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A B S T R A C T   

In a previous study, regional reductions in cerebral glucose metabolism have been demonstrated in the tauopathy 
mouse model rTg4510 (Endepols et al., 2022). Notably, glucose hypometabolism was present in some brain 
regions without co-localized synaptic degeneration measured with [18F]UCB-H. We hypothesized that in those 
regions hypometabolism may reflect reduced functional connectivity rather than synaptic damage. To test this 
hypothesis, we performed seed-based metabolic connectivity analyses using [18F]FDG-PET data in this mouse 
model. Eight rTg4510 mice at the age of seven months and 8 non-transgenic littermates were injected intra
peritoneally with 11.1 ± 0.8 MBq [18F]FDG and spent a 35-min uptake period awake in single cages. Subse
quently, they were anesthetized and measured in a small animal PET scanner for 30 min. Three seed-based 
connectivity analyses were performed per group. Seeds were selected for apparent mismatch between [18F] 
FDG and [18F]UCB-H. A seed was placed either in the medial orbitofrontal cortex, dorsal hippocampus or dorsal 
thalamus, and correlated with all other voxels of the brain across animals. In the control group, the emerging 
correlative pattern was strongly overlapping for all three seed locations, indicating a uniform fronto-thalamo- 
hippocampal resting state network. In contrast, rTg4510 mice showed three distinct networks with minimal 
overlap. Frontal and thalamic networks were greatly diminished. The hippocampus, however, formed a new 
network with the whole parietal cortex. We conclude that resting-state functional networks are fragmented in the 
brain of rTg4510 mice. Thus, hypometabolism can be explained by reduced functional connectivity of brain areas 
devoid of tau-related pathology, such as the thalamus.   

1. Introduction 

Transgenic animal models have contributed immensely to the dis
covery of pathological mechanisms present in human neurodegenera
tive diseases. They allow focusing on the impact of specific factors, while 
other factors are controlled for or not present at all. One well-studied 
example is the rTg4510 mouse model which expresses human tau (iso
form 0N4R) with the P301L mutation mostly in the hippocampus, 

cortex, olfactory bulb and striatum (Santacruz et al., 2005). We found 
previously in a multi-tracer PET study that those mice show tau depo
sition, neuroinflammation and synaptic degeneration in the regions of 
mutated tau expression. However, hypometabolism measured with the 
tracer [18F]FDG was much more widespread, occuring in brain regions 
entirely devoid of tau-related pathology, such as the thalamus (Endepols 
et al., 2022). In particular, the mismatch between hypometabolism and 
synaptic degeneration was puzzling, as cerebral [18F]FDG uptake is a 
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surrogate marker for glucose consumption and reflects synaptic activity 
(Dienel et al., 2018; Raichle and Mintun, 2006; Schwartz et al., 1979). A 
strong correlation between brain glucose utilization and expression of 
synaptic vesicle proteins was therefore expected and has already been 
shown in previous studies (Rocher et al., 2003; van Aalst et al., 2021). 
However, during both healthy aging and neurodegenerative diseases, 
changes in synaptic density and glucose utilisazion are not correlated to 
the same extent in all brain areas (Andersen et al., 2022; Chen et al., 
2021; Delva et al., 2022), suggesting that other factors contribute to 
glucose metabolism as well. Apart from synaptic atrophy, hypo
metabolism may also be caused by reduced activity of structurally intact 
synapses, reflecting reduced functional connectivity. It has indeed been 
shown in previous studies that functional connectivity and glucose 
metabolism are closely related (Drzezga et al., 2011; Kato et al., 2016; 
Marchitelli et al., 2018; Passow et al., 2015; Schmitz et al., 2021). 
Hypometabolism may therefore occur in a preserved structural network, 
which is nevertheless functionally compromised due to reduced input 
from tau-affected areas. To test this hypothesis, we performed seed- 
based metabolic connectivity analyses with the [18F]FDG images of all 
animals included in our recent study (Endepols et al., 2022). This 
approach relies on the assumption that glucose consumption of func
tionally connected brain areas shows a mathematical correlation, and 
has proven a successful method to study functional brain networks in 
humans (Riedl et al., 2016; Yakushev et al., 2017). In previous studies 
we and others have shown that seed-based metabolic connectivity 
analysis is suitable for rodent models as well (Apetz et al., 2019; Huo 
et al., 2021; Rohleder et al., 2016). We hypothesized that metabolic 
connectivity would be reduced in rTg4510 mice compared to non- 
transgenic littermates. 

