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Response to Comment on “Microglial activation states 
drive glucose uptake and FDG-PET alterations 
in neurodegenerative diseases”
Xianyuan Xiang1,2, Sabina Tahirovic3, Sibylle Ziegler4,5,  
Christian Haass1,3,5*, Matthias Brendel3,4,5*

Microglial FDG uptake alterations are the source of FDG-PET changes in models of neurodegenerative diseases.

With great interest, we have recognized the technical comment of 
Zimmer et al. on our recent Science Translational Medicine paper 
by Xiang et al. (1). We appreciate the discussion on the cellular origin 
of the fluorodeoxyglucose positron emission tomography (FDG-PET) 
signal, and given the many remaining open questions, we hope that 
this will stimulate further important research in this area. We fully 
agree with Zimmer et al. that astrocytes play an important role in 
FDG uptake of the brain, and we did not deny the contribution of 
astrocytic FDG uptake as one major source of the overall FDG-PET 
signal. However, considering the recent data from another group (2), 
together with our findings (1), a substantial direct contribution of 
microglial FDG uptake to the FDG-PET signal specifically after trig-
gering receptor expressed on myeloid cells 2 (TREM2)–dependent 
activation is important to consider.

First, in the technical comment, Zimmer et al. suggest that the 
total microglia cell number could be too low to influence the total 
FDG-PET signal. However, our data clearly indicate that microglia 
are responsible for the FDG-PET increases in amyloid mouse models 
and decreases in Trem2-knockout (TREM2-KO) mice and that 
microglia account for ~10% of the total FDG uptake in the healthy 
mouse brain. Microglial contribution to FDG uptake was determined 
by the magnitude of PET signal decrease after 99% microglia depletion 
in wild-type mice. We reevaluated our data after cross-calibration 
of absolute activity in isolated cells and the activity of the whole brain 
before isolation. We now provide an additional FDG allocation model 
that accounts for single microglia cell uptake as assessed by magnetic- 
activated cell sorting after tracer injection (1), considering the men-
tioned 7% microglia cells in mouse brain (Fig. 1, A and B) (3). Here, 
we find an excellent confirmation of the relative contribution of 
microglia to the total FDG-PET uptake between PET (9.8% reduction 
at 99% depletion) and magnetic-activated cell sorting (MACS; 8.6%; 
Fig. 1C). The excellent agreement between estimates of the microglial 
contribution to the total FDG uptake between PET (29.1%) and MACS 
(29.9%) was also observed for the -amyloid mouse model, assum-
ing a 1.3-fold increase in microglial density (1) due to proliferation 

(Fig. 1B). Together with the fact that the uptake in an amyloid model 
is TREM2 dependent, this cross-validation makes it very likely that 
the elevation of FDG-PET in our study derived from the elevated FDG 
uptake of microglia cells and not from other cell types. In line, microglia 
depletion in wild-type animals does not overtly change astrocytic 
phenotypes (4), such that the reduced FDG-PET signal can likely be 
attributed to microglia. Our findings of elevated microglial FDG up-
take in the amyloid mouse model when compared to wild type were 
independently validated in the 5xFAD mouse model of Alzheimer’s 
disease (AD) in a separate manuscript (2). Moreover, in this study, 
using MACS and single-cell RNA sequencing, higher glucose uptake 
and altered glucose metabolism signatures were observed in hippo-
campal microglia but not in hippocampal nonmicroglia cells (2). Thus, 
we conclude that microglia, and not astrocytes, are predominantly 
responsible for the FDG alterations in amyloid mouse models be-
cause amyloid-driven changes in FDG uptake are dependent on TREM2, 
which, within the brain, is exclusively expressed in microglia.

Second, Zimmer et al. mention that microglial activation could 
influence astrocytic glucose uptake as an alternative model to an 
elevated direct glucose uptake by microglia. Estimated astrocytic FDG 
uptake by MACS in the FDG allocation model was lower (2.2% of 
the total brain) when compared to microglia, but we believe that a 
relevant proportion of FDG in astrocyte processes is likely missed due 
to loss of processes during the dissociation procedure (Fig. 1, A and B). 
Recent data of FDG-PET signal reduction after clozapine-induced 
glutamate transporter 1 blockade (5) indicate that astrocytic FDG 
uptake could comprise a magnitude of ≥20% of the whole brain. 
Therefore, we fully agree that contributions of astrocytes, especially 
astrocytic processes, need to be acknowledged when interpreting 
brain FDG-PET imaging (6). However, the additional findings 
presented here show that microglia incorporated glucose to a higher 
degree in -amyloid mouse models in a TREM2-dependent manner 
(1, 2). This again suggests a direct contribution of microglia to the 
FDG-PET signal that does not derive from microglia-dependent acti-
vation of astrocytes via cytokines, because TREM2 loss of function 
would then be expected to modulate astrocytic FDG uptake, which 
is not the case (7). Nevertheless, we fully agree that astrocytes poten-
tially have a strong overall contribution to the basal FDG-PET signal.

