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In factory cells, the accumulation of misfolded protein provokes the unfolded protein response (UPR). For example, deletion of serine 63
(S63del) in myelin protein zero (P0) induces P0 accumulation in the endoplasmic reticulum (ER) of Schwann cells and a persistent UPR
associated with Charcot-Marie-Tooth 1B (CMT1B) demyelinating peripheral neuropathy in human and mouse. PERK (protein kinase
RNA-like ER kinase) is the ER stress sensor that attenuates global translation by phosphorylating eIF2�. Inhibition of the eIF2� holo-
phosphatase GADD34:PP1, increases the phosphorylation of eIF2� in Schwann cells and largely rescues S63del neuropathy. Nonetheless,
reducing phosphorylation of eIF2�, by Perk haploinsufficiency, also ameliorates the myelin defects of S63del nerves. This contradictory
finding prompted us to investigate whether the beneficial effect of Perk deficiency on myelination could derive from neurons. To test this
hypothesis, we generated and compared Schwann cell- and neuron-specific ablation of Perk in S63del nerves. Our data suggest that the
detrimental effect of Perk in CMT1B derives primarily from Schwann cells. Furthermore, we show that Perk loss of function in Schwann
cells restores myelination without diminishing accumulation of P0 or markers of ER stress, suggesting that Perk may modulate myeli-
nation through a pathway independent of the UPR.
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Introduction
Myelin is a multilayered structure that protects axons and main-
tains the speed of electrical impulses along peripheral nerves

(Sherman and Brophy, 2005). Schwann cells are the myelinating
glia of the peripheral nervous system (PNS) and produce an enor-
mous amount of proteins daily, among which myelin protein
zero (P0) accounts for 20% (Patzig et al., 2011). Thus, myelinat-
ing Schwann cells require an efficient protein quality control to
address translational burden. Deletion of serine 63 in P0 protein
(P0S63del) causes Charcot-Marie-Tooth 1B (CMT1B) demyeli-
nating neuropathy, which is characterized by demyelination,
reduction in nerve conduction velocity, and motor impair-
ment (Kulkens et al., 1993; Wrabetz et al., 2006; Miller et al.,
2012). P0S63del protein is retained in the endoplasmic retic-
ulum (ER) and triggers the unfolded protein response (UPR),
which is pathogenetic in S63del neuropathy (Pennuto et al.,
2008; D’Antonio et al., 2013).

The UPR restores cellular homeostasis by reducing the amount
of aberrant proteins that accumulate in the ER (Schröder and Kauf-
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Significance Statement

In many endoplasmic reticulum (ER) stress-related disorders, activation of the unfolded protein sensor protein kinase RNA-like
ER kinase (PERK) kinase is beneficial. Nonetheless, in Charcot-Marie-Tooth 1B neuropathy mice, we show that activation of PERK
in Schwann cells, but not in neurons, is detrimental for myelination. PERK may interfere with myelination, independent of its role
in ER stress.

11350 • The Journal of Neuroscience, November 2, 2016 • 36(44):11350 –11361



man, 2005; Walter and Ron, 2011). The UPR is intermittently active
and protective in physiological conditions. However, when it be-
comes persistent, the UPR can activate maladaptive effectors in-
volved in cell death and dedifferentiation (Tabas and Ron, 2011;
Hetz et al., 2013). Three ER stress sensors initiate the UPR pathways:
the inositol-requiring protein-1 (IRE1), activating transcription fac-
tor-6 (ATF6), and protein kinase RNA-like ER kinase (PERK).
Upon activation, IRE1 mediates the splicing of X-box binding protein
1 (Xbp1) mRNA (Bertolotti and Ron, 2001; Yoshida et al., 2001;
Calfon et al., 2002). In mammals, XBP1s reprograms the transcrip-
tion of genes involved in protein folding, degradation, and ER bio-
genesis (Friedlander et al., 2000; Travers et al., 2000; Lee et al., 2003;
Yoshida et al., 2003; Sriburi et al., 2004). The ATF6 pathway pro-
motes the expression of ER resident chaperones (Haze et al., 1999;
Yoshida et al., 2000; Shen et al., 2002). Finally, PERK kinase phos-
phorylates the eukaryotic translation initiation factor 2 � (eIF2�) on
Ser51 (Harding et al., 1999), which causes a global attenuation of
protein translation, and thereby limits the accumulation of client
proteins in the ER (Harding et al., 2000b).

Upon persistent stress, PERK-dependent eIF2� phosphorylation
is beneficial for professional secretory cells; accordingly, Perk loss of
function results in reduced numbers of differentiated pancreatic �
cells or osteoblasts (Harding et al., 2000b, 2001b; Zhang et al., 2002,
2006; Wei et al., 2008). Downstream of PERK, growth arrest and
DNA damage-inducible protein (GADD34):PP1 holophosphatase
reduces eIF2� phosphorylation to limit translational arrest (Novoa
et al., 2001). We have shown that loss of Gadd34 increases eIF2�
phosphorylation and almost completely rescues S63del neuropathy
(D’Antonio et al., 2013; Das et al., 2015). Nonetheless, Perk haploin-
sufficiency paradoxically also ameliorates the neuropathy of the
CMT1B mouse model, despite that the levels of phosphorylated
eIF2� (P-eIF2�) were significantly reduced (Musner et al., 2016).

These surprising results prompted us to investigate in S63del
nerves whether the beneficial effect of Perk loss of function was
Schwann cell or neuron autonomous. In this study, we demonstrate
that Perk ablation in Schwann cells, but not in neurons, partially
restores myelination in S63del nerves. The defects of S63del myeli-
nation are improved despite that P0 accumulates considerably in the
ER, and the UPR markers remain upregulated. Our data suggest that
the UPR may not be the only pathogenetic mechanism contributing
to the S63del/CMT1B neuropathy. PERK may also perturb other
pathways outside of the UPR.

