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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

In this study, Meyer et. al. investigated the mechanism underlying hyposmia, one of the early non-cognitive symptoms of
Alzheimer’s disease (AD), using the APPNL-G-F mouse model of amyloid pathology, postmortem human brain tissues and
data from AD patients. To this end, they focused on the role of noradrenergic locus coeruleus (LC) dysfunctions in hyposmia,
since the neurotransmitter noradrenalin (NA) is known to modulate olfactory information processing, and LC is one of the
earliest brain regions affected in AD. They found that noradrenergic inputs and NA release in the olfactory bulb (OB)
significantly decreased, and olfaction was impaired in the APPNL-G-F mice. Interestingly, these changes were observed at
the age of 2 months before pronounced appearance of extracellular amyloid plaques. They found that the number of
microglia was increased in the OB, whereas transcriptional analysis did not find evidence for “disease-associated” microglial
response in the OB. As a mechanism of loss of noradrenergic axons in the OB, they found that OB microglia from the
APPNL-G-F mice showed increased phagocytic activity of synaptosomes in vitro and noradrenergic fibers in the brains.
Noradrenergic inputs to the OB were more decorated with “find-me”- and “eat-me”-signals including phosphatidylserine and
MFG-E8 in the APPNL-G-F mice than in the control mice. This neuronal damage seemed to be intrinsically caused by
expression of APPNL-G-F protein in the LC neurons. They also showed that knockout of translocator protein 18 kDa
(TSPO), which is critical for microglial activity, reduced phagocytosis of noradrenergic fibers and prevented olfactory deficits
in the APPNL-G-F mice. Finally, they showed that patients with prodromal AD displayed elevated TSPO-PET signals in the
OB, similarly to the APPNL-G-F mice and early LC axon degeneration in post-mortem OBs in patients with early AD.

Overall, this is a very interesting study with extensive data and analyses. However, there are several concerns with the
interpretation of the data. Also, the relevance of the proposed mechanism of LC degeneration caused by APPNL-G-F
overexpression in the LC of AD mice to the LC loss and hyposmia in AD patients is not clear.

Specific comments

1) In Fig. 1, authors showed that the NET fiber density decreased, and the number of microglia increased at the age of 2
months before pronounced amyloid plaque formation in APPNL-G-F mice. Did authors analyze fiber density other than
NET+ fibers? Also, what drove microglial increase in APPNL-G-F mouse brains?

2) In Fig. 3f, why microglial cells isolated from APPNL-G-F mouse brains showed increased phagocytic activity of
synaptosome compared to microglial cells from C57BL/6J control mouse brains? Since authors hypothesized enhanced
phagocytic activity in APPNL-G-F mouse brains from transcriptome analysis, it would be helpful to show or discuss specific
mechanisms.

3) In Fig. 4h and i, authors showed that there was no difference in the volume of contact points between microglia and LC
axons between control and APPNL-G-F mice (Fig. 4h,i). Does this mean that microglia in APPNL-G-F mouse brains only
engulfed damaged axons as a protective response but did not engulf intact axons pathologically?

4) Related to Fig. 4e and i, how did TSPO knockout specifically reduce phagocytic activity of microglia without altering
volume of microglia and volume of contact points between microglia and LC fibers?

5) Related to Fig. 5, how did overexpression of APPNL-G-F protein damage LC fibers? Unlike APP knockin, overexpression
of APP causes axonal transport defects and neuronal dysfunctions, which may be different from neurodegeneration in AD.



Please carefully discuss this point.

6) Related to Fig. 6a, did authors analyzed tau pathology, synuclein pathology and neuronal loss in the LC regions in
prodromal AD and AD patients? Also, one of prodromal AD patients (#13) do not show amyloid pathology and is not likely to
be AD.

7) Related to Fig. 6a-f, NET fiber density, TSPO-PET and score for order identification task do not correlate well in
prodromal AD.

8) Related to Fig. 6g-j, it is surprising that TSPO-PET signal is detected in the OB, but not in the cortex where extensive
amyloid plaques and microglial activation are observed. Could author comment on this point?

9) In Extended Fig.1, data from 12-month-old mice are missing.

(Remarks on code availability)

Reviewer #2

(Remarks to the Author)

The expertise | have relevant to this paper is TSPO imaging, and hence | was asked to review just that section of the
manuscript.

Nevertheless, | thought that overall this was a very interesting paper on an important topic and its results are of significance
to the field and ultimately to patients.

Regarding the TSPO imaging, the authors in my view have used TSPO imaging appropriately, by using it to ask whether
there are differences in microglial density between the three groups (rather than phenotype).

| have a few comments.

The authors used post mortem brain tissue to show that there was axon loss in AD and pAD relative to control brains. They

then wanted to determine if this axon loss was associated with an increase in microglial number, which they addressed with
PET imaging in patients/controls. The result is they show the axon loss in post mortem tissue and the increase in microglial

number in living people. There may be a reason, but it is not immediately obvious to me why they didn’t look for an increase
in microglial number in those same post mortem brains where they demonstrated axon loss (and potentially then correlating
axon loss with microglial number within sample). The paper would certainly be strengthened by doing so.

I would also query the claim that controls are age matched. Unless | have misunderstood, the median ages for control, pAD
and AD are 64, 77, 87 years respectively. Almost all of the controls are age 65 and below, whereas almost all of the AD/pAD
are 73 and above. This is important because axon loss is partly a function of age. The differences the authors report
between control and AD/pAD may well be greater than what would be expected with age, but the current dataset leaves this
is an uncertainty. | know post mortem sample availability is always an issue, but | would strongly suggest the authors find a
few more samples to mitigate the current age differences between the groups to give us confidence that the results are not
explained by age differences.

Similarly I think the finding would be strengthened by showing that the axon loss is specific to NET+ fibres and that other
fibres are unaffected (or much less affected).

A very minor point is that the control brains in figures 6a,b,c are referred to as coming from healthy controls (line 294) which
is an unusual way to describe someone who is dead.

(Remarks on code availability)

Reviewer #3

(Remarks to the Author)

This is a novel and timely study showing that early olfactory deficits in an APP knock in mouse model are driven by the
selective degeneration of noradrenergic axons from the locus coeruleus to the olfactory bulb, mediated by microglial
clearance through phosphatidylserine and MFG-E8 signalling, already before the formation of plaques. Core findings are
nicely validated in human prodromal AD patients, which further increases the impact of the study.



