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SUMMARY

Repair after traumatic injury often starts with mitotic activation around the lesion edges. Early midline cells in
the Drosophila embryonic CNS can enter into division following the traumatic disruption of microtubules. We
demonstrate that microtubule disruption activates non-canonical TNF signaling by phosphorylation of TGF-b
activated kinase 1 (Tak1) and its target IkappaB kinase (Ik2), culminating in Dorsal/NfkappaB nuclear translocation and Jra/Jun expression. Tak1 and Ik2 are necessary for the damaged-induced divisions. Microtubule disruption caused by Tau accumulation is also reported in Alzheimer’s disease (AD). Human Tau expression in Drosophila midline cells is sufficient to induce Tak1 phosphorylation, Dorsal and Jra/Jun expression,
and entry into mitosis. Interestingly, activation of Tak1 and Tank binding kinase 1 (Tbk1), the human Ik2 ortholog, and NfkappaB upregulation are observed in AD brains.

INTRODUCTION
Tissue damage repair encompasses processes from wound
closure to the complete replacement of a lost organ (Bely and
Nyberg, 2010). Repair is often initiated by mitotic activation of
the cells adjacent to the damage, and increased proliferation
may be required for wound closure and replacement of lost tissue (Ricci and Srivastava, 2018). A wide range of signaling pathways, including WNT, bone morphogenic protein (BMP), transforming growth factor b (TGF-b), Hippo, mTor, and neuregulin
signaling, activate and coordinate repair (Forbes and Rosenthal,
2014; Ricci and Srivastava, 2018). Cell signaling can induce divisions in cells adjacent to the wound, either through dedifferentiation or via reactivation of dormant stem cells (Ricci and Srivastava, 2018). Reactivation of neural stem cells is a major response
to injuries in the mammalian central nervous system (CNS). However, the repair capacity of neural stem cells in mammals is
limited and the mechanisms of reactivation remain largely unknown (Chang et al., 2016; Ruddy and Morshead, 2018). We
have shown that damage at the ventral midline of the embryonic
Drosophila CNS causes midline cells adjacent to the wound to
enter into mitosis and to replace lost cells. Interestingly, the
trigger for these injury-induced divisions is the disruption of the
microtubule cytoskeleton. Chemical, mechanical, and genetic
disruption of microtubules, but not actin depolymerization,
drives midline cells into mitosis (Bossing et al., 2012). Here, we
show that microtubule disruption activates the phosphorylation
of TGF-b activated kinase 1 (Tak1) and its downstream target
IkappaB kinase (Ik2), which is sufficient to trigger mitosis in
midline cells. This activation is dependent on tumor necrosis factor (TNF) signaling and can be inhibited by activation of the Jun
kinase (JNK) cascade. We also found that midline expression

of human Tau proteins, which have previously been reported
to interfere with the integrity of microtubules (Cowan et al.,
2010), is sufficient to activate mitosis, Tak1, Dorsal, and Jra/
Jun expression. Interestingly, we detect phosphorylation of
Tak1 and the human Ik2 ortholog, Tank binding kinase 1
(Tbk1), in the mature neurons of Alzheimer’s disease (AD) brains
but only rarely in age-matched controls. Tak1 phosphorylation
and expression of the human ortholog of Drosophila Dorsal,
NfkappaB (also known as p65), are both high in AD brains and
linked to sites of diseased Tau accumulation. In addition,
pTbk1 expression often colocalizes with abnormal activation of
the mitotic marker Ki67. The expression of mitotic markers in
mature neurons has previously been linked to cell death (Copani
et al., 1999, 2001; Frade and Ovejero-Benito, 2015; Hisanaga
and Endo, 2010; Husseman et al., 2000; Marlier et al., 2020;
Park et al., 2007; Tian et al., 2009). Accordingly, in AD brains,
pTbk1 expression shows high colocalization with the cell death
marker cleaved caspase 3. Our findings using Drosophila
demonstrate that microtubule disruption activates TNF signaling
components initiating damage-induced cell division in the CNS,
a mechanism that may be conserved through evolution.
RESULTS
Injury at the ventral midline activates Dorsal/NfkappaB
signaling
We previously showed that the removal of partially determined
but not yet differentiated ventral midline (Bossing and Brand,
2006) cells from the embryonic Drosophila CNS activates mitosis
at the wound site, resulting in the replacement of damaged cells.
Single-cell transcriptional profiling of midline cells revealed that
microtubule disruption triggers mitosis and Jun transcription,
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Figure 1. Dorsal/NFkB signaling is upregulated in the midline following damage and drives mitosis
(A) Midline cells (green) were removed (bracket marks damage, dashed line marks midline) from early embryos (stage 10). Midline cells adjacent to the lesion
upregulate Cactus/NFKBIA (red, arrows). (A0 ) shows Cactus only. Genotype, simG4>myrGFP. Embryos were fixed 70 min after ablation.
(B) After damage (bracket) to midline cells (green), cells adjacent to the wound exhibit nuclear translocation of Dorsal/NfkappaB (red, arrows). Note nuclear entry
of dorsal proximal but not distal to the damage. Nuclei encircled red. (B0 ) shows nuclei only; (B0 0 ) shows dorsal only. Genotype, simG4>myrGFP. Embryos were
fixed 10 min after ablation.
(C and D) Midline cells expressing membrane GFP (green) exclude dorsal (red) from their nuclei (arrows, C), but midline expression of GFP-a-tubulin (green)
results in nuclear translocation of dorsal (arrows, d). (C0 ) and (D0 ) show dorsal only. Genotype, simG4>myrGFP, nuclear Dorsal x = 1.4 ± 0.4 cells/segment, n = 8;
simG4>GFP-a-tubulin62E, x = 3.19 ± 0.73 cells/segment, n = 13.
(E–L) Targeted expression of Toll/TNF pathway components in midline cells. Targeted protein indicated at bottom of each image (white). Midline cells, green;
dividing cells, red (anti-phospho histone H3 [S10], pH3). Expression of a constitutive active form of the Toll receptor (Toll10b; F), of Traf6 (G) and Dorsal (H)
increase midline cell divisions in undamaged midline cells (stage 13). Expression of a constitutively active form of Hep (HepCA) reduces midline cell divisions (I)