Materials and Methods
Mice. All experiments involving mice were performed in accord with the
experimental protocols approved by the San Raffaele Scientific Institute,
and Roswell Park Cancer Institute, and the University at Buffalo Institu-
tional Animal Care and Use Committees. P0S63del transgenic mice
include the S63del-L (129.4) transgenic line, overexpressing mutant
MpzS63del mRNA by 60%, and the S63del-H (129.1) transgenic line,
overexpressing mutant MpzS63del mRNA by 210%; Wrabetz et al., 2000,
2006). Mice containing Perk flanked by loxP conditional allele (Perk f/�

mice; Zhang et al., 2002) were crossed with mP0TOTA-Cre (P0Cre) mice
(Feltri et al., 1999) and S63del mice, to obtain P0Cre/Perk f/� and S63del/
Perk f/� breeders. Parents coming from these crosses were mated to gen-
erate S63del/P0Cre/Perk f/f (S63del/Perk SCKO) and S63del/P0Cre/
Perk f/� (S63del/Perk SCHet) and all other control genotypes within the
same litter. To remove Perk from neurons, Perk floxed, NestinCre (Zim-
merman et al., 1994; Tronche et al., 1999), and S63del mice were crossed,
using the same mating strategy as for P0Cre to generate S63del/Nestin-
Cre/Perk f/f (S63del/Perk NRNKO) and control littermates. Chop-null mice
(Zinszner et al., 1998) were used as controls and have been described
previously. P0Cre, NestinCre, Perk f/�, and S63del-L mice were main-
tained on a C57BL/6NCrl background; S63del-H and Chop-null mice
were maintained on an FVB/NCrl background. Male and female litter-

mates were analyzed in all experiments. All genotypes were determined
by PCR analysis of genomic DNA prepared from tail samples as described
in the references above. Cre recombination PCR assays were performed
on genomic DNA prepared from postnatal day 28 (P28) tissues with
primer pairs generating 400 bp WT, 480 bp loxP, and 700 bp recombined
loxP amplimers. PCR primers and conditions were as described previ-
ously (Zhang et al., 2002).

Morphology and electrophysiology. For electrophysiology, mice were
anesthetized with 20 mg/ml of tribromoethanol (Avertin), 0.02 ml g �1

of body weight. Nerve conduction velocity (NCV), F-wave latency, and
distal motor action potential (CMAP) amplitude were analyzed at P28 as
described previously (Wrabetz et al., 2006). Semithin section and elec-
tron microscopy were performed as described previously (Quattrini et
al., 1996). Images for g ratio (axon diameter/fiber diameter), axonal
distribution, and number of amyelinated fibers were acquired with a
100 � objective on a Leica DM 6000 microscope. Quantification was
performed on four semithin images per sciatic nerve, 1200 –1300 fibers in
12 fields for each genotype from WT, Perk SCKO, S63del, and S63del/
Perk SCKO P28 sciatic nerves. The g ratio was measured using the Leica
QWin software. Data were analyzed using GraphPad Prism, version 6.01.
Ultrastructural images were acquired on an FEI Tecnai G2 Spirit
BioTWIN electron microscope.

Western blot analysis. Sciatic nerves from P28 mice were dissected and
frozen in liquid nitrogen. Proteins were extracted in RIPA buffer (50 mM

Tris HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM sodium orthovanadate, protease inhibitors; Krackeler).
Lysates were sonicated and centrifuged at 13,200 rpm for 10 min at 4°C.
Twenty micrograms of protein were resolved in SDS-polyacrylamide gel
and blotted on PVDF membrane (PerkinElmer, GE Healthcare, Odyssey
detection system). For the detection of phospho-IRE1 (P-IRE1), we used
Phos-Tag (25 �M) acrylamide gel as described previously (Yang et al.,
2010). Membranes were probed overnight with the following antibodies:
rabbit poly-sera (Rb pAb) recognized �-tubulin (1:2000; Novus Biolog-
icals), calnexin and GAPDH (Sigma, 1:2000), P-eIF2� (Cell Signaling
Technology, 1:500), CCAAT/enhancer-binding homologous protein
(CHOP) (Proteintech, 1:500), IRE1� (Cell Signaling Technology,
1:1000), activating transcription factor 4 (ATF4; Santa Cruz Biotechnol-
ogy, 1:200), ATF6 (Enzo Life Sciences, 1:1000), and Rb mAb recognized
PERK (Cell Signaling Technology, 1:1000). Membranes were incubated
with HRP conjugated secondary antibodies against rabbit (DAKO,
1:5000). Rb pAb against calreticulin (Enzo Life Sciences, 1:1000), GRP78
(Novus Biologicals, 1:1000), GADD34 (Proteintech, 1:500), and rat mAb
GRP94 (Abcam, 1:1000) were detected with the Odyssey CLx infrared
imaging system (Li-Cor). IRDye 680 anti-mouse, 800 anti-rabbit, and
680 anti-rat were used as secondary antibodies (Li-Cor, 1:10,000). The
densitometry was performed with ImageJ-64 software.

Immunohistochemistry. Spinal cord from Perk NRNKO and sciatic
nerves from P28 Perk SCKO were fixed overnight in 10% formalin buffer
(Thermo Fisher Scientific). Tissues were infiltrated in sucrose (scale,
10 –20-30%; 20 min each) and embedded in paraffin. Paraffin was re-
moved from 1- to 2-�m-thick sections with three washings in xylene
(Thermo Fisher Scientific; 10 min each) and ethanol (scale, 100-90-70%;
1 min each). Spinal cord sections were soaked in citrate buffer, pH 6.0
(95°C for 15 min), whereas sciatic nerve sections were immersed in Tris-
EDTA, pH 9.0, buffer in an 87°C water bath for antigenic retrieval. Sec-
tions were washed in 10% H2O2 to block endogenous peroxidases, and
were blocked with normal goat serum (Covance) for 20 min at room
temperature. Sections were probed for 1 h with antibody against PERK
(Lifespan, 1:500) in blocking buffer, followed by HRP-conjugated sec-
ondary antibody (DAKO Envision System-HRP) for 30 min at room
temperature and diaminobenzadine (DAB) chromogen for 1 min at
room temperature to reveal PERK. Finally, sections were counterstained
with hematoxylin.

