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Several studies have elucidated the significance of a disintegrin and metalloproteinase proteins (ADAMs) in PNS myelination, but there
is no evidence if they also play a role in oligodendrogenesis and CNS myelination. Our study identifies ADAM17, also called tumor
necrosis factor-� converting enzyme (TACE), as a novel key modulator of oligodendrocyte (OL) development and CNS myelination.
Genetic deletion of TACE in oligodendrocyte progenitor cells (OPs) induces premature cell cycle exit and reduces OL cell survival during
postnatal myelination of the subcortical white matter (SCWM). These cellular and molecular changes lead to deficits in SCWM myelina-
tion and motor behavior. Mechanistically, TACE regulates oligodendrogenesis by modulating the shedding of EGFR ligands TGF� and
HB-EGF and, consequently, EGFR signaling activation in OL lineage cells. Constitutive TACE depletion in OPs in vivo leads to similar
alterations in CNS myelination and motor behavior as to what is observed in the EGFR hypofunctional mouse line EgfrWa2. EGFR
overexpression in TACE-deficient OPs restores OL survival and development. Our study reveals an essential function of TACE in oligo-
dendrogenesis, and demonstrates how this molecule modulates EGFR signaling activation to regulate postnatal CNS myelination.
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Introduction
Myelin, produced by oligodendrocytes (OLs) in the CNS, insu-
lates neuronal axons and is essential for rapid and efficient trans-
mission of action potentials as well as proper neuronal activity
(Nave, 2010). Deficits in myelination lead to neuronal dysfunc-
tion, axonal degeneration, deterioration of neurological func-
tions, and behavioral deficits (Nave and Trapp, 2008; Yamazaki et
al., 2010; Liu et al., 2012). The precise understanding of OL de-
velopment and integrity is essential, as emphasized by the preva-
lence of neurological diseases caused by malformation or
deterioration of myelin sheaths, including multiple sclerosis, leu-
kodystrophies, and complex neuropsychiatric disorders (Nave
and Trapp, 2008; Emery, 2010).

It is largely recognized that the transition from oligodendro-
cyte progenitor cells (OPs) into mature myelinating OLs is an
important step for myelination and remyelination (Franklin and
ffrench-Constant, 2008; Emery, 2010; Fulton et al., 2010; Fancy et

al., 2011; Miron et al., 2011). During tissue development and
repair, the accuracy and proper timing of OP expansion and OL
differentiation, together with cell survival during these processes,
are critical for tissue function, homeostasis, and repair (Fancy et
al., 2011). However, the molecular mechanisms that regulate
these processes, and consequently, OL development and myeli-
nation, are still not completely understood. Therefore, there is a
need to identify molecular targets that modulate OL lineage cell
survival and OP expansion and differentiation to design cell-
based strategies to promote remyelination in demyelinating
disorders.

Several studies have elucidated the significance of ADAMs
proteins in myelination, particularly in the PNS, but little is
known about their role in CNS myelination. ADAM10 is ex-
pressed in high abundance in the PNS, although it does not seem
to be critical for PNS myelination (Jangouk et al., 2009; Luo et al.,
2011). Knock-out mice that lack expression of ADAM19 display
normal myelination but show a delay during the process of remy-
elination in experimental models of demyelination (Wakatsuki et
al., 2009). Additionally, ADAM22 has been directly implicated in
myelination, as mice lacking ADAM22 present with hypomyeli-
nation in the PNS (Sagane et al., 2005). Finally, it has been re-
cently demonstrated that downregulation of TACE in motor
neurons in the PNS leads to precocious myelination by cleaving
Neuregulin1 type III (La Marca et al., 2011). However, the bio-
logical, developmental, and regenerative role of ADAM proteins
in oligodendrogenesis and CNS myelination has never been
reported.

Our study identifies TACE/ADAM17 as a critical player for
proper OL development and CNS myelination. By generating
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two new transgenic mouse lines in which TACE gene expression
is selectively deleted in OPs, we identify an essential function
of TACE in modulating OP cell cycle exit and OL lineage cell
survival during subcortical white matter (SCWM) develop-
ment, and, therefore, for functional CNS myelination. Fur-
thermore, our study here shows an essential function of TACE
in the shedding of EGFR ligands and for EGFR signaling acti-
vation in OL lineage cells during SCWM development. EGFR
overexpression in TACE-deficient OPs restores cell survival,
proliferation, and development, confirming the relevance of
this pathway in the modulation of oligodendrogenesis and
CNS myelination.

Materials and Methods
Animals. All animal procedures were performed according to the Insti-
tutional Animal Care and Use Committee of DLAR, SUNY Stony Brook
School of Medicine, and the NIH Guide for the Care and Use of Laboratory
Animals. Generation and characterization of CNP-EGFP (RRID:
MGI MGI:3850679; Yuan et al., 2002), NG2-dsRed (RRID: IMSR JAX:
008241; Zhu et al., 2008), and TACEfl/fl (Peschon et al., 1998; Ardito et al.,
2012) mouse lines was done as previously reported. The NG2-Cre
(RRID:IMSR JAX:008533; Zhu et al., 2008), Wa2 (JAX:000317; Lu-
etteke et al., 1994; Aguirre and Gallo, 2007; EgfrWa2), and PDGFR�-
creERT2 (Rivers et al., 2008) mice were obtained from The Jackson
Laboratories). Males and females were used for the analysis. Genotyping
of these transgenic mice was performed by PCR. The recombination effi-
ciency in PDGFR�-Cretm:TACEfl/fl:YFP and PDGFR�-Cretm:TACEw/w:
YFP control mice was calculated after injection of tamoxifen (TAM; 20
mg/kg) into P6 male and female pups for 3 consecutive days (24 h apart).
Mice were killed at 24 h after the last tamoxifen injection (P9) to calculate
the percentage of recombined YFP � cells in the developing SCWM. The
percentage of YFP �NG2 �/total NG2 � cells was used as a reference to
determine the efficiency of recombination in this mouse line. Our data
revealed that �88.2 � 4.1% of the NG2 � population was YFP � in the
SCWM at this developmental stage.

BrdU administration in vivo. The BrdU labeling protocol was per-
formed as previously described (Aguirre et al., 2007; Palazuelos et al.,
2014). For proliferation studies, BrdU was injected intraperitoneally at
100 mg/kg and tissue was processed for histological procedures 2 h fol-
lowing the injection. For cell cycle exit studies, BrdU was injected first
and 3 h later mice received TAM for 2 d and tissue was analyzed 48 h later
to quantify the percentage of OPs that exit the cell cycle (BrdU �Ki67 �/
BrdU � cells; Palazuelos et al., 2012).

Western blot. SCWM tissue (from TACE-deficient mice and control
littermates) was microdissected from 200-�m-thick coronal sections,
and tissue was used for whole-protein extraction using RIPA lysis buffer
(Santa Cruz Biotechnology) with inhibitors: PMSF in DMSO, protease
inhibitors, and sodium orthovanadate were as recommended by the
manufacturer (Santa Cruz Biotechnology ). Protein samples (15 �g)
were separated on 10% acrylamide (Bio-Rad) gels and transferred to
PVDF membranes (Millipore). Antibodies were used for detection of the
indicated proteins on PVDF membranes. Primary antibodies were used
in combination with secondary horseradish peroxidase-conjugate anti-
bodies to detect the protein in question using an enhanced chemilumi-
nescence substrate mixture (ECL Plus; GE Healthcare; Santa Cruz
Biotechnology; 1:5000). Protein levels in question were quantified and
expressed as arbitrary units (a.u.) after actin normalization. HB-EGF
and TGF� shedding in the SCWM was determined by Western blot
(WB) analysis by calculating the ratio between their respective
cleaved versus uncleaved forms, then normalized to actin levels and
expressed in a.u.