(legend continued on next page)
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which is essential for the damage-induced divisions (Bossing
et al., 2012).
Profiling also shows an activation of Cactus/NFkappaB inhibitor alpha (NFKBIA) transcription. Immunohistochemistry confirms increased Cactus expression in cells adjacent to the damage (Figures 1A and 1A0 ). Cactus is upregulated 70 min after
damage either at one (3/5 embryos) or both wound edges (2/5
embryos; Figures 1A and 1A0 ). Cactus, the Drosophila ortholog
of the human NFKBIA, is the penultimate signaling component
in the widely conserved Toll and TNF signaling cascades (Hayden and Ghosh, 2004). In the cytoplasm, Cactus binds the transcription factor Dorsal/NfkappaB. Upon signal activation, Cactus is targeted for degradation and Dorsal is released into the
nucleus to activate its targets (Hayden and Ghosh, 2004). We
can detect Dorsal in the nucleus of midline cells at the wound
site 20 min after damage (18/32 embryos; Figure 1B). Most embryos (15/18) show nuclear Dorsal only at one side of the injury.
Midline targeted expression of a-tubulin mimics external damage, disrupting microtubules and activating midline cell divisions
(Bossing et al., 2012). The expression of a-tubulin in the midline
also drives Dorsal into the nucleus (Figures 1C to 1D0 ). We
conclude that external and internal damage to microtubules activates the transcription factor Dorsal in midline cells.
Dorsal activation increases midline cell divisions and
upregulates Jra expression
We tested whether Dorsal activation stimulates mitosis by expressing different upstream signaling components in ventral
midline cells. Activating Dorsal signaling by the expression of a
constitutive active myc-tagged Toll receptor isoform (Hu et al.,
2004), the signal transducer Traf6 (Shen et al., 2001), or Dorsal
itself (Huang et al., 2005) stimulates mitosis in midline cells
immediately after germband shortening (stage 13; Figures 1E–
1H and 1M). In contrast, the expression of a constitutively active
form of Hemipterous (HepCA)/JNKK (Figure 1I), a component of
JNK signaling frequently activated in wound healing (Martı́n and
Morata, 2018), represses midline cell divisions even in the presence of midline targeted Dorsal (Figures 1J and 1M). No increase
in cell divisions results from midline expression of a GFP-tagged
full-length dMyD88-GFP, a Toll signaling transducer, or a GFPtagged truncated dMyD88-GFP (MyD88DN) comprising the first
236 amino acids (aa) of the N terminus and acting as a dominant
inhibitor of the Toll pathway (Horng and Medzhitov, 2001) (Figures 1K and 1M).
Damage at the ventral midline induces the expression of Jra,
the Drosophila Jun ortholog, which is essential for the mitotic
activation of cells at the wound site (Bossing et al., 2012). Inter-
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estingly, midline targeted expression of Dorsal not only prompts
cell division but also initiates Jra expression (Figures 1N–1O0 and
1Q). Neither damage nor Dorsal activation upregulate Fos
expression (Figure 1P), arguing against an involvement of the
activator protein 1 (AP-1) complex (Bejjani et al., 2019) in midline
damage repair.
We conclude that Dorsal activation in midline cells triggers Jra
transcription and is able to stimulate midline cell division even
without injury.
TNF signaling is required for mitotic activation after
midline damage
Since Dorsal activation is able to stimulate midline divisions, we
tested whether Toll or TNF signaling is upstream in damage
repair at the midline. We damaged the ventral midline in living
embryos (stage 10) by removing cells with a microcapillary. Embryos were fixed 45 min after the damage and stained for the
mitotic marker phospho (S10) histone H3 (pH3). Indistinguishable from wild-type embryos (61%), damage in embryos with
impaired Toll signaling (rhoG4>MyD88DN) trigger mitosis in
60% of samples (Figures 2A, 2B, and 2G). However, partial
loss of Eiger (Egr), the Drosophila TNF ortholog, in heterozygotes
or by the expression of RNAi reduces mitotic activation after
damage to 47% and 33%, respectively (Figure 2G). Complete
loss of Egr reduces mitotic induction at the wound to 9% (Figures
2D and 2G). Tak1 is recruited to the TNF receptor complex after
activation (Blonska et al., 2005). In Tak1 mutants, mitotic activation after damage is severely reduced to 19% (Figures 2E and
2G). We also tested whether functional loss of Wengen (Wgn),
the TNF receptor expressed in the embryonic CNS (Kauppila
et al., 2003), affects midline repair. In contrast to egr, expression
of wgn RNAi in midline still allows midline repair (53%) (Figures
1F and 1G).
At the time of ablations, Egr is expressed in all midline cells and
adjacent ectoderm stripes, colocalizing with Engrailed (En) (Figures S1A and S1B). The removal of midline cells creates gaps in
Egr and En at the midline and adjacent ectoderm but does not
cause any upregulation of Egr expression at the wound site
(Figure S1C).
In conclusion, our results suggest that a non-canonical TNF
signaling pathway is upstream of mitotic activation at midline
damage sites.
Ik2 phosphorylation (pIk2) is triggered by microtubule
disruption
Activation of Tak1 results in the phosphorylation and activation of
Ik2, the kinase that phosphorylates Cactus, triggering the nuclear

and suppresses the increased divisions caused by Dorsal expression (J). Midline targeted MyD88 (K) and its dominant-negative isoform, MyD88DN (L), have no
effect.
(M) Quantification of midline cell divisions. Wilcoxon rank-sum test. ***p < 0.001; *p < 0.05. n.s., not significant. Black line, average value; red line, median value. n,
number of biological replicas (embryos). Genotypes and averages are GFP, simG4>myrGFP, x = 6.82; Toll10b, simG4>Toll10bmyc, x = 12.35; Traf6,
simG4>TRAF6, x = 12.1; Dorsal, simG4>dorsal, x = 9.3; HepCA, simG4>HepCA, x = 4.1; Dorsal;HepCA, simG4>dorsal;HepCA, x = 1.3; MyD88-GFP,
simG4>MyD88GFP, x = 11.2; MyD88DN-GFP, simG4>MyD88DNGFP, x = 9.8.
(N and O) Dorsal (green, O) but not membrane GFP expression (green, N) activates Jra/Jun (red) expression at the midline (green). (N0 ) and (O0 ) show Jra only.
(P) Midline targeted Dorsal is not able to activate Fos expression (blue).
(Q) Quantification of Jra expression. Intensity, integrated density. Wilcoxon rank-sum test. ***p < 0.001. Black line, average value; red line, median value. GFP,
simG4>myrGFP, x = 56.8; Dorsal, simG4>dorsal, x = 203.4.
Embryonic stages are 11 (A and B), 13 (C–L), and 12 (N and O). Ventral views, anterior up. Scale bar, 20 mm.
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Figure 2. TNF signaling is required for
mitotic activation at midline injury sites
(A) In stage 10 embryos, undamaged midline cells
(green, anti-Sim) do not divide (red, anti-pH3).
(B) Removal of midline cells (bracket) in stage 10
embryos triggers cell divisions in midline cells next
to the lesion (arrowheads).
(C) Extra divisions (red) also occur after midline
damage (bracket) in embryos expressing dominant-negative MyD88DN-GFP (blue, anti-GFP) in
the ventral ectoderm and midline (green).
(D and E) Loss of Egr/TNF (D) or the kinase Tak1 (E)
nearly abolishes midline repair after damage
(brackets).
(F) In contrast to midline-targeted egr RNAi, midlineexpressed wgn RNAi does not affect midline repair.
(G) Quantification of midline repair in different genotypes. n, number of biological replicas (embryos).
Fisher exact test; n.s., non-significant, ***p < 0.001.
Genotypes are Wt, wild-type; MyD88DN-GFP,
rhoG4>MyD88DN-GFP; egr(TNF)/Cyo, egrMI107
90/CyO,
P{GAL4-twi.G}2.2,
P{UAS-2xEGFP};
egr (TNF)RNAi, scaG4>P{TRiP.HMC03963}attP40;
egr(TNF), egrMI10790; Tak1, Tak12, wgn (TNF receptor), scaG4>P{UAS-wgn.IR}. Bracket marks
area of midline cell removal. Ventral views, anterior
up. Scale bar, 20 mm.

