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Abstract
Loss of neuronal polarity and missorting of the axonal microtubule-associated-protein TAU are hallmarks of Alzheimer’s 
disease (AD) and related tauopathies. Impairment of mitochondrial function is causative for various mitochondriopathies, 
but the role of mitochondria in tauopathies and in axonal TAU-sorting is unclear. The axon-initial-segment (AIS) is vital for 
maintaining neuronal polarity, action potential generation, and—here important—TAU-sorting. Here, we investigate the role 
of mitochondria in the AIS for maintenance of TAU cellular polarity. Using not only global and local mitochondria impair-
ment via inhibitors of the respiratory chain and a locally activatable protonophore/uncoupler, but also live-cell-imaging and 
photoconversion methods, we specifically tracked and selectively impaired mitochondria in the AIS in primary mouse and 
human iPSC-derived forebrain/cortical neurons, and assessed somatic presence of TAU. Global application of mitochon-
drial toxins efficiently induced tauopathy-like TAU-missorting, indicating involvement of mitochondria in TAU-polarity. 
Mitochondria show a biased distribution within the AIS, with a proximal cluster and relative absence in the central AIS. The 
mitochondria of this cluster are largely immobile and only sparsely participate in axonal mitochondria-trafficking. Locally 
constricted impairment of the AIS-mitochondria-cluster leads to detectable increases of somatic TAU, reminiscent of AD-
like TAU-missorting. Mechanistically, mitochondrial impairment sufficient to induce TAU-missorting results in decreases 
of calcium oscillation but increases in baseline calcium, yet chelating intracellular calcium did not prevent mitochondrial 
impairment-induced TAU-missorting. Stabilizing microtubules via taxol prevented TAU-missorting, hinting towards a role 
for impaired microtubule dynamics in mitochondrial-dysfunction-induced TAU-missorting. We provide evidence that the 
mitochondrial distribution within the proximal axon is biased towards the proximal AIS and that proper function of this 
newly described mitochondrial cluster may be essential for the maintenance of TAU polarity. Mitochondrial impairment 
may be an upstream event in and therapeutic target for AD/tauopathy.

Keywords Axon initial segment/AIS · Mitochondria · TAU  · Live-cell-imaging · Alzheimer's disease · Neuron · Neuronal 
cell polarity · Microtubule · Tauopathy · Mitochondriopathy

Abbreviations
AD  Alzheimer’s disease
AMA  Antimycin A
AIS  Axon initial segment
AP  Action potential
FI  Fluorescence intensity
hiPSC  Human-induced-pluripotent stem cells
MPD  Mito-Photo-DNP
PTM  Post-translational modification
ROT  Rotenone
TDB  TAU-diffusion-barrier
TTLL6  Tubulin-Tyrosine-Ligase-Like-6

Cellular and Molecular Life Sciences

Noah Tjiang: Submitting author and contact during editorial 
process.

 * Hans Zempel 
 hans.zempel@uk-koeln.de

1 Institute of Human Genetics, Faculty of Medicine, 
University Hospital Cologne, University of Cologne, 
50931 Cologne, Germany

2 Center for Molecular Medicine Cologne (CMMC), Faculty 
of Medicine, University Hospital Cologne, University 
of Cologne, 50931 Cologne, Germany

http://orcid.org/0000-0002-9957-0198
http://orcid.org/0000-0002-7510-3077
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04150-3&domain=pdf


 N. Tjiang, H. Zempel 

1 3

120 Page 2 of 15

Introduction

Alzheimer’s disease (AD) and other tauopathies are neu-
rodegenerative disorders that impose a huge burden on the 
aging society [1]. Pathological hallmarks of these tauopa-
thies are abnormal phosphorylation, subcellular mislo-
calization and eventually, aggregate formation (mainly 
neurofibrillary tangles) of the microtubule-associated 
protein TAU [2]. Understanding the detrimental cascade 
of these TAU alterations is crucial for developing effective 
therapies and prevention options. However, the underlying 
mechanisms remain largely elusive.

In healthy neurons, TAU is sorted into the axonal com-
partment but in disease conditions, this axonal targeting 
of TAU fails, and the subsequent somatodendritic accu-
mulation of TAU results in various pathological effects, 
ranging from protein-aggregation-based sequestering of 
various proteins to the mislocalization and aberrant acti-
vation of other proteins like FYN or TTLL6. Furthermore, 
TAU missorting is associated with loss of microtubules 
and mitochondria, all of which leads to neuronal damage, 
neuronal dysfunction and ultimately neurodegeneration 
[2]. While the mechanisms of axonal TAU sorting are still 
under debate [3, 4], there is evidence for a major role of the 
axon initial segment (AIS) for mediation of axonal TAU 
targeting [5, 6]. The AIS is a 20–60 µm long segment at 
the proximal axon, and the site of action potential (AP) 
generation [7]. The AIS is characterized by a highly struc-
tured cytoskeleton with enrichment of specific proteins 
(e.g. ANKRYIN-G, TRIM-46), very particular microtu-
bule structures (highly structured fascicles) and dynamics 
(highly unstable microtubules, but high density and pos-
sibly EB3-mediated tethering to membranes) [5, 8–10] and 
voltage gated potassium/sodium channels [11].

Multiple studies have shown that the knockdown of AIS 
components (e.g. ANKYRIN-G) results in mistrafficking 
of TAU, implicating the relevance of an intact AIS for the 
maintenance of neuronal health and polarity [5, 9]. Studies 
with rodent primary neurons demonstrated that the AIS 
composes a TAU-diffusion barrier (TDB) [5, 10, 12] that 
controls retro- and anterograde trafficking of TAU. The 
mechanisms behind this TDB are largely enigmatic.

Besides losing proper axonal sorting of TAU, tauopa-
thies and models thereof are associated with defects in 
mitochondrial function [13, 14]. Normally, mitochondria 
fulfill crucial tasks such as the homeostasis of calcium, of 
reactive oxygen species (ROS), taking part in various met-
abolic processes, and—most importantly—the generation 
of ATP. Mitochondria are steadily recycled via mitophagy 
and biogenesis, which in neurons mainly takes place in 
the soma [15]. The disease cascades of tauopathies lead 
to alterations of the mitochondrial homeostasis, e.g. an 

increase of fission proteins such as dynamin-related pro-
tein 1 (DRP1) [16] which may lead to excessive produc-
tion of ROS and altered mitochondrial trafficking [17]. 
This disrupts the (re-)distribution of mitochondria into the 
meter-long neurites which in turn intensifies the decline of 
neuronal health in these diseases [18, 19].

When modelling the contributions of mitochondria 
as disease meditators, global mitochondrial impairment 
through external factors or genetic mutations alone is suf-
ficient to achieve tauopathy-like neurodegeneration like 
TAU-hyperphosphorylation and TAU-missorting both 
in vitro and in vivo [20]. The local effects of mitochondria 
and their potential dysfunction, especially in areas that are 
crucial for efficient TAU sorting—like the AIS—however, 
are unstudied.

In this study, we describe a mitochondrial cluster in the 
proximal AIS present in murine primary cortical neurons 
as well as in human iPSC-derived cortical neurons, which 
influences axonal TAU sorting. The mitochondria of this 
AIS-cluster participate in fewer trafficking events and are 
less mobile compared to other axonal mitochondria. By 
inducing mitochondrial impairment, both globally but also 
specifically in this cluster, we could demonstrate that effi-
cient TAU sorting relies on the proper function of these 
specific mitochondria. Mechanistically, shifting microtubule 
dynamics to more stable microtubules prevented mitochon-
drial impairment-induced TAU missorting, but chelating 
intracellular calcium did not, despite the fact that mitochon-
drial impairment led to increased cytosolic calcium. Our 
results suggest a key role of AIS-located mitochondria for 
the maintenance of TAU cellular polarity and give insights 
into disease mechanism of AD and other tauopathies.

Materials and methods

Molecular biology

To obtain a photoconvertible mitochondrial marker, we 
replaced the fluorescent protein sequence of mito-RFP with 
a sequence encoding Dendra2c via restriction cloning using 
SalI and BglII. To avoid spectral overlap in the live imaging 
experiments, a far-red fluorescent edition of the AIS-marker 
YFP-NaV-II-III (a gift from Matthew Grubb; Addgene plas-
mid #26056) was created by cloning the NaV-sequence into 
the vector of emiRFP670 (a gift from Vladislav Verkhu-
sha; Addgene plasmid #136556) using NotI, SacI and 
mutagenesis-PCR.

Cell culture and immunostaining

All experiments involving animals were conducted 
according to local legislation and animal welfare 
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guidelines. Mouse primary neurons (MPNs) were pre-
pared as described and characterized [5, 21]. Briefly, 
forebrain neurons were isolated by dissecting embryonic 
day 13.5 FVB/N mice and isolating the cortical hemi-
spheres after extraction of the brain. These were digested 
with 1 × Trypsin (Panbiotech) and diluted in neuronal 
plating medium (Neurobasal medium, 1% FBS, 1 × Anti-
biotic/Antimycotic Solution; ThermoFisherScientific 
(TFS), 1 × NS21 (Panbiotech)), plated in in a either 
24-well-plate (VWR) onto coverslips pre-treated with 
poly-d-lysine (PDL; Sigma-Aldrich) or a PDL-treated 
“IBIDI-µ-Dish 35 mm, high Grid-500 Glass Bottom” for 
live imaging/re-locating cells and then kept in a humidi-
fied incubator at 37 °C and 5%  CO2. After four days, the 
same amount of neuronal maintenance medium (Neu-
robasal media (TFS), 1 × Antibiotic-/Antimycotic solu-
tion (TFS), 1 × NS21 (Panbiotech) and AraC (Sigma-
Aldrich)) was added and cells were kept in culture as 
long as indicated. Human WTC11 iPSCs carrying a 
doxycycline-inducible Neurogenin2 (Ngn2) transgene 
were differentiated into neurons as previously described 
and characterized [22, 23].