Immunohistochemistry. For characterization of OL lineage cells, brain
tissue was processed as previously described (Aguirre et al., 2007). In
brief, 30-�m-thick brain sections were incubated with the indicated pri-
mary antibodies (overnight at 4°C). The following day, sections were
washed and incubated with fluorescent secondary antibodies to reveal
and detect the antigens in question in situ using confocal microscopy.
The primary antibodies used are as follows: anti-NG2 (AB_91789) and

anti-GalC (AB_90632; Millipore); anti-BrdU (AB_609568; Accurate),
anti-MBP (AB_510039), and anti-CNP (AB_510037; Covance); total-
EGFR (AB_764519), anti-MOG (AB_2282105; Epitomics), anti-
PDGFR� (AB 631064), and anti HB-EGF (AB_354429; R&D systems);
anti-Ki67 (AB_442102; Novocastra); anti-CC1 (AB_213434; Calbio-
chem); anti-Caspase3 (RRID:AB_2069872), anti-pEGFR (AB_2096270),
and anti-YFP (AB_1196615;Cell Signaling Technology); and polyclonal
anti-Adam17 (AB_302796; Abcam), anti-Iba-1 (AB_2314666; Wako),
anti-TGF� (AB_630289), and HB-EGF(AB_2114608; Santa Cruz Bio-
technology) antibodies. The appropriate mouse, rat, and rabbit highly
cross-adsorbed Alexa Fluor 488, Alexa Fluor 547, and Alexa Fluor 647
secondary antibodies (Invitrogen) were used where appropriate.

Immunocytochemistry. Cells were plated onto poly-L-lysine-coated
glass coverslips (Sigma) to test both proliferation and cell survival. At the
conclusion of the respective experiments, cells were fixed with 4% PFA
and then incubated with 20% goat serum for 10 min at room tempera-
ture. The coverslips were then processed with primary antibody followed
by secondary antibody incubation.

FAC-sorting and cell cultures. FAC-sorting purification of CNP-EGFP�

low (OPs), CNP-EGFP� high (OLs), and PDGFR�-Cre::YFP �:NG2 �

cells was performed as previously described (Aguirre et al., 2010; Palazu-
elos et al., 2014). For TACE fl/fl versus TACE w/w OP culture experiments,
6-d-old PDGFR�-cre tm:TACE fl/fl and control pups received TAM for 2
consecutive days, and SCWM was microdissected 24 h after the last TAM
injection and processed for single-cell dissociation and immunolabeling
with anti-NG2 antibodies. Cell suspensions were analyzed for light for-
ward and side scatter using a FACStar plus instrument (Becton Dickin-
son). Purified CNP-EGFP � and YFP � cells were used for either cell
culture experiments or real-time (RT)-PCR analysis. The purity of OL
lineage FAC-sorted cells and OP cultures was confirmed by RT-PCR and
immunofluorescence analysis. RT-PCR analysis of OL and astroglial and
microglial cell markers evidenced a high enrichment of OL lineage cells
and the absence of other glial cells in our OP and pre-OL sorted cells (data
not shown). Similar results were obtained from PDGFR�:YFP:NG2 �

OP FAC-sorted cells. FAC-sorted cells were cultured for 24 h and the
purity of cell cultures was analyzed by immunofluorescence analysis.
Analysis with anti-PDGFR� and anti-GalC antibodies revealed that
96.1 � 2.1 and 95.8 � 2.8% of the wt and fl/fl NG2 �YFP �cells, respec-
tively, were positive for OP cell makers (PDGFR� or GalC; from total
DAPI � plated cells; data not shown). The purity of CNP-EGFP low (OPs)
and CNP-EGFP high (OLs)-sorted cells was 95.2 � 1.8% (EGFP �DAPI �/
DAPI � cells). Cells were seeded (20,000 cells/well) on poly-L-lysine-
coated coverslips in 24-well plates (BD Falcon) and maintained in
Neurobasal medium with N2 and B27 and 1.5% FBS (Supplements;
Invitrogen) for several days in vitro as indicated in each experiment.
When FAC-sorted cells were maintained under conditions of prolifera-
tion we used PDGF (2.5 ng/ml) and bFGF2 (10 ng/ml). When cells were
cultured under differentiation conditions, cell cultures were supple-
mented with NT-3 (10 ng/ml) and T3 (30 ng/ml). In vitro cell prolifera-
tion assays were performed by adding BrdU at 200 ng/ml for 6 h before
the end of the experiment. After culture, cells were processed for immu-
nocytochemistry analysis.

Retrovirus production and infection. OP cultures were stably trans-
duced using GFP retrovirus (Aguirre et al., 2007; Ivkovic et al., 2008) by
directly adding viral particles to the cell culture media twice, 24 h apart.
EGFR-GFP and CLE-GFP plasmids were a kind gift from Dr. Sally Tem-
ple (Neural Stem Cell Institute, Rensselaer New York; Sun et al., 2005;
Ivkovic et al., 2008). Replication-deficient viruses with vsv-G coats were
generated from these constructs as previously described (Aguirre et al.,
2007). EGFR-GFP retrovirus stocks were assayed with NIH 3T3 cells with
2 �l of 1–2 � 10 6 cfu/ml. OP cell cultures were infected with either
EGFR-GFP or CLE-GFP as indicated. Then, cell cultures were main-
tained under proliferating or differentiating conditions for 1 d or 3 d,
respectively, and cell proliferation, survival, and development were ana-
lyzed by immunofluorescence analysis.

Microscopy and cell counting. A confocal laser-scanning microscope
TCS-SP5 (Leica DMI6000 B instrument) was used for image localiza-
tion of FITC (488 nm laser line excitation; 522/35 emission filter),
Cy3 (570 nm excitation; 605/32 emission filter), and Cy5 (647 exci-
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tation; 680/32 emission filter). Optical sections (z � 0.5 �m) of con-
focal epifluorescence images were sequentially acquired using a 63�
objective (NA 1.40), with LAS AF software. ImageJ software was then
used to overlap collected images. Merged confocal images were pro-
cessed in Photoshop Cs4 software (Adobe) with minimal manipula-
tion of contrast. At least six different brains for each strain and each
experimental condition were analyzed and counted. Cell counting
was performed blindly, and tissue sections were matched across sam-
ples. An average of 8 –10 sections were quantified using unbiased
stereological morphometric analysis for the SCWM to obtain an esti-
mate of the total number of positive cells. All cell-density quantifica-
tion data were obtained by cell counting using ImageJ, and data are
presented as the mean cell number per cubic millimeter (�1000;
Aguirre et al., 2007, 2010).