Immunofluorescence. P28 sciatic nerves from WT, Perk SCKO, S63del,
and S63del/Perk SCKO mice were fixed in 4% ice cold paraformaldehyde
for 30 min before teasing on 3% 3-aminopropyl triethoxysilan-coated
slides. Nerves were postfixed in 4% ice-cold paraformaldehyde for 15
min, permeabilized in cold methanol for 5 min, and blocked in 5% fish
skin gelatin (Sigma), 0.5% Triton X-100 in 1 � PBS. Slides were incu-
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bated overnight with mouse antibody against
KDEL (Enzo Life Sciences, 1:200) and chicken
anti P0 (Aves, 1:300) in 0.2% Triton X-100/1 �
PBS. After washing the primary antibodies in
1 � TBS, the slides were incubated for 1 h at
room temperature with Jackson ImmunoRe-
search Alexa Fluor 594 secondary antibodies
against mouse IgG sub2a and Alexa Fluor 488
secondary antibodies against chicken IgY (1:
400). 4�,6-Diamidino-2-phenylindole (DAPI)
was used to reveal nuclei. Adult dorsal root
ganglia (DRGs) were dissected from P28 WT
and Perk NRNKO mice and fixed in 4% ice cold
paraformaldehyde for 30 min on ice. DRGs
were then washed in 1 � PBS and left in 30%
sucrose for at least 24 h at �4°C before embed-
ding in tissue freezing media (OCT). After sec-
tioning the DRGs (8 �m), 4% ice cold
paraformaldehyde was applied for 15 min, and
then acetone at �20°C for 5 min. DRGs were
incubated overnight with the following pri-
mary antibodies: rabbit against phospho-
eIF2� (Ser51; Cell Signaling Technology,
1:400) and mouse sub2a against Tuj-1 (Bio-
Legend; 1:600) in blocking solution (5% fil-
tered BSA, 1% donkey serum, and 0.2% Triton
X-100 in 1 � TBS) at �4°C. Donkey secondary
antibodies from Jackson ImmunoResearch
against rabbit (Alexa Fluor 488) and against
mouse IgG sub2a (Alexa Fluor 647) were used
to finally reveal the staining. Pictures were ac-
quired with the 100 � objective of the Leica
confocal TCS SP5 microscope for sciatic nerve
and the 20 � objective for adult DRGs. P0 pixel
intensity within the KDEL area was quantified
using ImageJ64 software as described previ-
ously (Fratta et al., 2011).

RNA isolation and TaqMan quantitative PCR.
RNA was isolated from P28 sciatic nerves using
TRIzol reagent (Invitrogen), following the man-
ufacturer’s instructions. Briefly, pairs of nerves from single mice were pul-
verized in liquid nitrogen and added to 800 �l of TRIzol. Chloroform (160
�l) was added to the lysates and centrifuged at 12,000 � g for 15 min at 4°C.
The aqueous phase was then placed overnight with 500 �l of isopropanol
and 1 �l of glycogen (20 mg/ml). Pellets were collected by centrifugation at
12,000�g for 10 min at 4°C and washed twice in 75% ethanol at 7500�g for
15 min. One microgram of RNA was retrotranscribed to cDNA using the
Superscript III kit (Invitrogen) following the manufacturer’s instructions.
TaqMan PCR analyses were performed on the Bio-Rad CFX96/384 real-time
PCR machine. The PCRs for the target and reference genes were performed
in separate test tubes with Assays-on-Demand (Applied Biosystems): Ddit3/
Chop, Mm00492097_m1; Myd116/Gadd34, Mm00435119_m1; Xbp1s,
Mm03464496_m1; Dnajc3/p58IPK, Mm00515299_m1; Dnajb9/ERdj4,
Mm01622956_s1;Hspa5/BiP,Mm00517691_m1;Derl3/Derlin3,Mm00508292_
m1; Car6/Doc1, Mm00486222_m1. Normalization was performed using
rRNA 18s, Hs99999901_s1. Littermates were analyzed, and every geno-
type was compared to the WT of the same cohort.

Statistical analysis. All statistical analysis was conducted using GraphPad
Prism, version 6.01. In every experiment, at least three biological replicates
were analyzed. To determine the significance between genotypes, Student’s t
test or one-way ANOVA was used. A value of p � 0.05 was considered
statistically significant. Graphical data are represented as mean � SEM.

Results
Genetic ablation of Perk in S63del Schwann cells
Although Gadd34 impairment and increased levels of P-eIF2� are
beneficial in S63del nerves (D’Antonio et al., 2013; Das et al., 2015),
Perk haploinsuffiency and reduced P-eIF2� levels in nerves are par-

adoxically also beneficial in S63del mice (Musner et al., 2016). To
investigate whether this contradiction results from effects of P-eIF2�
in different cells in peripheral nerve in the two experiments, we ex-
ploited a conditional allele of Perk (Zhang et al., 2002) to produce
mice lacking Perk in either Schwann cells or neurons.

To target ablation of Perk to Schwann cells, we crossed Perkf/�

mice (Zhang et al., 2002) with those with a P0Cre recombinase
transgene to obtain P0Cre/Perk f/f mice (hereafter Perk SCKO).
P0Cre activates recombination in all Schwann cells beginning at
embryonic day 13.5 (Feltri et al., 1999). We then bred S63del onto
the Perk SCKO background to obtain S63del/Perk SCKO mice.

To test the efficiency and specificity of the P0Cre, we analyzed the
recombination of the PerkloxP allele by PCR assays in genomic DNA
from WT, PerkSCHet, and PerkSCKO tissues (Fig. 1A). The Perk WT
band appeared in all WT and PerkSCHet samples, whereas the non-
recombined Perk loxP band appeared in PerkSCHet as expected, but
also in PerkSCKO samples, due to cells other than Schwann cells in
nerve. The 700 bp recombination band (Zhang et al., 2002) appeared
only in sciatic nerves from PerkSCHet and PerkSCKO mice, whereas it
was not detected in brain, liver, kidney, muscle, or spinal cord sam-
ples (Fig 1A). Accordingly, PERK protein was almost absent from
S63del/PerkSCKO sciatic nerve lysates (Fig 1B). Moreover, immuno-
histochemistry on cross-sections of sciatic nerves revealed that PERK
cytoplasmic staining was notably reduced in Schwann cells from
PerkSCKO mice(Fig.1C, arrowheads).Thisevidencesuggests thatP0Cre
efficiently removed PERK from myelinating Schwann cells.