I have only few comments related to the two-photon imaging:

Figure 2:

- How plots were generated is a bit unclear with regard to the averaging. Is the fluorescence averaged across the whole
frame? And then across trials or sessions?

- It looks like from the heat map that some cells / FOVs / mice are inhibited rather than being excited. This is masked in the
2f, the grand average. | would like to see a quantification of the number of cells / sessions / mice / FOVs significantly excited
/inhibited. This could give more insight into the mechanism (i.e. NA has a greater inhibitory effect on the circuit in NLGFs). If
it's averaged across the whole FOV, is it possible that some regions are excited and inhibited? Again this could mask the
effectin the averaging.

- Did the authors ever do imaging at 6 months? It would be interesting to see the effect of NA when there is significant plaque
burden but | don’t see that as a requirement for a revision.

Figure 3d:
I don’t think this correlation is real (https://en.wikipedia.org/wiki/Simpson's_paradox). If it is the authors need to improve their
explanation of the regression. This is not central to their results though.

Marc Aurel Busche

(Remarks on code availability)

Reviewer #4

(Remarks to the Author)

This study by Meyer et al. investigates the connection between early olfactory dysfunction in Alzheimer’s Disease (AD) and
the loss of noradrenergic (NA) axons originating from the locus coeruleus (LC) in a mouse model of AD, as well as in human
postmortem tissue. The authors combine behavioral testing, advanced imaging techniques (TSPO-PET and two-photon
microscopy), and RNA sequencing to explore mechanisms underlying early olfactory deficits. Their findings suggest that
microglia-mediated clearance of LC axons in the olfactory bulb (OB) plays a key role in the pathogenesis, highlighting the
potential of olfactory dysfunction as an early event leading to memory loss in AD.

The study addresses an important but underexplored area in AD research, providing mechanistic insights into olfactory
dysfunction, which is a well-documented yet poorly understood early symptom of AD. While the work offers many interesting
findings on OB dysfunction, the basic deficit in odor processing associated with early AD remains unclear.

Specifically, although the authors demonstrate impaired olfaction at the behavioral level from 3 months of age, the precise
mechanisms by which familial AD mutations impair olfactory coding remain unresolved. It is unclear what specific aspects of
olfaction are affected by lower NA levels and increased phagocytosis by microglia. The authors assess odor-induced NA
release using two-photon microscopy with a single odor at a single concentration. The important control with mutated GRAB
sensor insensitive to NA is not provided.

Furthermore, this experiment does not provide insight into how odor detection and discrimination are affected in the OB of
AD model mice. No quantitative analysis is presented regarding the amplitude of the neural response, trial-to-trial variability,
adaptability, or the fraction of neurons responding to a given odor. Additionally, there is no analysis of whether the neural
responses convey information about the identity of the presented odors and decoding accuracy.

It is unclear whether the deficits in olfaction arise from the OB specifically, or whether other regions of the olfactory system,
such as the piriform cortex, also contribute to the sensory deficits in young AD mice. This uncertainty is further compounded

by the lack of electrophysiological phenotype of mitral cell activity in the OB and by the lack of olfaction recovery following
chemogenetic activation of LC neurons.

(Remarks on code availability)

Version 1:

Reviewer comments:

Reviewer #1

(Remarks to the Author)

Authors addressed this reviewer's concerns on data from mouse models, sufficiently.

As for data from human study, | still have concerns since authors did not provide additional evidence. Instead, authors
claimed that they did not have samples to perform required experiments or enough data points to reach statistical



significance.

(Remarks on code availability)

Reviewer #2

(Remarks to the Author)
All my comments have been addressed satisfactorily. | commend the authors for their work

David Owen

(Remarks on code availability)

Reviewer #3

(Remarks to the Author)
The authors have fully addressed my concerns. The study is innovative, translational, and ready for publication; |
recommend acceptance.

(Remarks on code availability)

Reviewer #4

(Remarks to the Author)
The authors have strengthened their conclusions in the revised manuscript. In my view, it is now ready for publication.

(Remarks on code availability)
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To the reviewers:

We would like to thank all reviewers for the time and effort investing in the
review of our submitted manuscript to Nature Communications. We feel the
justified comments and critical questions have improved the quality of the
manuscript significantly. We hope to have addressed all relevant points to
the satisfaction of the reviewers and provide detailed responses point-by-

point referring to the relevant changes in the manuscript.

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

In this study, Meyer et. al. investigated the mechanism underlying
hyposmia, one of the early non-cognitive symptoms of Alzheimer’s disease
(AD), using the APPNL-G-F mouse model of amyloid pathology,
postmortem human brain tissues and data from AD patients. To this end,
they focused on the role of noradrenergic locus coeruleus (LC)
dysfunctions in hyposmia, since the neurotransmitter noradrenalin (NA) is
known to modulate olfactory information processing, and LC is one of the
earliest brain regions affected in AD. They found that noradrenergic inputs
and NA release in the olfactory bulb (OB) significantly decreased, and
olfaction was impaired in the APPNL-G-F mice. Interestingly, these
changes were observed at the age of 2 months before pronounced
appearance of extracellular amyloid plaques. They found that the number
of microglia was increased in the OB, whereas transcriptional analysis did
not find evidence for “disease-associated” microglial response in the OB.
As a mechanism of loss of noradrenergic axons in the OB, they found that
OB microglia from the APPNL-G-F mice showed increased phagocytic
activity of synaptosomes in vitro and noradrenergic fibers in the brains.
Noradrenergic inputs to the OB were more decorated with “find-me”- and

“eat-me”-signals including phosphatidylserine and MFG-E8 in the APPNL-
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G-F mice than in the control mice. This neuronal damage seemed to be
intrinsically caused by expression of APPNL-G-F protein in the LC neurons.
They also showed that knockout of translocator protein 18 kDa (TSPO),
which is critical for microglial activity, reduced phagocytosis of
noradrenergic fibers and prevented olfactory deficits in the APPNL-G-F
mice. Finally, they showed that patients with prodromal AD displayed
elevated TSPO-PET signals in the OB, similarly to the APPNL-G-F mice
and early LC axon degeneration in post-mortem OBs in patients with early
AD.

Overall, this is a very interesting study with extensive data and analyses.
However, there are several concerns with the interpretation of the data.
Also, the relevance of the proposed mechanism of LC degeneration caused
by APPNL-G-F overexpression in the LC of AD mice to the LC loss and

hyposmia in AD patients is not clear.