qRT-PCR and semiquantitative PCR analysis. mRNA was isolated from
FAC-sorted cells, CNP-EGFP low (OPs), and CNP-EGFP high (OLs) by
using TRIzol (Invitrogen). RNA from each sample was reverse tran-
scribed using the SuperScript First-Strand cDNA Synthesis kit (Invitro-
gen). Mouse gene-specific primers were obtained from Integrated DNA
Technologies. Semiquantitative PCR amplifications were performed us-
ing the following conditions: 93°C for 1 min, two rounds (30 s at 59°C, 1
min at 72°C, and 30 s at 93°C), two rounds (30 s at 57°C, 1 min at 72°C,
and 30 s at 93°C), and 35 cycles (30 s at 55°C, 1 min at 72°C, and 30 s at
93°C). After a final extension step at 72°C for 5 min, PCR products were
separated on 1.5% agarose gels. qRT-PCR was performed with the SYBR
Green system. Amplifications were run in a LightCycler 480 Real-time
PCR system (Roche), and the values obtained were adjusted using 18S
and �-actin mRNA levels as references. The sequences of the primers
used are as follows: TACE forward primer 5�- TGTGGTTATTTAAAT-
GCAGATAGTGA-3�; TACE reverse primer 5� TCACTCGACGAA-
CAAACTCTTC-3�; HB-EGF forward primer 5�-CTCTTGGCCCTT
AGAGAGGAG-3�; HB-EGF reverse primer 5�-ACTGGAGTGTGGG
TGTAGGG-3�; TGF� forward primer 5�-CCTGGTGGTGGTCTCCA
TT-3�; TGF� reverse primer 5�- CAGTGTTTGCGGAGCTGA-3�.

PMA-induced EGFR ligands shedding analysis. PMA (Sigma) was dis-
solved in DMSO at 2 �g/�l and stored at �20°C. For in vitro experiments
PMA was used at 20 ng/ml and for in vivo experiments it was adminis-
tered at 0.15 mg/kg by intraperitoneal injection. HB-EGF shedding de-
tection in vitro was analyzed at 1 h after treatment by ELISA analysis
(CUSABIO) using supernatant from wt and fl/fl cell cultures, treated
with either vehicle or PMA.

Behavioral test, Open Field Test. To measure general motor activity, we
used the Open Field apparatus (Tress et al., 2012). P30 mice (n � 10 each
group) were placed on a corner of a 40 cm 2 gridded arena and monitored
for 10 min using an EthoVision XT system (Noldus). Motor behavior was
measured as velocity (mean velocity in 10 min) and fast movements
(time moving faster than 4 cm/s).

Statistics. Results are shown as the mean � SEM. The number of
experiments and number of animals used for each experiment are indi-
cated in the figure legends. Statistical analysis was performed by one-way
or two-way ANOVA as appropriate. A post hoc analysis was made by the
Student–Newman–Keuls test.

Results
TACE/ADAM17 is expressed by OL lineage cells during
SCWM myelination
To determine whether TACE is involved in oligodendrogenesis
and CNS myelination, we first analyzed the pattern of expression
of TACE in the SCWM at different developmental stages. WB
analysis of SCWM extracts from P8 –P90 revealed an expression
pattern of TACE, which peaked during the critical periods of
SCWM myelination (Fig. 1A,B). We next characterized TACE
expression in OL lineage cells by immunofluorescence analysis in
the SCWM of transgenic reporter mice, in which promoters of
OL markers drive the expression of fluorescent proteins in OL
lineage cells (CNP-EGFP and NG2-dsRed mice). The CNP-EGFP
mouse line, based on EGFP intensity, allows for the identification
of OPs (CNP-EGFP low; Fig. 1C1) and pre-OLs CNP-EGFP hight

(Fig. 1C2; Yuan et al., 2002). In the NG2-dsRed mouse line, the
red fluorescence is only present in OPs (Fig. 1D1) and not in their
progeny, whose signal decreases during OL differentiation (Fig.
1D2,D3; Zhu et al., 2008). Immunofluorescence analysis in the
SCWM at P15 evidenced that TACE is expressed in both OPs
(CNP-EGFP lowCC1 neg, NG2-dsRed�; Fig. 1C1,D1,E1) and pr-
emyelinating OLs (CNP-EGFP highCC1�, NG2-dsRed negCC1�;
Fig. 1C2,D2,D3,E2). Of note, higher TACE levels were observed
in cells transitioning to premyelinating OLs in the developing
SCWM (Fig. 1C,E). We confirmed these results by establishing
primary OP cell cultures from NG2� FAC-sorted cells obtained

Figure 1. TACE/ADAM17 is expressed by OL lineage cells during SCWM development. A, B, WB analysis and quantification of TACE expression from SCWM protein extracts obtained at P8 –P90.
C–E, Characterization by immunofluorescence analysis of TACE expression in OL lineage cells during SCWM development. Immunofluorescence with anti-TACE and CC1 antibodies at P15 in the
SCWM of CNP-EGFP (C) and NG2-dsRed (D, E) mice. OPs are characterized by NG2 expression and low CNP-EGFP expression levels and pre-OLs by CC1 expression and high CNP-EGFP levels (C, D). TACE
is expressed by both OP cells (CNP-EGFP low CC1 neg, C1; NG2-dsRed high, D1, E1a, E1b) and premyelinating OLs (CNP-EGFP high CC1 �, C2; NG2-dsRed low, D2, E2). D3, Represents a mature OL,
characterized CC1 expression, and NG2-dsRed neg. F, Characterization of TACE expression during OL development in vitro. NG2 � cells were FAC-sorted at P8 from the SCWM. F, Top, Immunofluo-
rescence analysis with anti-TACE antibodies shows TACE expression in OPs (PDGFR� �). F, Bottom, FAC-sorted NG2 � cells were also maintained in culture under differentiation conditions for 4 d
to allow OL differentiation. This analysis showed that TACE is also expressed in cells undergoing OL differentiation (CNP � cells). G, A typical FACS plot diagram of CNP-EGFP � cells isolated from
SCWM of the CNP-EGFP mouse at P4. H, I, RT-PCR analysis and quantification of TACE from CNP-EGFP low (OPs) and CNP-EGFP high (OLs) FAC-sorted cells. Data are shown as mean � SEM, n � 5 brains
for each time point and three independent experiments. Scale bars: C–E, 10 �m; F, 5 �m.
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from the SCWM. Consistent with our analysis in vivo, TACE
expression was observed in OPs (PDGFR�� cells) and cells un-
dergoing OL differentiation (CNP� cells; Fig. 1F). Finally, to
quantify TACE expression levels during OL differentiation, we
isolated CNP-EGFPlow (OPs) and CNP-EGFPhigh (OLs) from the
SCWM of P5 CNP-EGFP mice (Fig. 1G). RT-PCR analysis con-
firmed that TACE is expressed by OPs but TACE mRNA levels were
increased in pre-OLs (Fig. 1H,I). These results point to a role for
TACE in OL development and SCWM myelination.

TACE/ADAM17 is essential for postnatal CNS myelination
To directly define whether TACE plays a role in OL development
and CNS myelination, we generated a new mouse line (PDGFR�-

Cre tm:TACE fl/fl:YFP;fl/fl mice), to ablate
TACE expression in OPs upon Tamoxifen
(TAM) administration. In this mouse
line, TAM-mediated recombination also
induces YFP expression allowing for the
identification and tracking of recombined
cells in both fl/fl mice and their control
littermates (w/w; Fig. 2A). We first con-
firmed the high recombination efficiency
in the SCWM of fl/fl mice at P15 com-
pared with their wt littermates (Fig. 2A–C;
see also Materials and Methods). To de-
termine the role of TACE in oligodendro-
genesis and myelination, control and fl/fl
mice received TAM at P6 for 3 consecu-
tive days, and SCWM myelination was an-
alyzed at 1 week (P15) and 3 weeks (P30)
after the last TAM injection (Fig. 2A). Im-
munofluorescence and WB analysis at
P15 and P30 evidenced reduced myelin-
related protein levels [myelin basic pro-
tein (MBP), 2�,3�-cyclic nucleotide 3�-
phosphosdiesterase (CNP)] in the SCWM
of fl/fl mice compared with their wt litter-
mates (Fig. 2D–F). To confirm these re-
sults, we generated a second mouse line in
which TACE is constitutively deleted in
NG2� OPs under the expression of the
NG2 promoter (NG2-Cre:TACE fl/fl).
Consistent with our data using the induc-
ible PDGFR�-Cretm:TACEfl/fl:YFP mouse
line, constitutive deletion of TACE in OPs
(NG2-Cre:TACEfl/fl mouse) revealed defi-
cits in postnatal SCWM myelination com-
pared with control littermates (Fig. 2G).