Figure 1. Genetic ablation of Perk in S63del Schwann cells. A, PCR analysis performed on genomic DNA from P28 WT,
S63del/Perk SCHet, S63del/Perk SCKO nerves. The bands include a 400 bp WT allele, a 480 bp loxP allele, a probable 400 bp/480 bp
heteroduplex marked by an asterisk, and a 700 bp recombined loxP allele. m, Markers. B, Western blot analysis for PERK was
performed on P28 sciatic nerves from WT, S63del, and S63del/Perk SCKO mice. �-Tubulin (Tub) represents a loading control. An
asterisk indicates a nonspecific band. C, Immunohistochemistry revealed PERK (brown) in P28 cross-sections of sciatic nerve. The
insets show the presence of PERK in the cytoplasm (yellow arrowheads) of WT Schwann cells, but not in Perk SCKO Schwann cells.
Nuclei were counterstained with hematoxylin (blue). Scale bar, 20 �m.
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Perk ablation in Schwann cells improves S63del neuropathy
Schwann cells highly express P0 and P0S63del mRNA and pro-
tein at P28 (Wrabetz et al., 2006) and persistently activate PERK,
which has detrimental effects in nerve (Musner et al., 2016). To
confirm that PERK in Schwann cells contributes to the detr-
imental effect, we performed morphological analysis in P28
in Perk SCKO and S63del/Perk SCKO nerves. As shown previously,
S63del nerves manifested hypomyelination compared to WT, as
shown by semithin section (Fig. 2A) and g ratio analyses (Fig. 2B;
0.74 � 0.02 in S63del vs 0.72 � 0.01 in WT). Perk elimination in
WT Schwann cells did not significantly alter myelination; how-
ever, its elimination in S63del Schwann cells returned myelin
thickness to WT levels as measured by g-ratio analysis (Fig. 2B;
0.72 � 0.02 in S63del/Perk SCKO vs 0.72 � 0.01 in WT).

We noticed a slight shift toward smaller axon diameters in
S63del compared to WT nerves, consistent with a secondary re-
duction of neurofilament phosphorylation due to mild hypomy-
elination (Fig. 1C; de Waegh et al., 1992). Interestingly, the
number of the smallest myelinated fibers (1–2 �m in diameter)
rose sharply in S63del/Perk SCKO compared to S63del nerves (Fig.
2C, compare pink, red bars). More generally, electron micro-
scopic analysis confirmed the increment of myelin thickness
in S63del/Perk SCKO compared to S63del nerves (Fig. 3A; axons

pseudocolored blue), including in axons of equal diameter (Fig.
3B, a, a�). The nerves of C57BL6/N-S63del mice contain a con-
siderable number of amyelinated axons. These axons are not my-
elinated despite their 1:1 relationship with Schwann cells and
appropriate diameter (�1 �m). In S63del/Perk SCKO nerves, the
percentage of amyelinated fibers is reduced fourfold compared to
S63del (Fig. 3C).

This improvement prompted us to investigate function. By
electrophysiological analysis, we confirmed that NCV and distal
CMAP amplitude were reduced (Fig. 2D,F), and F-wave latency
was increased (E) in S63del compared to WT P28 mice.
S63del/Perk SCKO nerves showed partially restored NCV com-
pared to S63del (Fig. 2D), although the F-wave latency and distal
CMAP amplitude did not differ between the two genotypes (Fig.
2E,F). Collectively, these data demonstrate that Perk ablation in
S63del Schwann cells surprisingly prevents the developmental
myelin abnormalities of the S63del neuropathy. Therefore, the
detrimental effect of PERK on myelination does originate at least
in part from Schwann cells.

Perk ablation in neurons does not alter S63del myelin defects
Perk haploinsufficiency surprisingly improved myelination and
ameliorated the S63del phenotype (Musner et al., 2016). How-
ever, in the study by Musner et al. (2016), Perk was ablated in
every cell type of the S63del mouse, including neurons. More-
over, axons are also damaged as a secondary consequence of de-
myelination in S63del nerves (Wrabetz et al., 2006). Therefore,
we reasoned that Perk ablation in neurons might account for the
paradoxical amelioration observed in S63del/Perk �/� mice.
In particular, we asked whether Perk deletion in neurons could
limit either the myelin defects or the secondary axonal defects
as observed in S63del/Perk SCKO. We crossed Perkf/� mice with
mice expressing Cre recombinase in neural cells in the CNS,
including motor neurons, and DRG neurons in the PNS
(NestinCre; Tronche et al., 1999) to obtain NestinCre/Perk f/f

mice (hereafter, Perk NRNKO). In this way, all neurons that con-

4

Figure 2. Perk ablation in Schwann cells ameliorates morphological and electrophysi-
ological abnormalities in S63del mice. A, Semithin sections of P28 sciatic nerve stained
with toluidine blue from WT, Perk SCKO, S63del, and S63del/Perk SCKO mice. S63del nerves
show evidence of amyelinated fibers (red arrowheads). Scale bar, 10 �m. B, g ratio
analysis (scatterplot above and graph below) confirmed hypomyelination in S63del (red)
versus WT (blue) nerves, whereas in S63del/Perk SCKO(pink) nerves, myelin returns to WT
thickness. ***p � 0.01 (one-way ANOVA with Bonferroni correction; 5 microscopic fields
from 3 animals containing n � 1000 –1200 fibers per genotype). C, Frequency distribu-
tion of myelinated axons as a function of axonal diameter shows that Perk ablation from
S63del Schwann cells (pink) restores myelination, especially in small caliber axons (1–2
�m), compared to S63del (red). D–F, Electrophysiological analysis of P28 mouse sciatic
nerve showing NCV (D), F-wave latency (E), and distal CMAP amplitude (F). *p � 0.05;
***p � 0.001 (Student’s t test). n � 12–30 nerves. Error bars indicate SEM.

