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The role of synaptic activity during early formation of neural circuits is a topic of some debate; genetic ablation of neurotransmitter
release by deletion of the Munc18-1 gene provides an excellent model to answer the question of whether such activity is required for early
circuit formation. Previous analysis of Munc18-1 �/� mouse mutants documented their grossly normal nervous system, but its molecular
differentiation has not been assessed. Munc18-1 deletion in mice also results in widespread neurodegeneration that remains poorly
characterized. In this study, we demonstrate that the early stages of spinal motor circuit formation, including motor neuron specification,
axon growth and pathfinding, and mRNA expression, are unaffected in Munc18-1 �/� mice, demonstrating that synaptic activity is
dispensable for early nervous system development. Furthermore, we show that the neurodegeneration caused by Munc18-1 loss is cell
autonomous, consistent with apparently normal expression of several neurotrophic factors and normal GDNF signaling. Consistent with
cell-autonomous degeneration, we demonstrate defects in the trafficking of the synaptic proteins Syntaxin1a and PSD-95 and the TrkB
and DCC receptors in Munc18-1 �/� neurons; these defects do not appear to cause ER stress, suggesting other mechanisms for degener-
ation. Finally, we demonstrate pathological similarities to Alzheimer’s disease, such as altered Tau phosphorylation, neurofibrillary
tangles, and accumulation of insoluble protein plaques. Together, our results shed new light upon the neurodegeneration observed in
Munc18-1 �/� mice and argue that this phenomenon shares parallels with neurodegenerative diseases.
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Introduction
Early neuronal activity has been proposed to specify the funda-
mental properties of developing neurons, including neurotrans-

mitter identity, connectivity, and function (Borodinsky et al.,
2004; Demarque and Spitzer, 2010; Kastanenka and Landmesser,
2010; Marek et al., 2010; Crisp et al., 2011); however, this topic
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Significance Statement

In this work, we demonstrate the absence of a requirement for regulated neurotransmitter release in the assembly of early
neuronal circuits by assaying transcriptional identity, axon growth and guidance, and mRNA expression in Munc18-1-null mice.
Furthermore, we characterize the neurodegeneration observed in Munc18-1 mutants and demonstrate that this cell-autonomous
process does not appear to be a result of defects in growth factor signaling or ER stress caused by protein trafficking defects.
However, we find the presence of various pathological hallmarks of Alzheimer’s disease that suggest parallels between the degen-
eration in these mutants and neurodegenerative conditions.
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remains under debate (Myers et al., 2005; Varoqueaux et al.,
2005; Benjumeda et al., 2013). Munc18-1-null (Munc18-1�/�)
mice lack the SNARE-associated protein Munc18-1 that is essen-
tial for regulated fusion of neurotransmitter-containing vesicles
(Toonen and Verhage, 2007); these mice thus lack synaptic
activity (Verhage et al., 2000), providing a genetic model with
which to examine the influence of such activity upon early cir-
cuit assembly. In addition, the neurodegeneration observed in
Munc18-1�/� mice, but not in other models of neuronal activity
loss (Myers et al., 2005; Varoqueaux et al., 2005), raises the ques-
tion of the specific role of Munc18-1 in neuronal survival.

Spinal neurons of mice and chicks are electrically active soon
after becoming postmitotic (Milner and Landmesser, 1999; Law
et al., 2014); neurons initially fire randomly, but this firing syn-
chronizes over time, driven by a combination of both cholinergic
and GABA-ergic neurotransmission and gap-junction coupling
(Milner and Landmesser, 1999; Hanson and Landmesser, 2003;
Warp et al., 2012; Czarnecki et al., 2014; Law et al., 2014; Hinckley
et al., 2015). Pharmacological alteration of activity patterns has
been reported to disrupt the pathfinding of limb-innervating
motor neurons located in the chick lateral motor column (LMC;
Hanson and Landmesser, 2003; Kastanenka and Landmesser,
2010). In addition, pharmacological inhibition of activity in
Xenopus laevis embryos can result in a change in the neurotrans-
mitter identity of spinal neurons, a process mediated by the tran-
scription factor c-jun (Borodinsky et al., 2004; Marek et al.,
2010). However, blocking neuronal activity by overexpression of
the Kir2.1 inwardly rectifying K� channel in chick motor neu-
rons fails to mimic defects in axon guidance and neuronal spec-
ification (Benjumeda et al., 2013). One explanation for this
disparity is the cell-autonomous nature of Kir2.1 channel expres-
sion contrasting global pharmacological effects. In Munc18-1�/�

mice, regulated neurotransmitter release is ablated in the entire
nervous system, offering an unambiguous genetic model with
which to examine the influence of synaptic activity upon early
circuit formation in mice, which has not been assayed in the
context of molecularly defined neuronal circuits.

Munc18-1�/� mice have been shown to develop normally
before undergoing widespread neurodegeneration in the brains-
tem and forebrain (Verhage et al., 2000; Bouwman et al., 2004),
but the mechanisms underlying this neurodegeneration are un-
clear. Developmentally programmed apoptosis is tightly regu-
lated in spinal motor neurons, in part by limiting concentrations
of motor neuron survival factors in the periphery (Pittman and
Oppenheim, 1978, 1979; Oppenheim, 1996), activity-dependent
axonal branching (Heeroma et al., 2003; Myers et al., 2005), and
proapoptotic signals (Deppmann et al., 2008; Taylor et al., 2012).
In addition, specific mechanisms cause pathological neurod-
egeneration, including oxidative stress, aberrant trafficking,
excitotoxicity, neuroinflammation, and neurofibrillary tangle
formation (for review, see Glass et al., 2010; Garden and La
Spada, 2012; Huang and Mucke, 2012; Neefjes and Kant, 2014).
In Munc18-1�/� animals, excessive neurodegeneration may re-
sult from acceleration of a normal program of apoptosis
(Yamamoto and Henderson, 1999; Prasad et al., 2008), decreased
growth factor secretion (Schulze et al., 1994; Voets et al., 2001), or
some other mechanism. In particular, Munc18-1 is a known ac-

tivator of CDK5 (Shetty et al., 1995), which supresses c-Jun-
induced neurodegeneration (Li et al., 2002). In addition, the
interaction between Munc18-1 and CDK5 (Bhaskar et al., 2004)
may be of relevance to Alzheimer’s disease because CDK5 influ-
ences phosphorylation of Tau and the proteolytic cleavage of
APP, a process with which Munc18-1 has been linked (Sakurai et
al., 2008).

Here, we demonstrate that evoked neurotransmitter release is
dispensable for the normal birth, patterning, gene expression,
and axon outgrowth of neurons of the spinal motor circuit in vivo
by characterizing the development of Munc18-1�/� spinal cords
at the molecular level. Furthermore, we characterize the degen-
eration that occurs in Munc18-1�/� spinal cords and demon-
strate the presence of several pathological features of Alzheimer’s
disease.