Several reports have demonstrated
that defects in postnatal CNS myelina-
tion lead to behavioral alterations in ro-
dents (Fahlström et al., 2011; Liu et al.,
2012; Scafidi et al., 2014). By using the
Open Field Test we analyzed whether
the SCWM myelination deficiencies ob-
served in fl/fl mice could also lead to
alterations in motor performance. In-
terestingly, we observed a reduction in
velocity and fast movements in NG2-
cre:TACE fl/fl mice at P30 compared with
control mice (Fig. 2H–J ). Our data here
indicate that TACE exerts an essential
function in modulating OL develop-

ment and functional CNS myelination.

TACE/ADAM17 deficiency in OPs induces premature cell
cycle exit
To define the mechanisms by which TACE regulates CNS my-
elination, we analyzed OL development in the SCWM of
TACE-deficient mice. To this end, PDGFR�-Cre tm:TACE fl/fl:
YFP and control mice received TAM at P6 for 3 consecutive
days, and we characterized the YFP � population in the SCWM
at 1 week after TACE deletion in OPs (Fig. 3A). A significant
twofold reduction in the number of recombined YFP � cells
and CC1 � OLs was observed in the SCWM of fl/fl mice when

Figure 2. TACE deficiency in OPs leads to deficits in postnatal CNS myelination and motor function. A–F, Time line depicting the
TAM (red bar) treatment paradigm and time points of analysis (arrows). TAM was injected three times 24 h apart into control
PDGFR�-Cre tm:TACE w/w (w/w) and PDGFR�-Cre tm:TACE fl/fl (fl/fl) mice starting at P6, and tissue was processed at the indicated
time points (arrows, P15 and P30). B, C, WB analysis of TACE levels of microdissected SCWM at 1 week after TACE deletion (P15)
evidenced high TACE depletion in fl/fl SCWM compared with control. D, Representative confocal images with anti-MBP antibodies
in the SCWM of control and fl/fl mice at 3 weeks after deletion of TACE (P30). E, F, WB analysis of microdissected SCWM at
1 and 3 weeks after TACE deletion (P15 and P30, respectively) showed reduced levels of MBP and CNP proteins in fl/fl mice
compared with controls. Histograms are expressed as arbitrary units (a.u.) after actin normalization. G, Representative
confocal images with anti-MBP antibodies in the SCWM of NG2-Cre:TACE fl/fl and control mice at P30. H–J, The Open Field
Behavioral Test was performed at P30 in the NG2-Cre tm:TACE fl/fl/YFP (fl/fl) and control mice. H, Representative patterns of
motor activity in the Open Field apparatus. I, Velocity was measured as the mean velocity in a 10 min test trial. J, Time
performing fast movements, defined as movement faster than 4 cm/s. Data are shown as mean � SEM; n � 10 mice for
each time point and three independent experiments. Scale bars: 100 �m. *p 	 0.05, **p 	 0.01, and ***p 	 0.001 versus
control (w/w) mice.
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compared with control littermates (Fig. 3B–E), suggesting that
TACE may regulate OP cell proliferation and/or OL lineage
cell survival.

As expansion of OPs is an important stage during oligoden-
drogenesis and CNS myelination, we analyzed whether the de-
fects in myelination observed in fl/fl mice could be a consequence
of a reduced proliferative capacity of fl/fl OPs. To this end, we first
induced TACE deletion at P6 –P8 and we analyzed OP prolifera-
tion in the SCWM of wt and fl/fl mice at 24 h (P9) and 1 week
(P15) after the last TAM administration. BrdU was administered
to wt and fl/fl mice 2 h before the end of the experiment (Fig. 3F).
By using this paradigm, we detected a reduced number of prolif-
erating OPs (BrdU�) among the recombinant YFP� population,
and a reduced density of proliferating OPs (NG2�BrdU�) in the
SCWM of fl/fl mice (Fig. 3G,H; data not shown). Consistent with
this observation, immunofluorescence analysis revealed a re-
duced percentage of NG2� cells (OPs) and increased percentage

of OLs (CC1�) within the recombinant YFP� population in the
SCWM of fl/fl mice at both developmental stages (P9 and P15)
compared with their wt littermates (Fig. 3 I, J), suggesting that
TACE depletion in OPs induces premature cell cycle exit and OL
differentiation. To fully examine the cell cycle dynamics in OPs
after TACE deletion, we performed cell cycle exit experiments
in vivo. Control and fl/fl mice were injected with BrdU at P6
and 3 h later, and mice received two TAM injections (24 h
apart). We analyzed OP cell cycle exit by using Ki67 and BrdU
labeling at 24 h after the last TAM (Fig. 3K ). We quantified the
proportion of double-labeled BrdU �Ki67 � cells (as Ki67 is an
endogenous marker of cycling OPs) over BrdU-labeled cells
(in S phase) in the developing SCWM of control and fl/fl mice.
TACE depletion in OPs induced premature cell cycle exit, as a
reduced proportion of cycling Ki67 �BrdU � OPs was found in
the SCWM of fl/fl mice compared with control mice (Fig.
3 L, M ).