Figure 3. Perk ablation decreases the number of amyelinated fibers in S63del nerves. A, Electron microscopy shows hypomyelination, especially in small caliber axons (pseudocolored blue), of
S63del compared to WT sciatic nerves at P28. In S63del/Perk SCKO compared to S63del, myelin of small caliber axons appears thicker. Scale bar, 2 �m. B, Axons with similar diameter were magnified
to show the difference between the hypomyelination in S63del (a) and its amelioration in S63del/Perk SCKO (a�). C, Quantification of amyelinated fibers (red arrowheads in Fig. 2A) on semithin
sections of P28 sciatic nerves. Error bars indicate SEM. *p � 0.01; **p � 0.001 (one-way ANOVA with Bonferroni multiple comparison; 5 microscopic fields from 3 animals per genotype).
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tribute axons to sciatic nerves would lack PERK. We then bred
S63del onto the Perk NRNKO background to obtain S63del/
Perk NRNKO mice.

To test the efficiency of NestinCre-mediated ablation of Perk
in neurons, PERK protein levels were detected by Western blot
analysis of lumbar spinal cord (Fig. 4A) and by immunohisto-
chemical analysis in ventral horn neurons (Fig. 4B, a, black
arrowheads). In Perk NRNKO spinal cord, the level of PERK was
significantly reduced in most motor neurons (Fig. 4A, B, a�).
Importantly, we demonstrated that the eIF2� phosphorylation
(PERK target; green) was also reduced in DRG sensory neurons
(pseudocolor red) of Perk NRNKO, compared to WT (Fig. 4C).
Together, these data indicate that PERK levels and kinase func-
tion have been effectively reduced in motor and DRG neurons in
Perk NRNKO animals. In contrast, PERK was still easily detected in

Schwann cell cytoplasm of Perk NRNKO sciatic nerves (Fig. 4B, a	,
yellow arrowheads) confirming that NestinCre is not active in
Schwann cells (Kao et al., 2009).

We analyzed myelin morphology and confirmed that
S63del nerves show thinner myelin and an increased percent-
age of amyelinated fibers compared to WT nerves, as described
previously (Fig. 4D–F ). We did not find substantial differ-
ences between S63del and S63del/Perk NRNKO nerves for either
the g ratio (Fig. 4E; 0.70 � 0.005 vs 0.70 � 0.010, respectively)
or the amount of amyelinated fibers (Fig. 4 E, F ). Finally, Perk
ablation in neurons did not alter NCV or distal CMAP ampli-
tude of S63del (Fig. 4G,H ). These data indicate that deletion of
Perk in S63del neurons does not alter axons or myelination in
S63del sciatic nerves.

Figure 4. Genetic ablation of Perk in neurons does not alter myelination in S63del nerves. A, PERK protein level was detected by Western blot analysis in whole lysates of spinal cord
from P28 WT and Perk NRNKO mice. Neurofilament (NF) served as a loading control. The quantification of Western blot analysis confirms the decrease of PERK protein level in Perk NRNKO

spinal cords. *p � 0.05 (Student’s t test). n � 3. B, Immuohistochemistry on P28 spinal cord (ventral horns) and longitudinal sections of sciatic nerve revealed PERK in the cell body of
neurons (a; black arrowheads indicate brown DAB precipitate) and Schwann cells (a	; yellow arrowheads), whereas PERK intensity strongly decreases in Perk NRNKO neurons (a�). Nuclei
were counterstained with hematoxylin (blue). C, Immunofluorescence analysis on DRGs from P28 WT and Perk NRNKO mice shows P-eIF2� (green) in cell bodies of sensory DRG neurons
(Tuj-1; pseudocolored red). D, Semithin sections of sciatic nerves stained with toluidine blue from P28 WT, Perk NRNKO, S63del, and S63del/Perk NRNKO mice. E, Quantification of
amyelinated fibers was performed on semithin sections of P28 sciatic nerve. *p � 0.05 (one-way ANOVA; 5 microscopic fields from n � 3 animals per genotype). F, g ratio analysis
(scatterplot) confirmed hypomyelination in S63del nerves (red) versus WT (blue) and Perk NRNKO (cyan). In S63del/Perk NRNKO (pink), myelin remains thin as in S63del. The graph
represents the g ratio measured from over 700 myelinated axons (4 –5 microscopic fields from n � 3 animals per genotype). G, H, Electrophysiological analysis on P28 sciatic nerves
showing NCV (F) and distal CMAP amplitude (G). *p � 0.05; **p � 0.01; ***p � 0.001 (one-way ANOVA with Bonferroni’s multiple comparison; n � 6 –16 nerves; F–G). ns, Not
significant. Scale bars: B, a, a�, 50 �m; B, a	, D, 10 �m; C, 20 �m. Error bars indicate SEM.
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Perk ablation reduces eIF2� phosphorylation but not CHOP
activation in S63del nerves
Upon ER stress, PERK phosphorylates eIF2� to restore transla-
tional homeostasis (Harding et al., 1999, 2000a, 2001a). We
showed previously that PERK is the main eIF2� kinase activated
in S63del Schwann cells, and partial ablation of Perk reduced the
level of eIF2� phosphorylation (Musner et al., 2016). Accord-
ingly, we observed that eIF2� phosphorylation was remarkably
reduced in S63del/Perk SCKO compared to S63del nerves (Fig. 5A).
This reduction was noticeable also in Perk SCKO compared to WT
control nerves. ATF4 mRNA escapes the translational block
caused by P-eIF2�. In fact, ATF4 synthesis is ER stress dependent,
and it decreases upon dephosphorylation of eIF2� (Har-
ding et al., 2000a). The level of ATF4 was slightly reduced in
S63del/Perk SCKO compared to S63del nerves, although the reduc-
tion was not statistically significant (Fig. 5B). Similarly, com-
pared to S63del, Perk deficiency in S63del nerves did not cause a
significant reduction of Chop mRNA or its target genes Gadd34,
Doc1, and Derlin3 (Fig. 5C,E). Similarly, both CHOP and
GADD34 protein levels remained high in S63del/Perk SCKO com-
pared to S63del (Fig. 5D,F). Notably, we showed previously
that only full Chop or Gadd34 ablation (Pennuto et al., 2008;
D’Antonio et al., 2013), and not partial Chop ablation (data not
shown), was sufficient to improve the S63del phenotype.
Collectively, the data indicate that Perk ablation in Schwann
cells remarkably diminishes eIF2� phosphorylation. However,
removing Perk in S63del nerves does not alter Chop expression or
activation of its target genes, suggesting that Chop does not ac-
count for the myelin improvement of S63del/Perk SCKO nerves.