Specific comments

1) In Fig. 1, authors showed that the NET fiber density decreased, and
the number of microglia increased at the age of 2 months before
pronounced amyloid plaque formation in APPNL-G-F mice. Did

authors analyze fiber density other than NET+ fibers?

We thank the reviewer for this critical comment. We fully agree to the
importance of investigating other fiber densities, since other subcortical
modulatory system are known to be affected in the progression of AD as
well'. We have thus performed immunohistochemical analysis of choline-
acetyltransferase positive (ChAT") and serotonergic (SERT) fibers in the
olfactory bulb of C57BL/6J and APPN-®F animals. We show that in contrast
to NET* axons, neither degeneration of ChAT" neurites nor SERT" axons

PNL-G-F

at 3 months of age can be detected in AP mice. We hence conclude
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that the specific loss of noradrenergic LC axons reflects the vulnerability of
OB-projecting LC neurons. These data are added to Extended Data Fig. 1

and are furthermore mentioned in the “Results” and “Discussion”

Also, what drove microglial increase in APPNL-G-F mouse brains?

At this point we can only speculate about the underlying mechanism for an
increased microglial density. Our data indicates an increase in microglial
cell numbers starting at an age of two months onwards. We cannot detect
the concomitant deposition of extracellular B-amyloid (AB) plaques.
However, an increase in extracellular AB-oligomers has been described to
precede the formation of AB-plaques in APPN-SF mice. At early stages,
microglia may already increase phagocytic activity and prevent plaque
formation?. In this context, a recent paper also shows that microglia are
spatially more associated to AB-oligomers than to plaques in APPN-6F
mice®. Earlier work has illustrated an increased number of microglia in
response to elevated AB levels. Thus, AB-oligomers as a trigger for
microglial proliferation and increased cell number constitutes one possible
explanation*. Additionally, recent work illustrates a stark modulation of
microglia function by the neuromodulator NA °* . That is, the loss of NA
innervation and consequently NA release in the olfactory bulb might indeed
exert further effects on microglial function' . As the effects of NA, however,
might be strongly state- and context-dependent and additionally differ
between anatomical locations, it is impossible to delineate the exact
contribution of a decreased NA signaling on microglia in the OB. We
completely agree that these are fundamental questions and would like to
emphasize that we already started to outline specific projects in the future

addressing these critical points specifically.

2) In Fig. 3f, why microglial cells isolated from APPNL-G-F mouse
brains showed increased phagocytic activity of synaptosome
compared to microglial cells from C57BL/6J control mouse brains?

Since authors hypothesized enhanced phagocytic activity in APPNL-
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G-F mouse brains from transcriptome analysis, it would be helpful to

show or discuss specific mechanisms.

We thank the reviewer for the comment, and take the opportunity to clarify

PNSCF mice.

why we hypothesize an increased phagocytic activity in AP
With respect to our transcriptomic data, we did not find a significant change
in modules consisting of genes annotated with the GO-term
“Phagocytosis”. However, we found several gene modules significantly
upregulated that were annotated to the GO-term “Synapse” (we have
added heatmaps of the genes with GO “Phagocytosis” and “Synapse” as
additional illustrations to Extended Data Fig. 7). Genes annotated with the
GO-term “Synapse” included several genes that have been shown to play
a role in synapse remodeling and synaptic restructuring and may thus
include genes for synaptic pruning. A number of genes is suggested to
regulate phagocytosis directly or indirectly including but not limited to
Chrna7, Lrrtm4, BIn2, Epha4. Based on this, we suggested that microglia
cells might show elevated phagocytic activity even in the absence of
upregulated genes annotated with “Phagocytosis” or being counted as
genes DE in the DAM-response.

Furthermore, decreased NA release might contribute to altered phagocytic
activity and gliosis significantly®'®'". NA is a critical modulator of microglia

activity and may have differential effects as mentioned in the discussion.

3) In Fig. 4h and i, authors showed that there was no difference in the
volume of contact points between microglia and LC axons between
control and APPNL-G-F mice (Fig. 4h,i). Does this mean that microglia
in APPNL-G-F mouse brains only engulfed damaged axons as a

protective response but did not engulf intact axons pathologically?

This is indeed an important question. We sought to address this in our
discussion. It may be the case that this was not particularly clear enough.
We hypothesize that at that particular stage without the presence of overt

AB-plague deposition, microglia do not necessarily form enhanced contact
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points to other cell types. However, the presence of the “eat-me”-signal PS
and MFG-ES8 instigate microglia to phagocytose LC axons. That same
signaling mechanism is used during adult neurogenesis and synaptic
pruning in the OB, rendering this area sensitive to this signal. We
hypothesize that microglia engulf axons in their function to surveil tissue
integrity. Thus, unaltered contact points still may result in an elevated
phagocytosis due to the increased probability to detect “eat-me” signals on
LC axons. Furthermore, we do notice a slight trend towards a higher
number of contact points in APPN=CF and APPN-¢F x TSPO-KO microglia,

without reaching statistical significance (Fig. 4i).

4) Related to Fig. 4e and i, how did TSPO knockout specifically reduce
phagocytic activity of microglia without altering volume of microglia

and volume of contact points between microglia and LC fibers?

The reviewer is indeed right that reduced phagocytosis can as well
correlate to an anatomical change in microglia cells. Recently, Fairley and
colleagues have assessed mitochondrial metabolism in microglia with
respect to TSPO function'. Specifically, TSPO-KO was shown to result in
decreased phagocytosis due to a shift from oxidative phosphorylation
towards glycolysis'. In their work, they describe glycolytic activity to be
insufficient to provide necessary amounts of ATP for phagocytosis. In a
series of elegant in vitro experiments, they could show that TSPO-KO leads
to the recruitment of a hexokinase promoting the shift towards less efficient
glycolysis (we have specified the rationale for investigating the effect of
TSPO-KO now in the relevant part of the “Results”). We leveraged this in
order to modulate phagocytic activity by genetic means to prove the
phagocytosis of LC axons by microglia and finally the rescue of olfaction in
APPN-GF x TSPO-KO mice. In addition, our own group has shown that
TSPO-KO leads to a slightly increased morphological complexity of
microglia in the cortex'. In Fig. 4e a slight trend towards an increased
microglia volume is noticed which is the reason for volume normalization in

panel on the right. Concomitantly, as referred to in the response to the
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reviewer’s “specific comment 3)” there is a slight trend towards a higher
number of contact points in APPN=CF and APPN-¢F x TSPO-KO microglia,

without reaching statistical significance.