Materials and Methods
Animals. Embryos used in this study were a mixture of male and female
(data not shown). Munc18-1 �/� mice were described previously (Ver-
hage et al., 2000). No differences were observed between Munc18-1 �/�

mice and Munc18-1 �/� mice; when “control” is used to indicate
genotype, this represents a mixture of Munc18-1 �/� and Munc18-1 �/�

embryos. To generate Olig2 �/cre;Munc18-1 flox/flox mice, Olig2 cre/� mice
(Dessaud et al., 2007) were crossed to Munc18-1 flox/flox mice (Dudok et
al., 2011) to generate Olig2 cre/�;Munc18-1 flox/� mice, which were then
crossed to generate litters with mixed genotypes. All constitutive mutant
animals were housed in the animal care facilities of the Institut de Re-
cherches Cliniques de Montréal; all conditional animals were housed in
the animal care facilities of the Sloan-Kettering Institute. Animals were
kept on a 12 h light/dark cycle, with food and water provided ad libitum.
All experimental procedures were approved either by the Animal Care
and Use Committees at McGill University and Institut de Recherches
Cliniques de Montréal, in accordance with the regulations of the Cana-
dian Council on Animal Care, or by the Institutional Animal Care and
Use Committee of Memorial Sloan Kettering Cancer Center. The morn-
ing that a vaginal plug was discovered was defined as embryonic day 0.5
(E0.5).

Calcium imaging in motor neurons. Embryos were removed from the
uterine pouch at either E11.5 or E12.5 and placed immediately into cold,
oxygenated Tyrode’s solution containing the following (in mM): 140
NaCl, 3 KCl, 17 NaHCO3, 12 glucose, 2 CaCl2, and 1 MgCl2. Calcium
Green Dextran (Life Technologies) was injected into the brachial periph-
eral nerve plexus and the embryos were maintained in a circulating bath
of oxygenated Tyrode’s solution for �120 min to allow uptake of the dye
into motor neurons. The spinal cord was then dissected into an open-
book preparation and the embryos placed ventral side down in the im-
aging chamber, which was perfused with oxygenated Tyrode’s at a rate of
2 ml/min at room temperature. Spinal cords were imaged at 1 Hz using a
Zeiss Axio Observer Z1 microscope with a CSU-X1M dual cam 5000
spinning disk. Analysis of calcium activity was performed using a com-
bination of FIJI and custom MATLAB (The MathWorks) scripts (Law et
al., 2014).

Immunostaining and histochemistry. Embryos were fixed in 4% PFA
(Sigma-Aldrich) in PBS before cryoprotection with 30% sucrose in PBS,
embedding in OCT (Sakura Finetek), and storage at � 80°C. Next, 12
�m sections were cut using a Leica cryostat microtome. Tissue was rinsed
in PBS, incubated in blocking solution containing 1% heat-inactivated
horse serum plus 0.05% Triton X-100 (Sigma-Aldrich) in PBS for 20
min, incubated overnight at 4°C with primary antibodies (Table 1), and
diluted in blocking solution. After incubation with primary antibodies,
sections were rinsed 3� in blocking solution, and then the appropriate
secondary antibodies from Life Technologies were applied in the same
solution at room temperature for 90 min. Sections were then rinsed three
more times in PBS and coverslips applied with Mowiol. Antigen retrieval
was necessary for pTau staining, and consisted of 10 min incubation in
citrate buffer solution containing 10 mM citrate, 0.05% Tween 20 in H2O,
pH 6.0, at 95°C. For Congo Red staining, 0.3 g of Congo Red (Sigma-
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Aldrich) and 0.3 g of NaCl (Sigma-Aldrich) was dissolved in an 80%
solution of ethanol. A 1% volume of 1% NaOH was then added to this
solution before filtering. 12-�m-thick cryosections of tissue were then
submerged in this filtered solution for 30 min at room temperature and
then differentiated by dipping 5– 6 times into a 1% volume of 1% NaOH
in 50% ethanol before rinsing and mounting. Cell counts were per-
formed in spinal lamina IV-X of Pax2- and CCAT-stained sections by
means of a custom ImageJ macro.

In situ mRNA detection. In situ hybridizations were performed as de-
scribed previously (Kao and Kania, 2011). cRNA probes were generated
as follows: target sequence amplification primers were designed using
Primer3 version 0.4.0 software (Untergasser et al., 2012) with a probe size
set at 600 – 800 bp. One-step RT-PCR was performed (QIAGEN) using
the appropriate primers containing T7 polymerase promoters (Invitro-
gen) to make and amplify cDNA template from mouse E11.5 pooled
brain RNA. The PCR product was purified by gel electrophoresis in 1%
agarose gel and gel extraction using QIAquick gel extraction kit
(QIAGEN). The purified DNA was then reamplified by PCR. The yield of
DNA was estimated using the low DNA mass ladder (Invitrogen) after gel
electrophoresis. DIG-labeled RNA probes were synthesized by in vitro
transcription with T7 RNA polymerase using DIG RNA labeling kit
(Roche). All probes were verified by sequencing. Then, 12 �m tissue
sections were fixed in 4% PFA, rinsed 3� in PBS, treated with 1 �g/ml
proteinase K (in 6.25 mM EDTA, pH 8.0, Invitrogen � 50 mM Tris, pH
7.5; Fisher Scientific) for 15 min, postfixed in 4% PFA, rinsed in PBS,and
then acetylated for 10 min in a mixture of 6 ml of triethanolamine
(Sigma-Aldrich), 500 ml of distilled H2O, and 1.3 ml of acetic acid
(Sigma-Aldrich). Samples were then rinsed and incubated in hybridiza-
tion buffer containing 50% formamide (Sigma-Aldrich), 5� SSC (20�
SSC is 3 M NaCl, 0.3 M NaAc), 5� Denhardt’s (Sigma-Aldrich), and 500
�g/ml salmon sperm DNA (Roche) in H2O for 2 h, followed by overnight
hybridization at 72°C with DIG-labeled probes at a concentration of 2–5
ng/�l. After hybridization, samples were immersed in 5�SSC at 72°C,
followed by 2 45 min washes in 0.2� SSC at 72°C and 1 5 min wash in
0.2�SSC at room temperature. Tissues were then rinsed with B1 buffer
containing 0.1 M Tris, pH 7.5, and 0.15 M NaCl (Fisher Scientific) for 5
min, blocked with B2 buffer (10% heat inactivated horse serum in B1) for

1 h at room temperature, and incubated with anti-DIG antibody (1:5000
in B2; Roche) overnight at 4°C. Samples were then rinsed with B1 and
equilibrated with B3 buffer containing 0.1 M Tris, pH 9.5, 0.1 M NaCl, and
0.05 M MgCl2 (Fisher Scientific). To detect bound anti-DIG antibodies,
samples were incubated with B4 buffer containing [100 mg/ml NBT, 50
mg/ml BCIP (Roche), and 400 mM levamisol (Sigma-Aldrich) in B3 in
the dark. The reaction was stopped by immersion in H2O.

mRNA expression microarray analysis. Lumbar spinal cords were iso-
lated from E12.5 mice dissected in cold PBS and stored in RNAlater at �
80°C until RNA extraction using a QIAGEN RNAeasy kit; these samples
were then sent to the Centre for Applied Genomics at the Hospital for
Sick Children (Toronto, Ontario, Canada) for further analysis. RNA
quality was tested using an Agilent Bioanalyzer before performing stan-
dard cDNA synthesis and in vitro transcription (Affymetrix WT PLUS
kit). Then, 400 �g of RNA was used for in vitro transcription and 5.5 �g
of cDNA was used for hybridization to the Mouse Gene 2.0 ST chip.
Scanning was performed using the Affymetrix GeneChip Scanner 3000
and analysis done using Affymetrix Expression Console to obtain signal-
log ratios of the control to the sample. Hybridizations of four biological
replicates for both WT and Munc18 �/� genotypes were performed. Ro-
bust multiarray (RMA) preprocessing and expression comparison was
performed upon signal-log ratios of probe hybridization intensity using
R software (version 3.1.1; limma and oligo packages); p-values were ad-
justed for multiple comparisons using the false discovery rate method
(Benjamini and Hochberg, 1995; Verhage et al., 2000).