MPNs and iPSC-derived neurons were transfected 
according to the manufacturers’ protocol with PolyJet 
(tebu-bio/Signagen) and Lipofectamine Stem Transfection 
Reagent (TFS), respectively, and plasmids were expressed 
for the indicated time period.

Cells were fixed and stained as previously described 
[21]. In brief, they were fixed with 3.7% formaldehyde 
(Sigma-Aldrich; in PBS), blocking and permeabilization 
were achieved by incubating for 5 min with 0.5% Triton-X 
and 10% bovine serum albumin in PBS. Primary antibod-
ies were incubated overnight at 4 °C, secondary antibod-
ies at RT for 1 h. After adding NucBlue (TFS) to stain 
nuclei, coverslips were mounted using AquaPolyMount 
(Polysciences). The following antibodies were used:

Primary antibodies

Mouse-anti-
ANKYRIN-G

Neuromab/Biozol 
N106/36, #75-146

Monoclonal 1:250

Rabbit-anti-TRIM-46 Synaptic Systems, 
#37703

Polyclonal 1:500

Chicken-anti-MAP2 Abcam, #ab5392 Polyclonal 1:1000
Rabbit-anti-TAU Dako, #A0024 Polyclonal 1:1000
Mouse-anti-MTCO1 Invitrogen, 1D6E1A8, 

#459600
Monoclonal 1:500

Rabbit-anti-ACETYL-
TUBULIN

Cell Signaling, 
D20G3, #5335

Monoclonal 1:1000

Rat-anti-TYROSI-
NATED-TUBULIN

Sigma-Aldrich, 
#MAB1864-I

Monoclonal 1:1000

Secondary antibodies

Donkey-anti-mouse 647 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-chicken 647 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-mouse 561 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-rabbit 561 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-rabbit 488 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-rat 488 AlexaFluor (Invitrogen) 1:1000
Donkey-anti-Chicken CF488A 

IgY (H + L)
Linaris/Biotium, #20166 1:1000

Cells were treated as indicated with Rotenone or Anti-
mycin A dissolved in Ethanol, diluted with cell culture 
medium; control cells were treated with an equal amount 
of carrier solution. For Fig. 4h, cells were treated with 
10 nM Taxol (Sigma Aldrich), 5 µM BAPTA-AM (Sigma 
Aldrich) with or without 50 nM Antimycin A.

Somatodendritic TAU fluorescence intensity was meas-
ured in a semi-automatic way by detecting somatodendritic 
regions of interest (ROI’s) via MAP2, the mean back-
ground fluorescence intensity of the image was subtracted, 
and treated cells were normalised to control cells.

Imaging and photoactivation/conversion

Epifluorescence microscopy was performed with a Zeiss 
axioscope equipped with Colibri 7 LED and an Axiocam 
503 mono. Preparation for STED-nanoscopy followed the 
recommendations from the manufacturer, imaging was 
conducted with a Leica gSTED TCS SP8 system using 
AntifadeGold mounting medium (Invitrogen). Confocal 
fluorescence, live-cell-imaging and photoconversion/pho-
toactivation (see below) was done using a Perkin Elmer-
Yokogawa CSU-X1-Spinning-Disk-Confocal-Microscope.

After identifying the AIS and the corresponding mito-
chondria (using the NaV-emiRFP-670), mito-Dendra in 
the selected ROI was converted with the 405 nm-laser of 
the integrated FRAP tool. Images were acquired in both 
green and red channels every 2–5 s as a three-layered 
z-stack (step size 1 µm) for 30 min. Non-suitable cells 
(e.g. no cotransfection or no mitochondrial movement) 
were excluded from analysis.

To find out the appropriate parameters for the suc-
cessful photoactivation of mito-photo-DNP (MPD) in 
neuronal cells, we added the live-imaging mitochondrial-
membrane-potential (ΔΨ) marker tetramethyl-rhoda-
mine-methyl-ester (TMRM; 10 nM; TFS) to the culture 
and titrated the adequate laser powers and concentration 
of MPD where TMRM fluorescence and thus ΔΨ would 
significantly drop, indicating mitochondrial disruption. 
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Subsequent experiments were carried out without TMRM 
using the established parameters.

Cells were transfected with mito-RFP and NaV-
emiRFP-670 to identify the AIS and corresponding cluster, 
after selecting adequate cells and ROI’s, 200 nM of MPD 
(BioTrend, dissolved in DMSO (Carl Roth)) was added and 
after 20 min of incubation, photoactivation in the ROI was 
achieved with a 355 nm-Laser (Rapp-OptoElectronic). Cells 
were kept in the incubator after treatment for 1.5 h before 
fixing and staining for TAU. For control cells, MPD was 
either activated in the soma with a ROI of comparable size 
or the laser was used on the AIS-mitochondria-cluster before 
the addition of MPD. TAU fluorescence intensity was then 
measured in the soma of treated cells and normalized to that 
of untreated cells (Ctrl) in the same dish.

To image spontaneous  Ca2+ oscillations, MPN were 
labelled with 2 µM Fluo-4 (TFS) and 0.2% Pluronic F127 
(Merck Millipore) for 20 min and washed once before imag-
ing. Time-lapse-imaging was done for one minute in set 
intervals with 1 frame per second. After the first baseline 
recording, either 50 nM AMA, 5 µM BAPTA-AM or vehicle 
(conditioned medium) was added to the live imaging chamber.

Data analysis and statistics

Image analysis was done using Fiji-ImageJ [24], graphing 
and statistical analysis was performed using GraphPadPrism 
8. Data were analysed for normal distribution and statistical 
tests were performed accordingly (for details on statistical 
tests, see corresponding figure legend).

Cluster prevalence assessment and comparative analysis 
was done by categorizing each valid cell using three criteria: 
(1) mitochondria present in the proximal AIS 
(range ± 7.5 µm); (2) relative absence of mitochondria in the 
central AIS; (3) visible accumulation/higher brightness of 
the mitochondria in the proximal AIS. Cells were then cat-
egorized into three groups: cluster (+): 3 criteria met; cluster 
(~): 2 criteria met; and cluster (–): ≤ 1 criterion. The ratio 
was calculated as Ratio =

nTotal

(n(+)+0,5∗n(∼))
.

The mitochondrial distribution along the AIS was meas-
ured by drawing in a line from the soma through the axon 
and creating a plot profile of the intensity of ANKYRIN-G. 
This was smoothened using a 1 µm sliding-mean and the 
“starting point” of the AIS was set to the point where this 
sliding mean was first ≥ 30% of its maximum (adapted from 
Dumitrescu et al. [25]).

To account for the difference in fluorescence intensity 
between cells and the high background fluorescence near 
the soma, mito-RFP images were thresholded using Train-
able Weka segmentation (Arganda-Carreras, 2017), plot 
profiles from these binary pictures were generated with the 
same line-ROI’s, fitted to the “starting point” of the AIS and 

then averaged over all cells. Because the ROI’s had differing 
lengths, n got lower towards the extremes, so these data were 
not used. To statistically test the difference in distribution, 
the mean of each replicate over a span of 10 µm was used 
and the distance between the two lines was kept the same 
in Fig. 2h and i.

While segmenting the images into binary pictures solved 
the problem of varying fluorescence intensity, this elimi-
nated a property of the AIS-mitochondria cluster: most often 
it was brighter than comparable mitochondria in the more 
distal AIS, a feature that is not reflected by this quantifica-
tion. To that end and as a surrogate for mitochondrial mass, 
the raw fluorescence intensity of mito-RFP was used in a 
similar fashion. To account for the high background intensity 
near the soma, it was plotted with the fluorescence intensity 
of td-Tomato, which was measured and fitted to the AIS-start 
as described above as well. The diameter of the AIS was 
measured using td-Tomato and measuring every 1  µm. 
Cross-sectional area was extrapolated from diameter using 
Y =

(

x

2

)2

∗ 0.6 ∗ �.
Kymographs were created using the KymographBuilder 

plugin in Fiji-ImageJ. All trafficking events that went past 
the cluster were counted, categorized into red/green and 
antero-/retrograde and expressed as a fraction of each cells 
total trafficking events.

Results

Global mitochondrial impairment leads to deficient 
TAU‑sorting

Chronic exposure of neurons to mitochondrial toxins leads 
to TAU hyperphosphorylation and aggregation [12, 18]. The 
acute effect of mitochondrial impairment on TAU sorting, 
however, is unclear. We aimed to investigate TAU intracel-
lular localization after mitochondrial impairment by using 
mitochondrial stressors. First, we treated mouse primary 
neurons (MPN; 21 days in vitro (DIV)) with the respiratory 
chain inhibitors Rotenone (ROT) and Antimycin A (AMA) 
for 2 h. We quantified the levels of endogenous TAU in the 
soma using MAP2 (microtubule-associated protein 2) as 
somatodendritic marker (Fig. 1a–c). We observed a substan-
tial difference in somatodendritic TAU levels after exposure 
to the mitochondrial toxins, indicating a failure of effective 
axonal TAU sorting. This was most striking after treatment 
with 50 nM AMA (approx. 18-fold higher TAU signals in 
cells somata, 13-fold for Rotenone; Fig. 1d). Longer treat-
ment duration and higher doses resulted in elevated levels 
of cytotoxicity and cell death (data not shown). Altogether, 
these results show that an acute, global inhibition of mito-
chondrial function can induce profound somatodendritic TAU 
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missorting, outclassing previously reported AD-like missort-
ing induced by Amyloid-β by a factor of 5–10 (e.g. [26]).

A mitochondrial cluster is localized at the proximal 
axon initial segment

As both the AIS [5, 6] and mitochondrial function (Fig. 1) 
are crucial for proper TAU sorting, we examined mito-
chondrial localization and dynamics in the AIS. First, we 
transfected both MPN’s (Fig. 2a) and hiPSC-derived-neu-
rons (Fig. 2b) with mito-RFP (a mitochondrially targeted 
fluorescent protein), immunostained for the AIS-proteins 
ANKYRIN-G/TRIM46 to outline the AIS-position and 
measured the mitochondrial distribution along the AIS. This 
was done at four different timepoints after the initial estab-
lishment of neuronal cell polarity (meaning past “Banker 
stage” IV) [27].