Figure 3. TACE deficiency in OPs induces premature cell cycle exit during postnatal SCWM development. A, F, K, N, Time line depicts the TAM (red bar) treatment paradigm and time
points of analysis (arrows). TAM was injected into control PDGFR�-Cre tm:TACE w/w/YFP (w/w) and PDGFR�-Cre tm:TACE fl/fl/YFP (fl/fl) mice (3 times, 24 h apart) starting at P6, and tissue
was processed at the indicated time points (P9 and P15). B–E, Representative confocal images and quantification of total YFP � cells (B, C) and CC1 � OLs (D, E) cells in the SCWM at 1
week after TAM (P15). YFP � and CC1 � cell numbers were significantly reduced in the SCWM of fl/fl mice compared with control mice. F–J, Immunofluorescence analysis and
quantification of the percentage of proliferating OPs (BrdU �NG2 �YFP �/YFP �; G, H ), OPs (NG2 �YFP �/YFP �; I, J ), and pre-OLs (YFP �CC1 �; I, J ) within the YFP � recombinant
population in the SCWM at 1 week after TAM (P15). K–M, Analysis of OP cell cycle exit in the developing SCWM. BrdU was injected at P6 and 3 h later mice received TAM injections for 2
consecutive days, and tissue was analyzed at 24 h after the last TAM injection. Representative images and quantifications of the percentage of OPs that remain in the cell cycle
(Ki67 �BrdU �/BrdU � cells) in wt and fl/fl mice in fl/fl SCWM at P8. TACE depletion in OPs accelerates cell cycle exit, as shown by the reduced percentage of Ki67 �BrdU �/BrdU � cells.
N–Q, Cell culture experiments performed using NG2 � FAC-sorted cells isolated from the SCWM of control PDGFR�-Cre tm:TACE w/w/YFP (w/w) and PDGFR�-Cre tm:TACE fl/fl/YFP (fl/fl)
mice at 48 h after the last TAM injection (P6 –P8). Representative images and quantification of the percentage of proliferating OPs (PDGFR� �BrdU �/PDGFR� �cells; O, P) and pre-OL
(GalC �/total cells; Q) at 48 h after plating. Data are shown as mean � SEM; n � 6 –10 brains for each time point and three independent experiments. Scale bars: 10 �m. **p 	 0.01
and ***p 	 0.001 versus control/control cells.
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To confirm these findings, we performed OP cell culture ex-
periments. Control and PDGFR�-Cre tm:TACE fl/fl:YFP mice
received TAM at P6 for 3 consecutive days and 24 h after last
TAM injection, and the SCWM of control and fl/fl mice was
dissected out and prepared for FAC-sorting (Fig. 3N). Isolated
NG2�YFP� OPs were cultured under proliferative culture con-
ditions and 48 h later were processed for analysis. As observed in
vivo, TACE depletion in OPs induced OP cell cycle withdrawal, as
we found reduced numbers of proliferating OPs (BrdU�/
PDGFR��) in fl/fl OP cultures compared with control OP cul-
tures (Fig. 3O,P). Moreover, at the same time point and under the
same culture conditions, we detected a higher number of pre-OLs
(GalC� cells; Fig. 3Q) in fl/fl cultures, confirming our results in
vivo and suggesting that TACE deletion in OPs induces prema-
ture cell cycle withdrawal and differentiation. Altogether, our
analysis here demonstrates that TACE is essential for determin-
ing the proper timing of OP cell cycle exit to accurate OL devel-
opment and functional CNS myelination.

TACE/ADAM17 supports OL lineage cell survival
To define if the reduced number of OL lineage cells observed in
fl/fl SCWM could be a result of altered cell survival, we analyzed
Caspase3� expression within the recombinant YFP� population
in the SCWM of wt and fl/fl mice. Immunofluorescence analysis
at 24 h after last TAM injection (P9, Tam P6 –P8) evidenced an
increased number of YFP�/Caspase3� cells in the SCWM of fl/fl
mice (Fig. 4A–C). Our data indicate that TACE deletion disturbs
the survival of premyelinating OLs (YFP�CC1� cells), as signif-
icantly more YFP�CC1�Caspase3� cells were found in the
SCWM of fl/fl mice. We also observed increased cell death among
OPs (YFP�PDGFR��Caspase3� cells) at this time point, but to
a lesser extent (Fig. 4B,C). These results were confirmed by WB
analysis, as we found increased activated-Caspase3 levels in the
SCWM of fl/fl mice at P9, compared with control mice (Fig. 4D).
Accordingly, fl/fl mice showed increased microglial activation
(Iba-1� cells) in the SCWM at this age (Fig. 4E,F). Phagocytosis
of OL lineage cells by microglia occurred frequently in the devel-
oping fl/fl SCWM (Fig. 4G,H), supporting the idea that the re-
duction in OL lineage cell number observed in the SCWM of fl/fl
mice is a consequence of increased OL lineage cell death during
SCWM myelination.

We further confirmed the role of TACE on OL lineage cell
survival by using OP cell culture experiments as above. FAC-
sorted control and fl/fl OPs (NG2�YFP�) were obtained from
the SCWM of control and PDGFR�-Cre tm:TACE fl/fl:YFP mice
and cultured for 24 h or 48 h under proliferative conditions (Fig.
4I). Immunofluorescence analysis evidenced an increased num-
ber of Caspase3�PDGFR�� cells in fl/fl cultures compared with
controls at both time points (Fig. 4 J,K). Moreover, in fl/fl cul-
tures, we also found an increased proportion of Caspase3� cells
among the pre-OL population (CNP� and GalC� cells), con-
firming the results observed in vivo (Fig. 4K). Our data here
demonstrate that TACE is essential for determining the proper
timing of OP expansion and cell cycle exit and for sustaining OL
lineage cell survival during the critical periods of oligodendro-
genesis and SCWM myelination.

TACE/ADAM17 is essential for EGFR activation in
oligodendroglial lineage cells during postnatal myelination
TACE has been proposed as the main ADAM metalloproteinase
responsible for the shedding of EGFR ligands in several develop-
mental and pathological contexts (Sahin et al., 2004; Blobel, 2005;
Scheller et al., 2011). Moreover, EGFR is an important modulator

of OL development, specifically by supporting the survival, ex-
pansion, and migration of the pool of OPs in the subventricular
zone and OL migration during OL regeneration after demyelina-
tion (Aguirre and Gallo, 2007; Aguirre et al., 2007). To analyze
whether TACE acts via EGFR in OL lineage cells during postnatal
myelination, we analyzed EGFR activation in OL lineage cells in
the SCWM of wt and fl/fl mice. Control and fl/fl mice received
TAM at P6 for 3 consecutive days and EGFR activation was ana-
lyzed in OL lineage cells in the SCWM at 24 h after the last TAM
injection. Immunofluorescence analysis revealed reduced EGFR
activation levels in fl/fl YFP� OL lineage cells compared with
control YFP� cells (Fig. 5A). Moreover, WB analysis confirmed
reduced EGFR activation levels in the SCWM of fl/fl mice (Fig.
5C,D) These findings suggest a crucial role for TACE in modu-
lating EGFR activation in OL lineage cells during postnatal
SCWM myelination.

Several studies have elegantly demonstrated that TACE deple-
tion results in similar cellular and molecular alterations as to
those observed in mice lacking EGFR ligands and/or receptors
(Jackson et al., 2003; Sternlicht et al., 2005; Franzke et al., 2012).
Hence, we investigated whether this phenotype also operates in
the context of oligodendrogenesis and CNS myelination by ana-
lyzing SCWM development of the EGFR hypomorphic mouse
line (Wa2). Immunohistochemistry and WB analysis revealed
similar reduced levels of pEGFR in the SCWM of P15 Wa2 and
PDGFR�-cre:TACE fl/fl mice compared with their respective
control littermates (Fig. 5A–F). WB and immunofluorescence
analysis of myelin proteins at P15 in the SCWM showed sim-
ilar alterations in postnatal myelination in the Wa2 and NG2-
cre:TACE fl/fl mouse lines (Fig. 5E–G). Interestingly, we also
detected similar alterations in motor functions in Wa2 and
NG2-cre:TACE fl/fl mice at P30 using the Open Field apparatus
(Fig. 5H–J ). Our data suggest the involvement of TACE in
EGFR signaling activation in OL lineage cells during oligoden-
drogenesis and postnatal SCWM myelination.