Analysis of ER stress. Mouse embryonic fibroblasts were isolated from
WT E11.5 embryos by dissection of limbs and body walls in cold PBS,
followed by mincing with a razor blade. Minced tissue was then incu-
bated with 25% trypsin (Invitrogen) at 37°C for 10 min before the addi-
tion of cold Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
containing 10% fetal bovine serum (FBS; Invitrogen) and 1% penicillin/
streptomycin (P/S; Invitrogen), and trituration through a fire-polished
glass pasteur pipette. Fibroblasts were pelleted by centrifugation, resus-
pended in DMEM � 10% FBS � 1% P/S, then grown to 95% confluence
in standard culture medium. ER stress was induced by the addition of
medium containing 2 �M tunicamycin for 12 h. Cells were then pelleted
and RNA isolated as described above. RNA from the spinal cords of E13.5
mice was also harvested as described above. RT-PCR was performed
using the following primers.

Western blotting. Whole spinal cords were dissected from E13.5 em-
bryos in cold PBS and snap frozen in a dry ice/ethanol bath. Spinal cords
were lysed in RIPA buffer containing 120 mM NaCl, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS in 50 mM Tris, pH 8.0, for 15 min
on ice with occasional vortexing. Lysates were centrifuged at 4°C to re-
move the insoluble pellet and protein concentration determined by
Bradford assay. Lysates were run on a 7.5% polyacrylamide gel (20 �g of
protein per lane) and then transferred to a nitrocellulose membrane
(Millipore). Membranes were blocked for 2 h in TBS-T (150 mM NaCl, 10
mM Tris, 0.05% Tween 20, pH 8.0) containing either 1% bovine serum
albumin (BSA; Invitrogen, for phospho-proteins) or 10% skimmed milk
powder (for all other proteins). Primary antibodies were diluted in
TBS-T containing either 0.1% or 1% BSA (Table 2) and membranes were

Table 1. Antibodies used

Antigen Source Cat. no. Dilution (IF) Dilution (WB)

Foxp1 Gift of Bennett Novitch — 1/1000 —
Rabbit anti-Isl1 Gift of Tom Jessell — 1/1000 —
Rabbit anti-Lim1 Gift of Tom Jessell — 1/1000 —
Rabbit anti-Munc18-1 Gift of Matthijs Verhage — 1/500 —
Olig2 Gift of Bennett Novitch — 1/1000 —
CCAT Gift of Ricardo Dolmetsch — 1/100 —
Guinea pig anti-Pea3 Gift of Silvia Arber — 1/1000 —
Iba-1 Wako 019-19741 1/100 —
TrkB Millipore 07-225 1/1000 1/500
VAChT Synaptic Systems 139103 1/500 —
Neurofilament DSHB 2H3 1/100 —
Alpha-synuclein Cell Signalling Technology 4179 1/100 —
Nkx6.1 DSHB 55A10 1/100 —
Nkx2.2 DSHB 5A5 1/100 —
TrkA Millipore 6574 1/1000 —
Cleaved-caspase 3 Cell Signalling Technology 9661-S 1/1000 —
ß-Actin Sigma A5441 — 1/10000
GRP78 AbCam ab21685 — 1/500
Ubiquitin Millipore MAB1510 1/500 —
AT8 Thermo Scientific MN1020 1/500 1/1000
Tau Millipore MAB3420 1/1000
PDS95 NeuroMab P78352 1/100 —
Syntaxin1a Sigma s-0664 1/500 1/1000
Neurofilament - L Santa Cruz sc-12980 — 1/500
DCC Santa Cruz sc-6535 1/500 1/500
EphA4 Santa Cruz sc-921 1/500 —
c-Ret Santa Cruz sc167 1/500 —

Table 2. LMC death during development

Age and spinal level Genotype N

Mean no.
of caspase �

cells per LMC SEM p-value

E11.5 brachial �/� 3 0.24 0.12 0.264
E11.5 brachial �/� 4 0.09 0.05
E12.5 lumbar �/� 6 0.68 0.11 0.00265
E12.5 lumbar �/� 4 2.37 0.47
E12.5 brachial �/� 4 1.16 0.54 0.01364
E12.5 brachial �/� 3 4.78 0.21
E13.5 lumbar �/� 3 1.59 0.53 0.0007
E13.5 lumbar �/� 3 6.91 0.20
E13.5 brachial �/� 4 2.40 0.10 0.0061
E13.5 brachial �/� 5 16.01 2.57
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stained overnight at 4°C. After 3 rinses in
TBS-T,the appropriate HRP-conjugated sec-
ondary antibodies (Jackson Laboratories) were
applied to membranes for 90 min. After sec-
ondary labeling, membranes were rinsed twice
in TBS-T and then treated with ECL reagent
(GE Healthcare) and exposed to film, which
was then developed. Quantifications were per-
formed by analyzing relative densities of ex-
posed film using ImageJ.

Statistical comparisons. Unless otherwise
noted, statistical comparisons were performed
using two-tailed Student’s t tests.

Results
Early expression of Munc18-1 and
spontaneous spinal neuron activity
To ascertain the influence of synaptic
activity upon early neuronal circuit for-
mation, we characterized the develop-
ment of Munc18-1�/� mice, which lack
evoked neurotransmitter release (Verhage
et al., 2000). Although Munc18-1 expres-
sion is restricted to the nervous system
and adrenal medulla in the adult (Pevsner
et al., 1994a,b; Voets et al., 2001), the
other two mouse Munc18 family genes,
Munc18 –2 and Munc18 –3, are ubiqui-
tously expressed (Hata and Südhof, 1995;
Tellam et al., 1995), although their expres-
sion does not compensate for the loss of
synaptic activity caused by Munc18-1 mu-
tation (Verhage et al., 2000). To clarify the
expression of Munc18-1 at early develop-
mental stages, we monitored its mRNA
expression in the spinal cords of E11.5 and
E13.5 embryos and found it overlapping
with NeuN, a marker of postmitotic neu-
rons (Fig. 1A–C).

Mouse spinal neurons are spontane-
ously active at E12 (Milner and Lan-
dmesser, 1999), but the earliest time point
at which loss of synaptic activity was
demonstrated in Munc18-1�/� mice was
at E18.5 (Verhage et al., 2000). To deter-
mine whether Munc18-1 is critical for
spontaneous activity at earlier develop-
mental stages, we monitored calcium
fluxes in spinal cords from control and
Munc18-1�/� littermates at E11.5 (Fig.
1D) by retrograde labeling of motor neu-
rons with calcium green dextran. Motor
neurons in control animals (n � 7) dis-
played large calcium transients persisting for several seconds and
occurring in multiple neurons simultaneously (Fig. 1D). Calcium
transients were observed in Munc18-1�/� animals (n � 4) at this
age (Fig. 1D); these transients were more frequent (p � 0.0001)
and longer (p � 0.0254) than those in control embryos. These
data demonstrate that neuronal activity at this age is present and
not dependent upon evoked neurotransmitter release, possibly
being driven through gap-junction-dependent mechanisms
(Hanson and Landmesser, 2003; Bittman et al., 2004; Czarnecki
et al., 2014). At E12.5, calcium imaging of control animals (n � 4)
revealed transients that occurred in multiple motor neurons

simultaneously (Fig. 1E), as described previously in chick (Wang
et al., 2009; Law et al., 2014); in contrast, motor neurons from
Munc18-1�/� animals (n � 3) were largely inactive compared
with controls ( p � 0.0001) and the transients displayed by
active motor neurons were shorter ( p � 0.0001) and occurred
only in single neurons (Fig. 1E). Together, these data show
that, at E11.5, neuronal activity is present, possibly mediated
by gap junctions, but that by E12.5 neuronal activity requires
Munc18-1-dependent neurotransmitter release, as has been
seen in previous studies (Hanson and Landmesser, 2003; Czar-
necki et al., 2014).

