FEBS Letters 588 (2014) 2952–2956

journal homepage: www.FEBSLetters.org

Tumour necrosis factor alpha-induced neuronal loss is mediated
by microglial phagocytosis
Urte Neniskyte a,b, Anna Vilalta a, Guy C. Brown a,⇑
a
b

Department of Biochemistry, University of Cambridge, UK
Mouse Biology Unit, European Molecular Biology Laboratory, Italy

a r t i c l e

i n f o

Article history:
Received 14 March 2014
Revised 13 May 2014
Accepted 28 May 2014
Available online 6 June 2014
Edited by Jesus Avila
Keywords:
Neuroinﬂammation
Phagoptosis
Lactadherin
Vitronectin receptor
Neurodegeneration

a b s t r a c t
Tumour necrosis factor-a (TNF-a) is a pro-inﬂammatory cytokine, expressed in many brain pathologies and associated with neuronal loss. We show here that addition of TNF-a to neuronal–glial
co-cultures increases microglial proliferation and phagocytosis, and results in neuronal loss that
is prevented by eliminating microglia. Blocking microglial phagocytosis by inhibiting phagocytic
vitronectin and P2Y6 receptors, or genetically removing opsonin MFG-E8, prevented TNF-a induced
loss of live neurons. Thus TNF-a appears to induce neuronal loss via microglial activation and
phagocytosis of neurons, causing neuronal death by phagoptosis.
Ó 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/3.0/).

1. Introduction
Tumour necrosis factor-a (TNF-a) is a pro-inﬂammatory cytokine, central to the regulation of inﬂammation in body and brain.
In the healthy brain, it is expressed at very low levels by a variety
of brain cells including neurons [29], but microglia (brain macrophages) and astrocytes, activated by pathogens or damage via pattern recognition receptors such as Toll-like receptors (TLRs),
express and release high levels of TNF-a [18,13,33,21]. Thus the
damaged or diseased brain contains high levels of TNF-a, including during brain trauma, ischemia, and neurodegenerative conditions [8,22]. TNF-a activates microglia and astrocytes via TNF
receptors 1 (TNFR1) and 2 (TNFR2) [11], which activate the
phagocyte NADPH oxidase (PHOX) [20], caspase-8 [2] and NF-jB
[5], resulting in the expression of further pro-inﬂammatory and
phagocytic genes that increase the ability of glia to deal with
pathogens and damage [31]. However, high and sustained levels
of TNF-a can lead to neuronal damage [10], and there is evidence
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that TNF-a contributes to a variety of brain pathologies, such as
ischemic stroke, Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis [8,22]. The mechanisms by which TNF-a is
damaging to neurons is unclear, but the inﬂammatory activation
of glia may contribute.
In culture, we have found that activation of microglial TLRs
results in high levels of TNF-a production [13,23,15] and TNF-a
in turn stimulates microglial proliferation [20]. We subsequently
found that activation of microglia via TLR2 or TLR4 caused delayed
neuronal loss via activating microglial phagocytosis of stressedbut-viable neurons [23]. Cell death caused by the cell being phagocytosed is called ‘phagoptosis’ with the deﬁning characteristic that
inhibition of phagocytosis or phagocytic signalling prevents death
of the cell [6]. TLR activation of microglia causes: (i) release of oxidants from microglia that induce neurons to reversibly expose the
‘eat-me’ signal phosphatidylserine, (ii) release of the opsonin milk
fat globule EGF factor-8 (MFG-E8) from microglia and astrocytes
that binds exposed phosphatidylserine on neurons and activates
their phagocytosis via the microglial vitronectin receptor (VNR),
and (iii) activation of the phagocytic capacity of microglia via
upregulation of Mer tyrosine kinase and other phagocytic proteins
[23,24,7].
As activation of microglia can cause both TNF-a production and
neuronal phagoptosis, we tested here whether soluble, extracellular TNF-a was able and sufﬁcient to induce microglia-dependent
neuronal loss by phagoptosis.
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with Alexa Fluor 488-tagged isolectin B4 (2 lg/ml) and bead number per cell was evaluated in >50 cells per condition.