Improved myelination in S63del/Perk SCKO nerves is not
associated with compensation in the IRE1� and ATF6
pathways
IRE1� and ATF6 contribute to long-lasting adaptation to stress,
and the amplification of these pathways is often beneficial upon
ER stress. For example, persistent activation of IRE1� increases
cell viability in HEK293 cells treated with tunicamycin or thapsi-
gargin and in stressed neurons in the retina (Lin et al., 2007b). In
addition, enhanced IRE1� expression and ATF6 activation upon
stress have been reported in PERK-defective cells (Harding et al.,
2000b; Yamaguchi et al., 2008). We therefore wondered whether
Perk ablation in S63del Schwann cells might alter ATF6 or IRE1�
signaling. ATF6 activation was estimated by the level of cleaved
ATF6 (ATF6c) in nerve lysates from P28 WT, Perk SCKO, S63del,
and S63del/Perk SCKO mice; ATF6c levels in S63del/Perk SCKO and
S63del lysates were comparable (Fig. 6A). ATF6c promotes the
expression of ER-resident chaperones, which are highly upregu-
lated upon UPR (Okada et al., 2002; Wu et al., 2007; Yamamoto
et al., 2007). Accordingly the expression of GRP94, BIP, and cal-
reticulin were increased in S63del compared to WT mice. How-
ever, their levels in S63del/Perk SCKO and S63del lysates were again
similar (Fig. 6B,C), suggesting that the ATF6 pathway is not
affected by Perk ablation in S63del Schwann cells.

To detect IRE1� activation, we measured the phosphorylation
state of IRE1� and the mRNA levels of Xbp1s transcription factor
(Yoshida et al., 2001; Calfon et al., 2002; Shen et al., 2002). We
noticed an increase in expression of IRE1� total protein in S63del
compared to WT, and the levels remained similarly high in
S63del/Perk SCKO nerves (Fig. 6D). The separation of P-IRE1�

Figure 5. Perk ablation in S63del nerves reduced P-eIF2� but not CHOP activation. A, B, Western blot analysis on P28 sciatic nerves for P-eIF2� and ATF4. �-tubulin (Tub) served as a loading
control. n � 4. C, Chop mRNA levels were measured on P28 sciatic nerves by RT-PCR TaqMan assay, normalized for 18S rRNA. S63delH (high), a different transgenic mouse that overexpresses
the P0S63del transgene (210% expression), was used as positive control; S63del/Chop � / � nerves were used as a negative control. n�6 RT from three independent sets of nerves of each genotype.
D, CHOP protein levels were detected by Western blot analysis on P28 nerves. GAPDH served as a loading control. S63delH and S63del/Chop � / � sciatic nerves were used as positive and negative
controls, respectively. One representative out of four independent experiments is shown. E, Gadd34, Doc1, and Derlin3 mRNA levels were measured on P28 sciatic nerves by RT-PCR TaqMan assay,
normalized for 18S rRNA. n�3– 6 RT from three independent sets of nerves for each genotype. F, GADD34 protein levels were measured by Western blot analysis in P28 sciatic nerves and normalized
to �-tubulin. n � 3. *p � 0.05; **p � 0.01 (Student’s t test). ns, Not significant. Error bars indicate SEM.
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from nonphosphorylated IRE1� was achieved by using the Phos-
tag compound (Martinon et al., 2010; Yang et al., 2010). P-IRE1�
levels increased in S63del compared to WT nerves, and the levels
did not increase further in S63del/Perk SCKO nerves (Fig. 6D).
Accordingly, Xbp1s mRNA did not increase in S63del/Perk SCKO

compared to S63del nerves (Fig. 6E). Moreover, the expression of
XBP1s-dependent ER enzymes, such as ERdj4 and p58IPK (Lee et
al., 2003), was induced in S63del nerves and remained high in
S63del/Perk SCKO nerves (Fig. 6E). Collectively, these data show
that the UPR is activated in S63del/Perk SCKO nerves similarly to
S63del nerves. In addition, IRE1� and ATF6 pathways are not
significantly altered in S63del/Perk SCKO nerves, which suggests
that compensation within the UPR does not account for the ame-
liorated myelination observed in S63del/Perk SCKO nerves.

P0 is retained at similar levels in the ER of S63del and
S63del/Perk SCKO Schwann cells
The retention of P0S63del protein in the ER of Schwann cells
triggers the UPR and causes the CMT1B neuropathy, and levels of
P0 engulfment in the ER of Schwann cells is a direct measure of
beneficial response (Wrabetz et al., 2006; Pennuto et al., 2008;
D’Antonio et al., 2013). We showed that Perk elimination in
S63del Schwann cells improves myelination without a substantial
reduction of the UPR markers. Overall, our data indicate that
these Schwann cells are subjected to persistent ER stress. Thus, we
asked whether, despite the ongoing UPR, Perk ablation could
reduce the amount of P0 in the ER and improve the proteostasis
in S63del Schwann cells. We found that P0 colocalized with
KDEL, marker of the ER, in both S63del and S63del/Perk SCKO

Figure 6. Perk loss of function in Schwann cells does not alter ATF6 or IRE1� pathways. A, ATF6 precursor form (90 kDa) and ATF6 cleaved form (50 kDa) and were quantified by Western blot
analysis in P28 sciatic nerves. GAPDH was used as loading control. n � 3 lysates from independent pairs of nerves for each genotype. B, Bip mRNA was measured by RT-PCR TaqMan assay on P28
sciatic nerves, normalized for 18S rRNA. n � 6 RT from three independent sets of nerves for each genotype. C, Bip, Grp94, and calreticulin protein levels were identified by Western blot analysis, and
GAPDH was used as loading control. One of five independent experiments is shown. D, IRE1� protein levels were detected by Western blot analysis. The phosphorylated active form of IRE1 (IRE1�-P)
was separated from the unphosphorylated and inactive form (IRE1�) on a Phos-tag polyacrylamide gel (25 �M). One of three independent experiments is shown. Tot, total. E, Xbp1 splicing (Xbp1s),
ERdj4, and p58IPK mRNA levels were measured by RT-PCR TaqMan assay on P28 sciatic nerves, normalized for 18S rRNA. n � 2– 6 RT from three or four independent sets of nerves for each genotype.
*p � 0.05; **p � 0.01 (Student’s t test). Error bars indicate SEM.
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teased fibers from P28 sciatic nerves (Fig. 7A, yellow arrow-
heads). The quantification of P0 pixel intensity within the KDEL
area revealed lower levels of P0 colocalizing with KDEL in control
nerves (Fig. 7B, blue and cyan dots). The amount of P0 localized
in the ER was similarly greater in S63del and S63del/Perk SCKO

Schwann cells (Fig. 7B, red and pink dots), clearly suggesting that
P0 remains persistently retained in S63del/Perk SCKO Schwann
cells. These data demonstrate that Perk ablation does not alleviate
the ER overload in S63del Schwann cells and P0 retention likely
contributes to the persistent UPR.