TACE/ADAM17 is crucial for TGF� and HB-EGF shedding in
OL lineage cells during postnatal myelination
The relevance of EGFR signaling during postnatal CNS myelina-
tion and remyelination after demyelination has been recently
demonstrated (Aguirre et al., 2007; Scafidi et al., 2014). However,
the source of EGFR ligands that drives OP expansion, OL devel-
opment, and regeneration during myelination and remyelination
has never been addressed. We hypothesized that OL lineage cells
represent an important source of EGFR ligands during CNS my-
elination, where shedding is mainly modulated by TACE. To
address this, we first characterized the pattern of HB-EGF shed-
ding during SCWM development. WB analysis of total protein
extracts isolated from the SCWM at different postnatal ages re-
vealed a similar pattern between TACE expression and HB-EGF
shedding during postnatal SCWM development (Figs. 6A, 1A,B),
suggesting a functional interaction between TACE, EGFR signal-
ing, and SCWM myelination. Immunofluorescence analysis in
the SCWM of CNP-EGFP mice revealed high expression levels of
HB-EGF in OL lineage cells (Fig. 6B). Furthermore, to confirm
the expression of EGFR ligands by OL lineage cells, we analyzed
the expression levels of EGFR ligands from FAC-sorted CNP-
EGFP low (OPs) and CNP-EGFPhigh (pre-OLs) as above. Tran-
scripts from both EGFR ligands HB-EGF and TGF� were
detected in OPs and pre-OL extracts (Fig. 6C,D). Our data
here suggest that the mechanism by which TACE regulates OL
development, including cell survival and proliferation, could
be mediated by modulating the shedding of HB-EGF and
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TGF�, and, consequently, the activation of EGFR signaling in
OL lineage cells. To determine whether TACE controls EGFR
ligand shedding in OL lineage cells during postnatal myelina-
tion, we analyzed HB-EGF and TGF� shedding in the devel-
oping SCWM of wt and fl/fl mice. Control and fl/fl mice
received TAM injections for 3 consecutive days (P6 –P8) and
SCWM extracts were obtained at 48 h after the last TAM in-

jection (Fig. 6E). By using this approach, our WB analysis
evidenced reduced shedding of HB-EGF and TGF� in the
SCWM of fl/fl mice (Fig. 6 F, G), suggesting a role for TACE in
modulating EGFR ligand shedding in OL lineage cells during
SCWM development.

Stimulated ectodomain shedding by phorbol esters (PMA)
is considered a critical feature of ADAM proteins, and

Figure 4. TACE deficiency in OPs disturbs OL lineage cells survival. A–G, Characterization of OL lineage cell death in the SCWM of the control PDGFR�-Cre tm:TACE w/w/YFP (w/w) and
PDGFR�-Cre tm:TACE fl/fl/YFP (fl/fl) mice. A, I, Time line depicts the TAM (red bar) treatment paradigm and time points of analysis (arrows). B, C, Immunofluorescence and quantification
of OL lineage cell death by detecting activated caspase3 (Caspase3 �) cells in the SCWM at 24 h after the last TAM (P9). Increased numbers of activated Caspase3 � cells within OPs
(YFP �NG2 � cells) and pre-OL (YFP �CC1 �) cell populations were observed in fl/fl SCWM compared with control. D, SCWM of control and fl/fl mice at P9 was dissected and tissue was
prepared for WB analysis. Representative blot for active Caspase3 obtained from fl/fl and control SCWM protein extracts. Histograms are expressed as arbitrary units (a.u.) after actin
normalization. E, Anti-Iba1 antibodies were used to detect microglial cells at 24 h after the last TAM administration (P9). Analysis of the SCWM of fl/fl mice showed increased microglial
activation (Iba-1 �) compared with wt mice. F–H, Also at this time point, increased numbers of YFP � OL lineage cells had been phagocytized by microglial cells in the fl/fl SCWM. G, H,
Immunofluorescence with anti-Lamp2 � antibodies was performed to detect phagocytosis in the SCWM of the fl/fl and control mice. Representative confocal images depicting examples
of YFP � cells in the process of being phagocytized by microglial cells, in which YFP protein is being degraded inside microglial lysosomes (Lamp2 �). H, Confocal images show orthogonal
planes of the squared area in G. I–K, Cell culture experiments performed with NG2 � FAC-sorted cells isolated from the SCWM of PDGFR�-Cre tm:TACE w/w/YFP (control) and PDGFR�-
Cre tm:TACE fl/fl/YFP (fl/fl) mice at 24 h after last TAM. J, Representative images and quantification of Caspase3 � cells within PDGFR� � (OPs) and pre-OL (CNP �) population at 24 h after
plating. Analysis shows that TACE depletion in OPs reduces cell survival, as higher numbers of Caspase3 � OL lineage cells were found in fl/fl cultures. Right, Shows an example of a pre-OL
in the process of apoptosis (CNP �Capase3 �), which is more abundant in fl/fl OP cultures. Cell numbers are expressed as the percentages of Caspase3 � cells within NG2 � (OPs) or CNP �

(OLs) cells. Data are shown as mean � SEM; n � 6 –10 brains for each time point and three independent experiments Scale bars: 10 �m. **p 	 0.01 and ***p 	 0.001 versus control
(w/w) cells.
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ADAM17 has been proposed as the major PMA-responsive
sheddase (Blobel, 2005, Horiuchi et al., 2007, Kveiborg et al.,
2011). Thus, to directly address whether TACE modulates
EGFR ligand shedding in OL lineage cells, we studied the ca-
pacity of fl/fl OL lineage cells to respond to PMA stimulation,
both in vitro and in vivo. First, FAC-sorted OPs obtained from
the SCWM of control and fl/fl mice were stimulated with
PMA, and 4 h later, HB-EGF shedding was analyzed by quan-
tifying the levels of the mature form in the culture media by
ELISA (Fig. 6H ). Our data showed that PMA induced HB-EGF
shedding and release in wt OP cell cultures. In parallel, fl/fl OP
cultures showed reduced HB-EGF shedding compared with wt
control OP cultures, and similar levels of HB-EGF were found

in the supernatant of vehicle and PMA-stimulated fl/fl OP
cultures (Fig. 6I ), suggesting that TACE is the main ADAM
protein responsible for the shedding and release of the mature
form of this EGFR ligand in OL lineage cells.

To examine whether HB-EGF shedding is also mediated by
TACE in OL lineage cells in vivo, we administered PMA into
control and PDGFR�-Cre tm:TACE fl/fl mice. Both, control and
fl/fl mice received TAM injections (P6 –P8), and 24 h later mice
received a single PMA injection, and 4 h later SCWM tissue was
processed to analyze EGFR ligand shedding by WB analysis (Fig.
6J). Interestingly, PMA administration in vivo induced HB-EGF
and TGF� shedding in control mice, as higher levels of the ma-
ture forms were found in the SCWM of PMA-induced control