We conclude that microtubule disruption
results in the activation of Ik2.

entry of Dorsal (Hayden and Ghosh, 2004; Wang et al., 2001). Proteomic analysis has revealed the binding of Tak1 to several a- as
well as b-tubulin proteins (Fukuyama et al., 2013). In addition,
Drosophila Ik2 has been shown to be bound indirectly to microtubules via SpnF and Dynein (Lin et al., 2015). Since microtubule
disruption is upstream of midline damage repair (Bossing et al.,
2012), we tested whether microtubule disruption also triggers
pIk2. In mock-injected embryos (stage 10/11), pIk2 is not detectable in the CNS (Figures 3A, 3A0 , and 3C). Injection of the drug
vinblastine depolymerizes microtubules and activates pIk2
throughout the CNS (Figures 3B, 3B0 , and 3C). In later embryos
(stage 13) midline cells show a slightly higher pIk2 than cells in
the adjacent CNS (Figures 3D, 3D0 , and 3F). At this stage, the
expression of a-tubulin at the midline strongly increases pIk2 in
segmentally repeated domains (Figures 3E, 3E0 , and 3F). Previously, we demonstrated that midline a-tubulin expression reduces
endogenous b-tubulin, thereby most likely interfering with microtubule depolymerization (Bossing et al., 2012). To confirm that
microtubule depolymerization triggers pIK2 production, we injected Taxol into GFP-a-tubulin-expressing embryos. The stabilization of microtubules reduces pIk2 significantly (Figures 3G–3I).
Finally, 10 min after cell removal, damage sites at the ventral
midline exhibit increased pIk2 (Figures 3J and 3K; 6/10 embryos).
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Ik2 is essential for damage-induced
and endogenous midline cell
divisions
We show that the disruption of microtubules triggers entry into mitosis and
pIk2. To demonstrate the requirement of pIk2 for mitotic activation, we expressed at the midline a dominant-negative Ik2
(Ik2DN; K41A) (Oshima et al., 2006), which no longer can be
phosphorylated (simGal4>Ik2DN). In contrast to 1% DMSO (Figure 1A), the injection of vinblastine in wild-type embryos initiates
divisions in nearly all midline cells in up to four segments around
the injection site (Bossing et al., 2012) (Figures 4B, 4B0 , and 4D).
The midline expression of Ik2DN reduces the number of embryos
with mitotic cells after vinblastine injection (Figures 4B–4D).
Ik2DN expression also strongly reduces mitosis at damage sites
(Figures 4E–4G). We conclude that Ik2 activation is essential for
midline divisions caused by microtubule disruption.
To test whether Ik2 can also modulate endogenous midline divisions, we scored mitotic cells in stage 13 embryos expressing
midline-targeted full-length Ik2 (Oshima et al., 2006) or Ik2DN
(Figures 4H–4J). Raising midline Ik2 levels has no effect on
mitosis numbers. Increased expression of Ik2DN reduces, but
does not abolish, midline cell divisions (Figure 4N).
Midline expression of a-tubulin increases midline cell divisions
(Bossing et al., 2012) (Figures 4K and 4N). Surprisingly, fulllength Ik2, which does not alter endogenous midline divisions,
reduces midline cell divisions to wild-type levels when expressed together with a-tubulin (Figures 4L and 4N). In contrast,
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Figure 3. Microtubule disruption activates
Ik2 phosphorylation (pIk2)
(A–C) Vinblastine injections depolymerize microtubules and trigger pIk2 (red) in the midline (green)
and ventral ectoderm. Control vehicle injections
are 1% DMSO (A). Embryos were fixed 10 min
after injection. (A0 ) and (B0 ) show pIk2 only. (C)
Quantification of pIk2 expression in DMSO- and
vinblastine-injected WT embryos. Intensity, integrated density over a random area of 10,000
pixels. Wilcoxon rank-sum test. ***p < 0.001. Black
line, average; red line, median. n, number of biological replicas (embryos). DMSO, x = 13;
Vinblastine, x = 37.2.
(D–F) Expression of GFP-a-tubulin (green) at the
midline leads to strong pIk2 expression (E, red).
(D0 ) and (E0 ) show pIk2 only. (F) Quantification of
pIk2 expression in simG4>myrGFP (GFP) and
simG4>GFP-a-tubulin62E (GFPaTub) embryos.
Intensity, integrated density of all midline cells.
Wilcoxon rank-sum test. ***p < 0.001. Black line,
average; red line, median. n, number of biological
replicas (embryos). GFP, x = 12; GFP-a-Tub, x =
25.9
(G–I) In vehicle-injected embryos (10% DMSO),
GFP-a-tubulin expression (green) results in strong
pIk2 in midline cells (n = 10). (G0 ) shows pIk2 only.
Taxol injections (1 mM) stabilize microtubules in
midline GFP-a-tubulin-expressing embryos and
reduce pIk2 expression. (H0 ) shows pIk2 only. (I)
Quantification of pIk2 expression in DMSO- and
Taxol-injected GFP-a-tubulin-expressing embryos.
Intensity, integrated density of all midline cells. Wilcoxon rank-sum test. *p < 0.05. Black line, average;
red line, median. n, number of biological replicas
(embryos). DMSO, x = 9.6; Taxol, x = 5.5.
(J and K) Removal of cells at the midline (bracket)
initiates pIk2 (red) proximal (arrows), but not distal
to the tissue damage. (J) shows embryo without
ablation. (J0 ) and (K0 ) show pIk2 only.
Genotypes are wild-type (A and B), simG4>GFPa-tubulin62E (D, E, G, and H), and simG4>myrGFP
(J and K). Embryonic stages are 11 (A, B, J, and K)
and 13 (D, E, G, and H). Ventral views, anterior up.
Scale bar, 10 mm.