In approx. 40% of the analysed neurons, we observed 
a characteristic pattern of mitochondrial distribution in 
the AIS. It consists of a cluster-like aggregation of mito-
chondria in the proximal AIS (arrowheads, Fig. 2a, b) 

and a subsequent zone in the central AIS that showed a 
lower abundance of mitochondria (arrows, Fig. 2a, b). 
This “AIS-mitochondria-cluster” coincided with the begin-
ning of the AIS within a range of ~ 7.5 µm. We found this 
distinct mitochondrial distribution in both MPN and in 
hiPSC-derived neurons (Fig. 2a, b).

We further validated our initial observation of an AIS-
specific mitochondrial cluster using two-colour STED 
super resolution microscopy. We used mito-YFP and the 
(presumably uniformly distributed) volume marker mTFP 
in superresolution mode (Fig. 2c1–c3). We confirmed 
the mitochondrial clustering in the proximal AIS and 
observed that the AIS-mitochondria-cluster is relatively 
large, leaving only a space of 70–300 nm to the sides. The 
mitochondria-cluster is not composed of a single, large 
mitochondrion, but rather several clearly distinguishable 
mitochondria (Fig. 2d–f; for a schematic depiction of the 
mitochondrial distribution within the AIS see Fig. 2g).

We next quantified and averaged the mitochondrial dis-
tribution along the AIS in MPNs and determined that the 
local mitochondrial prevalence was up to ten times higher in 

Fig. 1  Global mitochondrial impairment leads to TAU missort-
ing. a–c Immunofluorescence staining of murine primary neurons 
(DIV21) for MAP2 (somatodendritic marker) and TAU, treated for 
2 h with a control, b 50 nM Antimycin A(AMA) or c 50 nM Rote-
none (ROT, both respiratory chain inhibitors), representative epif-
luorescence images. Arrows in a indicate low level of somatic TAU 
in control cells, inserts show magnifications of exemplary cell bod-
ies; arrowheads in (b, c) indicate missorted TAU in the soma after 
treatment, soma shows higher TAU-fluorescence-intensity, therefore 

merge appears yellowish to green. d Quantification of TAU-fluores-
cence-intensity in the soma after subtraction of background fluores-
cence, arithmetic mean of 3 biological replicates with standard devia-
tion (SD). Control: Mean = 1.0; n = 122–126; AMA: Mean = 17.51; 
n = 42–172; ROT: Mean = 12.87; n = 144–154. Ordinary one-way 
ANOVA with Dunnett’s correction for multiple comparisons, Ctrl vs. 
AMA: **p = 0.0059, Ctrl vs. ROT: *p = 0.0258, significance level 
p < 0.05
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the proximal part of the AIS than in the central part. Even 
when averaged over a span of 10 µm, the prevalence was 
still about a 2.5-fold higher (Fig. 2h). Similar measurements 
along dendrites resulted in a mitochondrial presence prob-
ability as described before [28], but showed no significant 
differences in mitochondrial distribution along the dendrite 
(Fig. 2i), demonstrating that this biased mitochondrial distri-
bution is a property unique to the AIS. There was no statisti-
cally significant difference between the proximal AIS and the 
proximal dendrite. As mitochondrial prevalence in a given 
neuritic segment does not reflect mitochondrial mass, we next 

determined the relative mitochondrial mass by measuring 
the fluorescence intensity of mito-RFP and compared this 
to the relative intensity of a volume marker (a FP presum-
ably without a distribution bias, td-Tomato). In agreement 
with our prevalence measurements, we found that approx. 
10 µm around the proximal border of the AIS, there was a 
pronounced discrepancy between the volume/diameter meas-
urements and mitochondrial intensity indicative of mitochon-
drial mass, with mitochondrial signal being unproportionally 
high in the proximal AIS, but low to average within the cen-
tral part of the AIS (Fig. 2k). In sum, mitochondria cluster in 



A mitochondria cluster at the proximal axon initial segment controls axodendritic TAU…

1 3

Page 7 of 15 120

the proximal part of the AIS at least in a subset of neurons. 
Next, we examined the occurrence of this AIS-mitochon-
dria at different time points of the neuronal maturation. For 
this, we transfected and fixed MPN at different days in vitro 
(Fig. 2j). The mitochondrial cluster was observable through-
out our examined time course, with ~ 33% of neurons display-
ing it already after 7 DIVs and an increase in the proportion 
of AIS-mitocluster positive neurons to 43% in older neurons, 
although these results did not reach statistical significance.

As we observed the AIS-mitocluster consistently only in a 
subset of cells, and the AIS is a crucial regulator of neuronal 
cellular polarity, we next asked whether neuronal cellular 
polarity markers differ in neurons depending on the presence 
of the AIS-mitocluster. TAU and MAP2 are classical axonal 
and dendritic markers; low levels of TAU in the soma (and 
presence of TAU in the axon) hint towards well established 
neuronal cell polarity, while MAP2 shows ubiquitous pres-
ence both in soma and dendrites. We found no difference 
in somatic levels of TAU in neurons with clear presence of 
an AIS-mitocluster, compared to neurons without an appar-
ent mitocluster or with an AIS-mitocluster that did not ful-
fill all of our criteria (Fig. 2l). Surprisingly, somatic and 
dendritic MAP2 levels were slightly, but statistically sig-
nificantly higher in cells with a clear mitocluster in the AIS 
(Fig. 2m). This indicates that the pronounced presence of the 
AIS-mitocluster may be linked to at least some parameters 
of (MAP) cell polarity, although—at least in basal condi-
tions—not for TAU.

Mitochondria within the AIS‑mitochondria‑cluster 
are immobile

As mitochondria show net anterograde trafficking into the 
axon and the mitochondria-cluster is composed of several 
mitochondria, we hypothesized that it serves as a spawn-
ing hub for generating axonally trafficked mitochondria. We 
hence examined the dynamics of the AIS-mitochondria-
cluster by co-transfecting mito-Dendra (a photoconvertible 
fluorescent protein that we fused to a mitochondrial target-
ing sequence) and the AIS marker  NaV-emiRFP670 [25] 
into MPN (DIV7), and assessed mitochondrial mobility 
after four days of expression. We identified the AIS (using 
 NaV-emiRFP670) and the corresponding cluster (using mito-
Dendra) in live-cell-microscopy, photoconverted the mito-
chondria within the AIS-mitochondria-cluster from green to 
red, and conducted time-lapse-imaging (Fig. 3a, b).

Fig. 2  Mitochondria cluster at the proximal AIS in cortical rodent 
and human neurons. a, b: Representative images of DIV11 MPN (a) 
and DIV18 hiPSC-derived neurons (b) that were transfected with 
mito-RFP  and immunostained  for MAP2 (somatodendritic marker, 
magenta) and ANKYRIN-G/TRIM-46 (AIS-marker, cyan): Aster-
isks indicate the cell body, dashed lines indicate the AIS where 
MAP2 enrichment stops and AIS-markers are present; mitochon-
drial distribution magnified in lower row: arrowhead shows proxi-
mal cluster of mitochondria in the AIS, arrow indicates the region 
of lower mitochondrial abundance in the central AIS. c–f STED 
nanoscopy pictures of rat primary cortical neurons. Neurons aged 
8-9DIV were transfected with mitoYFP (green) and mTFP (as a vol-
ume marker, red) for 2d, fixed and processed for two-colour STED 
nanoscopy. Arrow in (c) indicates beginning of the AIS (by decreas-
ing intensity of MAP2, c1), dashed lines indicate magnifications 
in inserts in d–f. d–f Magnification of the axon, arrowhead shows 
proximal cluster of mitochondria, arrow shows subsequent region of 
lower mitochondrial abundance in the central AIS. Inserts show sec-
ond magnification of the proximal AIS. Measurement of the short-
est distance between the mitochondria and cell border (by mTFP) 
shown on either side shown in “Magnific.” g Scheme of a neuron, 
red box shows enlarged section of the proximal axon shown on the 
right: schematic of the observed mitochondrial distribution along the 
proximal axon, colouring indicates levels of MAP2 (magenta) and 
ANKYRIN-G (cyan) enrichment at the transition from soma to axon, 
cluster of mitochondria in the proximal AIS followed by a region of 
low mitochondrial abundance in the central AIS (marked by arrow). 
h Quantification of mitochondrial distribution along the AIS by seg-
mentation. MPN transfected with mito-RFP on DIV8, fixed after 
3d, and immunostained for ANKRYIN-G. Probability of a presence 
of mitochondria as a fraction, biol. replicate weighted mean (blue), 
standard deviation (green) and ~ 1  µm walking average (black). A 
region of higher mitochondrial abundance (cluster, proximal AIS) is 
clearly distinguishable from a region of low mitochondrial presence 
(central AIS).  MeanCluster = 0.53;  MeanCentre = 0.22;  MeanDistal = 0.33; 
Brown-Forsythe and Welch’s ANOVA with Dunett’s correction for 
multiple comparison: cluster vs centre: **p = 0.0079; cluster vs dis-
tal: *p = 0.015; 3 biological replicates with n = 11–16, (for details, see 
“Methods”). i Similar procedure to (h) but measured over randomly 
selected dendrites as a control. Probability of a presence of mitochon-
dria as a fraction, biol. replicate weighted mean (blue), standard devi-
ation (green) and ~ 1  µm walking average (black).  MeanStart = 0.50; 
 MeanCentre = 0.42; unpaired t-test with Welch’s correction: not sig-
nificant, p = 0.1278, 3 biological replicates with n = 17–20. j Ratio 
of cells showing the cluster morphology at different points in devel-
opment, MPN were transfected with mito-RFP, fixed, stained for 
ANKYRIN-G, and classified according the appearance of the clus-
ter (more details see “Methods”). Mean with SD, ordinary one-way 
ANOVA with Tukey’s correction for multiple comparisons: not sig-
nificant, 3 biological replicates each, n for each replicate: ndiv7 > 21, 
ndiv11 > 18, ndiv14 > 15, ndiv21 > 5. k Quantification of mitochondrial 
distribution and corresponding axon width along the AIS. MPN were 
transfected on DIV8 with either mito-RFP or td-Tomato, an evenly 
distributed volume marker, fixed after 3d and immunostained for 
ANKYRIN-G. Axonal width was estimated by red: td-Tomato inten-
sity along the AIS and black: extrapolation from the diameter that 
was measured every 1 µm (right y-axis). Insert shows a peak of mito-
RFP-intensity indicating mitochondrial mass while the axonal width 
steadily declines. Fluoresc. intensity normalized so the first point 
equals 1. Mean with SEM, data from 3 biological replicates, n > 15. 
l Somatic TAU levels, classified by presence of AIS-mitochondria-
cluster, for details see methods. Mito-RFP transfected MPN (DIV11) 
were fixed and immunostained for ANKYRIN-G and TAU. Mean 
with SD, Mean (+) = 1943, Mean (~) = 1829, Mean (–) = 1913, Ordi-
nary one-way ANOVA with Tukey’s correction for multiple compari-
sons: not significant; 3 biological replicates with n > 15. m Similiar 

