accordingly, we detected significant differences between the age-dependent trajectories of Ins+Gly levels in the
thalamus and striatum of TgF344-AD and WT animals, characterized by their stronger increase with ageing
in WT rats. Although myo-inositol has been considered a glial marker, with increased levels suggesting gliosis,
its role in neuroinflammation or glial activation remains to be discerned'*’. In this line, while the TgF344-AD
model presents early gliosis, already detected at 6 months of age?” and neuroinflammation®>®, we and others
have not detected increased Ins in this model compared to WT??, and an increase in hippocampal Ins was only
observed at advanced stages in*’. Notwithstanding, striatal and thalamic median Ins+Gly levels tended to be
higher in transgenic than in control animals at early stages, but lower at later ages (Fig. 3). These observations
strengthen the importance of accounting for the timing of the disease when comparing literature findings, which
might explain some of the discrepancies reported in human cohorts and animal models. For instance, even
though Ins increases have been commonly reported in AD patients®, significant decreases of Ins/Cr have been
also reported in the striatum, hippocampus and other regions in AD or dementia with Lewy’s body, compared

Scientific Reports |

(2022) 12:16958 | https://doi.org/10.1038/s41598-022-20962-6 nature portfolio



www.nature.com/scientificreports/

to healthy controls®. In the APP/PS1 mouse, both decreased Ins/Cr'® and increased Ins/Cr were reported in the
hippocampus'**8, while no changes were found in Ins absolute concentration in the cortex'®. In the McGill-R-
Thy1 rat model of AD, Ins decreased at 3 months of age in the hippocampus, while increased at 9 months of age
in the hippocampus and 12 months of age in the frontal cortex®.

With regards to Tau, our results showed significant age-dependent decreases in the cortex of TgF344-AD
rats, not observed in the WT group. Indeed, significant lower Tau concentrations were detected in the transgenic
group with respect to WT at 15 and 18 months. These results are in line with previous findings as decreased
Tau in the hippocampus of this model*, and decreased Tau/Cr ratio in AD patients” or aged animal models”.
However, a recent study with the TgF344-AD model depicted increased cortical Tau levels at 18 months of age®.
This discrepancy may be related to differences in the MRS acquisition protocol (such as its ~70% longer echo
time, leading to mixed J-coupling and T2 saturation effects, reflected in the detection and quantification of Tau),
or different voxel location in the cortex, which in our study was more frontal. In this line, it has been shown
that cortical amyloid deposition starts in frontal and temporal areas, affecting medial and posterior cingulate
cortex only later on*. In fact, our results suggest a trend towards increased Tau levels in the cortex of transgenic
animals before 12 months, but decreased levels at later time points, compared to controls. Thus, the differences
could also be associated with regional specific timings of the pathological changes. Tau plays modulatory and
regulatory roles in different physiological processes. It has been reported as a neuroprotector in neurodegenera-
tive diseases such as AD and used to ameliorate several neurological disorders*’. Indeed, Tau supplementation
improved cognition in the APP/PS1 mouse model of AD”? and enhanced adult neurogenesis under both in vitro
and in vivo conditions”.

Finally, cortical tCho revealed different age-dependent evolution in TgF344-AD rats compared to WT, show-
ing (non-significant) increased level at earlier stages which decreased later on. The genotype had a significant
effect in the hippocampus with increased tCho values in theTgF344-AD rats, although both groups followed
a similar trajectory, in line with the results showed in this region in*. Accordingly, tCho age-effect differences
between TgF344-AD and control rats in the hypothalamus and hippocampus were also reported in*2. Choline
compounds are found in myelin sheets and cell membranes and variations in tCho have been related to white
matter integrity and membrane turnover, although opposite findings have been reported in the cortex of AD
subjects*. Indeed, decreased tCho/Cr was detected in the prefrontal cortex and thalamus®, while increased levels
were reported in the posterior cingulate cortex”®. Moreover, increased tCho has been reported with ageing in
both humans and animal models*7>7%, associated with demyelination, inflammation, and functional changes
including cognitive decline’”. As for myo-inositol, higher cortical tCho in young transgenic animals might suggest
early damage, being demyelination and inflammation processes less evident at more advanced ages. Choline is
liberated during cell membrane turnover, and therefore increases are related to neuronal degeneration, and has
been observed in brain tumours, demyelinating disease or after traumatic brain injury**’®. On the other hand,
decreased tCho at later time points could also be associated with neuronal damage and subsequent cognitive
impairment, as described in aged TgF344AD rats”’; also aligned with decreased hippocampal tCho observed in
a drug-induced memory deficit model”. This strengthens again the importance of accounting for the timing of
the disease in metabolic profile investigations.