2. Materials & methods 

2.1. Study design 

Two groups of mice (transgenic rTg4510 mice expressing human tau 
with the P301L mutation [n = 8] and non-transgenic littermates as 
controls [n = 8], seven months of age) were compared with respect to 
metabolic brain connectivity. Seed-based analysis based on [18F]FDG 
PET-images was used with seeds placed in the medial orbital cortex 
(midline), left dorsal hippocampus, and left dorsal thalamus. 

2.2. Animals 

Experiments were carried out in accordance with the EU directive 
2010/63/EU for animal experiments and the German Animal Welfare 
Act (TierSchG, 2006) and were approved by the regional authorities 
(LANUV NRW; application number 84–02.04.2015.A234 and 
81–02.04.2018.A313). The ARRIVE guidelines 2.0 were followed. 

The transgenic mouse model rTg4510 expresses the tau isoform 
0N4R (Uniprot P-10636-D, alias “htau24”, 383 residues) with the 
FTDP17 mutation P301L (Ramsden et al., 2005; Santacruz et al., 2005). 
Briefly, rTg4510 animals were produced by crossing the activator mouse 
line CaMK2a-tTA (background C57BL/6), with the responder tetO. 
MAPT*P301L mouse line (background FVB). Mice having both the 
CaMK2a-tTA and tau transgene expressed human mutant P301L tau at 
high levels, up to ~13 times of murine tau. Mature tangles are present 
from 4 months of age (Santacruz et al., 2005). Mice lacking the 
responder and the activator transgene were used as controls. Mice were 
screened by PCR using the following primer pairs: hTau transgene (Tau 
mPrP_E2): forward 5′-TGA ACC ATT TCA ACC GAG CTG-3′; reverse: 5’- 
TAC GTC CCA GCG TGA TCT TC-3′; CaMK2 promoter (oIMR8746/ 
oIMR8747): forward 5’-CGC TGT GGG GCA TTT TAC TTT AG-3′; 
reverse: 5’-CAT GTC CAG ATC GAA ATC GTC-3′. 

Sixteen adult mice were used for this study: eight rTg4510 mice (five 
females, three males; 22–29 g body weight) and eight non-transgenic 
littermates (four females, four males; 39–54 g body weight) at the age 

of seven months. All measured animals were included in the analysis. 
The mice were housed in groups in individually ventilated cages 
(NextGen, Ecoflow, Phantom, Allentown) under controlled ambient 
conditions (22 ± 1 ◦C and 55 ± 5% relative humidity) with a 12-h light/ 
dark schedule and ad libitum access to food and water. Cages were 
enriched with nestlets, chew blocks and shelters. 

2.3. Positron Emission Tomography (PET) 

From our earlier study (Endepols et al., 2022), we used PET data 
produced with the SV2A tracer [18F]UCB-H (n = 5 per group) and the 
glucose tracer [18F]FDG (n = 8 per group) to analyze correlation be
tween the two tracers, and for metabolic connectivity analysis with [18F] 
FDG. 

[18F]UCB-H was synthesized on a Trasis All-In-One synthesizer ac
cording to Warnier et al. (Warnier et al., 2016). Animals were anes
thetized with isoflurane in O2/air 3:7 (induction 5%, maintenance 
1.5–2.0%), and a catheter for tracer injection was inserted into the 
lateral tail vein. Mice were placed on an animal holder (medres® GmbH, 
Cologne, Germany) and fixed with a tooth bar in a respiratory mask. 
Body temperature was maintained at 37 ◦C using a feedback-controlled 
warming system. Eyes were protected from drying out by application of 
eye and nose ointment (Bepanthen, Bayer). A PET scan in list mode was 
conducted using a Focus 220 micro PET scanner (CTI-Siemens, Erlan
gen, Germany) with a resolution at the center of field of view of 1.4 mm. 
Data acquisition started with intravenous [18F]UCB-H injection (10.1 ±
0.5 MBq in 125 μl) and lasted for 60 min. This was followed by a 10 min 
transmission scan using a 57Co point source for attenuation correction. 
After the scan was finished, the catheter was removed and the mice were 
returned to their home cage. 