2.1. Reagents
2.4. Microglial phagocytosis of neurons
Rat recombinant TNF-a (Sigma), lipopolysaccharide from Salmonella typhimurium (Sigma), Alexa Fluor 488 conjugate of isolectin B4 from Griffonia simplicifolia (Invitrogen), carboxylate-modiﬁed
ﬂuorescent microspheres (Invitrogen), cyclo(RGDfV) peptide
(Bachem), recombinant MFG-E8 (R&D Systems), human soluble
TNF receptor inhibitor/Fc chimera (GenScrip Corporation), and
MRS2578 compound (Tocris). Cell culture reagents were from
PAA. Other reagents were from Sigma.
2.2. Primary cell culture and treatment
All experiments were performed in accordance with the UK Animals (Scientiﬁc Procedures) Act (1986) and approved by the Cambridge University local ethical committee. Primary mixed
neuronal/glial cultures from postnatal days 5–7 Wistar rat or
Mfge8 / mice [30] cerebella were prepared as described previously [16]. Cells were plated at a density of 5  105 cells/well on
poly-L-lysine coated 24-well plates. Glial cultures and pure microglial cultures were prepared as described previously [3]. Microglia
cells were depleted from the cultures with L-leucine methyl ester
as described previously [23]. Cells were stimulated at 7–9 days
in vitro with TNF-a (50 ng/ml) or LPS (100 ng/ml), and
cyclo(RGDfV) peptide (50 lM), recombinant MFG-E8 (0.4 lg/ml)
or soluble TNF receptor inhibitor (100 ng/ml) were added together
with TNF-a, whereas MRS2578 compound (1 lM) was added every
day. Cell densities after treatment were evaluated as described previously [27]. Neurons with regular soma shape and normal nuclear
Hoechst 33342 staining were counted as alive, neurons with condensed chromatin were considered as apoptotic, whereas neurons
staining with propidium iodide were deﬁned as necrotic.

Glial cultures were treated ± 50 ng/ml of TNF-a for 24 h.
Microglia from untreated and treated ﬂasks were detached from
other glia by shacking the ﬂask. 105 microglia (untreated and treated) were added to each well (in a 24 well plate) of a mixed neuronal/glial culture, which had previously been stained for 15 min
with TAMRA (red ﬂuorescence) and washed. Phagocytosis was
assayed in a medium half from a glial culture and half from a
mixed neuronal/glial culture. Phagocytosis of neurons by microglia
was evaluated by microscopy at 6 h after adding microglia as the
number of microglia per ﬁeld containing red ﬂuorescent debris.
Cells were also stained with Hoechst 33342 (for nuclei) and green
ﬂuorescent isolectin B4 (for microglia).
2.5. Statistical analysis
For all experiments, each condition/treatment was repeated at
least in duplicate, and each experiment was replicated in at least
three independent cultures – except the experiment on microglial
phagocytosis of neurons, which was repeated in quadruplicate but
on one culture. Statistical analysis was performed using IBM SPSS
Statistics v20 software. Normality of data was veriﬁed by Shapiro–Wilk test. Means were compared by one-way ANOVA, and
the signiﬁcance of the difference between each treatment mean
and the control or TNF-a treatment mean was quantiﬁed by
post-hoc Bonferroni tests. All such signiﬁcant changes are reported
in the Figures – those not reported as signiﬁcant are not signiﬁcant.
P values < 0.05 were considered as signiﬁcant. Numbers of alive,
apoptotic and necrotic neurons were compared separately. All data
presented are expressed as mean ± standard error of the mean
(S.E.M.).

2.3. Microglial phagocytosis of beads
3. Results and discussion
Phagocytic capacity of microglial cells was evaluated as
described previously [27]. In short, pure microglial culture was
treated with 50 ng/ml TNF-a for 24 h before 3 ll of 1:10 dilution
of 1 lm ﬂuorescently labelled carboxylate-modiﬁed microspheres
were added, and cells were incubated for 2 h at 37 °C, 5% CO2.
The medium was removed, and the culture was washed several
times to remove excess beads. Microglia cells were then labelled

TNF-a (50 ng/ml, equivalent to 3 nM of monomer) caused
microglial proliferation (Figs. 1A and 2A), stimulated microglial
phagocytosis of beads (Fig. 1B), and increased the phagocytosis of
neurons by added microglia (Fig. 1C). However, in mixed neuronal–glial cultures, a single dose of TNF-a was not sufﬁcient to
cause signiﬁcant neuronal loss (Fig. 2B). As extracellular TNF-a is