◂ procedure as in (l), but immunostaining for MAP2. Somatic fluores-
cence intensity normalized by mean dendritic intensity. Mean with 
SD. Ordinary one-way-ANOVA with Tukey’s correction for multiple 
comparisons: (+) vs. (~) ***, (+) vs. (–) ***, (~) vs. (–) ns. Mean 
(+) = 2.333, Mean (~) = 1,714, Mean (–) = 1.595. 3 biological repli-
cates with n > 17
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This approach allowed us to distinguish between AIS-
located mitochondria (red Dendra2) and mitochondria 
originating from other cell compartments (green Dendra2). 
Interestingly, we did not observe a single event when the 
whole AIS-mitochondria-cluster moved or dissipated in all 
our imaging sessions. Moreover, we observed axonal trans-
port of mitochondria from the soma that passed through 
the proximal cluster at multiple times, seemingly without 
affecting it at all (Fig. 3c, cyan lines). In total, trafficking 
that originated from the AIS-mitochondria cluster only made 
up ~ 15% of all trafficking events in the AIS, while the other 
85% originated from mitochondria from the axon and/or 
soma (Fig. 3d). In line with previous findings [29], we also 
saw that anterograde trafficking of mitochondria was more 

frequent than retrograde (here: about ~ 40% more). Retro-
grade trafficking almost exclusively (~ 98%) originated from 
mitochondria further down the axon and not from the AIS-
mitochondria-cluster. Overall, this indicates that the cluster 
of mitochondria is anchored at the proximal AIS and does 
not serve as a hub for the axonal trafficking of mitochondria.

The AIS‑mitochondria‑cluster plays a functional role 
in the maintenance of axonal TAU sorting

Since (i) the mitochondrial cluster is localized right at the 
AIS—a region crucial for maintaining neuronal cell polar-
ity and proper sorting of TAU [5, 6], and (ii) cell-wide 

Fig. 3  The mitochondrial AIS-cluster is immobile and only sparsely 
participates in axonal transport of mitochondria. a Scheme of the 
experimental workflow; after transfection with a photoconvertible 
mitochondrial marker (mito-Dendra) only the mitochondria of the 
cluster are converted from green to red by 455  nm laser illumina-
tion (boxed area, photoconversion indicated by yellow flash), while 
mitochondria in other localisations remained green. Cells were sub-
sequently imaged for 30  min. b Primary cortical neurons (DIV7) 
were co-transfected with: NaV-emiRFP670 (top row), a live-cell-
AIS-marker linked to a near-infrared FP and mito-DENDRA, a mito-
chondrial targeted green-to-red-photoconvertible FP. Middle shows 
green channel, bottom row red channel; before (left) and after (right) 

local photoconversion of the mitochondria in the cluster (enlarged 
in inserts and indicated by lightning bolt). Dashed line indicates the 
AIS, asterisks indicates the cell body. c Representative kymograph 
of the time-lapse imaging. Arrowheads show events of anterograde 
mitochondrial transport, cyan outline shows trafficking through and 
past the cluster, asterisk shows the stationary cluster in the proximal 
AIS. d Quantification of mitochondrial trafficking events in the AIS, 
split into mitochondria of the proximal cluster (red) and other mito-
chondria (green), shown as a fraction of each cells total trafficking 
events,  MeanCluster-Mito = 0.146;  MeanOther-Mito = 0.853; unpaired t-test: 
***, p < 0.0001, 4 biological replicates and n = 6
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inhibition of mitochondria leads to impairment of these pro-
cesses (namely TAU-missorting in our model, see above), 
we next tested whether the cluster of mitochondria might be 
involved in maintaining TAU cellular polarity.

We used the compound Mito-Photo-DNP (MPD) that 
allows precise, spatially and timely defined disruption of 
the mitochondrial membrane potential upon photoactivation 
in living cells, as previously reported [30]. To test our setup, 
we incubated MPN with 200 nM MPD and 10 nM TMRM, 
a live-imaging mitochondrial-membrane-potential marker. 
After photoactivation, mitochondrial membrane potential 
was strongly and stably reduced at the illuminated ROI (ROI 
A), while remaining unaffected in regions of the cell without 
photoactivation (ROI B, Fig. 4a, b).

Next, we tested the effect of local AIS-mitochondria-
cluster impairment on sorting of TAU. We used DIV18 
hiPSC-derived neurons and DIV11 MPNs (both of which 
show mature neuronal polarity and effective TAU sorting 
into the axon at this age) cotransfected with mito-RFP and 
 NaV-emiRFP670 for 4 days (7 days for hiPSC-derived neu-
rons) to detect the cluster within the neurons (Fig. 4c, d). 
We disrupted regional mitochondrial function by photoac-
tivation of MPD at the AIS-mitochondria-cluster (Fig. 4c, 
d). After 1.5 h, cells were fixed and TAU levels in the soma 
were measured and compared to non-treated control cells via 
immunostaining (Fig. 4e).

A small but significant increase in somatodendritic TAU 
levels was observed after impairment of AIS-localized mito-
chondria (Fig. 4f, g) compared to untreated cells (~ 15% 
increase in MPNs and ~ 12% in iPSC-derived neurons). This 
effect is specific to axonal/AIS mitochondria since interfer-
ence with somatic or dendritic mitochondria did not result in 
TAU missorting (Suppl. 2b). Additionally, irradiation of the 
cluster without MPD as a control did not result in any sig-
nificant effect on TAU trafficking (Suppl. 2a), further prov-
ing the specificity of the treatment. Altogether, this indicates 
a crucial role of the small sub-population of mitochondria 
anchored in the proximal AIS for the maintenance of axonal 
sorting of TAU and may establish them as a vulnerable 
player in the complex disease cascades of tauopathies.

How does mitochondrial impairment lead to TAU mis-
sorting? The cause of TAU missorting/somatic accumula-
tion of TAU in neurons both in human disease and in model 
systems is unresolved, but previous experiments clearly 
hint towards lack of anterograde routing of somatically 
synthesized TAU into the axon as the overarching cause 
[26]. Neuronal stress associated with increase in cytosolic 
calcium, induced by a.o. Amyloid-beta oligomers, gluta-
mate, or simply high (~ two–five-fold) increases in extra-
cellular calcium results in TAU missorting [31]. Also, in 
our previous studies, we consistently found that global loss 
of microtubules, or impaired microtubule dynamics in the 
AIS is associated with TAU missorting [5]. On the other 

hand, mitochondrial impairment (e.g. via respiratory chain 
inhibition) results in increased cytosolic calcium over time 
[32], and, as microtubules are highly dynamic particularly in 
the AIS, maintenance of labile and continuously rebuilding 
microtubule tracks in the AIS must also depend on ATP—
and hence proper mitochondrial function. We thus tested 
whether calcium homeostasis is perturbed in our paradigms 
(rather low and non-cell-toxic concentrations of respiratory 
chain inhibitors) sufficient to induce TAU missorting. We 
consequently investigated cytosolic calcium levels via live-
cell-imaging with a calcium-sensitive dye, Fluo-4, similar as 
before [22]. In agreement with previous experiments show-
ing that mitochondrial impairment leads to increased cyto-
solic calcium levels (as calcium import into mitochondria 
requires a proper proton gradient, for review see [33]) and 
our initial findings that TAU missorting in response to mito-
chondrial impairment occurs within hours (Figs. 1, 4c–e), 
we found that 50 nM AMA treatment of primary neurons 
resulted in slight elevation of baseline calcium levels over 
the time of 1 h when assayed via Fluo-4 live-imaging (Suppl. 
3a–c), to roughly twofold of initial baseline levels. Of note, 
this increase of overall cytosolic calcium was not due to 
increased calcium oscillation indicative of increased action 
potential generation/neuronal transmission; instead, we 
found that even though we used a low concentration, spon-
taneous activity of neurons was only stable in AMA-treated 
cells for roughly 20 min, before it continuously decreased 
until it ceased more or less completely after 40 min, while 
control neurons kept on firing/showed persistent calcium 
oscillation until at least 80 min in our conditions (Suppl. 3e, 
f). Thus, in agreement with previous data and with mito-
chondria being an important calcium storage/buffer orga-
nelle, calcium homeostasis is disturbed after mitochondrial 
impairment in our conditions, albeit to a rather small extent.