[18F]FDG was purchased from Life Radiopharma Bonn GmbH. Ani
mals were anesthetized with isoflurane in O2/air 3:7 (induction 5%, 
maintenance 1.5–2.0%) for 2–5 min, and 11.1 ± 0.8 MBq [18F]FDG in 
125 μl were injected intraperitoneally. The mice were then placed in a 
solitary cage without food, where they spent the following 35 min 
awake. Subsequently, they were anesthetized again and placed on the 
animal holder. The scan started 40 min after [18F]FDG injection and had 
a duration of 30 min. This was followed by a transmission scan (see 
above). This protocol takes advantage of metabolic trapping of [18F]FDG 
(Pauwels et al., 1998), which allows awake tracer uptake and subse
quent scanning under anesthesia (Cui et al., 2020; Kordys et al., 2017). 
Blinding was used for PET measurements. 

2.4. Image reconstruction and postprocessing 

After full 3D rebinning, summed images were reconstructed using an 
iterative OSEM3D/MAP procedure (Qi et al., 1998), resulting in voxel 
sizes of 0.47 × 0.47 × 0.80 mm. For all further processing of the images 
including statistics, the software VINCI 4.72 for MacOS X (Max Planck 
Institute for Metabolism Research, Cologne, Germany) was used. Images 
were co-registered and intensity-normalized to cerebellum, where the 
tau transgene is not expressed. Each image was divided by the mean 
value of the cerebellum VOI (elliptical, 4 mm3), resulting in the “back
ground-standardized uptake value ratio” (SUVRCer). For seed-based 
connectivity analysis, the images were Gauss-filtered with 1 mm FWHM. 

2.5. Metabolic connectivity analysis 

No blinding was used for connectivity analysis, as we already knew 
group assignments from the previous analysis. We selected three seeds 
based on results from our previous analysis (Endepols et al., 2022), 
which are shown here projected on the sections containing the seeds 
(Fig. 1). As a first step, we looked at the voxel-wise difference maps 
resulting from statistical comparison (t-test) between rTg4510 mice and 
non-transgenic littermates (=controls) for the tracers [18F]FDG and 
[18F]UCB-H. Although both directions (“rTg4510 < controls” and 
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“controls < rTg4510”) were tested, significant results were only ach
ieved for “rTg4510 < controls “. A mismatch between [18F]FDG (Fig. 1E) 
and [18F]UCB-H (Fig. 1G) difference maps was present in the hippo
campus and the thalamus, and also in the orbitofrontal cortex, although 
less striking. As a second step, we used the results of a Pearson corre
lation analysis between [18F]FDG and [18F]UCB-H (Fig. 1F). As ex
pected, there was a positive correlation between tracers in many brain 
areas, while negative correlations did not occur. Notably, we found little 
or no positive correlation in the areas which already stood out in the 
comparison of the [18F]FDG and [18F]UCB-H difference maps. Based on 
these observations, three seeds of 4 voxels each (total volume of 0.72 
mm3) were placed in the medial orbital cortex (MO; part of the 
ventromedial prefrontal cortex), left dorsal hippocampus, and left dorsal 
thalamus (Fig. 1G). The thalamus seed covered the mediorostral part of 
the lateral posterior thalamic nucleus, and the dorsal part of the subja
cent posterior thalamic nuclear group. 