Discussion
Here we characterized S63del/Perk SCKO and S63del/Perk NRNKO

mice and showed that ablation of Perk in Schwann cells but not in
neurons improves CMT1B neuropathy in mice. The improve-
ment occurs despite a reduction in P-eIF2�. We also explored the
signals downstream of PERK and the other UPR arms to identify
any compensatory mechanism responsible for the surprising im-
provement, but found no evident changes. Comparing our data
with the Gadd34-null amelioration of the S63del phenotype
(D’Antonio et al., 2013), we conclude that UPR and translational
homeostasis are not the only pathogenetic mechanisms involved
in CMT1B-S63del Schwann cells. PERK, in fact, may interfere
with other pathways outside of the UPR in S63del Schwann cells.

Improvement in S63del Schwann cells does not necessarily
correlate with increased eIF2� phosphorylation
Here we show for the first time that a context with reduction of
P-eIF2� specifically in Schwann cells can improve, rather than
worsen, the myelin defect of S63del nerves. Our result seems to
differ from other studies where perturbing the PERK P-eIF2�
pathway has been shown to be extremely detrimental in diffe-
rent ER stress settings. For instance, Perk� / � and eIF2� A/A (not
phosphorylatable) mice exhibit a significant reduction in the
number of pancreatic cells, failure of hepatocytes to produce gly-
cogen, and reduced osteoblast differentiation and collagen secre-
tion (Harding et al., 2000a,b; Scheuner et al., 2001; Zhang et al.,
2002; Wei et al., 2008; Saito et al., 2011). Mutations in human
PERK result in Walcott-Rallison syndrome, associated with neo-
natal type I diabetes (Thornton et al., 1997; Rubio-Cabezas et al.,
2009). Moreover, PERK-eIF2� function has been shown to pro-
mote neuroprotection in neurodegenerative disease models like
Parkinson’s disease and ALS (Wang et al., 2011; Colla et al.,
2012).

Likewise, in myelin-related disorders, loss of function muta-
tions in eIF2B, the target of P-eIF2� regulation, results in vanish-
ing white matter disease, and Perk haploinsufficiency worsens the

clinical outcome in the experimental allergic encephalomyelitis
model of multiple sclerosis (Proud, 2001; Lin et al., 2007b). In
agreement with these observations, reinforcing P-eIF2� in S63del
peripheral demyelinating neuropathy, by genetically or pharma-
cologically impairing GADD34, rescues morphological and func-
tional deficits in S63del nerves (D’Antonio et al., 2013; Das et al.,
2015). Inhibiting GADD34 function increases the level of
P-eIF2�, limits protein translation, reduces ER overload, and
ultimately relieves S63del Schwann cells of chronic UPR. These
data strongly suggest that reducing translation is sufficient to
restore myelination in S63del neuropathy. Schwann cells rely on
phosphorylation of eIF2� to achieve and maintain functional
myelination in the face of persistent ER stress (D’Antonio et al.,
2013).

The detrimental effect of Perk in CMT1B derives from
Schwann cells
S63del nerves exhibit specific features that suggest a Schwann-
cell-derived neuropathy (Wrabetz et al., 2006). For instance, at
P28, myelin appears thinner and the number of amyelinating
axons is increased compared to WT, suggesting a delay in Schw-
ann cell development. Moreover, the NCV is reduced and the
F-wave latency increased, which are hallmarks of demyelinating
neuropathy. Interestingly, the distal CMAP is also reduced, indi-
cating that the motor nerve action potential might be impaired
due to the loss of axons or conduction block, a matter for further
investigation.

We showed previously that reducing P-eIF2� by altering Perk
dosage in S63del mice partially ameliorates the motor perfor-
mance and demyelinating phenotype of S63del neuropathy
(Musner et al., 2016). In that study, we eliminated one Perk allele
in every cell of the S63del mouse, including brain, muscle, and
pancreas, that could affect the motor performance (Musner et al.,
2016). Nonetheless, there were no gross abnormalities in the
cytoarchitecture of these tissues, suggesting that they did not
contribute to the impaired motor performance. Moreover, Perk-
null S63del neurons did not improve myelination in neuronal/
Schwann cell cocultures, suggesting that activation of PERK in
S63del neurons did not provoke aberrant S63del myelination
(Musner et al., 2016). Here, we aimed to fully understand the role
of Perk in S63del mice by asking whether Perk is detrimental in
Schwann cells or neurons.

To directly address this question in S63del nerves, we elimi-
nated Perk cell-specifically by taking advantage of a Cre-loxP
strategy. Perk loss of function in normal Schwann cells does not
impair physiological myelination. However, in pathological
nerves, the absence of Perk specifically in Schwann cells results in

Figure 7. P0 is retained at similar levels in the ER of S63del and S63del/Perk SCKO Schwann cells. A, Immunofluorescence for P0 (green) and KDEL (red) in teased fibers from P28 sciatic nerves
revealed P0 localization in the endoplasmic reticulum of Schwann cells (yellow arrowheads). Nuclei were stained in blue (DAPI). Scale bar, 5 �m. B, The range of P0 pixel intensity was quantified
within the KDEL area. Error bars indicate SD. n � 100 –300 fibers from three or four different nerves for each genotype. A.U., Arbitrary unit.
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the amelioration of S63del myelin defects. In S63del/Perk SCKO

nerves, myelin thickness is increased, and the number of amyeli-
nated axons is remarkably reduced compared to S63del. Further-
more, NCV is slightly improved, confirming that Perk ablation
reversed hypomyelination. F-wave latency and distal CMAP are
not restored to normal.