the expression of Ik2DN, which reduces endogenous, damagedinduced, and vinblastine-induced midline divisions, increases
the number of mitotic midline cells even further when expressed
concurrently with a-tubulin (Figures 4M and 4N). Extra midline divisions caused by a-tubulin expression coincide with a strong
phosphorylation of both endogenous Ik2 (Figures 4O–4P0 and
4R) and endogenous Tak1 (Figures 4S–4T0 , and 4W). pIk2 (Figures 4Q and 4R) and Tak1 phosphorylation (Figures 4V and
4W) are enhanced by the co-expression of a-tubulin and
Ik2DN. Compared to a-tubulin expression alone, co-expression

with Ik2 does slightly increase Tak1 activation (Figures 4U and 4W). Finally, we
detect a difference in the localization of
the subcellular localization of GFP-atubulin when co-expressed with the two
different Ik2 isoforms (Figures 4X–4Z).
Simultaneous expression of GFP-atubulin with Ik2-myc results in an increased cortical accumulation of GFP-a-tubulin (Figure 4Y), but the co-expression of
GFP-a-tubulin and Ik2DN increases cytoplasmic GFP-a-tubulin
(Figure 4Z).
Our findings indicate that Ik2 has the ability to modulate both
endogenous and ectopic midline divisions. The importance of
the microtubule cytoskeleton is emphasized by the expression
of a-tubulin together with Ik2 isoforms. This co-expression
changes the properties of the Ik2 isoforms, turning the full length
Ik2 into a mitotic suppressor, and Ik2DN into an activator.
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Expression of human Tau isoforms stimulate mitosis and
TNF signaling at the ventral midline
Our experiments indicate that microtubule disruption causes
midline cells to activate the TNF signaling cascade and enter
into division. Accumulation of the microtubule binding protein
Tau is crucial in the etiology of AD (Kumar et al., 2015). In human
AD and mouse brains and in cell culture, the disruption of microtubules by hyperphosphorylated Tau has been reported (Ahlijanian et al., 2000; Alonso et al., 1997; Iqbal and Grundke-Iqbal,
2006; Sankaranarayanan et al., 2015). In Drosophila the ectopic
expression of human Tau has been shown to cause hyperphosphorylation of the human Tau, but not the endogenous Drosophila
Tau, and also to disrupt microtubules (Cowan et al., 2010; Sealey
et al., 2017). We tested whether the expression of human Tau isoforms in midline cells can activate mitosis and TNF signaling. The
expression of human 3-repeat Tau (3RTau), and to a lesser extent
human 4-repeat Tau (4RTau), significantly increases mitotic activity at the midline (Figures 5A–5D). Expression of 3RTau (Khurana
et al., 2006) also activates the phosphorylation of endogenous
Tak1 (Figures 5E–5G), the expression and nuclear localization of
Dorsal (Figures 5H–5J), and Jra expression (Figures 5K–5M).
In summary, ectopic expression of human Tau isoforms stimulates midline cell division and TNF signaling components,
similar to GFP-a-tubulin expression or midline injury.
Activation of TNF signaling components is observed in
AD brains concomitant with abnormal mitotic entry and
cell death
We tested whether TNF signaling components and mitosis may
also be activated in AD brains, where hyperphosphorylated Tau

has been shown to disrupt microtubules (Alonso et al., 1997;
Cowan et al., 2010). We used antibodies against phosphorylated
Tak1, p65 (the closest ortholog to Drosophila Dorsal, DiOPT 9/15,
http://flybase.org), phosphorylated Tbk1 (pTbk1; the closest ortholog to Drosophila Ik2, DiOPT 13/16, http://flybase.org), and
diseased Tau (GT-38) (Gibbons et al., 2018). We focused on
the subiculum area of the brain, the most inferior component to
the hippocampal formation, where abnormal mitosis in AD brains
has been previously reported (Busser et al., 1998; Nagy et al.,
1997; Nakamura et al., 2020; Ogawa et al., 2003; Smith et al.,
1999). We detect that phosphorylation of Tak1 is present in AD
brains but almost absent from age-matched controls. Furthermore, Tak1 activation strongly colocalizes with diseased Tau
(Figures 6A–6C). In addition, we also observed that p65 expression is nearly absent from controls but highly expressed in AD
brains, and strongly colocalizes with diseased Tau (Figures 6D–
6F). Inflammation is a hallmark in AD (Ortı́-Casañ et al., 2019).
The increased activation of TNF signaling in AD brains may be
due to increased TNF signaling in non-neuronal cells, including
glia and/or microglia that drive inflammatory responses in the
brain. To distinguish between non-neuronal and neuronal cells,
we examined the co-expression of pTak1 with the pan-neuronal
marker NeuN (Figures 6G–6I). In control brains, pTak1 expression
is rare, but 92% of the cells positive for pTak1 are neurons. In AD
brains, pTak1 expression increases significantly (6.6 times), but
now only 66% of pTak1 positive cells are neurons. This indicates
that increased TNF signaling is not only observed in neurons but
also significant in non-neuronal cells in AD brains. If pTak1 is activating Tbk1, then one would expect a near-complete absence of
pTbk1 in controls and increased neuronal pTbk1 expression in