Mean seed values were extracted from every mouse, and a Pearson 
correlation analysis of the seed with all other voxels of the brain was 
performed across all animals of one group (rTg4510 or control, n = 8 
each) for every seed. The resulting correlation maps were corrected for 
multiple testing using a threshold-free cluster enhancement (TFCE) 
procedure with subsequent permutation testing, thresholded at p < 0.05 
(Smith and Nichols, 2009). TFCE and final thresholding was performed 

in VINCI using a python script. Permutation testing was done in RStudio 
1.0 for Mac OS X. This yielded six connectivity maps (3 seeds × 2 
groups) with brain voxels positively (displayed in red) or negatively 
(displayed in blue) correlated to the seed region. Positive correlations of 
brain voxels indicate that [18F]FDG uptake was similar to the seed: In 
animals where seed uptake was high, red-labeled voxels also had high 
uptake. Similar to positive correlations in fMRI functional connectivity 
analysis, positive correlations in metabolic connectivity represent 
functional connections between brain areas (Friston, 2011; Yakushev 
et al., 2017). Negative correlations indicated an [18F]FDG uptake in
verse to the seed: In animals where the seed had high uptake, uptake of 
blue-labeled voxels was low, and vice versa. Negative correlations are 
thought to reflect regulatory interactions between brain regions, such as 
reciprocal modulations, suppression, inhibition and neurofeedback 
(Gopinath et al., 2015). 

3. Results 

Seed-based metabolic connectivity analyses were conducted with 
resting state [18F]FDG images of rTg4510 mice (n = 8) and age-matched 
non-transgenic littermates (n = 8). Three seeds were used: medial 
orbitofrontal cortex (MO), left dorsal hippocampus, and left dorsal 
thalamus. The results of the wildtype control group are shown in Fig. 2A. 

Fig. 1. Seed selection based on mismatch between hypometabolism and reduction of synaptic density. In each subfigure, the same two transverse section levels are 
displayed: +2.8 mm and − 1.8 mm from Bregma. The data from A–G has already been shown in (Endepols et al., 2022) for other section levels. (A + C) [18F]FDG 
mean images; (B + D): [18F]UCB-H mean images; (E + G): Difference maps for [18F]FDG and [18F]UCB-H, respectively, projected onto an MRI template. Blue voxels 
indicate significantly lower tracer uptake in rTg4510 mice (“rTg4510 < controls”). Seeds (green outlines) were placed in locations where hypometabolism was 
present (A + E), but no or little synaptic degeneration (B + G). Green arrows indicate the respective comparisons. (F): Mismatch between [18F]FDG and [18F]UCB-H is 
further demonstrated by low or absent positive correlation between tracers. Red voxels indicate significant positive correlations, negative correlations were not 
present. (H): Location of the seeds (green), consisting of four voxels each. Scale bar: 5 mm. Abbreviations: Hip - hippocampus; MO - medial orbital cortex; Th - 
thalamus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The emerging correlation patterns looked highly similar for the three 
seeds: Positive correlations comprised somatosensory and motor cortex, 
anterior cingulate cortex, retrosplenial cortex, visual cortex, temporal 
association cortex, auditory cortex, striatum, subiculum, and lateral 
parts of the cerebellum. Negative correlations appeared in the left piri
form cortex. The similarity of the connectivity patterns suggests that the 
three seeds were part of the same functional network. In contrast, for the 
rTg4510 group the analysis using the three seeds revealed distinctly 
different connectivity patterns; there was hardly any spatial overlap 
between the three correlation maps within the group of rTg4510 ani
mals. [18F]FDG uptake of the MO seed was correlated with parts of the 
striatum and auditory cortex. The dorsal thalamus seed was correlated 
with the stria terminalis region and the contralateral thalamus. While 
the frontal and thalamic networks were drastically diminished 
compared to controls, the hippocampus network had increased, now 
covering the entire parietal cortex and the dorsal striatum. Negative 
correlation between the hippocampus seed and the piriform cortex 
remained the same as in the control group. For network quantification 
see Table 1. Results from seeds in the right dorsal hippocampus and right 
dorsal thalamus were similar (supplemental Fig. 1). 