Next, as microtubule dynamics and/or stable micro-
tubules are essential to maintain anterograde sorting of 
TAU and the TDB [12], we tested whether mitochondrial 
impairment would result in changed microtubule dynamics 
or more labile microtubules. We found that after mitochon-
drial impairment induced by AMA as before (50 nM, 2 h), 
both microtubule acetylation and tyrosination are increased 
(Suppl. 4). This shows that mitochondrial impairment leads 
to changed PTMs (hinting towards less de-acetylation and 
de-tyrosination) rather than to an active severing of micro-
tubules (e.g. by the microtubule severing enzymes spastin, 
katanin, fidgetin), which are energy/ATP-dependent anyhow 
[34]. Next, we tested whether pharmacological manipulation 
of the two putative key triggers of TAU missorting, namely 
elevated cytosolic calcium or altered microtubule dynam-
ics, could prevent the somatic TAU accumulation induced 
by mitochondrial impairment. To this end, we co-incubated 
neurons with an intracellular calcium-chelating agent, 
BAPTA-AM, or a microtubule-stabilizing drug, taxotere/
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taxol, at non-toxic but efficient concentrations (5 µM and 
10 nM, respectively), together with AMA as above. Note 
that taxol is used at dramatically higher concentrations when 
used as an anti-cancer, anti-cell proliferation drug, while 
the concentrations we used here are sufficient to shift the 
microtubule-dynamics towards more stable microtubules, 
and prevent loss of microtubules in disease paradigms (see 
e.g. Zempel et al. [31]). The chosen BAPTA-AM concen-
tration is adequate to induce a decrease in intracellular cal-
cium (Suppl. 5), this way it should be sufficient to prevent 
or at least attenuate the part of TAU-missorting/neuronal 
damage that is triggered by an increase in calcium—while 
being subtle enough as to not have direct toxic effects at this 
timescale [35].

We found that taxol was able to significantly reduce the 
amount of AMA-induced TAU missorting by ~ 70%, while 

BAPTA-AM only slightly (by ~ 20%) and statistically non-
significantly prevented TAU missorting. Together with the 
rather low levels of calcium increases in response to AMA 
treatment, this hints towards a role of impaired microtubule 
dynamics as the key mediator for mitochondrial impairment-
induced TAU missorting.

Discussion

In this study, we investigated the relation of mitochondrial 
(dys-)function and TAU (mis-)sorting. Our interest was 
triggered by the high amount of somatically mislocalized 
TAU in response to several respiratory chain inhibitors. We 
here employed two well established and well-researched 
specific mitochondrial toxins, in several concentrations and 
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durations. Additionally, we used a photoactivatable, mito-
chondria-specific and mitochondrially targeted toxin (mito-
PhotoDNP), which we activated in a spatially restricted 
manner. We are thus fairly confident that our interventions 
are specific for mitochondria. Of note, the amount of TAU 
missorting induced by mitochondrial impairment outclasses 
previously identified and studied triggers of TAU missort-
ing, such as amyloid-β-oligomers (as a surrogate for AD-like 
stress), glutamate (excitotoxicity), and mutant TAU-over-
expression (genetic tauopathy-like stress) [5, 12, 26, 36] 
by a factor of 5–10. Mitochondria play thus a crucial role 
for TAU neuronal cell polarity maintenance and might be 

important for disease. Similar to studies conducted before, 
mitochondrial impairment resulted in TAU missorting 
only under non-toxic conditions, in agreement with previ-
ous studies showing that protein synthesis must be func-
tional for TAU mislocalization to occur [26]. In this study, 
we focussed on mitochondria within the AIS, as this is the 
currently suggested crucial site for proper TAU sorting and 
maintenance of neuronal cell polarity.

We discovered a characteristic pattern of mitochondrial 
distribution along the AIS, which consists of a proximal 
cluster of mitochondria and a region in the central AIS 
mostly devoid of mitochondria. The mitochondria of the 
cluster also frequently appear to be brighter than the aver-
age mitochondria along the axon, hinting towards a larger 
mitochondrial mass and number at that site. This is in line 
with our observations from STED-nanoscopy, which showed 
several densely packed mitochondria at the proximal AIS. 
We observed this cluster in both primary rodent forebrain 
as well as human iPSC-derived cortical neurons, indicating 
that this is a conserved feature across species and may be an 
important characteristic of the AIS—at least in cortical neu-
rons. Interestingly, this AIS-mitochondria-cluster (as defined 
by the selected criteria, see Methods) was not observed in all 
the cells examined, but rather in about 30–45%. This fraction 
is roughly consistent over the development of the neurons, 
indicating that the AIS-mitochondria-cluster may be rather 
independent of neuronal maturation after the establishment 
of the AIS. Defined subpopulations of neurons that express 
this characteristic pattern of mitochondria seem plausible 
given that rodent forebrain cultures are still a heterogeneous 
mix of neurons when compared to our hiPSC-derived neu-
rons [21]. On the other hand, our preliminary observations 
suggest that the AIS-mitochondria-cluster is not observable 
in all Ngn2-driven hiPSC-derived cortical neurons either, 
even though they are very homogenous [37]. This indicates 
that the mitochondria-cluster is observable only in a sub-
set of primary but also homogenous clonal cells, thus the 
differences might stem from variable physiological charac-
teristics of the AIS. These depend on the individual elec-
trophysiological properties, differential network integration 
and varying places of origin of the AIS, but are also distinct 
in different subpopulation of neurons [38].

Other studies described similar clusters: one study inves-
tigated mitochondria in a limited number of chicken spinal 
motoneurons, and found similar to our study a biased dis-
tribution of mitochondria within the AIS [39]. Consistent 
with our data, they show that in the central part of the AIS, 
mitochondria are sparse, but found, in contrast to our data, 
that mitochondria accumulate only in the distal, but not in 
the proximal part of the AIS [39]. Another study, again in 
spinal motoneurons, observed that in ALS-transgenic mice 
expressing a human mutant SOD1, neurofilaments and 
(round-shaped) mitochondria are increasingly present in the 

Fig. 4  Local mitochondrial impairment of the AIS-mitochondria-
cluster leads to TAU-missorting. a MPN (DIV11) were incubated 
with the mitochondrial membrane potential marker TMRM (10 nM) 
and the photoactivatable uncoupler Mito-PhotoDNP (MPD; 200 nM) 
for 20 min prior to photoactivation. MPD was only activated in “ROI 
A” by laser illumination, RGB-pseudocolouring of TMRM sig-
nal shows loss of mitochondrial membrane potential in the treated 
ROI A, but not in control ROI B. b Relative quantification of the 
mitochondrial membrane potential (ΔΨ) from the experiment in 
(a), graph shows the decline and persisting low level of TMRM-
fluorescence-intensity that is limited to the photoactivated ROI A; 
time-lapse-imaging for 7.5  min, measured every 6  s to reduce pho-
tobleaching. c Scheme of the experimental workflow to achieve 
local mitochondrial impairment in the AIS in live cultured neurons 
with MPD and measure the effects on somatodendritic TAU levels. 
d Representative live-imaging pictures of the AIS and mitochon-
dria in DIV11 MPN, lightning bold shows the mitochondrial cluster 
in the proximal AIS where mitochondrial impairment was induced 
(boxed area). Asterisks indicate cell body. e Representative confo-
cal images of cells after photoactivation, fixation and immunostain-
ing for MAP2 and TAU. White dashed lines indicate AIS, rectangle 
shows section from (d). Coloured dashed lines indicate the outline 
of the soma of the treated (green) and untreated cell (cyan). Mag-
nifications show section of the soma (yellow boxes), note the slight 
elevation of TAU-fluorescence intensity in the soma of the cell that 
underwent photoactivation. f, g The experiment was repeated in 3 
biological distinct replicates in both MPN and iPSC-derived-neu-
rons, TAU-fluorescence intensity was measured in the soma of the 
treated cells (i.e. photoactivation of the mito-AIS-cluster). Untreated 
cells (i.e. also exposed to the MPD, but not photoactivated) in the 
same plate served as controls. f MPN, mean with SD, each point is 
one biological replicate; Control: Mean = 1.0, n = 5–16. Treated: 
Mean = 1.148, nTotal = 5; unpaired-t-test, **p = 0.0032. g iPSC-
derived neurons, mean with SD, each point is one biological repli-
cate, Control: Mean = 1.0, n = 6–17; Treated: Mean = 1.119, nTotal = 4; 
unpaired-t-test, *p = 0.0243. h Quantification of TAU-fluorescence-
intensity in the soma after subtraction of background fluorescence, 
after treatment with either vehicle, 10  nM taxol or 5  µM BAPTA-
AM ± 50  nM AMA for 2  h. Normalized as fold change relative to 
control. Arithmetic mean of 4 biological replicates (all n > 120) with 
SD.  MeanTaxol = 0.9826,  MeanBAPTA-AM = 0.9783,  MeanAMA = 2.20, 
 MeanTaxol+AMA = 1.441,  MeanBAPTA-AM+AMA = 1.980; Ordinary one-
way ANOVA with Tukey’s correction for multiple comparisons: 
AMA vs. Taxol + AMA: *,  p = 0.0325, AMA vs. BAPTA + AMA: 
ns. i Representative images of TAU fluorescence in the soma of MPN 
from the experiment in (h); somatic TAU is low in control and stable 
after treatment with taxol or BAPTA-AM alone (upper row); increase 
is visible in all AMA treated cells (bottom row), but taxol markedly 
prevents somatic TAU increase, scale bar 10 µm

◂
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AIS, but not in the soma, in disease conditions [40]. These 
studies do agree that it is likely that mitochondria accu-
mulate, because there is a regions of high energy demand. 
In our case, the mitochondria may be clustered in the AIS 
to support the local generation of action potentials (AP). 
Another reason to why they are not evenly distributed along 
the AIS might be the varying distribution of different  NaV 
channels:  NaV1.6 channels (responsible for AP generation) 
and high-threshold  NaV1.2 channels are also enriched in 
two distinct groups along the AIS [41]. Future studies may 
investigate whether the AIS-mitochondria-cluster colocal-
izes with a specific subgroup of  NaV channels and whether 
they functionally interact.

We observed that the mitochondrial cluster is stationary 
at the proximal AIS as assessed via live-cell-imaging. The 
results from these experiments confirm the prior observation 
made in fixed cells and rule out that these observations were 
artifacts created by a zone of slower mitochondrial transport: 
Mitochondria still moved through the AIS while the cluster 
remained stationary, even when we tentatively increased 
imaging time up to several hours. In line with previous stud-
ies [42], exploratory experiments showed that photoconver-
sion in itself did not cause reduced mitochondrial motility.