Figure 1. Early expression of Munc18-1 and loss of spontaneous activity in Munc18-1 �/� mice. At E11.5, Munc18-1 mRNA in
the spinal cord (A) is restricted to a region containing NeuN postmitotic neurons (B). At E13.5, Munc18-1 expression is restricted to
the nervous system (C). Calcium imaging of motor neurons at E11.5 reveals large, synchronous calcium transients that persist for
several seconds in control animals (D; frequency � 0.7 � 0.046 events/min, event length � 6.8 � 0.17 s, n � 64 cells, n � 7
embryos). Munc18-1 �/� mice also display calcium transients at E11.5 that are more frequent and greater in length than those in
control animals (D; frequency � 0.91 � 0.060 events/min, event length � 14.3 � 0.96 s, n � 19 cells, n � 4 embryos;
p(frequency) � 0.025, p(length) � 0.0001). In control animals at E12.5, large calcium transients occur synchronously in multiple
neurons (E; frequency � 1.17 � 0.047 events/min, event length � 5.78 � 0.27 s, n � 93 cells, n � 4 embryos); in contrast,
Munc18-1 �/� neurons display very little activity, with only asynchronous transients occurring in single neurons (E;
frequency � 0.08 � 0.032 events/min, event length � 4.4 � 0.14 s, n � 153 cells, n � 3 embryos; p(frequency) � 0.0001,
p(length) � 0.0001).
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Molecular characterization of spinal neuron development in
the absence of neurotransmitter release
Although nervous system assembly appears morphologically
normal in Munc18-1�/� animals (Verhage et al., 2000), the ex-
tent of molecular differentiation of neuronal circuits in such mu-
tants has not been examined in detail. To do this, we focused on
the spinal cord, the development of which is very well character-
ized at the molecular level and some aspects of which have been

studied previously in the context of electrical activity (Milner and
Landmesser, 1999; Hanson and Landmesser, 2003, 2004; Ben-
jumeda et al., 2013; Law et al., 2014).

Motor neurons and many of their associated interneurons
arise from ventral spinal cord progenitors expressing the tran-
scription factors Nkx2.2, Nkx6.2, and Olig2 (Novitch et al., 2001;
Vallstedt et al., 2001). Similar numbers of these progenitors were
found in WT and Munc18-1�/� E11.5 embryos (Fig. 2A–F;

Figure 2. Neuronal specification in Munc18-1 �/� mice. At E11.5, Olig2 (A, B, E) and Nkx2.2 (C, D, F ) progenitors are present in numbers similar to WT: Olig2: 47.49 � 2.65 (�/�, n � 3),
49.16 � 1.863 (�/�, n � 3, p � 0.64; Nkx2.2: 130.2 � 2.48 (�/�, n � 2), 127.9 � 1.57 (�/�, n � 2), p � 0.88. The number and distribution of Nkx6.1 (A, B) progenitors appears similar
in both genotypes. The numbers and distributions of Chx10 � (G, H ), En1 � (I, J ), Evx � (K, L), and Cav1.2 � (M, N ) neurons also appear similar between genotypes at E12.5. In the lumbar spinal
cord of E13.5 mice, numbers of Isl1 � (O, P, U; 46.65 � 6.33, �/�, n � 4, 42.68 � 6.07 (�/�, n � 5, p � 0.67), Lim1 � (Q, R, V; 27.59 � 4.58, �/�, n � 4, 32.08 � 6.44 (�/�, n � 3,
p � 0.58), and Foxp1 � (S, T, W; 76.64 � 7.37, �/�, n � 4, 87.66 � 2.66 (�/�, n � 5, p � 0.17) motor neurons are similar between genotypes. Proportions of Isl1 � (X; 56.88 � 1.59, �/�,
n � 4, 49.03 � 6.54, �/�, n � 5, p � 0.3) and Lim1 � (Y; 41.35 � 3.56, �/�, n � 4, 42.26 � 7.17 �/�, n � 3, p � 0.91) LMC motor neurons are also similar.
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Olig2, p � 0.64; Nkx2.2, p � 0.88). The distribution of spinal
interneurons expressing the transcription factors Chx10, Evx1,
En1, and the C-terminal fragment of the ion channel CaV1.2
(CCAT), which may influence gene transcription under the in-
fluence of synaptic activity, was also similar in WT and mutant
embryos between E11.5 and E13.5 (Fig. 2G–N, E12.5; data not
shown). To assess motor neuron differentiation, we examined
the expression of the postmitotic motor neuron markers FoxP1,
Lim1, and Isl1 (Tsuchida et al., 1994; Dasen et al., 2008; Rousso et
al., 2008) at the lumbar level of E13.5 mice after the specification
and migration of LMC neurons had been completed (Hollyday
and Hamburger, 1977; Novitch et al., 2001; Palmesino et al.,
2010). We found no differences between WT and Munc18-1�/�

littermates, as determined by the expression of LMC transcrip-
tion factors FoxP1, Lim1, and Isl1 (Fig. 2O–W; Isl1, p � 0.67;
Lim1, p � 0.58; Foxp1, p � 0.16). The lateral and medial subtypes
of LMC neurons defined by, respectively, Lim1� and Isl1� ex-
pression in Foxp1� LMC neurons were also generated normally
(Fig. 2X,Y; Isl1�/Foxp1�, p � 0.126; Lim1�/Foxp1�, p � 0.91).

Electrical activity has previously been reported to influence
the growth and guidance of axons (Nishiyama et al., 2003; Han-
son and Landmesser, 2004), but this was not assessed in
Munc18-1�/� mutants (Verhage et al., 2000), prompting us to
examine the guidance of LMC motor axons in the limb, a process
that is well characterized at the molecular level (Kao et al., 2012).
At E12.5, both mutant and WT motor axons extended into the
limb to a similar extent and segregated into ventral and dorsal
limb nerves (Fig. 3A,B), with EphA4 expression appropriately
labeling LMC axons in the dorsal limb nerve (Fig. 3C,D;
Helmbacher et al., 2000) and DCC labeling in both branches of
motor axons (Fig. 3E,F; Bai et al., 2011). At E13.5, both WT and
mutant motor axons reach their distal limb muscle targets with
similar frequency, as assessed by expression of neurofilament and
the motor axon marker vesicular acetylcholine transferase
(VAChT; Fig. 3G,H), demonstrating that deletion of Munc18-1
does not impair axon outgrowth.