Fig. 1. TNF-a stimulates microglial proliferation and phagocytosis. (A) Treatment with TNF-a, added either as a single dose (50 ng/ml) or two doses (second dose of 50 ng/ml
added 24 h after the ﬁrst) signiﬁcantly increase microglial density in mixed neuronal/glial cultures, 3 or 7 days after the ﬁrst addition of TNF-a. (B) Addition of TNF-a (50 ng/
ml for 24 h) increases the phagocytic uptake of ﬂuorescent 1 lm carboxylate-modiﬁed microspheres in pure microglial culture, but does not have a synergistic or antagonistic
effect with lipopolysaccharide (LPS, 100 ng/ml). (C) Pre-treatment of microglia with TNF-a (50 ng/ml for 24 h) increased the proportion of microglia that phagocytosed
neurons when the microglia were added to a healthy neuronal–glial culture for 6 h. The numbers of microglia per ﬁeld that either contained or did not contain neuronal
debris are quantiﬁed. Data are presented as means ± S.E.M. of P3 cultures (A and B) or of 4 replicates on the same culture (C). ⁄/⁄⁄P < 0.05/0.01 versus untreated control.
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Fig. 2. TNF-a induces neuronal loss in mixed cultures. (A) Representative images of culture treated for 3 or 7 days with two doses of TNF-a (50 ng/ml, second dose added 24 h
after the ﬁrst one). Cell nuclei are labelled with Hoechst 33342, necrotic cells are labelled with propidium iodide, microglia cells are labelled with isolectin B4. Scale bars,
25 lm. (B) One dose of TNF-a (50 ng/ml) is not sufﬁcient to induce neuronal loss within 3 days of treatment. Two doses of TNF-a (second dose of 50 ng/ml added 24 h after
the ﬁrst one) induce signiﬁcant neuronal loss within ﬁrst 3 days of treatment. No more neurons are lost for up to 7 days. Data are presented as means for P3 independent
experiments; ± S.E.M. of live neurons; ⁄⁄⁄P < 0.001 versus control.

rapidly removed/degraded [15], we tested whether signiﬁcant neuronal loss could be induced by a second bolus of 50 ng/ml TNF-a
added 24 h after the ﬁrst dose, and cultures were incubated for a
further 2 or 6 days (in total 3 or 7 days treatment, respectively).
Two doses of TNF-a were sufﬁcient to induce signiﬁcant neuronal
loss after 3 days of treatment (Fig. 2A and B). There was no further
loss of neurons for up to 7 days (Fig. 2B), even though prolonged
treatment with TNF-a increased microglial densities by up to ten
times (Fig. 1A). This is in accordance with previously published
data demonstrating that phagoptosis induced with different stimuli is maximal 2–3 days after culture stimulation [23,27]. Higher
concentration (100 ng/ml) of TNF-a did not further increase
microglial numbers or neuronal loss (data not shown). Adding soluble TNF receptor inhibitor to chelate extracellular TNF-a prevented the neuronal loss induced by TNF-a (Fig. 3B), indicating
that loss was indeed due to TNF-a rather than some contaminant
such as endotoxin.
Treatment with TNF-a did not increase the number of apoptotic
or necrotic neurons in the neuronal glial cultures (Fig. 2A and B),
suggesting that TNF-a was not directly toxic to the neurons. Therefore we tested whether eliminating microglia from the cultures by
treating them with L-leucine methyl ester [23] would prevent TNFa-induced neuronal loss. There was no neuronal death or loss in
microglia-deﬁcient cultures stimulated with TNF-a (Fig. 3A), indicating that TNF-a was not directly toxic to neurons, and the neuronal loss required the presence of microglia.
Microglia-induced loss of neurons may be mediated via variety
of mechanisms: microglial release of glutamate to induce