5) Related to Fig. 5, how did overexpression of APPNL-G-F protein
damage LC fibers? Unlike APP knockin, overexpression of APP
causes axonal transport defects and neuronal dysfunctions, which
may be different from neurodegeneration in AD. Please carefully

discuss this point.

We thank the reviewer for addressing this specific and important issue.
Indeed, we can assume that overexpression of mutant APP via AAVs might
act different on LC neurons compared to the mechanism in the APPN-6F
transgenic mice, where the transgene is expressed at physiological levels.
The overexpression of the mutant APP, which is more prone to be
processed into toxic AB42 peptides, might indeed be even more toxic. We
would like to point out that the rationale for this experiment was to induce
the production of AB42 peptides only in LC neurons. We could not think
about an alternative approach to do so. To account for the short discussion,
we have now added a substantial part in the manuscript referring to recent
work, which might add valuable insights and should foster future research
depicting the selective vulnerability of LC axons in the APP context. The
reviewer is indeed right, that overexpression of human APP in LC neurons
might lead to axonal transport deficits, however, this has indeed been also
attributed to the Swedish mutation, which is also a part of this mouse
model. That is, axonal transport deficits might be indeed a general
mechanism that can be applied to both conditions, though certainly to
different extents. In support of that, recent work illustrates a mitochondrial
transport deficiency in APP expressing neurons of transgenic mice'. Since
LC axons are long, thin and unmyelinated it is reasonable to speculate that
any transport deficits might especially affect axons that project to regions
several millimeters distant from their originating soma. We have added a

relevant part in "Discussion”. We feel that this will clearly stimulate novel
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and sophisticated research projects. /n vivo imaging of axonal transport is
now possible and we think these are very important details and subjects
for follow-up studies, especially when it comes to the pharmacotherapy of

neurodegenerative diseases.

6) Related to Fig. 6a, did authors analyzed tau pathology, synuclein
pathology and neuronal loss in the LC regions in prodromal AD and
AD patients? Also, one of prodromal AD patients (#13) do not show
amyloid pathology and is not likely to be AD.

We do agree with the author, that in the light of the emerging importance
of co-pathologies in neurodegenerative diseases this is indeed an
important question. We thus have added further stainings to depict the
presence of tau and a-synuclein (aSyn) pathology. Unfortunately, with the
tissue available we cannot quantify the absolute levels of pathology and
cell numbers. However, we found that all prodromal AD and AD patients
showed tau-pathology and only 2 out of 15 patients among the unaffected
healthy brain donors and AD brain donors showed aSyn co-pathology. We
added this to the new Extended Data Fig. 11. We otherwise agree with the
note on patient (#13) and have excluded the data obtained from this
particular donor and updated the figure and statistics. This has not led to
any changes in the conclusion but was an importantly raised point and
significantly enhanced the quality of the data set. We thank the Reviewer

for his thorough examination of the pathology.

7) Related to Fig. 6a-f, NET fiber density, TSPO-PET and score for

order identification task do not correlate well in prodromal AD.

We thank the Reviewer for the note. Indeed, TSPO-PET and odor
identification scores do not correlate well. We would like to point out, that
the study cohort here is particularly small, especially when it comes to the
odor identification task. As addressed in our discussion, now several

papers clearly depict olfactory dysfunction as a predictor of cognitive
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decline and an additional diagnostic tool. Typically, however, these studies

include several hundreds of subjects compared to our 47 patients.

8) Related to Fig. 6g-j, it is surprising that TSPO-PET signal is
detected in the OB, but not in the cortex where extensive amyloid
plaques and microglial activation are observed. Could author

comment on this point?

We thank the Reviewer for pointing this out. We focused specifically on an
early timepoint in our study. In conjunction with our transcriptomic data,
which did not reveal differentially expressed TSPO in microglia of OB, we
assume that indeed the increase in TSPO is due to the increased density
of microglia cells in the OB. We performed a new set of immunostainings
and reconstructed Iba1* and TSPO* volumes in the OB (now included in
Extended Data Fig. 12). Indeed, we did not detect a significant intrinsic
upregulation of microglial TSPO in the OB, which leads to the conclusion
that similarly to the human TSPO-PET, increased signal reflects elevated
microglial density rather than an increased TSPO expression on the single
cell level and activated microglia. We further would like to refer to our own
study, where longitudinal PET imaging of amyloidosis and TSPO revealed
first statistical significances at the age of 5 months in the cortex and

hippocampus of APPN-CF mice™ .

9) In Extended Fig.1, data from 12-month-old mice are missing.

We thank the reviewer for the comment, but would like to point out, that we
have indeed never analyzed mice at the age of 12 months. The study’s
focus was particularly an early phenotype, thus all immunohistochemical

work is performed up to an age of six months.
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Reviewer #2 (Remarks to the Author):

The expertise | have relevant to this paper is TSPO imaging, and
hence | was asked to review just that section of the manuscript.

Nevertheless, | thought that overall this was a very interesting paper
on an important topic and its results are of significance to the field

and ultimately to patients.

Regarding the TSPO imaging, the authors in my view have used TSPO
imaging appropriately, by using it to ask whether there are differences
in microglial density between the three groups (rather than

phenotype). | have a few comments.

We would like to thank Reviewer #2 for the critical reading and an
encouraging comment on the importance of our study. We do agree that in
this case we used TSPO-PET to assess the density of microglia in the OB
rather than an elevated TSPO-expression phenotype, of which the
presence in humans is currently controversially discussed. We would like
to further refer to our additional data set, that depicts that also in APPN-CF
mice elevated TSPO-PET signal clearly reflects an increase in microglia
density, as we have evaluated TSPO expression in single microglia cells
from the OB of these animals compared to WT. We did not find an elevated

TSPO expression on the single microglial level (Extended Data Fig. 12).

The authors used post mortem brain tissue to show that there was
axon loss in AD and pAD relative to control brains. They then wanted
to determine if this axon loss was associated with an increase in
microglial number, which they addressed with PET imaging in
patients/controls. The result is they show the axon loss in post
mortem tissue and the increase in microglial number in living people.