Many studies of synaptic activity during neuronal differenti-
ation argue for its role in regulating gene expression (Borodinsky
et al., 2004; Demarque and Spitzer, 2010; Marek et al., 2010). To
determine the extent of gene expression changes in Munc18-1�/�

spinal cords during the early stages of neural circuit formation,
we isolated mRNA from the lumbar spinal cords of E12.5 WT and
Munc18-1�/� embryos, which was then labeled and hybridized
to Affymetrix Mouse Gene 2.0 arrays and probe signal intensities
were compared using RMA processing. Single-probe-level quan-
tification using p-values adjusted by the false discovery rate
method (Benjamini and Hochberg, 1995) revealed a significant
loss of expression of the exons deleted in the Munc18-1-null allele
(�100-fold, Fig. 3 I, J; Verhage et al., 2000). Surprisingly, no other
significant gene expression differences between WT and
Munc18-1�/� animals were detected, demonstrating that the ab-
sence of synaptic activity during the early stage of spinal cord
development does not lead to any detectable changes in gene
expression, even at the level of differential splicing. Together,
these data demonstrate that, even in the absence of synaptic ac-
tivity, the molecular specification of the murine spinal motor
circuits proceeds normally without obvious changes in neuronal
identity, axon extension, or mRNA expression.

Early onset and increased neuronal apoptosis in
Munc18-1 �/� embryos
Previous studies of Munc18-1�/� mice reveal widespread cell
death throughout the CNS (Verhage et al., 2000); however, the

mechanisms underlying it remain largely unexplored. Motor
neurons are normally generated in excess and undergo a period of
apoptotic death resulting in motor neuron numbers commensu-
rate with their target muscle identity (Hamburger, 1975; Lance-
Jones, 1982; Gould and Oppenheim, 2011). Given that silencing
of neuronal activity can reduce apoptosis in motor neurons
(Hory-Lee and Frank, 1995; Myers et al., 2005; Varoqueaux et
al., 2005), we aimed to determine how this reduction in acti-
vity might influence the neurodegeneration observed in
Munc18-1�/� mice during this developmental window. We thus
examined the number of apoptotic motor neurons, in WT and
Munc18-1�/� mutants before and during the period of naturally
occurring cell death (Yamamoto and Henderson, 1999). Specifi-
cally, we examined lumbar and cervical spinal motor neurons
between E11.5, before the onset of LMC apoptosis, and E13.5,
during the peak of LMC apoptosis, by immunostaining for the
apoptotic marker Cleaved Caspase-3 (CC3; Tewari et al., 1995)
and the LMC marker Foxp1 (Fig. 4A–H). At E11.5, we did not
detect any difference in the number of CC3� LMC neurons be-
tween mutant and WT embryos (Fig. 4A,B,K, Table 2), but at
E12.5, there was a significant increase in their numbers in
Munc18-1�/� mice compared with their WT littermates (Fig.
4C,D,K, Table 2). This disparity increased over time (Fig. 4E–
I,K, Table 2) such that, in the E13.5 brachial spinal cord, there
were �8-fold more CC3� LMC cells in mutants compared with
controls (Fig. 4I–K, Table 2). This increased cell death was not
restricted to the LMC, being apparent throughout the spinal
cord, indicating the loss of both motor neurons and interneurons
(Fig. 4H, J, arrowheads). By E16.5, compared with WT and
Munc18-1 heterozygotes, very few Isl1� cells remained in the
Munc18-1�/� spinal cord (Fig. 4L,M), whereas neurons of the
dorsal root ganglia (DRG) were spared (Fig. 4L,M, arrowheads).

Cell-autonomous and non-cell-autonomous motor neuron
death in Munc18-1 mutants
Munc18-1 regulates neurotrophin-containing large dense-core
vesicle fusion in adrenochromaffin cells (Voets et al., 2001; Dieni
et al., 2012), suggesting the possibility that neuronal apoptosis in
Munc18-1�/� mutants might be caused by a deficiency in neu-
rotrophin secretion. A corollary of this would be that WT neu-
rons might rescue Munc18-1�/� neurons from apoptosis by
providing secreted neurotrophins, as suggested by in vitro manip-
ulations (Heeroma et al., 2004). To test the rescue of
Munc18-1�/� neurons by control neurons in vivo, we used a
conditional floxed allele of Munc18-1 (Munc18-1 flox; Dudok et
al., 2011) in combination with Cre recombinase expressed under
the control of the Olig2 motor-neuron-specific promoter
(Olig2 cre; Dessaud et al., 2007). Excision of Munc18-1 in Olig2-
derived motor neurons was confirmed by the loss of Munc18-1
protein expression in the spinal ventral roots that exclusively
carry motor axons (Fig. 5A,B, arrowheads). Motor neuron apo-
ptosis was assayed in Olig2 cre/�;Munc18-1 flox/flox (conditional)
embryos by detecting CC3 in the E13.5 brachial spinal cord,
where the greatest difference exists between levels of apoptosis in
Munc18-1�/� and WT embryos. Surprisingly, Olig2 cre/�;
Munc18-1 flox/flox mice exhibited similar numbers of apoptotic
LMC neurons to Olig2�/�;Munc18-1 flox/flox controls (Fig. 5C–E,
p � 0.12), many fewer than in Munc18-1�/� embryos (Fig. 5E,
p � 0.005). To determine whether this rescue of motor neuron
death in conditional knock-outs was permanent, we examined
the expression of the Isl1 motor neuron transcription factor at
E16.5. In Olig2 cre/�;Munc18-1 flox/flox spinal cords, we observed
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that, compared with controls, only 	10% of motor neurons re-
mained (Fig. 5H; p � 0.007), whereas other spinal neurons, such
as those expressing CCAT or Pax2, appeared to be unaffected by
the elimination of Munc18-1 in motor neurons (Fig. 5I–N; CCAT
p � 0.242; Pax2 p � 0.687). These experiments show that condi-
tional deletion of Munc18-1 in motor neurons leads to a tempo-
rary reprieve from apoptosis, although cell-autonomous motor
neuron degeneration still occurs.

Neurotrophic signaling in Munc18-1 mutant spinal cords
Neurotrophic support promoting LMC neuron survival may
originate from the periphery and from within the CNS (Oppen-
heim, 1996; Gould and Oppenheim, 2011). To assay peripheral
LMC survival factor signaling, we took advantage of the observa-
tion that the expression of the transcription factor Pea3 is in-
duced in motor neurons by a peripheral source of the
neurotrophin GDNF (Haase et al., 2002). In E13.5 Munc18-1�/�

Figure 3. Motor axon growth and mRNA expression in Munc18-1 �/� mice. A schematic of limb innervation by LMC neurons shows the dorsoventral (D-V) divergence of axons from neurons of
the medial (red) and lateral (green) LMC at the base of the limb. In the E12.5 crural plexus, axons diverge normally at the base of the limb as determined by neurofilament expression (A, B). These
axons also express EphA4 in the dorsal nerve branches (C, D) and DCC in both branches (E, F ). In the distal hindlimbs of E13.5 mice (G, H ), motor axons defined by coexpression of neurofilament (red)
and ChAT (green) are present in both WT and Munc18-1 �/� mice. Arrowheads point to innervation found in both genotypes. I, Schematic of the Munc18-1 allele. Exons deleted in the Munc18-1-null
allele are aligned below the remaining exons; color indicates the expression level of exons in Munc18-1 �/� mice compared with WT as determined by microarray. J, Volcano plot of mRNA expression
at the probe level in Munc18-1 �/� spinal cords versus WT. Only the exons deleted in the Munc18-1-null allele are downregulated (red dots); exons retained in the-null allele (blue dots) are not
downregulated.
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spinal cords, Pea3 and the GDNF receptor c-Ret were expressed
as in controls (Fig. 6A–F), which, combined with the fact that
Munc18-1 is not prominently expressed outside of the nervous
system (Fig. 1C), suggests that a loss of peripheral neurotrophic
support is unlikely to be responsible for Munc18-1�/� LMC neu-
ron apoptosis.