These data differ from those in our previous work, where Perk
haploinsufficiency was not sufficient to improve myelin thick-
ness and NCV (Musner et al., 2016). Beside Perk dosage and the
extent of tissues in which Perk was ablated, other possible expla-
nations for the difference include that the prior experiments were
performed in 4-month-old animals in the FVB/N background,
whereas the experiments here were performed in 1-month-old
animals in the C57BL/6 background. In any case, the data here
indicate that PERK, like CHOP and GADD34, contributes to
the S63del neuropathic mechanism. Moreover, they show for the
first time that the detrimental effect of the PERK pathway derives
from Schwann cells.

Conversely, the ablation of Perk in neurons does not alter
CMT1B neuropathy. In fact, neither myelination nor electro-
physiological values were improved in S63del/Perk NRNKO co-
mpared to S63del nerves. Using NestinCre, PERK and eIF2�-P
levels were reduced in motor and DRG neurons, respectively,
indicating that neurons that contribute axons to sciatic nerves
were appropriately targeted in S63del/Perk NRNKO animals. Other
glia in the CNS are also targeted, but it is unlikely that this can
explain the lack of phenotype in neurons. These data demon-
strate that the detrimental role of Perk in CMT1B derives mainly
from Schwann cells. Interestingly, the ablation of Perk in WT
neurons slightly reduced the NCV and distal CMAP amplitude,
suggesting a potentially beneficial role of Perk in normal neuronal
function.

ER stress markers do not change upon Perk ablation in
Schwann cells
To elucidate how Perk ablation ameliorates rather then worsens
hypomyelination in S63del, we surveyed the UPR pathways.
CHOP ablation in S63del mice strongly rescues neuropathy
(Pennuto et al., 2008; D’Antonio et al., 2013). However, we found
that CHOP protein level and target genes were still upregulated in
S63del/Perk SCKO nerves similarly to S63del. This result indicates
that CHOP is active in S63del/Perk SCKO nerves and cannot ac-
count for the S63del/Perk SCKO myelin phenotype. Our findings
are also consistent with the idea that CHOP can be activated
by other UPR pathways, like ATF6 (Yoshida et al., 2001). In
Perk� / � ES cells, IRE1 activation is prolonged, and cells stably
transfected with a dominant-negative form of PERK show en-
hanced ATF6 activation when challenged with tunicamycin
(Harding et al., 2000b; Yamaguchi et al., 2008). Moreover, per-
sistent activation of IRE1 promotes cell viability upon stress (Lin
et al., 2007a). Hence, we hypothesized that perturbing Perk in
S63del Schwann cells may trigger a beneficial compensatory re-
sponse from the ATF6 or IRE1 arms. However, we found none of
the main effectors of these two pathways were altered, indicating
that IRE1 and ATF6 signals are not likely to compensate for Perk
loss of function.

The effects of PERK and eIF2� are uncoupled
The scenarios described previously in S63del/GADD34
C/
C

mice and here in S63del/Perk SCKO mice differ. GADD34 loss of
function improves S63del myelination by reducing the accumu-
lation of P0 in the ER of Schwann cells, which alleviates ER stress
and UPR signaling (D’Antonio et al., 2013), whereas Perk abla-

tion in Schwann cells ameliorates S63del myelination even if mis-
folded proteins in the ER and UPR remain. In other words, Perk
ablation in Schwann cells alleviates the neuropathy without re-
verting the toxic pathological mechanism. Moreover, we find no
evidence to suggest compensation from other parallel pathways
of the UPR. This suggests that the UPR might not be the only
pathological mechanism involved in CMT1B-S63del Schwann
cells.

We propose that PERK might have P-eIF2�-independent ef-
fects in neuropathy, possibly through alternative pathways. For
instance, there is evidence that PERK targets additional substrates
to eIF2�, like the Nrf2 transcription factor and Mfn2, a mito-
chondrial protein that regulates ER morphology and Ca 2� flux
between ER and mitochondria (Cullinan et al., 2003; Munoz et
al., 2013). There may be other unrecognized PERK targets also in
Schwann cells involved in metabolism and myelination.

Accordingly, other studies have suggested that PERK exerts a
detrimental role in ER stress-related diseases, where the effect of
Perk seems to be uncoupled from attenuation of translation. Perk
haploinsufficiency slows the progression of diabetes in Akita
mice probably by modulating ER associated degradation and
degradation of proinsulin (Gupta et al., 2010). Pharmacological
inhibition of PERK and reduction of P-eIF2� prevents the clini-
cal outbreak of prion disease without altering the level of PrP Sc in
prion infected mice (Moreno et al., 2013). PrP Sc mRNA carries
several upstream open reading frames that allow it to escape the
translational attenuation caused by eIF2� phosphorylation.
Therefore, reducing P-eIF2� may actually reduce the synthesis of
PrP Sc in prion-infected mice (Moreno et al., 2012). PERK inhi-
bition also reduces the neuronal toxicity of TDP-43 RNA-
binding protein in a fly model of ALS (Kim et al., 2014). In this
example, the increased level of P-eIF2� and resulting transla-
tional attenuation are thought to promote TDP-43 induced neu-
ronal toxicity. Finally, transgenic mice with neurodegeneration
due to overexpression of mutant tau protein may provide a sim-
ilar example (Radford et al., 2015). These last three examples are
similar to S63del mice and support a beneficial effect of Perk
inhibition in neurodegenerative diseases. However, unlike the
S63del mice where P-eIF2� is protective (D’Antonio et al., 2013),
the proteotoxicity of PrP, TDP-43 and mutant tau is directly
correlated to the increased level of P-eIF2�. This strongly sup-
ports that the mechanism responsible for S63del/Perk SCKO im-
provement is uncoupled from P-eIF2�. Experiments to
specifically eliminate P-eIF2� in Schwann cells without altering
PERK signaling (Back et al., 2009) and a search for other PERK
targets in Schwann cells will address this hypothesis.
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