4. Discussion 

In this work, we have chosen three seeds according to the greatest 
mismatch between [18F]FDG-PET (glucose metabolism) and [18F]UCB- 
H-PET (SV2A density) in rTg4510 mice (Endepols et al., 2022): MO 
(frontal cortex), hippocampus and dorsal thalamus. Our hypothesis was 
that the mismatch may be explained by reduced functional connectivity 
of these brain regions, which may lead to lower glucose consumption 
while synaptic integrity is still mostly intact. To test this hypothesis, we 

Fig. 2. Seed-based metabolic connectivity analysis. Shown are the statistical results (corrected for multiple testing) of Pearson correlation analysis of the seed region 
and the rest of the brain, projected onto an MRI template. (A) Control group (n = 8). (B) rTg4510 group (n = 8). Each row represents the metabolic connections of one 
seed (green). Positive correlations are depicted in red, negative correlations in blue. Numbers in the top row indicate rostro-caudal coordinates, i.e. distance from 
Bregma in mm. Scale bar: 5 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Abbreviations: A - auditory cortex, CPu - caudate-putamen, GP - globus pallidus, Hip - hippocampus, lDCN - lateral deep cerebellar nuclei, lTh - lateral thalamus, mTh 
- medial thalamus, OFC - orbitofrontal cortex, pCtx - parietal cortex, Pir - piriform cortex, S1 - somatosensory cortex, ST - stria terminalis, Str - striatum. 

Table 1 
Comparison of seed-associated networks. Only positive correlations were used 
for quantification.    

controls   rTg4510  

seed MO dTh Hip MO dTh Hip 

connected 
volume 

133 
mm3 

201 
mm3 

115 
mm3 

55 
mm3 

28 mm3 166 
mm3 

mean R 0.85 0.85 0.89 0.80 0.79 0.84 
network 

overlap  
82.3 
mm3   

0.7 mm3  

Abbreviations: Hip - hippocampus; MO - medial orbitofrontal cortex; R - cor
relation coefficient; dTh - dorsal thalamus. 
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performed a functional connectivity analysis on the basis of FDG-PET 
data obtained in transgenic and wildtype animals. 

The main result was that in non-transgenic control mice the three 
selected seeds were components of the same network (Fig. 3A). Since 
tracer uptake took place while the mice were in single cages without any 
behavioral task, we expected resting state networks to originate from the 
frontal cortex seed. Indeed, most emerging regions were part of the 
default mode network (DMN) previously described for mice in fMRI 
studies (Ben-Nejma et al., 2019; Coletta et al., 2020; Liska et al., 2015; 
Stafford et al., 2014; Whitesell et al., 2021): frontal cortex, cingulate 
cortex, retrosplenial cortex, visual cortex, temporal association cortex, 
and striatum. While hippocampus and dorsal thalamus are often thought 
to form their own resting-state networks separate from the DMN 
(Grandjean et al., 2020; Liska et al., 2015), other researchers attributed 
the dorsal thalamus (Coletta et al., 2020; Whitesell et al., 2021) and the 
hippocampus (Ben-Nejma et al., 2019) to the DMN, which is supported 
by our results. The piriform cortex, which was negatively correlated to 
the seed regions in our study, has been considered to be part of the DMN 
as well (Ji et al., 2018). However, it should be noted that the piriform 
cortex receives some spill-over from the lateral pterygoid muscles (see 
supplemental Fig. 2), which might indicate a negative correlation be
tween hippocampal activity and pterygoid muscle tone rather than 
involvement of the piriform cortex in the hippocampal network. The 
inconsistency in the literature with regard to the exact DMN components 
might result from different degrees of sedation in the abovementioned 
fMRI studies, which may decrease functional connectivity (Wang et al., 
2021). In our metabolic connectivity study, the mice were fully awake 
during tracer uptake, which may explain the strong correlation between 
DMN core regions, piriform cortex, hippocampus and dorsal thalamus, 
forming one large resting-state network. 

In rTg4510 mice, however, the connectivity analysis based on the 
identical three seeds revealed three functional networks, which were 
completely separate from each other (Fig. 3B). Compared to the net
works in wildtype animals, the frontal cortex and dorsal thalamus net
works showed particularly diminished extension in rTg4510 mice. 
Reduced frontal and/or thalamic connectivity has also previously been 
described in other studies on AD mouse models (Ben-Nejma et al., 2019; 
Bero et al., 2012; Green et al., 2019; Shah et al., 2013). Because the 
thalamus did not show any reduction of synaptic density (Endepols 
et al., 2022), it appears particularly likely that the observed thalamic 
hypometabolism can be explained by the reduced functional connec
tivity as demonstrated in the current study. In the frontal cortex, slightly 
reduced synaptic density (see Fig. 1B) may have contributed to some 
extent to hypometabolism in addition to decreased network activity. 