excitotoxicity [14], microglial neurotoxic mediators (such as reactive oxygen species) [19] that could cause neuronal apoptosis or
detachment from the culture, or neuronal death executed by
microglial phagocytosis. We have previously shown that microglial
phagoptosis of stressed-but-viable neurons depends on neuronal
exposure of phosphatidylserine [23,27]. Exposed phosphatidylserine is bound by the soluble opsonin milk fat globule EGF factor-8
(MFG-E8), which is in turn recognized by the microglial vitronectin
receptor (VNR, an avb3 or avb5 integrin) [28,12,26]. To investigate
whether microglia might contribute to TNF-a-induced neuronal
loss by phagocytosing viable neurons, we targeted the phagocytic
MFG-E8/VNR pathway. Inhibition of phagocytosis with speciﬁc
VNR inhibitor cyclo(RGDfV) peptide prevented the loss of neurons
induced by TNF-a (Fig. 4A), indicating that neuronal loss induced
by TNF-a was dependent on VNR.
In order to test whether the VNR-speciﬁc opsonin MFG-E8 was
required for TNF-a-induced neuronal loss, we isolated neuronal–
glial cultures from the cerebella of Mfge8 / mice [30]. The amount
of necrotic neurons in these untreated cultures was higher
(Fig. 4B). Addition of TNF-a induced no neuronal loss in these cultures lacking MFG-E8 (Fig. 4B). However, TNF-a-induced neuronal
loss in Mfge8 / culture was reconstituted by adding recombinant
MFG-E8 protein together with TNF-a, whereas adding MFG-E8
alone had no effect (Fig. 4B). Thus MFG-E8 is required for TNF-ainduced neuronal loss.
The microglial P2Y6 receptor is required for microglial phagocytosis of neurons, as UDP released from damaged neurons induces
formation of the phagocytic cup via activating microglial P2Y6

Fig. 3. TNF-a induced neuronal loss requires microglia, and is prevented by a TNFR inhibitor. (A) Neuronal loss induced by TNFa is prevented by selective depletion of
microglial cells with L-leucine-methyl ester (LME). (B) Soluble TNF receptor inhibitor (sTNF RI, 100 ng/ml) prevents neuronal loss induced by TNF-a. (B) Data are presented as
means for P3 independent experiments, ± S.E.M. of live neurons; ⁄⁄⁄P < 0.001 versus control, ###P < 0.001 versus TNF-a.
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Fig. 4. Inhibition of phagocytic signalling prevents neuronal loss and death induced by TNF-a. (A) Loss of neurons induced by TNF-a (two doses of 50 ng/ml for 3 days) is
prevented by blocking the phagocytosic receptor VNR with cyclo(RGDfV) peptide (cRGD, 50 lM). (B) TNF-a does not induce neuronal loss in neuronal/glial cultures from
Mfge8 / mouse cerebella, but the loss is reconstituted by the addition of recombinant MFG-E8 protein (rMFG-E8, 0.4 lg/ml, added together with the ﬁrst dose of TNF-a). (C)
Neuronal loss in mixed neuronal/glial cultures treated with tumour necrosis factor-a (TNF-a, 50 ng/ml) for 3 days is prevented by the selective P2Y6 inhibitor MRS2578 (MRS,
1 lM, added every day). Data are presented as means for P3 independent experiments, ± S.E.M. of live neurons, ⁄⁄/⁄⁄⁄P < 0.01/0.001 versus control, ##/###P < 0.01/0.001 versus
TNF-a, ++P < 0.01 versus rMFG-E8.