There may be a reason, but it is not immediately obvious to me why
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they didn’t look for an increase in microglial number in those same
post mortem brains where they demonstrated axon loss (and
potentially then correlating axon loss with microglial number within

sample). The paper would certainly be strengthened by doing so.

We completely agree with the note of the Reviewer. Unfortunately, they are
several issues with the human olfactory bulb tissue. First, the bulbus is not
always collected when a brain is donated to our brain bank but only in the
most recent years. Second, and most importantly, a brain with early AD
pathology is very rare — about a hand full out of the 200 AD cases in the
Munich Brain bank. Third, one olfactory bulb is routinely stored in -80°C
and the other one is completely embedded in Paraffin. However, to analyze
microglia in human tissue, for example in the cortex, we need thick formalin
fixed tissue sections which allow us to reconstruct the entire domain of
microglia cells. However, we do not have any olfactory bulb left in formalin
and the paraffin tissue cannot be sectioned into 50um thick sections.
Therefore — even though it sounds easy, it is difficult to analyze glia cells in
paraffin embedded tissue because the domains are too big relative to the
thickness of the sections. That is, we would like to refer to the following
publications, which we now have addressed in our “Discussion”. These

papers specifically illustrate an increased number of microglia cells in

olfactory bulbi from AD
patients. However, there is no data available on brains with early AD
pathology'®"".

I would also query the claim that controls are age matched. Unless |
have misunderstood, the median ages for control, pAD and AD are 64,
77, 87 years respectively. Almost all of the controls are age 65 and
below, whereas almost all of the AD/pAD are 73 and above. This is
important because axon loss is partly a function of age. The
differences the authors report between control and AD/pAD may well
be greater than what would be expected with age, but the current

dataset leaves this is an uncertainty. | know post mortem sample
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availability is always an issue, but | would strongly suggest the
authors find a few more samples to mitigate the current age
differences between the groups to give us confidence that the results

are not explained by age differences.

We were able to add tissue from two unaffected controls and a prodromal
AD brain donor. The data has been updated and for an overview the new

average ages are:

Unaffected controls: n = 9, average age: 71
pAD: n = 8, average age: 77
AD: n = 6, average age: 82

Similarly | think the finding would be strengthened by showing that
the axon loss is specific to NET+ fibres and that other fibres are

unaffected (or much less affected).

This again is indeed a very important point. With reference to Reviewer’s
#1 specific comment 1), we have addressed this point in tissue from APPN-
SF mice. At an early stage, neither degeneration of cholinergic neurites
(ChAT") nor serotonergic axons (SERT") can be detected in APPN-CF
mice. These data (Extended Data Fig.1) are furthermore mentioned in the

“Results” and “Discussion”.

A very minor point is that the control brains in figures 6a,b,c are
referred to as coming from healthy controls (line 294) which is an

unusual way to describe someone who is dead.

We thank the Reviewer for referring to this important point. We have
changed the respective description to “unaffected control brain donors” and

changed also further similar mistakes in the manuscript.
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Reviewer #3 (Remarks to the Author):

This is a novel and timely study showing that early olfactory deficits
in an APP knock in mouse model are driven by the selective
degeneration of noradrenergic axons from the locus coeruleus to the
olfactory bulb, mediated by microglial clearance through
phosphatidylserine and MFG-E8 signalling, already before the
formation of plaques. Core findings are nicely validated in human
prodromal AD patients, which further increases the impact of the

study.

I have only few comments related to the two-photon imaging:

Figure 2:

- How plots were generated is a bit unclear with regard to the
averaging. Is the fluorescence averaged across the whole frame? And

then across trials or sessions?

We thank Marc Aurel Busche for addressing the point. We apologize if this
was unclear. Within each field of view (FOV), we identified three regions of
interest (ROIs), which showed highest baseline fluorescence as a proxy for
good GRABne expression'® and to avoid analysis of image regions
containing vasculature, which are devoid of GRABNe and can show
fluctuations in diameter during an applied stimulus. We have added a more
thorough description of the data acquisition and analysis process to
“Methods”. These include also the details on the extensive reperformed
analysis and additional presentation of the data as requested by the
Reviewer. We also refer the reviewer to the related responses in the next

point.
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- It looks like from the heat map that some cells / FOVs / mice are
inhibited rather than being excited. This is masked in the 2f, the grand
average. | would like to see a quantification of the number of cells /
sessions / mice / FOVs significantly excited / inhibited. This could
give more insight into the mechanism (i.e. NA has a greater inhibitory
effect on the circuit in NLGFs). If it’s averaged across the whole FOV,

is it possible that some regions are excited and inhibited?

Again this could mask the effect in the averaging.

We agree that the illustration in the grand average only is not very
informative. We have thus reassessed our imaging data and have binned
the whole imaging frames in 6x6 different ROls, yielding a total of 36 ROIs
per FOV. The 3 brightest of these ROIs were previously employed for
analysis as described in the response above. Now for the updated analysis,
all 36 ROIs from all 3 FOVs from three animals per genotype, alongside
the GRABNe sensor control (as reasonably requested from Reviewer #4)
are now illustrated in Fig. 2 (e-h). The total 324 ROls per group have been
sorted according to its specific response upon odor (vanilla) stimulation
from increase in dF/F to decreases within the chosen analysis window of
frame 86-91 (see also extended Fig. 3c). With respect to the Reviewers
comment we however have to clearly point out, that we cannot categorize
the response into excitatory or inhibitory. The fluorescence is solely a
function of binding the neurotransmitter NA, which otherwise binds to a
variety of different receptor subtypes exerting either excitatory or inhibitory
effects'®. However, to account for the request, we have determined which
of the 324 ROIs for WT and APP"“®F mice respond significantly with
increased or decreased fluorescence (Fig. 2i) and found that the majority
of ROIs in WT animals respond with an increase in fluorescence (or NA

PNSCF mice.

release). This relationship is significantly altered in AP
Neuronal responses are more complex, as cells in the OB likely express

numerous subtypes and levels of noradrenergic receptors that differ in their
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affinity to the endogenous ligand, yielding divergent effects on downstream
neuronal excitability. This intricate relationship has been addressed by
recent elegant work from Geng and colleagues. Here, optogenetically
triggered NA release differentially affects mitral cell activity, with
approximately one-third of the population showing excitation, another third
inhibition, while the last third remains unresponsive'®.