Figure 4. Ik2 is essential for mitotic activation at the midline after injury and in mid-embryogenesis
(A–C) Injection of the microtubule depolymerizer vinblastin (B) but not DMSO (A) in wild-type embryos triggers divisions (arrows, red, pH3) at the midline (green,
Single Minded, Sim). Midline expression of dominant-negative Ik2 (Ik2DN; C) suppresses vinblastine-activated midline divisions. Embryos were fixed 30–45 min
after injection. (B0 ) and (C0 ) divisions only.
(D) Quantification of vinblastine injections. n, number of biological replicas (embryos). Fisher exact test, ***p < 0,001. Genotypes and scored numbers are Wt, wildtype, 10/11 embryos with divisions; Ik2DN, simG4>Ik2DN, 4/12 embryos with divisions.
(E and F) Midline damage in wt embryos (E) triggers divisions around the damage site (arrows, red, pH3). Damage-induced divisions can be abolished by midline
Ik2DN expression (F).
(G) Quantification of damage-induced divisions. n, number of biological replicas (embryos). Fisher exact test, ***p < 0.001. Genotypes and numbers are wt, wildtype, 29/36 embryos with divisions; simG4>Ik2DN, 2/21 embryos with divisions.
(H–J) Number of midline (green) divisions (red) are not affected by midline expression of myrGFP (H) or myc-tagged Ik2 (Ik2myc; I), but decrease with Ik2DN
expression (J).
(K–M) Expression of GFP-a-tubulin (green, K) increases midline (green) cell divisions (blue). This increase can be suppressed by the simultaneous expression of
Ik2myc (L, red) and is exacerbated by Ik2DN (M) expression.
(N) Quantification of modulation of midline cell division. Wilcoxon rank-sum test. ***p < 0.001, black line, median; red line, average. n, numbers of biological
replicas (embryos). Genotypes and averages are GFP, simG4>myrGFP, x = 6.82; Ik2myc, simG4>Ik2myc, x = 6; Ik2DN, simG4>Ik2DN, x = 3.9, GFP-a-Tub,
simG4>GFP-a-tubulin62E, x = 13.8; GFP-a-Tub, Ik2myc, simG4>GFP-a-Tub; Ik2myc, x = 7.7; GFP-a-Tub, Ik2DN, simG4>Ik2DN; GFP-a-Tub, x = 20.6.
(O–Q0 ) In midline GFP (green)-expressing embryos, pIK2 (red) is barely detectable (O). The midline expression of GFP-a-tubulin (green) activates Ik2 (P, red). This
activation can be enhanced by the simultaneous expression of Ik2DN (Q) expression (stage 13). (O0 ), (P0 ), and (Q0 ) show pIk2 only. Dashed line marks midline.
(R) Quantification of pIk2 expression. Intensity, integrated density in relative units. Wilcoxon rank-sum test. ***p < 0.001, black line, median; red line, average. N,
numbers of biological replicas (embryos). Genotypes and numbers are GFP, simG4>myrGFP, x = 12, GFP-a-Tub, simG4>GFP-a-tubulin62E, x = 25.9, GFPa-Tub, Ik2DN, simG4>Ik2DN; GFP-a-Tub, x = 30.8.
(S–V) Midline GFP-expressing embryos show Tak1 activation barely above background (S). Midline expression of GFP-a-tubulin (T) alone and in combination with
Ik2myc (U) or Ik2DN (V) strongly activates Tak1. (S0 ), (T0 ), (U0 ), and (V0 ) show pTak1 only. Dashed line marks midline.
(W) Quantification of Tak1 activation. Intensity, integrated density in relative units. Wilcoxon rank-sum test. ***p < 0.001, black line, median; red line, average. n,
number of biological replicas (embryos). Genotypes and numbers are GFP, simG4>myrGFP, x = 28.3, GFP-a-Tub, simG4>GFP-a-tubulin62E, x = 60.5, GFPa-Tub, Ik2myc, simG4>Ik2myc; GFP-a-Tub, x = 49.5, GFP-a-Tub,Ik2DN, simG4>Ik2DN; GFP-a-Tub, x = 75.9.
(X–Z) Midline expression of GFP-a-tubulin alone results in a cortical/cytoplasmic accumulation of the surplus tubulin (X). In contrast, GFP-a-tubulin expression
combined with Ik2myc (Y) increases tubulin cortical localization, whereas combined with Ik2DN, surplus tubulin is mainly cytoplasmic (Z). Embronic stages are
stage 11 (A–C, E, and F) and stage 13 (H–Z). Ventral views, anterior up. Scale bar, 10 mm.
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Figure 5. Human Tau expression activates mitosis, phosphorylation of Tak1, and expression of Dorsal and Jra/Jun
(A–C) Number of midline (green) cell divisions (red, arrows) increases upon expression of 3-repeat Tau (3RTau, B) and 4-repeat Tau (4RTau, C).
(D) Quantification of midline cell divisions upon human Tau expression. Student’s t test, ***p < 0.001. Black line, average; red line, median. n, number of biological
replicas (embryos). Genotypes and averages are GFP, simG4>myrGFP, x = 6.82; 3R Tau, simG4>0n3Rtau, x = 13; 4RTau, simGal4>0n4Rtau/TM3, x = 10.5.
(E and F) In GFP (green)-expressing midline cells, phosphorylation of Tak1 (red) is barely detectable (E). 3RTau expression significantly increases pTak1
expression (F). (E0 ) and (F0 ) show pTak1 only. Dashed line marks midline.
(G) Quantification of pTak1 expression. Student’s t test *p <0.05. Black line, average; red line, median. n, number of biological replicas (embryos). Genotypes and
averages are GFP, simG4>myrGFP, x = 28.3; 3R Tau, simG4>0n3Rtau, x = 37.8.

(legend continued on next page)
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Figure 6. Activated Tak1, p65, and Ki67 are
increased in AD brains
Subiculum region of human postmortem brains.
Scale bar, 20 mm.
(A–C) Phosphorylation of Tak1 (seen in blue,
asterisk, B) is rare in control brains and always colocalizes with diseased Tau (black, x = 4 cells/mm2,
A). (B) In AD brains, a minority of cells express only
diseased Tau (brown, arrowhead, disTau) or only
pTak1 (blue, asterisk, x = 9.2 cells/mm2). Most cells
are double stained (black, arrow, x = 57.7 cells/
mm2). Insets show higher magnification of a second
sample. (C) Quantification of pTak1 expression and
diseased Tau in control (green columns) and AD
brains (red columns); bars represent SEMs. ***p <
0.001 Mann-Whitney U test, n = 3 brain slices from 3
patients for control and AD.
(D–F) p65 (blue), the ortholog of Drosophila Dorsal,
is barely detectable in age-matched control brains
(x = 6.17 cells/mm2; 3.37 cells/mm2 colocalized
with diseased Tau). However, in AD brains,
most cells (x = 85.9 cells/mm2) are double stained
(black, arrow), with a minority (x = 31.3 cells/mm2)
being only diseased Tau+ (brown, arrowhead). Insets at top left show higher magnification of a
second sample. (F) Quantification of p65 expression and diseased Tau in control (green columns)
and AD brains (red columns); bars represent
SEMs. ***p < 0.0001, Mann-Whitney U test, n = 3
brain slices from 3 patients for control and AD.
(G–I) Activation of Tak1 is mainly neuronal.
(G) In subiculums of control brains, phosphorylation of Tak1 is rare, but if present, it is mainly
detectable in neurons (91%, 13.26 cells/mm2 of
14.49 cells/mm2).
(H) AD brains exhibit a drastic increase in pTak1
expression in neurons (66%, x = 61.8 cells/mm2)
as well as non-neuronal cells (34%, x =
31.8 cells/mm2).
(I) Quantification of pTak1 expression and NeuN in control (green columns) and AD brains (red columns); bars represent SEMs. ***p < 0.0001, Mann-Whitney U
test, n = 3 brain slices from 3 patients for control and AD. Asterisk labels pTak1 only (blue). Arrowheads label NeuN only (brown). Arrows label pTak1/NeuN
double stained cells (black)
(J–L) Dividing cells (blue, x = 1.98 cells/mm2) or cells expressing diseased Tau (brown, arrowhead, x = 2.41 cells/mm2) are nearly absent from the subiculum of
control brains (J), but when present, they often colocalize with diseased Tau (arrow, x = 7.9 cells/mm2).
(K) In AD brains, the number of dividing cells increases (x = 85.3 cells/mm2). Most dividing cells colocalize with diseased Tau (arrow, x = 73.46 cells/mm2).

AD brains. We detect a dramatic (14 times) increase in the phosphorylation of Tbk1 in neurons, corresponding to 92% of all
pTbk1 cells in AD brains (Figures S2A–S2C). Both pTak1+ and
pTbk1+ cells appear distributed randomly throughout the subiculum region. Interestingly, three times more neurons express
pTak1 than pTbk1 (compare Figures 6L and S2C). The proportion
of pTbk1+ neurons of total pTbk1 cells remains similar between
control (93%) and AD brains (91%), suggesting that Tbk1 activation is predominantly neuron specific.