[17]. And we have recently shown that the P2Y6 receptors is
required for the microglial phagocytosis of neurons induced by
LPS or amyloid b [25]. So we tested whether inhibition of P2Y6 with
1 lM MRS2578 prevented TNF-a-induced neuronal loss, and found
that it did (Fig. 4C), indicating that activation of the P2Y6 phagocytic receptor is required for this neuronal loss.
Importantly, inhibition of P2Y6, inhibition of VNR or lack of
MFG-E8 prevented neuronal loss without statistically signiﬁcant
increases of the number of apoptotic or necrotic neurons in the cultures treated with TNF-a (Fig. 4). If microglia had been phagocytosing dead or dying neurons then inhibition of their phagocytosis
would have left necrotic or apoptotic neurons. Whereas we found
that inhibition of phagocytosis prevented neuronal loss and left
viable neurons, indicating that the neurons must have been viable
at the time of their phagocytosis, i.e. the neurons died by phagoptosis. These data demonstrated that TNF-a induces neuronal loss
that is mediated by microglial phagocytosis of otherwise viable
neurons recognized via the MFG-E8/VNR pathway.
It has been previously established that TNF-a activates microglia and triggers NADPH oxidase activation [9,13]. Even though TNFa itself is not directly neurotoxic [1], it may contribute to neuronal
damage due to microglial activation. Here we demonstrated that
TNF-a induced strong microglial proliferation (Fig. 1A), which is
often used as an indicator of microglial activation. In addition,
TNF-a increased the microglial phagocytic capacity (Fig. 1B), thus
promoting microglial uptake of neurons. Under inﬂammatory conditions TNF-a may be released by either activated microglial cells
or astrocytes. While it has been previously shown that microglia
cells produce TNF-a when activated with such triggers as LPS
[23] or amyloid b [13], whether TNF-a levels released by microglia
are sufﬁcient to induce phagoptosis has not yet been demonstrated. TNF-a concentrations that were used in this study to
induce phagoptosis were signiﬁcantly higher than those found in
cerebrospinal ﬂuid of patients with neurodegenerative diseases
(0.8 ng/ml in Alzheimer’s disease; [32]) or animal models of brain
inﬂammation (0.4 ng ml in rat experimental meningitis [4]). However, it is difﬁcult to extrapolate from these studies to what might
be focal/local extracellular concentration of TNF-a in diseased
brain. The relevance of TNF-a for phagoptosis in vivo is yet to be
determined.
Treatment with TNF-a alone was sufﬁcient to induce microgliadependent neuronal loss (Fig. 2A and B). Furthermore, this loss of
neurons was prevented by the VNR inhibitor cyclo(RGDfV) peptide
and in Mfge8 / cultures, indicating that neuronal loss was

mediated by the MFG-E8/VNR phagocytic pathway of microglial
cells (Fig. 4A and B). Inhibition of P2Y6 also prevented neuronal loss
indicating that this neuronal loss also required the UDP/P2Y6 phagocytic pathway (Fig. 4C). While pharmacological treatments used
in this study may potentially have had side effects unrelated to
phagocytosis (such as changes in microglial secretome), it is unlikely that such effects could have blocked neuronal death or promoted neuronal survival.
Altogether, the data presented here revealed that TNF-a induces
neuronal death by microglial phagocytosis. Consequently the
delayed neuronal loss that occurs in many pathologies accompanied by inﬂammation may be due to TNF-a-induced phagoptosis,
and might be prevented by blocking TNF-a production or function,
its receptor, microglial activation, MFG-E8, the vitronectin receptor
or the P2Y6 receptor.
Acknowledgements
This work was supported by the Wellcome Trust [084645/Z/08/
Z]. UN was supported by St John’s College (University of Cambridge), Department of Biochemistry (University of Cambridge)
and the Cambridge Trust.
References
[1] Allan, S. and Rothwell, N. (2001) Cytokines and acute neurodegeneration. Nat.
Rev. Neurosci. 2 (10), 734–744.
[2] Badiola, N., Malagelada, C., Llecha, N., Hidalgo, J., Comella, J.X., Sabria, J. and
Rodriguez-Alvarez, J. (2009) Activation of caspase-8 by tumour necrosis factor
receptor 1 is necessary for caspase-3 activation and apoptosis in oxygenglucose deprived cultured cortical cells. Neurobiol. Dis. 35 (3), 438–447.
[3] Bal-Price, A. and Brown, G. (2001) Inﬂammatory neurodegeneration mediated
by nitric oxide from activated glia-inhibiting neuronal respiration, causing
glutamate release and excitotoxicity. J. Neurosci. 21 (17), 6480–6491.
[4] Barichello, T., dos Santos, I., Savi, G.D., Florentino, A.F., Silvestre, C., Comim,
C.M., Feier, G., Sachs, D., Teixeira, M.M., Teixeira, A.L. and Quevedo, J. (2009)
Tumor necrosis factor alpha (TNF-alpha) levels in the brain and cerebrospinal
ﬂuid after meningitis induced by Streptococcus pneumoniae. Neurosci. Lett.
467, 217–219.
[5] Beg, A.A., Finco, T.S., Nantermet, P.V. and Baldwin Jr., A.S. (1993) Tumor necrosis
factor and interleukin-1 lead to phosphorylation and loss of I kappa B alpha: a
mechanism for NF-kappa B activation. Mol. Cell. Biol. 13 (6), 3301–3310.
[6] Brown, G.C. and Neher, J.J. (2012) Eaten alive! Cell death by primary
phagocytosis: ‘phagoptosis’. Trends Biochem. Sci. 37 (8), 325–332.
[7] Brown, G.C. and Neher, J.J. (2014) Microglial phagocytosis of live neurons. Nat.
Rev. Neurosci 15 (4), 209–216.
[8] Clark, I.A., Alleva, L.M. and Vissel, B. (2010) The roles of TNF in brain
dysfunction and disease. Pharmacol. Ther. 128 (3), 519–548.
[9] Combs, C.K., Karlo, J.C., Kao, S.C. and Landreth, G.E. (2001) beta-Amyloid
stimulation of microglia and monocytes results in TNFalpha-dependent