Surprisingly, the hippocampal seed yielded a large network covering 
the whole parietal cortex and the dorsal part of the striatum in rTg4510 
mice. Previous studies have shown that hippocampus and parietal cortex 
can form a shared functional network during resting state (Hall et al., 
2022; Karatas et al., 2021), but usually these circuits are restricted to 
certain parietal areas and are involved in numerous functional aspects 
(Zheng et al., 2021). The situation where almost the whole cortex is 

functionally connected to the hippocampus has been previously 
described as hyperconnectivity in another tauopathy mouse model and 
interpreted as a compensatory phenomenon (Degiorgis et al., 2020). As 
the parietal cortex in rTg4510 mice suffers from considerable synaptic 
degeneration (Fig. 1G), hippocampal hyperconnectivity may neverthe
less be consistent with hypometabolism. 

In contrast to our findings, other studies reported reduced connec
tivity of the hippocampus in 3xTg-AD mice (with tau and amyloid β 
pathology) (Manno et al., 2019) and APPKI mice (amyloid β pathology) 
(Morrissey et al., 2022). However, it has recently been shown that the 
rTg4510 mouse displays other confounding factors, such as the Fgf14- 
TgINDEL mutation (Gamache et al., 2019; Goodwin et al., 2019): The 
intracellular fibroblast growth factor 14 (FGF14) binds to voltage-gated 
sodium channels at the axonal initial segment and is involved in regu
lation of neuronal excitability, synaptic plasticity and maturation of 
newly generated neurons (Di Re et al., 2017). Insertion of the tetO- 
MAPT*P301L transgene leads to a 244 kbp deletion in the Fgf14 locus on 
chromosome 14, while approx. 70 transgene copies are integrated. This 
leaves the coding region of the splice variant V1 (encoding isoform 1a) 
intact, while the variants V2 (encoding isoform 1b), X1 and X2 are 
damaged (Gamache et al., 2019), resulting in altered current densities in 
the different subtypes of voltage-gated sodium channels (Laezza et al., 
2009). It is therefore plausible that the observed changes in metabolic 
connectivity can not be attributed to tau pathology alone, but also to 
altered neuronal excitability caused by the Fgf14-TgINDEL mutation. 

Taken together, our results demonstrate the fragmentation of one 
large uniform resting state network, as seen in the control animals, into 
three separate functional networks in rTg4510 mice. As a result of this 
fragmentation, thalamic and frontal cortex functional networks were 
strongly diminished in size. This finding could explain hypometabolism 
of those areas, as result of reduced neuronal input, in accordance with 
our initial hypothesis. The hippocampus also separated from the original 
network, but formed an even larger functional network with the parietal 
cortex. Hippocampal hypometabolism might be caused by impaired 
population activity in the hippocampal-parietal network. 

4.1. Limitations 

In contrast to fMRI, metabolic connectivity analysis is based on static 
PET images rather than time series. There is a debate about how well 
metabolic and functional connectivity results overlap, and which 
method gives the “true” results (Jamadar et al., 2021; Sala et al., 2022). 
The current understanding is that both methods produce valuable in
formation about the communication between brain areas (Sala et al., 
2023). One disadvantage of static metabolic connectivity analysis is that 
correlations are calculated across a group, and individual connectivity 
maps are not available. For this reason, our conclusions remain some
what speculative and have to be further substantiated by individual 
results. 

Fig. 3. Schematic drawing of metabolic resting-state networks. (A) Control group. The three seeds MO, dTh and Hip are in the same resting state network. (B) 
rTg4510 mice. The three seeds are in three different networks. Abbreviations: CPu - caudate-putamen, DCN - deep cerebellar nuclei, dTh - dorsal thalamus, GP - 
globus pallidus, Hip - hippocampus, MO - medial orbitofrontal cortex, pCtx - parietal cortex, S1 - primary somatosensory cortex, ST - stria terminalis. 
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