The colocalization of diseased Tau with pTak1 and p65
expression levels suggests that microtubule disruption in AD
brains may activate a similar pathway, as we discovered for
damage-induced mitosis in Drosophila midline cells. Interestingly, we detect an increase (8 times) in proliferating cells in AD
brains, with 86% of cells double positive for cell-cycle marker
Ki67 and diseased Tau (Figures 6J–6L). Next, we analyzed the
activation of Tbk1 expression in combination with Ki67. We again
observed a significant increase in Ki67+ cells, and 50% of all

(H and I) Compared to midline GFP-expressing controls (H), 3RTau expression (I) activates Dorsal in midline cells and Dorsal nuclear entry (arrowheads). Nuclei
encircled red (H0 0 and I0 0 ). (H0 ) and (I0 ) show DAPI only. (H0 0 ), (H0 0 0 ), (I0 0 ), and (I0 0 0 ) show Dorsal only. Dashed line marks midline.
(J) Quantification of Dorsal expression. Student’s t test *p < 0.05. Black line, average; red line, median. n, number of biological replicas (embryos). Genotypes and
averages are GFP, simG4>myrGFP, x = 281.7; 3R Tau, simG4>0n3Rtau, x = 381.4.
(K and L) Jra is just detectable in GFP-expressing controls (K). 3RTau expression (L) increases Jra expression in midline cells. (K0 ) and (L0 ) show Jra only. Dashed
line marks midline.
(M) Quantification of Jra expression. Student’s t test *p < 0.05. Black line, average; red line, median. n, number of biological replicas (embryos). Genotypes and
averages are GFP, simG4>myrGFP, x = 150.6; 3R Tau, simG4>0n3Rtau, x = 270.6. Ventral views, anterior up. Scale bar, 20 mm.
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pTbk1 cells show colocalization with Ki67 (Figures S2D–S2F).
Ectopic activation of the cell cycle in mature neurons is thought
to activate apoptosis (Herrup, 2012). In accordance, 81% of
pTbk1+ cells are positive for the apoptotic marker cleaved caspase-3 (Figures S2G–S2I). Finally, we noted a significant overlap
(75%) between pTbk1 and cleaved caspase-3 in controls, indicating that the activation of pTbk1 correlates strongly with cell
death. However, 50% of all cleaved caspase-3+ cells do not
show colocalization with pTbk1 expression.
In summary, the activation of TNF signaling components Tak1,
Tbk1, and p65 (NFkappaB) in AD brains, and the observed expression colocalizations with abnormal Tau, suggest that microtubule
disruption in human brains may activate a similar signaling
pathway, as we discovered using the Drosophila midline model.
DISCUSSION
We have previously reported that mitotic activation in midline
cells can be triggered by microtubule disruption. In contrast,
microtubule stabilization, actin depolymerization, loss of cadherin adhesion, or loss of cell polarity are unable to induce cell
divisions in midline cells (Bossing et al., 2012). Here, we show
that traumatic, chemical, or genetic disruption of microtubules
in midline cells triggers phosphorylation of the TNF signaling kinases Tak1 and Ik2, which activate Dorsal expression and translocation into nuclei and are required for entry into division.
Previous studies have linked external TNF signaling activity
and microtubule stability (Chopra et al., 2014; Jackman et al.,
2009; Petrache et al., 2003). Since Egr/TNF in Drosophila is expressed in segmentally repeated stripes, cell ablation and chemical depolymerization of microtubules may result in changes in the
environment, bringing cells closer to or disrupting TNF sources
(Figure S1), thereby changing external TNF signaling and subsequently affecting microtubules. Our results, however, demonstrate for the first time that phosphorylation of Tak1 and Ik2 and
nuclear entry of Dorsal can be initiated from inside cells by the targeted expression of a-tubulin or of human Tau isoforms, which do
not visibly interfere with cell shape or location. How can changes
to the microtubules inside cells trigger TNF signaling components? Both kinases Ik2 and Tak1 have close links with microtubules. In Drosophila, Ik2 binds microtubules via Spn-F (Otani
et al., 2011), and targeted expression of Ik2 has been shown to increase cell death and microtubule breakage in sensory neurons
(Lee et al., 2009). In proteomic analysis of Drosophila immunity responses, a-tubulin has been identified as a predominant binding
partner of Tak1 (Fukuyama et al., 2013). In addition, in the mouse
brain, Tak1 stabilizes microtubules via a-Tat1, thereby permitting
microtubules to sequester Akt and decreasing Akt, glycogen synthase kinase 3b (GSK3b), and c-myc signaling (Shah et al., 2018).
We show that midline-targeted Ik2 tightly colocalizes with microtubules (Figure 4L) and that Ik2 may contribute to microtubule
stability (Figures 4X–4Z). Co-expression of GFP-a-tubulin and
Ik2 results in a strong accumulation of GFP-a-tubulin in the cytoplasm and along the cell cortex, but not in nuclei. This co-expression also reduces midline division numbers to levels similar to
those seen in wild type (Figure 4N). In contrast, co-expression of
GFP-a-tubulin and a non-phosphorylatable form of Ik2 (Ik2DN)
decreases GFP-a-tubulin along the cortex but increases diffuse
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localization in cytoplasm and nuclei, suggesting reduced polymerization. In addition, Ik2DN/GFP-a-tubulin co-expression leads
to increased phosphorylation of endogenous Tak1 and Ik2, resulting in increased cell division (Figure 4O). Finally, the activation of
Ik2 by midline targeted a-tubulin can be reduced by the stabilization of microtubules with Taxol injections. Our findings indicate
that stable microtubules inactivate pIk2, whereas microtubule
disruption results in Ik2 activation and subsequent mitotic entry.
In addition, the extent of microtubule polymerization also interferes with Tak1 activation, which is in turn needed to activate
Ik2. Tak1 dimerization is sufficient for its activation (Kishimoto
et al., 2000), and as shown for Akt signaling, intact microtubules
may prevent Tak1 dimerization by sequestration (Shah et al.,
2018).
The final outcome of TNF signal activation is the nuclear translocation of Dorsal/NfkappaB (p65). Our experiments confirm that
microtubule disruption triggers the expression and nuclear entry
of Dorsal. Dorsal expression in midline cells activates Jun, but
not Fos, and Jun expression is essential for damaged induced
midline divisions (Bossing et al., 2012). During regeneration of
the Drosophila intestine and imaginal discs (Martı́n and Morata,
2018; Panayidou and Apidianakis, 2013) and in the mammalian
liver (Stepniak et al., 2006), the activation of Jun kinase signaling
results in the formation of Jun/ Fos heterodimers creating the
AP-1 transcription factor that is pivotal for cell survival (Bejjani
et al., 2019). The absence of Fos expression in the midline excludes the formation of AP-1. In addition, using the midline