Intra-regional correlations of brain metabolic profiles. We further investigated the associations
between different metabolites in each brain region, from a systems biology perspective. Thus, we found different
metabolic correlation patterns in transgenic and wild-type groups.

As expected, there were significant correlations between NAA and tNAA, Glu and Glx and Ins and Ins+Gly,
regardless of the brain region and group; except for Ins and Ins+Gly in the thalamus. The latter could be related
to the significant age effect observed in this region for Ins+Gly, but undetected in Ins. Although Gly could not
be evaluated independently in our study, its neuroprotective properties in neurodegeneration and memory
impairment®® merit further investigation with more sensitive technique in the context of AD.

The strong correlations between creatine with other metabolites altered in TgF344-AD rats represent one of
the main findings of this study. Although creatine has been commonly used as a reference in MRS analysis of
AD, recent studies suggest the involvement of Cr in neuropathological mechanisms underlying dementia and
neurodegeneration®>%*-%>, which would encourage to a careful interpretation of results based on ratios to Cr. Our
results strengthen this rationale, since tCr is shown to be correlated with metabolites associated to pathological
processes described in AD, such as neurodegeneration (NAA), neuroinflammation (Ins) or glutamate toxicity
(Glu, GIx)®. In the cortex, tCr was highly correlated with NAA and tNAA in both TgF344-AD and WT groups,
whereas correlations with Glu and Glx were specific to TgF344-AD, and with Ins+Gly and Ins were only found
in WT animals. In the hippocampus, tCr correlated strongly with NAA in both groups; but with Ins, Ins+Gly and
GIx only in TgF344-AD rats, and with Glu only in WT animals. Interestingly, in the thalamus and hippocampus,
tCr only correlated with tNAA in the transgenic group. Altogether, these results suggest an important role for
Cr in AD-like processes, since it was highly correlated with metabolites showing pathology specific time-course
changes. This supports the idea that the commonly considered metabolic ratios to tCr, such as decreased NAA/
tCr and increased Ins/tCr*®, might not be appropriate in the case of AD-like pathologies, given the potential
confounding effect of altered tCr levels.

Moreover, the correlations between taurine and myo-inositol with other metabolites also differed between
TgF344-AD and WT animals. Several studies have suggested an important role of either Tau or Ins in AD
pathology*1518:28:33.58.60.70 highlighting the need to better understand their changes and apparent discrepan-
cies reported in the literature. Beyond concentration differences in specific regions, intra-regional metabolite
correlation analysis provided new insights into this issue. Thus, cortical levels of Tau in TgF344-AD rats were
highly correlated with NAA, tNAA and tCr, suggesting a link between Tau decreases and neuronal dysfunction;
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while in WT animals, cortical NAA, tNAA and Cr correlated with Ins+Gly and Ins. Due to the minimal sample
size criteria defined, Tau concentration was not evaluated in the thalamus and, therefore, no correlations could
be investigated in this case. Such metabolic correlation patterns could reflect compensatory effects between
neuroinflammation (Ins)**° and neurotrophic (Tau)**7>”* processes associated with normal ageing, potentially
mitigated in transgenic animals. In TgF344-AD, impaired neurotrophic processes could be related to neuronal
dysfunction, manifested by decreased NAA. This pathological mechanism would be in line with the AD trajec-
tory proposed in*.