Consequently, the neuronal response is a function of the released NA
concentration and might differ markedly. Without precisely controlling for
NA release by optogenetics and determining NA release quantitively by 2P-
imaging in conjunction with 2P Ca2+ imaging, no conclusive data can be
expected here. With respect to this, we would also like to refer to the
response to Reviewer's 4 question on the neural response, which we
sought to address by applying NA while performing acute brain slice
recordings from mitral cells of WT and APP"-F mice (Extended Data Fig.
4).

Nevertheless, in our opinion the refined and differentiated analysis
requested by Marc Aurel Busche clearly improves the quality of the
manuscript and provides important insights for future experiments. We

sought to address these points in “Discussion”.

- Did the authors ever do imaging at 6 months? It would be interesting
to see the effect of NA when there is significant plaque burden but |

don’t see that as a requirement for a revision.

We thank the reviewer for that interesting thought and we indeed agree,
that this would be an interesting aspect, which we are planning to address
in follow-up studies.

Figure 3d:

) don’t think this correlation is real

(https://en.wikipedia.org/wiki/Simpson's_paradox). If it is the authors
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need to improve their explanation of the regression. This is not
central to their results though.

We thank Marc Aurel Busche for pointing this out and we agree that the
illustration as presented in our initial submission can lead to this conclusion.
We gratefully take the opportunity to clarify this point. In Figure 3d, we
report a direct comparison between the fold-changes observed in 8-month-
old cortex and 2-month-old OB (using the same mouse model and MG
isolation methods). Simpson’s paradox typically emerges when a
correlation is confounded by not respecting obvious grouping factors that
would tilt the correlation into the other direction. We repeated this analysis
with the most intuitive grouping factors, in this case the annotation of MG-
associated DAM and homeostatic genes. While there was a slight positive
Pearson’s r coefficient for the damage-associated MG genes, this
correlation was very weak and not statistically significant (R = 0.066,
p = 0.48). In fact, most of the ~3,100 genes that both datasets had in
common are not annotated with a DAM or homeostatic signature (“NA”),
thus, the strong negative correlation is driven by these genes. While the
function of most of these genes is unknown, we still anticipate their
expression levels to represent a biological state that is unrelated to the
changes observed in an older mouse cortex. We have re-phrased our
statement regarding this association by better describing our regression
model in the “Results” and added the regression below to Extended Data
Fig. 6.
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Comparison of APP-NL-G-F microglial datasets

8 month-old cortex microglia (Sobue et al. 2021) vs. 2 month-old OB microglia
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Marc Aurel Busche

Reviewer #4 (Remarks to the Author):

This study by Meyer et al. investigates the connection between early
olfactory dysfunction in Alzheimer's Disease (AD) and the loss of
noradrenergic (NA) axons originating from the locus coeruleus (LC) in a
mouse model of AD, as well as in human postmortem tissue. The authors
combine behavioral testing, advanced imaging techniques (TSPO-PET
and two-photon microscopy), and RNA sequencing to explore mechanisms
underlying early olfactory deficits. Their findings suggest that microglia-

mediated clearance of LC axons in the olfactory bulb (OB) plays a key role
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in the pathogenesis, highlighting the potential of olfactory dysfunction as
an early event leading to memory loss in AD.

The study addresses an important but underexplored area in AD research,
providing mechanistic insights into olfactory dysfunction, which is a well-
documented yet poorly understood early symptom of AD. While the work
offers many interesting findings on OB dysfunction, the basic deficit in odor

processing  associated with early AD remains  unclear.

Specifically, although the authors demonstrate impaired olfaction at
the behavioral level from 3 months of age, the precise mechanisms
by which familial AD mutations impair olfactory coding remain
unresolved. It is unclear what specific aspects of olfaction are
affected by lower NA levels and increased phagocytosis by microglia.
The authors assess odor-induced NA release using two-photon
microscopy with a single odor at a single concentration. The
important control with mutated GRAB sensor insensitive to NA is not

provided.

We thank the reviewer for specifically pointing out the missing control with
the mutated GRAB to substantiate the sensitivity and suitability of the
GRAB\e biosensor in this context. We have thus added a data set of WT
animals (n = 3) that have been injected with the mutant variant of the GRAB
sensor as published by Feng and colleagues®. We added these data to
Fig. 2(f-h). Furthermore, the Reviewer is certainly right that using a single
odor and concentration might limit the conclusiveness on the observed
neuromodulatory phenotype. Upon ethical approval, we have thus
performed additional surgeries in WT and APPN-®F mice at the age of 2
months and performed NA release imaging with two further chemically
defined odors after a recover period of one month (in addition to Lemon,
for which we already acquired data in the first cohort of animals). Each

PNSCF mice

odorant elicited a decreased NA release response in AP
compared to WT controls (Fig. 2j). Collectively, these data have

strengthened the conclusiveness as in summary of all odorants an even
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more robust phenotype has been observed. We further aimed at comparing
two different concentrations of the two new odors, of which the response
picture was less clear in trials with lower concentrations than the responses

to higher concentrations (Extended Data Fig. 3d).

Furthermore, this experiment does not provide insight into how odor
detection and discrimination are affected in the OB of AD model mice.
No quantitative analysis is presented regarding the amplitude of the
neural response, trial-to-trial variability, adaptability, or the fraction of
neurons responding to a given odor. Additionally, there is no analysis
of whether the neural responses convey information about the

identity of the presented odors and decoding accuracy.

We agree with the reviewer's comment, that indeed our experiment is not
revealing the detailed information at which part olfaction is affected
specifically. We agree that these are indeed interesting and important
questions that arise from the data we present here. However, we would like
to respectfully point out that we think that these questions are out of scope
of the current manuscript, since it was our goal to determine whether an
early degeneration of the LC-NA system is affecting olfaction in an -
amyloid mouse model of AD. We do present, also with the help of
Reviewer’s #4 comments, strongly supporting data for this hypothesis. The
exact downstream mechanisms of impaired NA release on multiple levels
of olfactory decoding, have yet to be determined. However, we would like
to specifically point out that such work is typically subject to stand-alone
publications in the olfactory field and especially in this case, cannot be
addressed by imaging of the neural response?-% (please also see our

reply to Marc Aurel Busche’s comments).