Our initial hypothesis—that the AIS-mitochondria-cluster 
might be a spawning hub for generating axonally trafficked 
mitochondria—was at least partially refuted since the AIS-
mitochondria-cluster only sparsely participates in mitochon-
drial trafficking. There, the mismatch between the small 
number of photoconverted mitochondria in the AIS and 
relatively large number of non-photoconverted mitochon-
dria in the soma could have falsely amplified our result, but 
given the small scale of both the observed area and relatively 
short timeframe, this bias should be small and not be able to 
cause the observed large difference in trafficking. Yet, the 
putatively AIS-mitocluster derived axonal mitochondria are 
overrepresented, as the AIS-mitocluster comprises far less 
than 15% of total cell mitochondria (rather around 0.1%, 
as estimated by mito-RFP-positive area). There are several 
interpretations: (1) As mitochondrial trafficking through 
the AIS is difficult (highly dynamic microtubules within the 
AIS, slow mito-trafficking [5]) soma-derived mitochondria 
might pause at the AIS-mitocluster long enough to be missed 
by our analysis, but eventually continue to the axon. (2) The 
primary function of the mitocluster is the supply of axons 
with mitochondria, but this is in contrast with our data, 
which clearly shows that the majority of axonally trafficked 
mitochondria are not AIS-mitocluster derived, and that many 
neurons with axonal mitochondria do not display a clearly 
discernible AIS-mitocluster. If the AIS-mitocluster would be 
the prime source of axonal mitochondria, continuous replen-
ishment of the mitocluster itself would be necessary (to pre-
vent accumulation of dysfunctional mitochondria/mtDNA), 
which we, however, in our experiments did not observe, but 

this could of course be due to a different timeframe in which 
these events take place. (3) The mitocluster has primarily 
other functions (e.g. local ATP-generation, calcium buffer-
ing), but may spawn mitochondria occasionally, while the 
reason for spawning might be specific (e.g. urgency) or sta-
tistic. Thus, it is possible that mitochondria travel out of 
the mitocluster into the axon, but spawning mitochondria 
is likely not the primary function of the AIS-mitocluster.

Nevertheless, it remains puzzling how mitochondria from 
the soma and/or axon pass the proximal cluster without 
affecting it, even though the space around the cluster appears 
to be very narrow (< 300 nm in STED-nanoscopy). A pos-
sible explanation would be that trafficking mitochondria fol-
low the microtubule tracks in the centre of the axon, while 
the AIS-mitochondria-cluster could have a ring-like struc-
ture in the cross-section, allowing mitochondria to pass both 
ways. A former study using electron microscopy supports 
this hypothesis, showing that the mitochondria that “accu-
mulate in the proximal segment of the axon […] occupy the 
peripheral regions of the axoplasm” [43], although this study 
was limited to rat hypoglossal nerve. This study and the 
other two studies mentioned before [39, 40] do not comment 
on the subcompartimental distribution of mitochondria, used 
different types of neurons, and also different methodology 
to define the AIS. Thus, it will be important to understand 
the cytoskeletal scaffold that might anchor the AIS-mito-
chondria-cluster in place. The overall mobility of membrane 
proteins is greatly reduced in the AIS, mainly because of 
the intertwined ankyrin-spectrin-actin-cytoskeleton [44, 45]. 
The AIS-mitochondria-cluster might interact with one of 
these AIS-specific scaffold proteins (e.g. actin via myosin) 
[46] or with syntaphilin-like proteins, which were found as 
a docking partner of axonal mitochondria in rat hippocampal 
neurons [47]. In-vivo-proximity-labelling of local interac-
tion partners of the AIS-mitochondria-cluster could be a 
valuable experiment to investigate anchoring mechanisms.

Studying the functional aspects of the mitochondria-clus-
ter in the proximal AIS, we found that local impairment of 
the AIS-mitochondria-cluster alone is sufficient to induce 
subtle, but detectable increase of somatic TAU protein. This 
TAU-missorting after local mitochondrial impairment was 
not as striking as the effect of global mitochondrial inhibi-
tion through ROT/AMA (see also Suppl. 1), but this dif-
ference was expected since the AIS-mitochondria-cluster 
makes up less than 0.1% of the cell’s total mitochondria (as 
estimated by mito-RFP-positive area).

In fact, these results suggest that the observed TAU-
missorting after local impairment is an effect specific to 
the cluster-mitochondria, since they make up less than 
0.1% of the cells mitochondria but lead to more than 1% 
of the missorting observed after global inhibition. This 
hypothesis is further supported by the fact that we did 
not observe measurable TAU-missorting when impairing a 
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comparable small number of mitochondria in the somato-
dendritic compartment (Suppl. 2). Therefore, it is probable 
that the observed TAU-missorting after local impairment 
of AIS-localized mitochondria is due to a disruption of 
local processes in the AIS. One of these processes could 
be the constant rebuilding of microtubule tracks within the 
AIS. We have found previously that, while tubulin concen-
trations are high in the AIS, the amount of polymerized 
microtubules is rather low and there are no stable micro-
tubules in the AIS, but the AIS may be a polymerization 
hub for microtubules [5, 48]. High-resolution scanning 
electron microscopy or STED-nanoscopy of AIS based 
microtubule requires the use of molecular densifiers and/
or microtubule stabilizers to visualize microtubule tracks 
within the AIS [8]. All of this indicates that microtubules 
in the AIS are highly dynamic. Yet, all axonal cargo must 
pass through the AIS, and as axonal transport is predomi-
nantly microtubule based, the AIS-based microtubule-
track must be continuously generated. The mechanisms 
responsible for the observed TAU-missorting may be (i) 
impaired anterograde sorting of TAU at the AIS, or (ii) 
disruption of the retrograde barrier that holds axonal TAU 
in place. On the anterograde side, the locally impaired 
mitochondrial homeostasis could impair the microtubule-
based, anterograde transport of TAU-mRNA [49] and also 
the energy demanding, local TAU-protein-translation, 
proposed to mainly take place in the AIS [5]. We found 
that by stabilizing microtubules the AMA-induced TAU 
missorting was (partially) rescued. On the other hand, 
chelating calcium had no significant effect on the TAU 
missorting induced by mitochondrial impairment in our 
experiments. Although this mechanism of neuroprotection 
has been shown before for other neuronal injuries [50, 
51], these injuries also led to a higher increase in cal-
cium than our mitochondrial impairment which might be 
the cause that the protective effect was more pronounced 
there. Therefore, while both elevated calcium and microtu-
bule impairment are tightly linked to TAU missorting and 
so far the two most discussed triggers [4, 52], in our case 
impaired microtubule function/dynamics may be causative 
or at least the major factor for mitochondrial impairment-
induced TAU missorting.

On the side of the retrograde diffusion barrier failing, 
the locally reduced level of readily available energy provid-
ers (i.e. nucleoside triphosphates such as ATP) could also 
alter the functions of glycogen synthase-kinase-3β (GSK3β). 
GSK3β is a major kinase tethered in the AIS and is impli-
cated with disease pathology in AD and dysfunction of the 
TDB [53, 54]. This theory is further supported by the finding 
that GSK3β is also activated by ROS [55]. It is very plausi-
ble that the local level of ROS is higher after our impairment 
of regional mitochondria. This would result in two different 
ways of how dysfunction of the AIS-mitochondria-cluster 

can lead to failure of the TAU diffusion barrier via altera-
tion of GSK3ß. These two different functions of the AIS-
mitochondria-cluster (energy and ROS homeostasis) have 
to be further investigated in follow-up studies.

All in all, we provide evidence for a cluster of mitochon-
dria in the proximal AIS in different types of cultured neu-
rons. This AIS-mitocluster is largely stationary and has a 
functional role in the maintenance of effective TAU sorting. 
These location-specific mitochondria may play a crucial role 
in the pathomechanisms of tauopathies such as Alzheimer’s 
disease and even in genetic mitochondriopathies. Thus, 
mitochondrial dysfunction may be upstream of TAU pathol-
ogy in Alzheimer’s disease and related tauopathies, and may 
be a relevant therapeutic target in the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04150-3.

Acknowledgements We are grateful towards Michael Bell and Sarah 
Bachmann for their methodical instructions, advice and critical manu-
script correction. We thank Jennifer Klimek for excellent technical 
assistance, Felix Langerscheidt for methodical instructions, Helen 
Breuer for a technical replicate, Julia Oly and Bianca Helling for ini-
tial experiments with mitochondrial toxins, Prof. Dr. R. Wiesner for 
providing TMRM and Brian Glancy, Ph.D. for his advice on using 
Mito-PhotoDNP. Live-cell microscopy was done at the CECAD Imag-
ing Facility (Cologne, Germany). Supported by the Koeln Fortune 
Program, Faculty of Medicine, University of Cologne and the Else-
Kroener-Fresenius-Stiftung. The left scheme in Fig. 2g is adapted from 
an image by user Looxix available under the GNU Free Documentation 
License, version 1.2.

Funding Open Access funding enabled and organized by Projekt 
DEAL. Funded by the Else-Kroener-Fresenius-Stiftung 2019_A41 
and supported by the Koeln Fortune Program/Faculty of Medicine, 
University of Cologne.

Data availability The original contributions presented in the study are 
included in the article/supplementary material, further inquiries can be 
directed to the corresponding author.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare no conflicts of interest and no 
competing interests.