Further correlations were found in the hippocampus of WT animals, between myo-inositol and NAA and
tNAA and between Tau and both Ins+Gly and tCho. While the metabolic interplay between Ins, tCho and Tau
remains to be unravelled, these results suggest a role for Tau in the normal ageing process, similar to Ins and
tCho in inflammation and degeneration during normal ageing, as described in humans and animal models®*-%*.
Tau has a modulatory and regulatory function in physiological processes including modulation of neuroinflam-
mation. Its neuroprotective and anti-neuroinflammatory role has been reported in neurodegenerative diseases™.
The coupling between Tau and the two metabolites related with inflammation observed in wild type animals
was lost in the transgenic animals (correlation coefficients were 0.24 between Tau and Ins+Gly and 0.09 between
Tau and tCho), which might reflect a dysfunction associated to the lack of the modulatory effect of Tau to cope
with neuroinflammation.

Highly significant (p <0.001) correlations between Glu (or Glx) and NAA, tNAA and/or tCr were detected in
the cortex and hippocampus, as well as between Glx and NAA in the striatum only WT rats (while correlation
between Glx and NAA was 0.62 in WT animals, it decreases to 0.45 in transgenic rats). In this region, TgF344-
AD rats showed lower levels of Glu compared to WT, which could partially be related with this decrease in the
correlation values (indeed, the correlation between Glu and NAA decreases from 0.6 in WT to 0.4 in transgenic
rats; while an increase is observed in the correlation coeflicient between Gln and NAA: 0.11 in WT and 0.29 in
transgenic). All this could potential reflecting GIn-Glu cycle changes, associated with the neuronal loss described
in this model?”*>%.

Inter-regional correlations of brain metabolic profiles. Finally, we investigated the correlation
between metabolite concentration across different brain regions. In WT animals, Tau levels were strongly cor-
related between the cortex, striatum and hippocampus, and with Ins+Gly in the hippocampus. In turn, TgF344-
AD rats exhibited the same inter-regional metabolic crosstalk between cortex, striatum and hippocampus for
Ins, instead of Tau. This could be related to the specific correlations of cortical NAA (and tNAA) with Tau found
in transgenic animals, but with Ins (or Ins+Gly) in the cortex and hippocampus of WT animals. Such metabolic
couplings could reflect a whole brain imbalance in Tau levels associated with region-specific onsets of neuronal
dysfunction®”**¥’. Altogether, this would support the hypothesis of a balance between neuroinflammation (Ins)
and neurotrophic and modulatory (Tau) processes during normal ageing impaired in TgF344-AD rats, what
could be related with the hypothesis presented in*, suggesting that differences in microglial response to the
deposition of B-amyloid are related with AD progression.

Interestingly, while no significant group or interaction effects were found for GSH or Gln, highly significant
correlation of striatal GSH with cortical NAA in the WT group and with Gln in transgenic animals were observed.
GSH is the most prevalent anti-oxidant in the brain**®! and decreased levels have been reported in MCI and
AD patients® and in the APPTg2576 model of AD'8. Decreased antioxidant capacity which has been previously
reported in the TgF344-AD rats® could be related with the genotype specific correlation between GSH and other
metabolites. Assuming that the GSH cycle compensates for decreased excitatory neurotransmission during Glu-
Gln shuttle inhibition®, the correlation between Gln and GSH in TgF4344-AD rats could be related to alterations
in the normal Glu-Gln cycle, consistent with the decreased Glu levels observed in this group.