model, we show that the activation of the Jun kinase pathway
is able to suppress the Dorsal-driven mitosis. Thus, the activation of mitosis after midline damage seems to be independent
from either AP-1 transcription or Jun kinase signaling.
Tak1, Ik2, and microtubules are widely conserved, which
prompted us to test whether microtubule disruption and mitotic
activation may be linked in other systems. The accumulation of
hyperphosphorylated Tau proteins in AD brains results in microtubule damage (Alonso et al., 1997; Cowan et al., 2010). We found
that the expression of human Tau isoforms, which have previously
been shown to become hyperphosphorylated (Cowan et al., 2010;
Sealey et al., 2017), activates midline cell division in the Drosophila
embryonic CNS. Crucially, we demonstrate that human Tau also
drives the phosphorylation of endogenous Drosophila Tak1, Dorsal expression and its nuclear entry, and Jra expression. These are
the same components activated by microtubule damage
following a-tubulin expression. Next, we tested for the activation
of Tak1 and the ortholog of Drosophila Ik2, Tbk1, in postmortem
AD brains. We focused on the subiculum of the hippocampal formation since it is a region where abnormal cycling cells have been
observed (Busser et al., 1998; Nagy et al., 1997; Nakamura et al.,
2020; Ogawa et al., 2003; Smith et al., 1999). We readily detected
the activation of Tak1 and Tbk1 in AD brains but only rarely in controls. Both kinases are mainly expressed in mature neurons and
the activation of Tak1, and p65, the ortholog of Drosophila Dorsal,
colocalizes tightly with diseased Tau, opening up the possibility
that a link between microtubule disruption and Tak1 activation
may also exist in this context.
In various neurodegenerative diseases, mitotic activation in
mature neurons has been repeatedly reported and is thought
to trigger apoptosis (Busser et al., 1998; Copani et al., 1999,
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2001; Frade and Ovejero-Benito, 2015; Herrup, 2012; Hisanaga
and Endo, 2010; Husseman et al., 2000; Marlier et al., 2020; Park
et al., 2007; Tian et al., 2009). In AD, abnormal neuronal entry into
mitosis (Arendt, 2012; Bonda et al., 2009; Mosch et al., 2007; Pei
et al., 2002) is reported to result in an arrest in G1/S phase and a
mitotic catastrophe (Ogawa et al., 2003; Tweedie et al., 2007).
Tbk1 has roles in cell division (Pillai et al., 2015) and neurodegenerative diseases (Freischmidt et al., 2015; van der Zee et al.,
2017). We observed that pTbk1 and the mitotic Ki67 marker
partially colocalize in the AD subiculum, with the latter also colocalizing with diseased Tau. In addition, increased Tbk1 phosphorylation strongly overlaps with the cell death indicator-activated caspase 3. Although nearly all pTbk1+ cells co-express
activated caspase 3, the majority of caspase 3 cells do not express activated Tbk1. The discrepancy between the frequency
of mitotic activation and cell death may indicate that Tbk1 phosphorylation triggers apoptosis not exclusively via mitotic activation. It may also be possible that pTbk1 activates abnormal cellcycle entry, but, as previously reported in AD brains, neurons fail
to complete and arrest in mitosis (Ogawa et al., 2003; Tweedie
et al., 2007), and pTbk is eventually dephosphorylated.
The limitation in sample numbers and examined human brain
regions do not allow us to postulate a direct link between Tbk1
and Tak1 activation in neurons, abnormal mitosis, and cell death,
but our results suggest a potential connection. Additional studies
using, for example, induced pluripotent stem cell-derived neurons from healthy and AD patients, are required to confirm the
underlying mechanism.
Our findings support the role of microtubules as a crucial cellsignaling regulator. We demonstrate that microtubule disruption
from inside cells can activate Tak1 and Ik2/Tbk1 kinases of the
TNF pathway, thereby triggering mitotic entry and damage repair
in Drosophila midline CNS cells. Activation of TNF signaling has
been implicated in repair after injuries to glia cells (Kato et al.,
2018). It will be important to determine whether it also may
play a role in the etiology of neurodegenerative diseases.
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Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly stocks
From the Bloomington stock collection we obtained the following fly stocks:
UAS-dl.H (BDSC9319), egrMI10187/ CyOTwi-GAL4/2xUAS-2EGFP (BDSC53467), egrMI10790/ CyOTwi-GAL4/2xUAS-2EGFP
(BDSC55540), UAS-egrRNAi (TRiP.HMC03963, BDSC55276), UAS-human3RTau (UAS-hMAPT.ON3R, BDSC78846), UAS-myrGFP (BDSC32198), UAS-Traf6.S (BDSC58991), UAS-wgn.IR (BDSC58994), Tak1 (BDSC26272). From the Kyoto Stock Center we
obtained Ik2/ CyOTwi-GAL4/2xUAS-2EGFP (DGGR109663), UAS-Ik2-myc (DGGR109665), UAS-Ik2DN (DGGR109666), Other fly
lines we used are UAS-GFP-a-tubulin62E (Bossing et al., 2012), Oregon R, rho-GAL4 (Klaes et al., 1994), sim-GAL4 (Scholz et al.,
1997), UAS-human3RTau, UAS-human4RTau (Fulga et al., 2007), UAS-Toll10b-myc (Hu et al., 2004).
Human post-mortem brain tissue
Formalin-fixed paraffin-embedded human brain tissue sections (8mm) were obtained from the Southwest Dementia Brain Bank Bristol under license HTA12273. Patient samples are age and gender balanced. Further details in Table S1.
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METHOD DETAILS
Cell ablation and embryo injections
Embryos were prepared and desiccated as described previously (Bossing and Technau, 1994). Midline cell ablations were performed
as described previously (Bossing et al., 2012) and carried out with an inverted microscope (Zeiss Axiovert) using a 63x oil immersion
objective. Ablation capillaries have an outer diameter of approximately about 3mm and a tip bevelled at an angle of 25 . Briefly, using
the capillary, the perivitelline membrane of Drosophila embryos was pierced along the posterior edge formed by its adhesion to the
glue-coated coverslip. Great care was taken to avoid any contact between tissue and capillary in this preparatory steps. Using stage
and micromanipulator control the capillary was steered inside the perivitelline space, above the midline. After the capillary tip reached
the middle of the embryo, the tip was lifted into the midline and midline cells were slowly sucked into the capillary retracting the capillary at the same time. Ablations in simG4>myrGFP were performed under epifluorescence, maximal 30 s of excitation (480nm), using
a LED source (CoolLED pE-100) and Zeiss filter set 10.
We injected 100ug/ ml of the microtubule depolymerizing drug vinblastine (Sigma, V1377) in 1%DMSO, or 1%DMSO in water into
the perivitelline space of embryos as vehicle controls.
Time between manipulation of embryos and fixation after injection/ ablation varied between assays; 5 – 15min to test for protein