Ethics approval Primary mouse neuron culture generation was 
reviewed and approved the local Animal Welfare Officer of the Uni-
versity of Cologne (according to §4 Tierschutzgesetz).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

https://doi.org/10.1007/s00018-022-04150-3


 N. Tjiang, H. Zempel 

1 3

120 Page 14 of 15

the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Robinson M, Lee BY, Hane FT (2017) Recent progress in Alzhei-
mer’s disease research, part 2: genetics and epidemiology. J Alz-
heimer’s Dis 57(2):317–330. https:// doi. org/ 10. 3233/ JAD- 161149

 2. Zempel H, Mandelkow E-M (2015) Tau missorting and spastin-
induced microtubule disruption in neurodegeneration: Alzhei-
mer disease and hereditary spastic paraplegia. Mol Neurode-
gener 10(1):68. https:// doi. org/ 10. 1186/ s13024- 015- 0064-1

 3. Bell M, Zempel H (2021) SH-SY5Y-derived neurons: a human 
neuronal model system for investigating TAU sorting and neu-
ronal subtype-specific TAU vulnerability. Rev Neurosci. https:// 
doi. org/ 10. 1515/ revne uro- 2020- 0152

 4. Zempel H and Mandelkow E (2019) Mechanisms of axonal 
sorting of tau and influence of the axon initial segment on tau 
cell polarity. In: Advances in experimental medicine and biol-
ogy, vol. 1184, Springer, pp 69–77. https:// doi. org/ 10. 1007/ 
978- 981- 32- 9358-8_6

 5. Zempel H et al (2017) Axodendritic sorting and pathological mis-
sorting of Tau are isoform-specific and determined by axon initial 
segment architecture. J Biol Chem 292(29):12192–12207. https:// 
doi. org/ 10. 1074/ jbc. M117. 784702

 6. Hedstrom KL, Ogawa Y, Rasband MN (2008) AnkyrinG is 
required for maintenance of the axon initial segment and neuronal 
polarity. J Cell Biol 183(4):635–640. https:// doi. org/ 10. 1083/ jcb. 
20080 6112

 7. Leterrier C (2018) The axon initial segment: an updated view-
point. J Neurosci 38(9):2135–2145. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 1922- 17. 2018

 8. Jones SL, Korobova F, Svitkina T (2014) Axon initial segment 
cytoskeleton comprises a multiprotein submembranous coat con-
taining sparse actin filaments. J Cell Biol 205(1):67–81. https:// 
doi. org/ 10. 1083/ jcb. 20140 1045

 9. Martin H et al (2019) TRIM46 organizes microtubule fascicula-
tion in the axon initial segment. J Neurosci 39(25):4864–4873. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 3105- 18. 2019

 10. van Beuningen SFB et al (2015) TRIM46 controls neuronal polar-
ity and axon specification by driving the formation of parallel 
microtubule arrays. Neuron 88(6):1208–1226. https:// doi. org/ 10. 
1016/j. neuron. 2015. 11. 012

 11. Jones SL, Svitkina TM (2016) Axon initial segment cytoskeleton: 
architecture, development, and role in neuron polarity. Neural 
Plast 2016:1–19. https:// doi. org/ 10. 1155/ 2016/ 68082 93

 12. Li X, Kumar Y, Zempel H, Mandelkow E-M, Biernat J, Man-
delkow E (2011) Novel diffusion barrier for axonal retention of 
Tau in neurons and its failure in neurodegeneration. EMBO J 
30(23):4825–4837. https:// doi. org/ 10. 1038/ emboj. 2011. 376

 13. Kopeikina KJ et al (2011) Tau accumulation causes mitochondrial 
distribution deficits in neurons in a mouse model of tauopathy and 
in human Alzheimer’s disease brain. Am J Pathol 179(4):2071–
2082. https:// doi. org/ 10. 1016/j. ajpath. 2011. 07. 004

 14. Swerdlow RH, Burns JM, Khan SM (2014) The Alzheimer’s 
disease mitochondrial cascade hypothesis: progress and perspec-
tives. Biochim Biophys Acta 1842(8):1219–1231. https:// doi. org/ 
10. 1016/j. bbadis. 2013. 09. 010

 15 Mandal A, Drerup CM (2019) Axonal transport and mitochondrial 
function in neurons. Front Cell Neurosci. https:// doi. org/ 10. 3389/ 
fncel. 2019. 00373 (Frontiers Media S.A.)

 16. Manczak M, Calkins MJ, Reddy PH (2011) Impaired mitochon-
drial dynamics and abnormal interaction of amyloid beta with 
mitochondrial protein Drp1 in neurons from patients with Alzhei-
mer’s disease: Implications for neuronal damage. Hum Mol Genet 
20(13):2495–2509. https:// doi. org/ 10. 1093/ hmg/ ddr139

 17. Flannery PJ, Trushina E (2019) Mitochondrial dynamics and trans-
port in Alzheimer’s disease. Mol Cell Neurosci 98(June):109–120. 
https:// doi. org/ 10. 1016/j. mcn. 2019. 06. 009

 18 Rintoul GL, Reynolds IJ (2010) Mitochondrial trafficking 
and morphology in neuronal injury. Biochem Biophys Acta 
1802(1):143–150. https:// doi. org/ 10. 1016/j. bbadis. 2009. 09. 005 
(Elsevier)

 19. Debanne D, Campanac E, Bialowas A, Carlier E, Alcaraz G 
(2011) Axon physiology. Physiol Rev 91(2):555–602. https:// doi. 
org/ 10. 1152/ physr ev. 00048. 2009

 20. Chaves RS et al (2016) Presence of insoluble Tau following rote-
none exposure ameliorates basic pathways associated with neu-
rodegeneration. IBRO Reports 1:32–45. https:// doi. org/ 10. 1016/j. 
ibror. 2016. 09. 001

 21. Zempel H, Mandelkow EM (2017) Tracking Tau in neurons: How 
to grow, fix, and stain primary neurons for the investigation of Tau 
in all developmental stages. Methods Mol Biol 1523:327–334. 
https:// doi. org/ 10. 1007/ 978-1- 4939- 6598-4_ 20 (Humana Press 
Inc.)

 22. Bachmann S, Linde J, Bell M, Spehr M, Zempel H, Zimmer-
Bensch G (2021) DNA methyltransferase 1 (Dnmt1) shapes 
neuronal activity of human ipsc-derived glutamatergic cortical 
neurons. Int J Mol Sci 22(4):1–14. https:// doi. org/ 10. 3390/ ijms2 
20420 34

 23. Miyaoka Y et al (2014) Isolation of single-base genome-edited 
human iPS cells without antibiotic selection. Nat Methods 
11(3):291–293. https:// doi. org/ 10. 1038/ nmeth. 2840

 24 Schindelin J et al (2012) Fiji: an open-source platform for biolog-
ical-image analysis. Nat Methods 9(7):676–682. https:// doi. org/ 
10. 1038/ nmeth. 2019 (Nature Publishing Group)

 25. Dumitrescu AS, Evans MD, Grubb MS (2016) Evaluating tools 
for live imaging of structural plasticity at the axon initial segment. 
Front Cell Neurosci. https:// doi. org/ 10. 3389/ fncel. 2016. 00268

 26. Zempel H et al (2013) Amyloid-β oligomers induce synaptic dam-
age via Tau-dependent microtubule severing by TTLL6 and spas-
tin. EMBO J 32(22):2920–2937. https:// doi. org/ 10. 1038/ emboj. 
2013. 207

 27. Dotti CG, Sullivan CA, Banker GA (1988) The establishment of 
polarity by hippocampal neurons in culture. J Neurosci 8(4):1454–
1468. https:// doi. org/ 10. 1523/ jneur osci. 08- 04- 01454. 1988

 28. Li Z, Okamoto KI, Hayashi Y, Sheng M (2004) The importance 
of dendritic mitochondria in the morphogenesis and plasticity 
of spines and synapses. Cell 119(6):873–887. https:// doi. org/ 10. 
1016/J. CELL. 2004. 11. 003

 29. Misgeld T, Schwarz TL (2017) Mitostasis in neurons: maintain-
ing mitochondria in an extended cellular architecture. Neuron 
96(3):651–666. https:// doi. org/ 10. 1016/j. neuron. 2017. 09. 055

 30. Chalmers S et al (2012) Selective uncoupling of individual mito-
chondria within a cell using a mitochondria-targeted photoacti-
vated protonophore. J Am Chem Soc 134(2):758–761. https:// doi. 
org/ 10. 1021/ ja207 7922

 31. Zempel H, Thies E, Mandelkow E-M, Mandelkow E-M (2010) A 
oligomers cause localized  Ca2+ elevation, missorting of endog-
enous tau into dendrites, tau phosphorylation, and destruction of 
microtubules and spines. J Neurosci 30(36):11938–11950. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 2357- 10. 2010

 32. Liu C et al (2016) Crosstalk between  Ca2+ signaling and mito-
chondrial  H2O2 is required for rotenone inhibition of mTOR 
signaling pathway leading to neuronal apoptosis. Oncotarget 
7(7):7534. https:// doi. org/ 10. 18632/ ONCOT ARGET. 7183

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3233/JAD-161149
https://doi.org/10.1186/s13024-015-0064-1
https://doi.org/10.1515/revneuro-2020-0152
https://doi.org/10.1515/revneuro-2020-0152
https://doi.org/10.1007/978-981-32-9358-8_6
https://doi.org/10.1007/978-981-32-9358-8_6
https://doi.org/10.1074/jbc.M117.784702
https://doi.org/10.1074/jbc.M117.784702
https://doi.org/10.1083/jcb.200806112
https://doi.org/10.1083/jcb.200806112
https://doi.org/10.1523/JNEUROSCI.1922-17.2018
https://doi.org/10.1523/JNEUROSCI.1922-17.2018
https://doi.org/10.1083/jcb.201401045
https://doi.org/10.1083/jcb.201401045
https://doi.org/10.1523/JNEUROSCI.3105-18.2019
https://doi.org/10.1016/j.neuron.2015.11.012
https://doi.org/10.1016/j.neuron.2015.11.012
https://doi.org/10.1155/2016/6808293
https://doi.org/10.1038/emboj.2011.376
https://doi.org/10.1016/j.ajpath.2011.07.004
https://doi.org/10.1016/j.bbadis.2013.09.010
https://doi.org/10.1016/j.bbadis.2013.09.010
https://doi.org/10.3389/fncel.2019.00373
https://doi.org/10.3389/fncel.2019.00373
https://doi.org/10.1093/hmg/ddr139
https://doi.org/10.1016/j.mcn.2019.06.009
https://doi.org/10.1016/j.bbadis.2009.09.005
https://doi.org/10.1152/physrev.00048.2009
https://doi.org/10.1152/physrev.00048.2009
https://doi.org/10.1016/j.ibror.2016.09.001
https://doi.org/10.1016/j.ibror.2016.09.001
https://doi.org/10.1007/978-1-4939-6598-4_20
https://doi.org/10.3390/ijms22042034
https://doi.org/10.3390/ijms22042034
https://doi.org/10.1038/nmeth.2840
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3389/fncel.2016.00268
https://doi.org/10.1038/emboj.2013.207
https://doi.org/10.1038/emboj.2013.207
https://doi.org/10.1523/jneurosci.08-04-01454.1988
https://doi.org/10.1016/J.CELL.2004.11.003
https://doi.org/10.1016/J.CELL.2004.11.003
https://doi.org/10.1016/j.neuron.2017.09.055
https://doi.org/10.1021/ja2077922
https://doi.org/10.1021/ja2077922
https://doi.org/10.1523/JNEUROSCI.2357-10.2010
https://doi.org/10.1523/JNEUROSCI.2357-10.2010
https://doi.org/10.18632/ONCOTARGET.7183