Third, Zimmer et al. claim that the astrocyte isolation method 
used did not capture the entire astrocyte population. We agree that 
capturing all astrocytes is a big challenge in the field. The anti- 
CD11b antibody was used to isolate the whole population of 
microglia/macrophages, and the anti–astrocyte cell surface antigen-2 
(ACSA-2) antibody was used to isolate astrocytes. However, ACSA-
2 is coexpressed on all astrocytes with bona fide markers such as 
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aldehyde dehydrogenase 1 family member L1 (Aldh1l1), glial fibrillary 
acidic protein (GFAP), S100 calcium-binding protein B, and glutamate- 
aspartate transporter. Aldh1l1-Cre/ERT2 animals are widely used as a 
model to drive gene expression in the vast majority of astrocytes. 
However, we cannot exclude that by using the anti–ACSA-2 antibody 
isolation strategy, we are losing a subset of ACSA-2–negative astro-
cytes, which could, in turn, display altered glucose uptake. Still, the 
aforementioned direct effects of altered FDG uptake in single microglial 
of -amyloid and TREM2-KO mouse speak for microglia-driven 
FDG uptake alterations in the investigated disease situations.

Fourth, Zimmer et al. mention that the translocator protein 
18 kDa (TSPO)–PET signal could also derive from astrocytes instead 
of microglia as its specific source. We agree that TSPO is not a 
microglia-specific marker because both microglia and astrocyte dis-
played increases in TSPO in an amyloid rat model and in AD subjects 
(8). However, PET and autoradiography studies using new-generation 
TSPO tracers such as [18F]GE-180 and [11C]PBR28 in mouse models 
of amyloidosis have shown high specificity and correlations of these 
tracers with microglia (9, 10). Furthermore, immunohistochemistry 
analysis with antibodies against TSPO has shown no or rare staining 
in astrocytes (using different markers for astrocytes besides GFAP), 
both in AD mouse models and in AD human brains, although 
demonstrating some signal in endothelial cells lining the blood ves-
sels and the epithelial cells forming the choroid plexus (9, 10). In 
addition, we observed an excellent correlation between TSPO-PET 
and immunohistochemical markers for activated microglia in 
mice. Therefore, both microglia and astrocyte contribute to the 
TSPO-PET signal. However, we observed a TREM2-dependent in-
crease in glucose uptake in amyloid mouse models, which suggests 
a selective increase in FDG in microglia. Although the situation is 
certainly more complicated in human brains, our combined data 
suggest that microglial FDG uptake will also play a considerable role 
in patients.

As a general remark, our proposed FDG allocation model of all brain 
compartments is complex (Fig. 1), and we refrained to overextrapolate 

our existing data for that reason (1). However, determining a model 
of all cellular sources of the entire FDG uptake in the brain is, in 
principle, feasible and deserves further investigation. Brain dissoci-
ation and sorting of different cell types and cell fragments after 
radiotracer injection (“radiosorting”) allow the specific localization 
of trapped FDG throughout the brain, resulting in FDG uptake per 
unit such as cell number or mass of protein. Sources that could be 
lost during the dissociation and sorting process, particularly syn-
apses and oligodendrocytes, need to be taken into account for 
this calculation. In addition, sorted material only contains a snap-
shot of the full cell population or mass availability in the brain, and 
additional data or literature are needed to define their quantitative 
abundance (3). Nonetheless, our data of single-cell FDG uptake in 
microglia already indicated feasibility to recapitulate the changes 
of FDG-PET induced by amyloidosis or TREM2 deficiency at a cell 
population level. We fully agree that the human situation is more 
complex and more difficult to disentangle because FDG uptake mea-
sures at the single-cell level are challenging.

In summary, there is growing evidence that not only neurons but 
also astrocytes and microglia contribute relevantly to glucose uptake 
and the resulting radioactive PET snapshot of FDG accumulation in 
the brain. Neurodegenerative diseases strongly affect glial FDG uptake 
and glial metabolism. The combined data should increase the aware-
ness to consider glia cells as key contributors of FDG uptake, and 
the detailed proportions of these cellular contributions in healthy 
brains and under disease conditions deserve deeper investigation.
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