phosphorylation and Dorsal nuclear entry, 30 - 45 min to analyze mitosis, to 60 - 120min to check for accumulation of newly synthesized proteins. Before fixation the Halocarbon oil covering the embryos was removed by squirting PBS with 0.4% Triton X-100 (PBT)
out of a pulled Pasteur capillary alongside the glued down embryos. The same procedure was used to fix the embryos, spraying the
samples with 4% formaldehyde in PBT out of a pulled Pasteur pipette. After 20min, samples were washed 3 times with PBS, and
under PBS the vitelline membrane was removed manually. Embryos were transferred into watch glasses, fixed for 10min with 4%
formaldehyde in PBS, washed and subjected to immunohistochemistry.
Immunohistochemistry
The following antibodies were used: anti-cactus (rabbit, 1:500, gift of SA. Wasserman), anti-cleaved Caspase-3 (rabbit, 1:50, Abcam
13847), anti-Cyclin B1 (mouse, 1:100; Novus Biological NB500), anti-diseased Tau (GT-38) (mouse, 1:100, abcam ab246808), antiDorsal (mouse, 1:100, Developmental Studies Hybridoma Bank 7A4), anti-Fos (rabbit, 1:1000, gift of S.Sweeney), anti-GFP (rabbit,
1:2000, gift of U. Mayor), anti-GFP (goat, 1:200, Abcam 6673), anti-Ik2 (mouse, 1:100(Oshima et al., 2006), anti-Jra (1:100, guineapig, gift of S. Sweeney), anti-Ki67 (mouse, DAKO m7246, 1:100), anti-Ki67 (rabbit, Abcam, ab833, 1:100), anti-Myc (mouse, 1:50,
Santa Cruz Biotechnology A1209), anti-pHistoneH3 (S10) (rabbit, 1:2000, Abcam 5176), anti-pHistoneH3 (S10) (mouse, 1:200,
Abcam 14955), anti-pIk2 (S175) (rabbit, 1:500(Otani et al., 2011), anti-NeuN (mouse, 1:100; Chemicon MAB377), anti-pTak1
(T187) (rabbit, 1:100, Cell Signaling Technology 4536), anti-pTbk1 (S172) (rabbit, 1:100, Cell Signaling Technology), anti-Sim (guinea
pig, 1:500, gift of S. Crews), anti-Tau (mouse, 1:100, Abcam 805), anti-b-tubulin (mouse, 1:400, Developmental Studies Hybridoma
Bank E7). All antibodies were diluted in PBT. Immunohistochemistry of Drosophila embryos was performed as described in SchmidtOtt and Technau (1992). Embryos were incubated in 70% Glycerol overnight at 4 C, opened up to expose the ventral nerve cord/
ventral ectoderm with a dissecting needle and embedded in 70% Glycerol/ Vectashield (1/1). Images were recorded with a Leica
SPE and a Leica SP8 confocal and level-adjusted, rotated, cut and assembled with Photoshop CS6.
Generation of MyD88 and MyD88DN transgenics
Previous studies showed that deletion of the N terminus of MyD88 (aa 1-236) generates a dominant negative construct blocking Toll
signaling (Horng and Medzhitov, 2001). We generated this deletion and a full-length version of MyD88 by using the following primers
to amplify cDNAs out of an embryonic cDNA pool:
50 BAMH1-MyD88 full-length GGATCC-CGCCAAGTGCGAATGCGCCCT,
50 Spe1-MyD88 truncated ACTAGT-CGGGTAGACATGTGTAGAGACCAG,
30 MyD88 ACTAGT-TCCGCCGGCCGTCTGCAGCTTGCT.
Both constructs were cloned into pCR 2.1 Topo vector (Invitrogen) for sequencing. After confirmation of the sequence
(SourceBioscience), the constructs were cloned into a pUASp vector which contained a C-terminal GFP in frame (kind gift of
D. St Johnston). Constructs were injected into yw; P(ry, D2-3), Sb/TM6, Ubx embryos (Robertson et al., 1988).
Immunohistochemistry of human brain tissue and image analysis
Brain sections were deparaffinized in xylene (twice, 5min), rehydrated in serial dilutions of ethanol (2min each) and washed in H2O
(10min). Immunofluorescence staining was performed as described (Evans et al., 2018). Briefly, autofluorescent signal was quenched
with 0.1% Sudan Black (Sigma-Aldrich, UK) in 70% ethanol (10min at room temperature, RT). Antigen retrieval performed by boiling
sections in 10mM citrate buffer (pH 6.0) in a microwave oven (700 W, 30min), followed by wash in H2O and equilibration in PBS (5 min).
Sections were blocked with 5% normal goat serum (NGS) in PBS with 0.03% Triton X-100 (PBS-0.03%T; 1h RT) followed by incubation with primary antibodies in PBS-0.03%T (overnight, 4 C). Alexa Fluor conjugated secondary antibodies (1:300, Invitrogen Molecular Probes) were applied diluted in PBS-0.03%, 5% NGS (1h, RT). Sections were mounted in 1:1 of 70% glycerol/Vectashield
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(Vector laboratories). Classical stainings followed published procedures (Evans et al., 2018; Garcia-Reitböck et al., 2010), with few
modifications. Antigen retrieval was performed as above, followed by incubation in PBS-0.1%T with 3%H2O2 and 20% MeOH
(30min, RT), washes in PBS and incubation in Bouin’s solution (Sigma; 1min, RT). After washes in PBS, sections were blocked
with 5%NGS in PBS-0.1%T (1h, RT) and incubated (overnight, 4 C) with the first primary antibody in PBS-0.1%T. Alkaline phosphatase (AP) conjugated secondary antibody (1:300; Sigma) was applied in PBS-0.1%T, 5% NGS (1h, RT). Sections were washed in
detection buffer (50ml: 5ml 1M TRIS-HCl ph9.5; 2.5ml 1M MgCl; 50ul Tween) followed by incubation with NBT/BCIP in detection
buffer according to manufacturer instructions (Roche). Signal development was stopped by washes with PBS-0.1%T. Sections
were next blocked with 5%NGS in PBS-0.1%T (15min, RT) and incubated with the second primary antibody (overnight, 4 C). After
washes, sections were incubated with biotinylated secondary antibodies (1:300, Vector Laboratories) for 2h at RT. ABC (Avidin-Biotin
Complex) kit was used for signal amplification following manufacturer instructions (Vector Laboratories). Detection of signal was performed via conventional DAB/ H2O2 reaction (Vector Laboratories). Signal development was stopped by washes with PBS-0.1%T.
Sections were subjected to a final fixation step (4% formaldehyde in PBS; 5min, RT) followed by PBS washes, and mounted using
DPX histology mountant (Sigma). The specificity of stainings was controlled by omission of primary antibodies. Imaging was performed on a Leica IM8 microscope using LAS X software. Images were loaded into Fiji software and visual scoring of cells was conducted using the Cell Counter plugin. For each subiculum section analyzed, 6 random fields were scored totalling an area of
1.51mm2. Mann-Whitney U statistical tests, following confirmation of non-parametric nature of the data, were employed using Sigma
Plot software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical tests used, number of biological replicates/ samples, averages and p values are stated in figure texts. We used t tests for
parametric data, Mann-Whitney U tests for non-parametric data and Fisher exact test for contingency tables. Software used were
Excel for t test, Sigma Plot for Mann-Whitney U test and https://www.socscistatistics.com/tests/fisher/default2.aspx for Fisher Exact
test. S.E.M, median and average are indicated in Graphs.
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