2956

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

U. Neniskyte et al. / FEBS Letters 588 (2014) 2952–2956
expression of inducible nitric oxide synthase and neuronal apoptosis. J.
Neurosci. 21 (4), 1179–1188.
De Lella Ezcurra, A.L., Chertoff, M., Ferrari, C., Graciarena, M. and Pitossi, F.
(2010) Chronic expression of low levels of tumor necrosis factor-alpha in the
substantia nigra elicits progressive neurodegeneration, delayed motor
symptoms and microglia/macrophage activation. Neurobiol. Dis. 37 (3),
630–640.
Dopp, J.M., Mackenzie-Graham, A., Otero, G.C. and Merrill, J.E. (1997)
Differential expression, cytokine modulation, and speciﬁc functions of type1 and type-2 tumor necrosis factor receptors in rat glia. J. Neuroimmunol. 75
(1–2), 104–112.
Fricker, M., Neher, J.J., Zhao, J.W., Théry, C., Tolkovsky, A.M. and Brown, G.C.
(2012) MFG-E8 mediates primary phagocytosis of viable neurons during
neuroinﬂammation. J. Neurosci. 32 (8), 2657–2666.
Jekabsone, A., Mander, P., Tickler, A., Sharpe, M. and Brown, G. (2006) Fibrillar
beta-amyloid peptide Abeta1-40 activates microglial proliferation via
stimulating TNF-alpha release and H2O2 derived from NADPH oxidase: a cell
culture study. J. Neuroinﬂammation 3, 24.
Kigerl, K.A., Ankeny, D.P., Garg, S.K., Wei, P., Guan, Z., Lai, W., McTigue, D.M.,
Banerjee, R. and Popovich, P.G. (2012) System xc
regulates microglia and
macrophage glutamate excitotoxicity in vivo. Exp. Neurol. 233, 333–341.
Kinsner, A., Boveri, M., Hareng, L., Brown, G., Coecke, S., Hartung, T. and BalPrice, A. (2006) Highly puriﬁed lipoteichoic acid induced pro-inﬂammatory
signalling in primary culture of rat microglia through Toll-like receptor 2:
selective potentiation of nitric oxide production by muramyl dipeptide. J.
Neurochem. 99 (2), 596–607.
Kinsner, A., Pilotto, V., Deininger, S., Brown, G., Coecke, S., Hartung, T. and BalPrice, A. (2005) Inﬂammatory neurodegeneration induced by lipoteichoic acid
from Staphylococcus aureus is mediated by glia activation, nitrosative and
oxidative stress, and caspase activation. J. Neurochem. 95 (4), 1132–1143.
Koizumi, S., Shigemoto-Mogami, Y., Nasu-Tada, K., Shinozaki, Y., Ohsawa, K.,
Tsuda, M., Joshi, B., Jacobson, K., Kohsaka, S. and Inoue, K. (2007) UDP acting at
P2Y6 receptors is a mediator of microglial phagocytosis. Nature 446 (7139),
1091–1095.
Lotz, M., Ebert, S., Esselmann, H., Iliev, A.I., Prinz, M., Wiazewicz, N., Wiltfang,
J., Gerber, J. and Nau, R. (2005) Amyloid beta peptide 1–40 enhances the action
of Toll-like receptor-2 and -4 agonists but antagonizes Toll-like receptor-9induced inﬂammation in primary mouse microglial cell cultures. J.
Neurochem. 94 (2), 289–298.
Mander, P. and Brown, G. (2005) Activation of microglial NADPH oxidase is
synergistic with glial iNOS expression in inducing neuronal death: a dual-key
mechanism of inﬂammatory neurodegeneration. J. Neuroinﬂammation 2, 20.