We would like to refer to recently published work in Nature
Communications by Geng and colleagues'®, who have addressed the
contribution of NA to olfaction in WT animals specifically. Their elegant

analysis of the noradrenergic modulation of olfaction, fills a complete paper
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with in total eight major figures. While this reflects the complexity of the
system, it also illustrates that unmasking the downstream effects of altered
NA signaling exceeds the scope of our submitted manuscript. Yet, their
work also provides critical proof of principle experiments that support the

findings in our comparison of WT and APPN-GF

mice. Precisely, Geng and
colleagues assessed chemogenetic inhibition of NA release in combination
with the buried food task. Indeed, they find that decreased NA release
drastically increases the time to find the buried food pellet. This is very
much in line with our data, depicting that reduced NA by LC-specific axon
loss is underlying the olfactory deficits in APPN-®F mice as well as in Dbh-

Cre animals that express APPN-F specifically in LC neurons.

The same paper also illustrates that an experiment on the amplitude of
neural responses will likely lead to data with limited conclusions. Geng and
colleagues assess the effect of optogenetically triggered NA release on
mitral cell activity and find that response distribute into each one third for
excitatory and inhibitory effects, while the last third remains unresponsive.
This further illustrates differential adrenergic receptor expression and likely
reflects the responses of different mitral cell subtypes. Although the OB
bulb is composed of layers harboring spatially segregated mitral and

granule cells, subtypes within these layers exist 2>~

. A variety of
different adrenergic receptors (AR) are expressed in the OB 3!, We do
not have the ability to clearly distinguish between different cell types in the
olfactory bulb neither in WT animals nor in APPN“®F mice. That is, we
cannot assign activity of individual neurons to a specific type of cell.
Furthermore, a single neuron can even express a variety of different ARs
leading to a complex responsive pattern that is critically dependent on NA

32

concentration and the affinities of expressed ARs <. Furthermore, to

quantitively compare neural responsiveness between WT and APPN-6F
mice, we would need to identify comparable regions within the olfactory
bulb that most prominently receive odor information from the same
receptors and glomeruli, respectively. In addition, as already pointed out,

we would need to correlate neural responses with increases or decreases
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in NA upon odor stimulation and to compare to APPN-¢F need to control

NA release, specifically (optogenetically).

However, we understand that the Reviewer seeks to improve the
conclusiveness of our manuscript, and we agree that this is interesting
information. That is, we furthermore sought to address the Reviewer's
question in an acute slice experiment by measuring the response of
individual mitral cells to NA (30um) application. The individual response
reflects the diversity presented in Gengs’s and colleague’s paper.
Importantly, we found that mitral cells in
APPN-CF mice showed a trend towards an overall decreased
responsiveness of mitral cells to the application of the same concentration
of NA (Extended Data Fig. 4g-j).

In addition, we have used further odorants as stimuli as well as two
concentrations of these odorants while assessing NA release in the OB.
These data are now presented in Fig. 2 and Extended Data Fig. 3, in
conjunction with the new analysis of the responses as requested by Marc
Aurel Busche. The decreased NA release is detectable irrespectively of a
given odor and clearly identifies the NA deficiency due to the loss of NA

axons.

We hope to have convinced the Reviewer that these intricately important
questions need to be addressed in future experiments and separate
publications as the workload (including obtaining and breeding appropriate
mice on a homozygous disease background) and the experiments needed
are out of scope of our paper. We sought to address these points in

“Discussion”.

It is unclear whether the deficits in olfaction arise from the OB
specifically, or whether other regions of the olfactory system, such
as the piriform cortex, also contribute to the sensory deficits in young

AD mice. This uncertainty is further compounded by the lack of
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electrophysiological phenotype of mitral cell activity in the OB and by
the lack of olfaction recovery following chemogenetic activation of LC

neurons.

We agree with the reviewer. We thus have analyzed in detail the piriform
cortex as the main cortical area for olfactory input. According to the paper
of Geng and colleagues, which have shown strong noradrenergic
modulation of the anterior PiCTX, we differentiated the anterior and
posterior PiCTX. We have performed extensive immunohistochemical
analysis which is shown in Extended Data Fig. 1. We show that indeed
reduced fiber density in the posterior PiICTX of APPN“¢F mice can be
detected at an age of three months. However, the anterior PiCTX, subject
to substantial NA modulation, retains an unaltered LC axon density. We
feel that this data clearly enhances the quality of the manuscript and fosters
future research, especially considering multimodal imaging in patients

while performing olfactory tests.

With respect to the lack of an intrinsic electrophysiological phenotype, our
interpretation was rather that indeed impaired olfaction is more likely to be
derived from an impaired NA release, rather than by a change in the
responsiveness of mitral cells in first place. As mentioned in the previous
response, to substantiate these data, we also added a dataset on the
responsiveness of mitral cells to NA in acute brain slices from APPN-¢F
and WT mice (Extended Data
Figure 4).

We furthermore repeated the chemogenetic stimulation experiment with a
prolonged treatment of Dbh-Cre animals injected with an AAV expressing
an excitatory DREADD channel (hM3DGq) animal. In a recent paper, this
protocol has led to recurrent increase of NET density in a mouse model of
autism®3. To account for the controversially discussed mechanism of action
of systemically injected CNO, we chose to treat the animals with Clozapine

(Clo; 0,03 mg/kg BW) instead®*° . Injection of Clo resulted in pronounced
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and reliable induction of LC neuron activation in DREADD expressing
animals as indicated by co-immunostaining against Th, and cfos.
Importantly, control animals did not show substantial cfos immune-labelling
in LC neurons. We added these data to Extended Data Fig.5 and the
“‘Results”. We could not detect a recovery of olfactory behaviour in the
animals treated with Clozapine for a period of five days. In our view, this is
clearly indicative for the mentioned structure to function relationship of NA

axons and the subsequent NA release in the OB.
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REVIEWERS' COMMENT

Reviewer #1 (Remarks to the Author):
Authors addressed this reviewer's concerns on data from mouse models,
sufficiently.

We thank the reviewer for the note that we have satisfactorily addressed all concerns on
the data from the mouse model used in our study.

As for data from human study, | still have concerns since authors did not provide
additional evidence. Instead, authors claimed that they did not have samples to
perform required experiments or enough data points to reach statistical significance.

We thank the reviewer for pointing out the limitations of our study. In the following we answer
to the comment separately, referencing the independent concerns raised.

We have furthermore addressed these critical points on the human study data more
thoroughly now in the discussion.

Instead, authors claimed that they did not have samples to perform required
experiments....