In the CNS, our microarray data demonstrate that the expres-
sion of mRNAs of neurotrophic factors and their receptors was
normal in Munc18-1�/� spinal cords (Fig. 3 I, J). Because whole
spinal cord mRNA expression profiling does not allow the deter-
mination of which cells express a given mRNA and due to the
possibility of apoptosis induction by local changes in expression
of neurotrophin receptors and their ligands (Bamji et al., 1998;
Béchade et al., 2002; Nikoletopoulou et al., 2010), we examined
p75, TrkA, TrkC, and NT3 mRNAs and protein localization in
E13.5 Munc18-1�/� spinal cord, where we found them to be
indistinguishable from controls (Fig. 6G–N).We also examined
the expression of the TrkB receptor, which, in addition to pro-
viding neurotrophic support (Klein et al., 1993), is also important
for activity-dependent synaptic refinement (Wang and Poo,
1997). In WT mice, TrkB is expressed in DRG neurons and in a
filamentous pattern throughout the spinal cord, consistent with
its reported dendritic localization (Fig. 6O,Q; Yan et al., 1997).
However, in Munc18-1�/� embryos, TrkB protein appears to
accumulate in cells adjacent to the LMC at E12.5 (Fig. 6P,R) and
E13.5 (Fig. 7C) despite normal mRNA expression (Fig. 3 I, J),
suggesting that trafficking of the TrkB receptor is compromised

in Munc18-1�/� mice, which may reduce the transduction of
survival-promoting BDNF signaling.

Intracellular protein trafficking defects in Munc18-1 �/�

neurons
The mislocalization of TrkB in Munc18-1�/� neurons
(Fig. 6P–R) and the observation that, in C. elegans, UNC-18 is
necessary for the correct trafficking of the homolog of
mouse Syntaxin-1a (McEwen and Kaplan, 2008) suggests that
Munc18-1 may influence the trafficking of other proteins. In
addition, in Munc18-1�/� E18 mouse cortex, Syntaxin1a pro-
tein levels are reduced, suggesting that Munc18-1 stabilizes
Syntaxin1a, perhaps acting as a chaperone (Toonen et al., 2005).
We thus considered whether the aberrant localization of TrkB
receptors (Fig. 6M–O) might be a result of more general protein
trafficking defects in Munc18-1�/� mutants. At E13.5, similar
levels of the Syntaxin1a protein were present in mutant and
control spinal cords as determined by Western blot (Fig. 7K);
however, its localization appeared abnormal in Munc18-1�/�

mutants, in which essentially all spinal neurons exhibit somatic
accumulations of Syntaxin1a (Fig. 7A–C). Moreover, at the level
of single cells, Syntaxin1a and TrkB protein colocalize extensively
(Fig. 7C). We next examined the cellular distribution of the ax-
onal protein DCC, the distribution of which can be influenced by
activity (Bouchard et al., 2008), and found that, at E13.5, its spi-
nal cord expression appeared to be increased in Munc18-1�/�

mutants (Fig. 7D,E) and coincided with Syntaxin1a’s somatic

Figure 4. Cell death in the spinal cord of Munc18-1 �/� mice. Staining of Foxp1 (red) and cleaved caspase-3 (green) demonstrates the increased extent of cell death in the Munc18-1 �/� spinal
cord from the E11.5 brachial spinal cord (A, B, K; Table 2) to the E13.5 brachial spinal cord (I–K; Table 2; C–H show the interim stages of development) in both the LMC and adjacent interneurons
(white arrowheads). By E16.5, Isl1 staining reveals the degeneration of the majority of the spinal cord (L, M ) in Munc18-1 �/� animals, although the DRG (arrowheads) remain intact.
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accumulation (Fig. 7F), although its levels in peripheral motor
axons were comparable between genotypes at E12.5 (Fig. 3E,F).
We also examined the localization of the postsynaptic protein
PSD-95, which normally interacts with the Munc18-1-binding

partner CDK5 (Morabito et al., 2004); at E13.5, in the absence of
Munc18-1, the localization of PDS95 appeared disrupted, with
multiple neurons showing strong accumulation of PSD-95 and
overlap with mislocalised TrkB and DCC (Fig. 7 I, J).

Figure 5. Cell death in Munc18-1 conditional mutants. Staining of neurofilament (Ai, Bi) and Munc18-1 (Aii, Bii) in Olig2 �/cre;Munc18-1 flox/flox mice reveals ablation of Munc18-1 expression in motor axons
(m, arrowheads), but not sensory axons (s), demonstrating the loss of Munc18-1 specifically in motor neurons of Olig2 �/cre;Munc18-1 flox/flox mice (B) compared with Olig2 �/�;Munc18-1 flox/flox mice (A).
Staining with Foxp1 (red) and cleaved caspase-3 (green) reveals the extent of cell death in the E13.5 brachial spinal cord of Olig2 �/�;Munc18-1 flox/flox mice (C, E; 1.61 � 0.62, n � 4) compared with
Olig2 �/cre;Munc18-1 flox/flox mice (D, E; 3.19�0.48, n�3, p�0.12). Comparison between Olig2 �/cre;Munc18-1 flox/flox and Munc18-1 �/� mice reveals a significant decrease in the frequency of caspase �

LMC neurons (E; 16.01�2.57, Munc18-1 �/�, n�5, vs 3.19�0.48, n�3, p�0.007) in Olig2 �/cre;Munc18-1 flox/flox mice. At E16.5, Isl1 staining reveals the absence of motor neurons in the ventral spinal
cord of Olig2 �/cre;Munc18-1 flox/flox mice compared with Olig2 �/�;Munc18-1 flox/flox littermates (F–H; 28.7�5.2, Olig2 �/�;Munc18-1 flox/flox, n�2, 3.47�0.26 (Olig2 �/cre;Munc18-1 flox/flox, n�3, p�
0.0074). CCAT� (I–K ) and Pax2� (L–N ) neuron counts reveal no differences between Olig2 �/cre;Munc18-1 flox/flox (CCAT � 141.7 � 8.69, n � 3; Pax2 � 336.7 � 6.489, n � 3) and
Olig2 �/�;Munc18-1 flox/flox mice (CCAT � 123.7 � 9.838, n � 3, p � 0.242; Pax2 � 322.2 � 32.67, n � 3, p � 0.687).
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Given that both TrkB and DCC are glycosylated proteins (Re-
ale et al., 1994; Haniu et al., 1995) and that aberrant glycosylation
may result in somatic accumulation of misfolded proteins
(Raposo et al., 1995), we examined the extent of DCC and TrkB
glycosylation in spinal cords of E13.5 mice by Western blot and
quantified these to verify that Munc18-1 ablation did not lead to
overexpression of these proteins. In the absence of Munc18-1,
both DCC and TrkB migrated at the same molecular weight as in
controls (Fig. 7K), suggesting that a lack of glycosylation is
not responsible for the mislocalization of TrkB and DCC in
Munc18-1�/� mutants. Quantification revealed no significant

differences in levels of expression between control and
Munc18-1�/� spinal cords (TrkB: p � 0.26, n � 6; DCC: p �
0.71, n � 4; Fig. 7L), demonstrating that the aggregation of TrkB
and DCC was not due to their overexpression.