A mitochondria cluster at the proximal axon initial segment controls axodendritic TAU…

1 3

Page 15 of 15 120

 33 Pallafacchina G, Zanin S, Rizzuto R (2018) Recent advances 
in the molecular mechanism of mitochondrial calcium uptake. 
F1000Research. https:// doi. org/ 10. 12688/ F1000 RESEA RCH. 
15723.1

 34. McNally FJ, Roll-Mecak A (2018) Microtubule-severing 
enzymes: from cellular functions to molecular mechanism. J Cell 
Biol 217(12):4057–4069. https:// doi. org/ 10. 1083/ JCB. 20161 2104

 35. Bok M et al (2001) BAPTA/AM, an intracellular calcium chelator, 
induces delayed necrosis by lipoxygenase-mediated free radicals 
in mouse cortical cultures. Biol Psychiat 25:1641–1659

 36. Zempel H, Mandelkow EM (2012) Linking amyloid-β and tau: 
amyloid-β induced synaptic dysfunction via local wreckage of 
the neuronal cytoskeleton. Neurodegener Dis. https:// doi. org/ 10. 
1159/ 00033 2816

 37. Wang C et al (2017) Scalable production of iPSC-derived human 
neurons to identify Tau-lowering compounds by high-content 
screening. Stem Cell Reports 9(4):1221–1233. https:// doi. org/ 
10. 1016/j. stemcr. 2017. 08. 019

 38 Höfflin F et al (2017) Heterogeneity of the axon initial segment 
in interneurons and pyramidal cells of rodent visual cortex. Front 
Cell Neurosci. https:// doi. org/ 10. 3389/ fncel. 2017. 00332

 39. Li Y-C, Zhai X-Y, Ohsato K, Futamata H, Shimada O, Atsumi S 
(2004) Mitochondrial accumulation in the distal part of the initial 
segment of chicken spinal motoneurons. Brain Res 1026(2):235–
243. https:// doi. org/ 10. 1016/j. brain res. 2004. 08. 016

 40. Sasaki S, Warita H, Abe K, Iwata M (2005) Impairment of axonal 
transport in the axon hillock and the initial segment of anterior 
horn neurons in transgenic mice with a G93A mutant SOD1 
gene. Acta Neuropathol 110(1):48–56. https:// doi. org/ 10. 1007/ 
s00401- 005- 1021-9

 41. Hu W, Tian C, Li T, Yang M, Hou H, Shu Y (2009) Distinct con-
tributions of Nav1.6 and Nav1.2 in action potential initiation and 
backpropagation. Nat Neurosci 12(8):996–1002. https:// doi. org/ 
10. 1038/ nn. 2359

 42. Pham AH, Mccaffery JM, Chan DC (2012) Mouse lines with 
photo-activatable mitochondria to study mitochondrial dynam-
ics. Genesis 50(11):833–843. https:// doi. org/ 10. 1002/ dvg. 22050

 43. Dimova RN, Markov DV (1976) Changes in the mitochondria in 
the initial part of the axon during regeneration. Acta Neuropathol 
36(3):235–242. https:// doi. org/ 10. 1007/ BF006 85367

 44. Nakada C et al (2003) Accumulation of anchored proteins forms 
membrane diffusion barriers during neuronal polarization. Nat 
Cell Biol 5(7):626–632. https:// doi. org/ 10. 1038/ ncb10 09

 45. Winckler B, Forscher P, Mellman I (1999) A diffusion barrier 
maintains distribution of membrane proteins in polarized neurons. 
Nature 397(6721):698–701. https:// doi. org/ 10. 1038/ 17806

 46. Pathak D, Sepp KJ, Hollenbeck PJ (2010) Evidence that myosin 
activity opposes microtubule-based axonal transport of mito-
chondria. J Neurosci 30(26):8984–8992. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 1621- 10. 2010

 47. Kang J-S et al (2008) Docking of axonal mitochondria by syn-
taphilin controls their mobility and affects short-term facilitation. 
Cell 132(1):137–148. https:// doi. org/ 10. 1016/j. cell. 2007. 11. 024

 48. Lüders J (2021) Nucleating microtubules in neurons: challenges 
and solutions. Dev Neurobiol 81(3):273–283. https:// doi. org/ 10. 
1002/ DNEU. 22751

 49. Aronov S, Aranda G, Behar L, Ginzburg I (2001) Axonal tau 
mRNA localization coincides with tau protein in living neu-
ronal cells and depends on axonal targeting signal. J Neurosci 
21(17):6577–6587. https:// doi. org/ 10. 1523/ jneur osci. 21- 17- 
06577. 2001

 50. Tymianski M et al (1993) Cell-permeant  Ca2+ chelators reduce 
early excitotoxic and ischemic neuronal injury in vitro and in vivo. 
Neuron 11(2):221–235. https:// doi. org/ 10. 1016/ 0896- 6273(93) 
90180-Y

 51. Kang K-R et al (2021) BAPTA, a calcium chelator, neuroprotects 
injured neurons in vitro and promotes motor recovery after spinal 
cord transection in vivo. CNS Neurosci Ther. https:// doi. org/ 10. 
1111/ cns. 13651

 52. Zempel H, Mandelkow E (2014) Lost after translation: missorting 
of Tau protein and consequences for Alzheimer disease. Trends 
Neurosci 37(12):721–732. https:// doi. org/ 10. 1016/j. tins. 2014. 08. 
004

 53. Tapia M et al (2013) GSK3 and β-catenin determines functional 
expression of sodium channels at the axon initial segment. Cell 
Mol Life Sci 70(1):105–120. https:// doi. org/ 10. 1007/ s00018- 012- 
1059-5 (Springer)

 54 Llorens-Martín M, Jurado J, Hernández F, Ávila J (2014) GSK-3β, 
a pivotal kinase in Alzheimer disease. Front Mol Neurosci 7:46. 
https:// doi. org/ 10. 3389/ fnmol. 2014. 00046 (Frontiers Research 
Foundation)

 55. Hongo H et al (2012) Glycogen synthase kinase-3β activation 
mediates rotenone-induced cytotoxicity with the involvement 
of microtubule destabilization. Biochem Biophys Res Commun 
426(1):94–99. https:// doi. org/ 10. 1016/j. bbrc. 2012. 08. 042

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.12688/F1000RESEARCH.15723.1
https://doi.org/10.12688/F1000RESEARCH.15723.1
https://doi.org/10.1083/JCB.201612104
https://doi.org/10.1159/000332816
https://doi.org/10.1159/000332816
https://doi.org/10.1016/j.stemcr.2017.08.019
https://doi.org/10.1016/j.stemcr.2017.08.019
https://doi.org/10.3389/fncel.2017.00332
https://doi.org/10.1016/j.brainres.2004.08.016
https://doi.org/10.1007/s00401-005-1021-9
https://doi.org/10.1007/s00401-005-1021-9
https://doi.org/10.1038/nn.2359
https://doi.org/10.1038/nn.2359
https://doi.org/10.1002/dvg.22050
https://doi.org/10.1007/BF00685367
https://doi.org/10.1038/ncb1009
https://doi.org/10.1038/17806
https://doi.org/10.1523/JNEUROSCI.1621-10.2010
https://doi.org/10.1523/JNEUROSCI.1621-10.2010
https://doi.org/10.1016/j.cell.2007.11.024
https://doi.org/10.1002/DNEU.22751
https://doi.org/10.1002/DNEU.22751
https://doi.org/10.1523/jneurosci.21-17-06577.2001
https://doi.org/10.1523/jneurosci.21-17-06577.2001
https://doi.org/10.1016/0896-6273(93)90180-Y
https://doi.org/10.1016/0896-6273(93)90180-Y
https://doi.org/10.1111/cns.13651
https://doi.org/10.1111/cns.13651
https://doi.org/10.1016/j.tins.2014.08.004
https://doi.org/10.1016/j.tins.2014.08.004
https://doi.org/10.1007/s00018-012-1059-5
https://doi.org/10.1007/s00018-012-1059-5
https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.1016/j.bbrc.2012.08.042

	A mitochondria cluster at the proximal axon initial segment controls axodendritic TAU trafficking in rodent primary and human iPSC-derived neurons
	Abstract
	Introduction
	Materials and methods
	Molecular biology
	Cell culture and immunostaining
	Primary antibodies
	Secondary antibodies
	Imaging and photoactivationconversion
	Data analysis and statistics

	Results
	Global mitochondrial impairment leads to deficient TAU-sorting
	A mitochondrial cluster is localized at the proximal axon initial segment
	Mitochondria within the AIS-mitochondria-cluster are immobile
	The AIS-mitochondria-cluster plays a functional role in the maintenance of axonal TAU sorting

	Discussion
	Acknowledgements 
	References