Referring to the reviewer’s “Specific comment 6)”, we do agree that these data lack a
quantitative analysis of the pathology and furthermore we understand, that this might not be
entirely satisfying. However, and | hope to address the correct concerns here, we did not
feel comfortable quantifying the pathology for the following two reasons:

1) We are uncertain, which anatomical part of the LC is contained in the sections specifically.
During the AD continuum, there is important evidence that LC degeneration is anatomically
complex and neurons may not degenerate uniformly’-3. Recent studies even indicate a
hemisphere-dependent difference in LC integrity during disease progression4. This aligns
with the emerging view, that the LC is a more heterogenous structure than historically
suspecteds . Heterogeneity in the LC is derived from complex afferent and efferent
projection patterns with segregated axonal projection pathways or collateral patterns,
diverse somato-dendritic inputs and the differential expression of co-transmitters and
neuropeptides®? . Comparing cell numbers in our tissue between subjects is impeded
foremost by the lack of anatomical precision and may thus not lead to conclusive and robust
results with our available tissue. To present solid data we would need to evaluate the entire
LC region of these subjects, which is impossible, since we do not have the entire LC region
archived at the Munich Bio Bank. Larger number of subjects to assume equal variability
caused by anatomical difference would be an alternative. Our pAD cases are from donors
with neuropathologically defined Braak stages 0-l. However, patients decease typically at
later stages and consequently post-mortem tissue from Braak O-1 is rare. In support of our
data and to address the reviewer’s concerns, we would like to kindly refer to a sophisticated,
recent neuropathological study from Beardmore and colleagues, in which the LC has been
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studied more systemically along “the course of AD” 8. Here, neuromelanin+ LC cell loss
could not be detected at early Braak stages but significantly declined at Braak IlI-IV.

2) We have convincingly shown an overall lower NET+ axon density in the OB from AD
patients at different stages. In our disease mouse model, axon loss occurs while LC neurons
are preserved, which is in line with a recent study evaluating the same mouse model at an
advanced age of 24 months?®. In our study, reduced LC axons density alone is sufficient to
contribute to our observed olfactory phenotype in mice. In humans the exact sequence of
LC-NA system degeneration is less clear. The small size of the LC and the limited resolution
of current multimodal imaging data in humans complicates the detailed analysis of a
spatiotemporal relationship between axonal and somatic LC degeneration in humans. That
is, alterations in cortical NA are often detected in correlation with changes in the LC
(volumef/integrity) in live human patients. Whether LC axon loss in forebrain regions,
however, precedes neurodegeneration in the LC itself has not been answered clearly yet.

Collectively, we fully agree to the reviewer's comment that LC

1507 01978 evaluation in subjects would be critical and interesting in terms of
é 0.9131 increasing the translational and mechanistic value of the study. To
+§100- o 03220  account for the reviewer’s concern, we have now counted the cell
E 9 numbers and present these data here to the reviewer as count of
S 50 i‘%’ neuromelanin+ neurons in our post-mortem tissue (two-way ANOVA,
§ 803%3 Tukey’s multiple comparison). While these data show the trend to

“He pADAD  fecapitulate the data mentioned above from Beardmore and

colleagues, it also illustrates that the tissue available is anatomically not
ideal to assess cell loss in the LC. Therefore, we solely used the tissue to address the co-
pathology in the LC of these brain donors. Furthermore, to address the reviewer’s concerns,
we have added that to the discussion of our manuscript addressing the limitations of our
current study and to foster future research in the field.

.... or enough data points to reach statistical significance.

We thank the reviewer for the time to evaluate our revised manuscript. With respect to
“Specific comment 7)” from reviewer #1, which we think the remaining concerns relate to,
we would like to state, that this is correct. Our human study cohort, which performed
olfactory testing in conjunction with TSPO-PET imaging is relatively small compared to the
papers cited in the manuscript'®22. We would like to clarify, that our data have been
acquired independently in this cohort, prior to the data from our mouse model presented
here in our study. We have addressed these concerns in the discussion and we present
here the correlation of TSPO-PET and Olfactory Score to the reviewer (one-way Pearsson
correlation). In any case, we can only speculate if TSPO-PET detected increase in OB
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microglia might contribute to any olfactory deficits.

P r

o  pap 04432 -0.04210 Even with a strong and significant correlation with
1509 o G oM 018 olfactory test scores, we would not be able to relate

d AD 01484 02782 y ’
:gmo_ R any causation between these two variables. In
2 o %"f"’o addition, since these data are from live patients,
< e’ . . . oo
£ 50 1 o: £ correlation with NET* fiber density in the OB from post-
5 . mortem tissue cannot be performed. As mentioned

04

07 08 09 10 11 12 above however, we fully agree to the reviewer’s
TSPO-PET (SUVH) concerns, and we would like to mention, that we and
our colleagues are planning to continue our research
in the field aiming to recruit in future studies human patients that will undergo fMRI imaging
in conjunction with olfactory testing. In a planned collaborative effort with our colleagues
from LMU University Hospital, we seek to develop a pipeline to extract imaging data to
measure LC integrity by BOLD and DTI structural connectivity. Upon the successful
development of an appropriate code, performing olfactory testing in combination with
structural and functional connectivity between the LC and olfactory regions in humans
including the olfactory bulb, anterior olfactory nucleus, piriform cortex and secondary
olfactory information processing hubs, such as the amygdala or the hippocampus future
experiments addressing the critical points mentioned here could become feasible. At the
given time, however, we can only present a more detailed discussion in the manuscript
referring to and proposing exactly these experiments. We have added this in conjunction
with the addressed limitations of our study mentioned in the response above. Collectively,
we hope to have at least taken the opportunity to respectfully address the reviewer’s
concerns in the Discussion of the study.

Reviewer #2 (Remarks to the Author):

All my comments have been addressed satisfactorily. | commend the authors for
their work

David Owen

Reviewer #3 (Remarks to the Author):
The authors have fully addressed my concerns. The study is innovative,
translational, and ready for publication; | recommend acceptance.

Reviewer #4 (Remarks to the Author):

The authors have strengthened their conclusions in the revised manuscript. In my
view, it is now ready for publication.
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Dear David Owen, dear Marc Aurel Busche, dear Reviewer #4:

We would like to sincerely thank you for the effort and time invested in evaluating
our manuscript. We feel your comments have helped to improve the study
significantly and we are excited that you recommend our manuscript to be
accepted for publication in Nature Communications.

Sincerely and with best regards,
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