Figure 5. TACE modulates EGFR activation in OL lineage cells. A, C, D, TAM was injected into control PDGFR�-Cre tm:TACE w/w/YFP (w/w) and PDGFR�-Cre tm:TACE fl/fl/YFP (fl/fl) mice
(2 times, 24 h apart) starting at P6, and tissue was processed at 1 week after last the TAM injection (P15). A, Characterization of the EGFR activation levels in OL lineage cells in the SCWM.
Reduced pEGFR levels in recombinant YFP � cells were observed in fl/fl samples compared with control samples. B, A similar reduction in pEGFR levels within OLs was observed in the
SCWM of Wa2 mice and PDGFR�-Cre tm:TACE fl/fl/YFP (fl/fl) at P15 compared with their respective control littermates. C–F, SCWM was dissected from PDGFR�-Cre tm:TACE fl/fl (fl/fl) and
Wa2 mice at P15 to analyze EGFR activation levels by WB analysis. G, Representative confocal images in the SCWM at P15 of myelin proteins in the NG2-Cre::TACE fl/fl and Wa2 mice.
Histograms express results in arbitrary units (a.u.) after actin normalization and referred to the levels of their corresponding wt littermates. H–J, Locomotor activity of NG2-Cre::TACE fl/fl,
Wa2, and their respective control mice was evaluated at P30 by using the Open Field apparatus. H, Velocity is measured as the mean velocity in a 10 min test trial. I, Time spent in fast
movement, defined as time spent performing movements faster than 4 cm/s. J, Representative patterns of locomotor activity in the Open Field Test of NG2-Cre::TACE fl/fl, Wa2, and control
mice from each genotype time at P30. Data are shown as mean � SEM; n � 6 –12 brains for each time point and three independent experiments. Scale bars: A, B, 5 �m; G, 100 �m.
*p 	 0.05, **p 	 0.01, and ***p 	 0.001 versus control of each phenotype.
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mice compared with vehicle-treated control mice (Fig. 6K,L).
However, PMA failed to modulate EGFR ligand shedding in the
SCWM of fl/fl mice. Moreover, WB analysis of extracts from the
SCWM of control and fl/fl mice obtained at 4 h after PMA ad-
ministration confirmed the involvement of TACE in OL lineage
EGFR activation, as we found increased pEGFR levels in the
SCWM of PMA-treated control mice compared with vehicle-
treated wt mice (Fig. 6M,N). In contrast, fl/fl SCWM extracts
showed reduced pEGFR levels compared with control mice, and
similar EGFR activation levels were found in SCWM of PMA and
vehicle-treated fl/fl mice (Fig. 6M,N). Our data here identify OL
lineage cells as a source of EGFR ligands during SCWM develop-
ment and implicate TACE as the main ADAM protein responsi-
ble for EGFR ligand shedding and EGFR activation in OL lineage
cells during SCWM myelination.

EGFR overexpression rescues the deficits in
oligodendrogenesis of TACE-deficient OPs
To further support the hypothesis that TACE promotes OP cell
proliferation and survival through EGFR signaling, we per-
formed gain-of-function experiments in vitro by using a
retrovirus-based strategy to drive forced EGFR overexpression
and subsequent activation (Aguirre et al., 2005, 2007). For this
purpose, control and fl/fl OP cultures obtained by FAC-sorting as
above were infected with EGFR overexpressing or control retro-
virus that also expresses the GFP protein under the control of the
CMV promoter. Transduced cell cultures were processed at 24 h
and 3 d by immunocytochemistry to analyze cell proliferation,
survival, and development. Consistent with previous reports
(Ivkovic et al., 2008), immunofluorescence analysis evidenced
increased EGFR activation levels in EGFR overexpressing OPs,

Figure 6. TACE is essential for EGFR ligand shedding and EGFR signaling activation in OL lineage cells. A, WB analysis and quantification of HB-EGF shedding from SCWM protein extracts
obtained at P8 –P90. This analysis suggests a relation between TACE expression (Fig. 1A), EGFR ligand shedding, and SCWM myelination. Arrows in F and K represents the mature form
of HB-EGF. Note that the same blot from Figure 1 A was reincubated with anti-HB-EGF, and as such, is presented with the same loading control. B, Characterization by immunofluores-
cence analysis of HB-EGF expression in OL lineage cells during SCWM development. Immunofluorescence with anti-HB-EGF and anti-CC1 antibodies at P15 in the SCWM of CNP-EGFP mice.
HB-EGF expression was observed in OPs (CNP-EGFP low CC1 neg; 1) and cell undergoing OL differentiation (CNP-EGFP hight CC1 �; 2). C, D, CNP-EGFP � cells were isolated from SCWM of the
CNP-EGFP mouse at P4. RT-PCR analysis and quantification of HB-EGF and TGF� mRNA levels from CNP-EGFP low (OPs) and CNP-EGFP high (OLs) FAC-sorted cells. E, J, Time line depicts the
TAM (red bar) and PMA administration paradigm and time points of analysis (arrows). TAM was injected into control PDGFR�-Cre tm:TACE w/w (w/w) and PDGFR�-Cre tm:TACE fl/fl (fl/fl)
mice (2 or 3 times, 24 h apart) starting at P6. F, G, WB analysis of SCWM extracts to detect EGFR ligand (HB-EGF and TGF�) shedding in the SCWM of wt and fl/fl mice at 48 h after the last
TAM injection. H, I, NG2 � cells (OPs) were FAC-sorted from the SCWM of P8 control and fl/fl mice and cultured under proliferative conditions. At 24 h after plating, cells were stimulated
with either PMA or vehicle for 4 h and subsequently supernatant was collected to detect the mature form of HB-EGF by ELISA. Results are expressed as arbitrary units (a.u). J–N, PMA was
administered as illustrated in J and tissue was processed to detect EGFR ligand shedding (K, L) and pEGFR levels (M, N ) by WB analysis. K, L, Bars and arrows point to the immature and
mature forms, respectively, of HB-EGF and TGF�. Data were calculated as the ratio of the respective cleaved and uncleaved forms of HB-EGF or TGF� and referred to actin levels. Results
are expressed as percentage of shedding in arbitrary units (a.u.). M, N, EGFR activation levels were calculated as the ratio of pEGFR/total-EGFR(tEGFR) levels and expressed in arbitrary
units (a.u.). Data are shown as mean � SEM; n � 6 –10 brains for each time point and three independent experiments Scale bars: 5 �m. **p 	 0.01 and ***p 	 0.001 vs control mice.
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both in control and fl/fl cultures, compared with their respective
controls (data not shown). Moreover, EGFR overexpression re-
stored the deficits in cell viability and proliferation in fl/fl OPs, as
a reduced number of Caspase3� cells and higher numbers of
BrdU� cells were observed in EGFR overexpressing fl/fl OP cul-
tures compared with their controls (Fig. 7A–D). Furthermore,
fl/fl cultures were able to reach the mature phenotype when cul-
tured under conditions of OL differentiation, as immunofluores-
cence analysis with anti-MBP antibodies showed a higher
number of MBP� cells in fl/fl cultures transduced with EGFR
when compared with their controls (Fig. 7E,F). Our data dem-
onstrate for the first time the critical role of TACE in OL lineage
cells during oligodendrogenesis and SCWM myelination, and
suggest that TACE exerts an essential function in modulating
EGFR ligand shedding and subsequent EGFR activation in OL
lineage cells to sustain OP expansion and OL lineage cell survival
during postnatal CNS myelination (Fig. 8).

Discussion
Ectodomain shedding of cell surface proteins by metalloprotei-
nases generates many diverse bioactive cytokines and growth fac-
tors governing important cellular processes in the developing and

adult organisms, including the control of growth, adhesion, and
motility of cells (Yang et al., 2006; Edwards et al., 2008; Weber et
al., 2012). Thus, their deregulation is also linked to pathological
states, including cancer and nervous system diseases (Pruess-
meyer and Ludwig, 2009). It is essential to understand the com-
plex repertoire of physiological roles of these important and
multifaceted molecules to design cellular strategies for promot-
ing tissue repair. Our report shows for the first time that TACE,
via EGFR ligand shedding, regulates the development of oligo-
dendroglial cells during the critical periods of CNS myelination.
Most of the studies that have addressed the relevance of EGFR
signaling in oligodendrogenesis and CNS myelination examine
this relationship either in the context of brain injury or analyzing
its role on neural stem cells from the subventricular zone, but the
role of EGFR signaling during oligodendrogenesis and CNS my-
elination is less clear (Aguirre and Gallo, 2007; Aguirre et al.,
2007, 2010; Ivkovic et al., 2008; Gonzalez-Perez et al., 2009;
Scafidi et al., 2014). Similarly, most of the reported functions of
TACE are under pathological conditions, including inflamma-
tion, hypoxia, and cancer (Pruessmeyer and Ludwig, 2009; We-
ber and Saftig, 2012, Scheller et al., 2011).