Protein mislocalization to the endoplasmic reticulum result-
ing in ER stress has been proposed as a pathogenic mechanism in
some neurodegenerative disorders (Saxena et al., 2009). We thus
monitored the presence of spliced transcripts of the XBP-1 gene,
a known indicator of ER stress (Yoshida et al., 2001), in spinal
cords of Munc18-1�/� mutants and controls at E13.5, when
many neurons are apoptotic (Fig. 4) and/or display accumula-

Figure 6. Expression and transduction of growth factor signaling in Munc18-1 �/� mice. Normal transduction of GDNF signals from the limb upregulates Pea3 in a population of spinal motor
neurons in both control (A, C) and Munc18-1 �/� animals (B, D). Consistent with this, the GDNF receptor c-Ret is expressed normally in Munc18-1 �/� motor neurons (E, F ). Expression of NT3 (G,
H ) and p75 mRNAs (I, J ) are also normal in Munc18-1 �/� lumbar spinal cords at E13.5. Expression levels and distribution of TrkA protein (K, L) and TrkC mRNA (M, N ) is comparable between control
and Munc18-1 �/� animals at E12.5. Immunostaining of TrkB reveals accumulations of signal in neurons within the ventral spinal cord of Munc18-1 �/� animals that are not present in WT (O–R).
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tions of Syntaxin1a, DCC, TrkB, and/or PSD-95 (Fig. 7). As a
positive control, we used tunicamycin-treated mouse embryonic
fibroblasts producing an ER-stress-specific spliced isoform of
XBP-1 mRNA, detectable by PCR (Fig. 7M). In contrast, we did

not detect this isoform in Munc18-1�/�

spinal cords (Fig. 7M). In addition, the
expression of GRP78, another marker of
ER-stress responses (Haze et al., 1999),
was unchanged in E13.5 mutants (Fig.
7N), demonstrating that, despite the mis-
localization of Syntaxin1a, PSD-95, TrkB,
and DCC, the cellular pathways that re-
spond to ER stress are unlikely to be acti-
vated in Munc18-1�/� mutants.

Neurodegenerative markers in
Munc18-1 �/� neurons
To gain further insight into neuronal de-
generation in Munc18-1�/� mutants, we
next examined hallmarks of neurodegen-
erative diseases such as activated inflam-
matory response (Glass et al., 2010),
�-synuclein expression (Bendor et al.,
2013), phospho-Tau localization (Lee et
al., 2001), Congo Red reactivity (Hardy
and Selkoe, 2002; Ross and Poirier, 2004),
and ubiquitination (Atkin and Paulson,
2014). At E13.5, the time of intense neu-
rodegeneration in Munc18-1�/� mu-
tants, the microglial markers Iba1 and
Cd11b, which are upregulated in some
neurodegenerative conditions (Glass
et al., 2010), appears unchanged in
Munc18-1�/� mutants (Fig. 8A–D). In
addition, we did not detect changes in the
expression of �-synuclein in the spinal
cords of Munc18-1�/� embryos (Fig.
8E,F).

Munc18-1 is known to interact with
Cdk5, a kinase that phosphorylates Tau
(Bhaskar et al., 2004), and aberrant phos-
phorylation of Tau is a known component
of some neurodegenerative diseases in-
cluding ALS and Alzheimer’s (Buée et al.,
2000; Lee et al., 2001; Rudrabhatla, 2014).
We monitored Tau phosphorylation at
Ser202 and Thr205 (pTau) by immuno-
staining of E12.5 spinal cords with the
AT8 antibody (Oddo et al., 2003; Ballatore
et al., 2007) and found that, in E12.5
Munc18-1�/� spinal cords, there was an
abnormal reduction in pTau levels (Fig.
8G–J, arrowheads), confirmed by West-
ern blotting (Fig. 8K) and accompanied
by accumulation of pTau within neu-
ronal cell bodies in the ventral spinal
cord (Fig. 8G–I), demonstrating that
Munc18-1�/�-associated neurodegen-
eration exhibits a tauopathy hallmark
(Varoqueaux et al., 2002; Myers et al.,
2005; Ballatore et al., 2007; Benjumeda et
al., 2013; Puchtler et al., 1961). Neurofila-
ment immunostaining at E13.5 revealed

neurofibrillary tangles appearing in many Munc18-1�/� neurons
(Fig. 8L,M). The perinuclear accumulation of neurofilament im-
munoreactivity was similar to that of PSD-95 and Syntaxin1a
(Fig. 8L,M, arrowheads, insets; cf. Fig. 7B,H).

Figure 7. Protein mistrafficking in Munc18-1 �/� mice. Syntaxin1a is expressed throughout the spinal cord, particularly in
fiber tracts (A, B). In Munc18-1 �/� spinal cords, accumulation of Syntaxin1a can be seen in the soma of neurons (B, C). TrkB and
Syntaxin1a accumulate in the same neurons in Munc18-1 �/� spinal cords (C). Similar to Syntaxin1a, DCC accumulates in
Munc18-1 �/� spinal neurons (D, E). DCC and Syntaxin can accumulate in the same neurons (F ). The postsynaptic protein PSD-95
is expressed in the spinal cord and accumulates similarly to Syntaxin1a (G, H ). Cells in which PSD-95 accumulates also display
accumulation of TrkB (I ) or DCC (J ). Western blotting reveals that Syntaxin1a, DCC, and TrkB are found at the same molecular
weight in control and Munc18-1 �/� animals (K ). In addition, expression levels of TrkB and DCC are unaffected in Munc18-1 �/�

spinal cords (L; TrkB, p � 0.212 n � 6; DCC, p � 0.855, n � 4). RT-PCR directed against XBP-1 reveals that tunicamycin treatment
induces XBP-1 splicing in mouse embryonic fibroblasts, but that this splicing is not present in control or Munc18-1 �/� spinal cords
at E13.5 (M ). Western blotting for GRP78 reveals no differences in expression levels between control and Munc18-1 �/� animals
at E13.5 (N ).
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Next, we performed Congo Red stain-
ing, which is a histochemical method al-
lowing the detection of structures rich in
�-sheets, including the amyloid plaq-
ues common in Alzheimer’s disease
(Jankowsky et al., 2001; Borodinsky et al.,
2004; Demarque and Spitzer, 2010;
Puchtler et al., 1961). Cortices of aged
mice carrying the 3xTg-AD transgenes
[Tg(APPSwe,tauP301L)1Lfa; Jankowsky
et al., 2001] contain many amyloid
plaques that stain strongly with Congo
Red and may be visualized by fluores-
cent microscopy using Texas Red and
ultraviolet filters (data not shown). At
E16.5, intense Congo Red staining could
be detected throughout Munc18-1 �/�

spinal cords compared with nondegen-
erating WT spinal cords (Fig. 8 N, O).
Finally, because ubiquitination of mis-
folded proteins is also a hallmark of sev-
eral neurodegenerative diseases (Atkin
and Paulson, 2014), we examined its ex-
tent in Munc18-1 �/� mutants (Fig. 8P–
U ). Although, at E12.5, we did not
detect any ubiquitin upregulation in
Munc18-1 �/� mutants (Fig. 8 P, Q), at
E13.5, mutant spinal cords contained
many neurons with elevated ubiquitin
levels (Fig. 8R–U ), suggesting that
Munc18-1 loss results in increased
protein degradation. Together, these
results demonstrate that, despite the ab-
sence of activated ER stress response,
Munc18-1 mutants have misregulated
Tau phosphorylation, neurofibrillary
tangles, amyloid accumulation, and
an increased ubiquitination, all com-
mon features of neurodegenerative
disorders.