[20] Mander, P., Jekabsone, A. and Brown, G. (2006) Microglia proliferation is
regulated by hydrogen peroxide from NADPH oxidase. J. Immunol. 176 (2),
1046–1052.
[21] Medeiros, R. and LaFerla, F.M. (2013) Astrocytes: conductors of the Alzheimer
disease neuroinﬂammatory symphony. Exp. Neurol. 239, 133–138.
[22] Montgomery, S.L. and Bowers, W.J. (2012) Tumor necrosis factor-alpha and
the roles it plays in homeostatic and degenerative processes within the central
nervous system. J. Neuroimmune Pharmacol. 7 (1), 42–59.
[23] Neher, J.J., Neniskyte, U., Zhao, J.W., Bal-Price, A., Tolkovsky, A.M. and Brown,
G.C. (2011) Inhibition of microglial phagocytosis is sufﬁcient to prevent
inﬂammatory neuronal death. J. Immunol. 186 (8), 4973–4983.
[24] Neher, J.J., Emmrich, J.V., Fricker, M., Mander, P.K., Thery, C. and Brown, G.C.
(2013) Phagocytosis executes delayed neuronal death after focal brain
ischemia. Proc. Natl. Acad. Sci. U.S.A. 110 (43), E4098–4107.
[25] J.J. Neher, U. Neniskyte, T. Hornik, G.C. Brown (in press). Inhibition of UDP/
P2Y6 purinergic signaling prevents phagocytosis of viable neurons by
activated microglia in vitro and in vivo. Glia.
[26] Neniskyte, U. and Brown, G.C. (2013) Lactadherin/MFG-E8 is essential for
microglia-mediated neuronal loss and phagoptosis induced by amyloid beta. J.
Neurochem. 126 (3), 312–317.
[27] Neniskyte, U., Neher, J.J. and Brown, G.C. (2011) Neuronal death induced by
nanomolar amyloid b is mediated by primary phagocytosis of neurons by
microglia. J. Biol. Chem. 286 (46), 39904–39913.
[28] Ravichandran, K.S. and Lorenz, U. (2007) Engulfment of apoptotic cells: signals
for a good meal. Nat. Rev. Immunol. 7 (12), 964–974.
[29] Santello, M. and Volterra, A. (2012) TNFalpha in synaptic function: switching
gears. Trends Neurosci. 35 (10), 638–647.
[30] Silvestre, J.S., Théry, C., Hamard, G., Boddaert, J., Aguilar, B., Delcayre, A.,
Houbron, C., Tamarat, R., Blanc-Brude, O., Heeneman, S., Clergue, M., Duriez,
M., Merval, R., Lévy, B., Tedgui, A., Amigorena, S. and Mallat, Z. (2005)
Lactadherin promotes VEGF-dependent neovascularization. Nat. Med. 11 (5),
499–506.
[31] Smith, J.A., Das, A., Ray, S.K. and Banik, N.L. (2012) Role of pro-inﬂammatory
cytokines released from microglia in neurodegenerative diseases. Brain Res.
Bull. 87 (1), 10–20.
[32] Tarkowski, E., Wallin, A., Blennow, K. and Tarkowski, A. (1999) Local
production of TNF-a, a potent neuroprotective agent, in Alzheimer disease
and vascular dementia. J. Clin. Immunol. 19, 223–230.
[33] Walter, S., Letiembre, M., Liu, Y., Heine, H., Penke, B., Hao, W., Bode, B.,
Manietta, N., Walter, J., Schulz-Schuffer, W. and Fassbender, K. (2007) Role of
the toll-like receptor 4 in neuroinﬂammation in Alzheimer’s disease. Cell.
Physiol. Biochem. 20 (6), 947–956.