Figure 7. EGFR overexpression in TACE-deficient OPs rescues OL survival and development. Cell culture experiments using FAC-sorted YFP � cells (OPs). Cell were isolated from the SCWM of
control PDGFR�-Cre tm:TACE w/w (w/w) and PDGFR�-Cre tm:TACE fl/fl (fl/fl) mice at 24 h after the last TAM injection. OPs were maintained under proliferative culture conditions and transduced with
a retroviral construct that drives the expression of EGFR (EGFR-GFP) or just GFP alone (control;CLE-GFP). At 24 h after viral transduction cells were processed to analyze cell survival and cell
proliferation by immunocytochemistry. A–D, Representative fluorescent images and quantification of Caspase3 � (A, B) and BrdU � (C, D) transduced cells at 24 h after viral infection. E, F,
Representative immunofluorescence images and cell quantifications of MBP � OLs at 3 d after viral infection. Note that EGFR overexpression rescues the deficiencies in OP proliferation and OL lineage
cell survival and allows OL lineage cells to continue their development into mature myelinating OLs. Cell numbers are expressed as the percentages of positive cells within the EGFP �-infected cells.
Scale bars: 10 �m. **p 	 0.01 versus w/w CLE-GFP control cells and ##p 	 0.01 versus TACE fl/fl CLE-GFP control cells.
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Our study identifies for the first time TACE/ADAM17 as a
novel key modulator of OL development during postnatal CNS
myelination. TACE genetic depletion in OPs disturbs cell cycle
maintenance and cell survival in OPs and premyelinating OLs.
Strikingly, these cellular alterations in TACE fl/fl mice lead to
deficits in postnatal SCWM myelination and motor behavior. As
our data show that TACE depletion in OPs strongly impacts cell
survival in OPs and premyelinating OLs, it is difficult to conclude
if cell viability is also compromised in mature myelinating OLs.
Further studies will be needed to define the cellular roles of TACE
in mature myelinating OL and to further determine whether this
molecule influences other stages of OL development. However,
the high impact of TACE deletion in OPs on CNS myelination
suggests that alterations in TACE functionality may be involved
in the pathogenesis or progression of demyelinating disorders.
Our data strongly suggest that TACE/ADAM17 promotes the
expansion of OPs during the critical periods of SCWM myelina-
tion by modulating OP cell proliferation, but also by supporting
OL lineage cell survival. While TACE depletion in OPs produces
deficits in CNS myelination, TACE depletion in motor neurons
accelerates PNS myelination, showing a divergence of TACE
function between the CNS and PNS (La Marca et al., 2011). Thus,
this study uncovers basic differences between OLs and Schwann
cells and broadens our knowledge of the relationship and diver-
gence between CNS and PNS development. However, on top of
the presented functions of TACE in OL lineage cells, we cannot
exclude that this molecule may also modulate CNS postnatal
myelination in a noncell autonomous fashion.

By manipulating TACE expression, we elucidated that TACE
represents an essential upstream modulator of EGFR signaling by
promoting EGFR activation in OL lineage cells during CNS my-
elination. TACE genetic depletion abrogates EGFR ligand shed-
ding and EGFR signaling activation in OL lineage cells and
mimics the alterations in SCWM development observed in the
hypofunctional EGFR mouse line Wa2. The fact that forced
EGFR overexpression in fl/fl OPs rescues their deficits in OL
lineage cell survival, proliferation, and development further
demonstrates that TACE acts via EGFR signaling during oligo-
dendrogenesis to support postnatal CNS myelination. However,

in the context of CNS development, TACE has been linked to the
processing of substrates other than EGFR ligands, including
Notch, N-CAM, ERB4, TrkA, and p75NTR. While, we do not
assert that EGFR is the only mediator of TACE during oligoden-
drogenesis, the fact that the phenotype observed in TACE fl/fl OPs
was rescued by overexpressing EGFR suggests that EGFR signal-
ing is one of the downstream targets of TACE in oligodendrogen-
esis during postnatal CNS myelination. Further studies will
define whether TACE targets other substrates in OL lineage cells
to modulate CNS myelination. As OL lineage cells express EGF
ligands in the SCWM, we cannot discriminate if the release of
EGFR ligands by OLs acts in an autocrine or a paracrine manner.
Further experiments may be needed to address this important
question. However, our PMA-stimulation experiments identify
TACE as the primary ADAM protein responsible for HB-EGF
and TGF� processing in OL lineage cells. Moreover our data
suggest that OL lineage cells represent an important source of
EGFR ligands during postnatal SCWM myelination.

Recent studies have pointed to EGFR as an essential signaling
pathway for OL development during CNS myelination, but more
importantly during OL regeneration and remyelination after de-
myelination (Aguirre and Gallo, 2007; Aguirre et al., 2007, 2010;
Ivkovic et al., 2008). EGFR signaling is essential for OP expan-
sion, migration, and OL regeneration after demyelination. In-
deed, a recent report highlights the feasibility and potential
clinical translation of manipulating EGFR signaling to promote
oligodendrogenesis and myelination after white matter injury in
premature infants (Scafidi et al., 2014). Therefore, the identifica-
tion of TACE as an essential modulator of this pathway in OL
lineage cells elevates its relevance in OL cell biology and CNS
myelination. Although the relevance of EGFR in OL cell develop-
ment and regeneration during remyelination has been estab-
lished, the upstream modulators of EGFR in OL lineage cells had
not been described before. Our study identifies TACE as the main
metalloproteinase responsible for the shedding of EGFR ligands
in the developing SCWM, suggesting that TACE may also be
involved in EGFR ligands shedding under demyelinating con-
ditions and modulate the regenerative capacity of EGFR sig-
naling in OL lineage cells during remyelination. Although the

Figure 8. Hypothetical model of how ADAM17 regulates OL development during postnatal SCWM myelination. A, TACE controls OP proliferation and survival in the developing SCWM. TACE
depletion in OPs induces premature cell cycle exit and, as a consequence, OL lineage cell survival is compromised leading to hypomyelination in the SCWM. B, Mechanistically, in OL lineage cells,
ADAM17 modulates EGFR signaling activation by controlling EGFR ligand shedding (HB-EGF and TGF�) during SCWM development.
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environmental conditions and cellular interactions extremely
differ between postnatal development and demyelinating con-
ditions, further studies will define the potential role of TACE
in modulating OL regeneration under demyelinating condi-
tions. Thus, this study opens the possibility that manipulation
of TACE functionality may impact the development of cell-
based strategies that promote remyelination in demyelinating
disorders.

In summary, the phenotype observed after TACE depletion in
OPs suggests an autonomous and essential role of this metallo-
proteinase in OL lineage cells during oligodendrogenesis and
SCWM myelination. We identify for the first time a critical role
for TACE in modulating the cleavage of EGFR ligands and EGFR
activation in OL lineage cells to sustain cell survival and OP pro-
liferation during the critical periods of postnatal development
and SCWM myelination (Fig. 8). Our study opens new avenues
for therapeutic intervention in myelin disorders by manipulating
EGFR signaling through TACE activation.
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