Limitations. We acknowledge some limitations in our study. Firstly, the relatively small sample size. While
only 18 animals were included, each one was evaluated at 4 time points, and consequently the fitting of the LME
model included up to 72 samples. In addition, the rigorous criteria for LME analysis ensured enough signifi-
cance and effect sizes, although some changes at specific ages might remain undetected. Since our study focused
on the analysis of the longitudinal differences of brain metabolic profiles between control and transgenic ani-
mals, rather than differences at a specific age, this allowed us to increase the statistical power analysis, as well as
being more sensitive to the timing of the pathologic changes. Due to the exploratory character of the study, we
have not applied multiple comparison correction. Nevertheless, as shown in Supplementary tables 4 and 5, the
effect size of the observed differences was large in most of the evaluated metabolites.

Some brain or cognitive alterations have been described after 18 months of age in the TgF344-AD rats.
While the age-dependent pathological processes involved increased presence of AP plaques and stronger cogni-
tive impairment shown at 26 months of age with respect to 18 month-old animals¥, other alterations such as
deficits in novel object recognition?’and visual alterations have been reported only at 24 and 19 months of age
respectively®. Therefore, another potential limitation could be the chosen endpoint of the study.

The cohort evaluated in this work belongs to a wider study, where the animals underwent cognitive evalu-
ation every 3 months by a delayed non match to sample (DNMS) task as previosuly described'?, and further
research should be done to evaluate if the repetition of this task could have an impact in brain metabolism.
In addition, only male animals were included in our experiments, and consequently we did not account for
sex-related differences in the pathology. We acknowledge this is a limitation of our study, and female animals
have been included in our ongoing investigations. To mention, a recent study including both female and male
TgF344-AD reported limited effect of sex on MRS-based results in hippocampus, while a sex effect was identi-
fied in volumetric measures®.

Scientific Reports |

(2022) 12:16958 | https://doi.org/10.1038/s41598-022-20962-6 nature portfolio



www.nature.com/scientificreports/

Finally, as a general limitation of animal models of AD, they might not mimic all the changes occurring
in patients. Although our findings are mostly consistent with metabolic changes previously described in AD
patients, further research should ascertain the reproducibility of the novel results reported here for the first time,
such as the intra- and inter-regional correlations.

Conclusion

Beyond individual metabolite analysis in AD, our innovative analysis of the intra- and inter-regional metabolic
cross-talks, provides new insights for the understanding of the metabolic processes underlying the pathology.
Thus, TgF344-AD rats showed group-specific correlations in metabolites associated with neurodegeneration and
neural dysfunction in the cortex and hippocampus, imbalances in taurine association with other metabolites,
and strong couplings between the myo-inositol levels in different brain regions.

The choice of the brain region and time points of interest (age) represent key aspects when designing an MRS-
based study of AD progression. Among the four structures evaluated, cortex and thalamus showed the strongest
metabolic differences between transgenic and control animals. While metabolic alterations in cortex have been
extensively reported in clinical databases, very few reports have evaluated metabolism in thalamus in human
cohorts. Thus, our results support the need for further investigation of AD-related alterations in the thalamus,
whose role in the disease has been recently highlighted by different studies. Moreover, certain metabolic dif-
ferences might occur at a specific stage of the disease, such as Ins or tCho increases, and would condition the
further evolution. These changes could be hindered if insufficient time points are included in the experimental
design. Indeed, this could lead to inconsistent findings if attention is not paid to the timing of the disease and the
specificities of each animal model. For this reason, our work focused on the longitudinal evolution of metabolic
profile changes, from the prodromal stage, to characterize the disease progression in the TgF344-AD rat model.

In conclusion, we have demonstrated a complex spatio-temporal metabolic rewiring in the TgF344-AD rat
model. The specific association in between Ins and Tau with other metabolites in WT and TgF344-AD groups,
respectively, suggests an important role for these two metabolites and their imbalance during the course of the
pathology. On the other hand, the age-dependent decrease of cortical Cr renders it into an inadequate reference
for relative quantification methods routinely used in the clinic (e.g. Ins/Cr), highlighting the need for careful
interpretation of such results in AD research.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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