Discussion
Summary
In this report, by studying the
Munc18-1 �/� nervous system, we dem-
onstrate that synaptic activity is dis-
pensable for the early formation of
spinal motor circuits at the levels of
axon guidance, differentiation of tran-
scriptional identity, and mRNA expres-
sion. We also show that aspects of
neurotrophin signaling are normal in
Munc18-1 mutants, but uncover evi-
dence of abnormal accumulation of
multiple proteins that is not a result of
misglycosylation and does not lead to
ER stress responses. Munc18-1 �/� neu-
rons degenerate in a cell-autonomous
fashion in the absence of inflamma-
tory responses or �-synuclein accumu-
lation; however, Munc18-1 �/� neurons display Alzheimer’s
disease hallmarks such as aberrant tau phosphorylation, accu-
mulation of neurofibrillary tangles in neurons, and amyloid

accumulations in degenerating spinal cords. Here, we discuss
these results in the context of previous findings regarding the
role of neuronal activity in development, the cellular function
of Munc18-1, and neurodegeneration.

Figure 8. Neurodegenerativemarkers in Munc18-1 �/�mice. Immunostainingforthemicroglialmarkers Iba1(A, B)andCD11b(C, D)
reveal no differences between control and Munc18-1 �/� mice. Alpha synuclein expression also appears similar between control and
Munc18-1 �/�mice (E, F ). Immunostaining for pTau expression in Munc18-1 �/�mice at E12.5 reveals accumulations within neurons in
the spinal cord that are not present in WT (G–J ) and a reduction of expression in axons (G, H, arrowheads). Western blotting reveals a
reduction in pTau, but not total Tau, levels in lysates from E13.5 Munc18-1 �/� spinal cords (K ). Immunostaining at E13.5 reveals multiple
aggregations of neurofilament in Munc18-1 �/� animals (M, arrowheads) that are not present in controls (L). Congo Red staining reveals
UV-emitting accumulations of signal in Munc18-1 �/� degenerating spinal cords at E16.5 that are not present in controls (N, O). Immu-
nostaining for ubiquitinated proteins at E12.5 reveals no differences between control and Munc18-1 �/� animals (P, Q); however, at
E13.5, there is an increase in ubiquitin staining in motor neurons of Munc18-1 �/� mice (R–U ).
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Role of synaptic activity in spinal neuron development
It has been proposed that patterned neural activity influences the
early development of neuronal circuits before its function in syn-
aptic competition and pruning (for review, see Spitzer, 2006);
however, this has been controversial, with some reports demon-
strating that early activity is dispensable for normal development
(Varoqueaux et al., 2002; Myers et al., 2005; Benjumeda et al.,
2013). In this study, we demonstrate that, in vivo, the molecular
specification of motor neurons and interneurons in the murine
spinal cord, the growth of their axons, and the expression of
mRNA is unaffected by the loss of synaptic activity.

Experiments in which synaptic activity can be demonstrated
to affect aspects of neuronal differentiation (Borodinsky et al.,
2004; Demarque and Spitzer, 2010) and path finding (Ming et al.,
2001; Nishiyama et al., 2003; Hanson and Landmesser, 2004;
Kastanenka and Landmesser, 2010) rely on pharmacological
means or overexpression of ion channels to disrupt activity.
However, a study of ChAT mutant mice, in which residual gluta-
matergic neurotransmission results in reduced motor circuit ac-
tivity, failed to reveal any differences in motor circuit formation
other than an increased number of motor neurons due to lack of
acetylcholine-mediated competition (Myers et al., 2005). Simi-
larly, a study of cortical mRNAs from E14.5–E18.5 Munc18-1�/�

mice revealed only a single neurotransmitter identity gene
expression change at the oldest age examined (Bouwman et al.,
2006). In our study, the absence of neurotransmission precludes
confounding effects of compensatory neurotransmitter activity
(Myers et al., 2005) and our survey of the transcriptional identity
of motor neurons and interneurons provides the most complete
evidence for the absence of requirement neurotransmitter release
in murine neural circuit formation. Alongside other studies (Va-
roqueaux et al., 2002; Myers et al., 2005; Benjumeda et al., 2013),
our analysis indicates that the early events in the molecular diver-
sification of neurons do not critically depend on synaptic activity
because both evoked and spontaneous neurotransmitter release
are blocked in Munc18-1�/� mice (Verhage et al., 2000).

Mechanisms of neurodegeneration in Munc18-1 �/� spinal
cords
Motor neurons are generated in excess and undergo pro-
grammed cell death (Hamburger, 1975; Chu-Wang and Oppen-
heim, 1978). Although it is less well described, programmed cell
death also occurs in spinal interneurons (Prasad et al., 2008). Our
study shows that, in Munc18-1�/� mice, LMC neuron death be-
gins earlier (E12.5) and is more extensive than normal. This phe-
notype is not observed in other mutants in which synaptic vesicle
release is blocked, such as in the Munc13–1;Munc13–2 double
mutant mice (Varoqueaux et al., 2002, 2005), suggesting that it is
not a consequence of synaptic activity loss. As suggested by in
vitro studies (Heeroma et al., 2004), the degeneration of
Munc18-1�/� neurons appears to be partially suppressed by
neighboring neurons with WT Munc18-1 or Munc18-1 flox alleles,
demonstrating that the mechanisms that lead to degeneration
can be temporarily rescued by an influence from control neurons.
However, such rescue is only temporary because Munc18-1�/�

neurons degenerate, suggesting that the apoptotic mechanism
inevitably overwhelms any prosurvival contribution from con-
trol neurons. Despite the lack of secretion in Drosophila melano-
gaster embryos lacking the Munc18 homolog Rop (Harrison et
al., 1994) and the reduction in dense-core vesicle docking in ad-
renochromaffin cells lacking Munc18-1 (Voets et al., 2001), it
seems unlikely that Munc18-1�/� degeneration is caused by lack
of trophic factor support for the following reasons: (1) neuronal

survival factor mRNA expression of in the CNS appears normal;
(2) Munc18-1�/� motor neurons can transduce neurotrophic
signals correctly; (3) LMC neurons in motor-neuron-specific
knock-outs of Munc18-1 degenerate in the presence of presum-
ably normal growth factor support from both the CNS and pe-
riphery; and (4) when activity-dependent competition for
growth factors is reduced or eliminated, greater numbers of mo-
tor neurons survive (Pittman and Oppenheim, 1978; Myers et al.,
2005; Varoqueaux et al., 2005). Despite accumulation of the TrkB
receptor in a subpopulation of neurons (Figs. 6O–R, 7B,C),
which may result in lower cellular response to BDNF signals, the
size of that subpopulation of neurons is too small to account for
the near-complete degeneration of the spinal cord observed
in Munc18-1�/� mice. Together, these results suggest a neu-
rotrophic support-independent mechanism for Munc18-1�/�

neurodegeneration.

Similarities between Munc18-1 �/� and
neurodegenerative disease
Our results suggest that the mistrafficking of proteins such as
DCC and TrkB in Munc18-1�/� spinal cords is not caused by
aberrant glycosylation and does not result in ER stress, so how do
Munc18-1 mutant neurons degenerate? Our molecular charac-
terization of Munc18-1�/� mutants reveals the presence of
striking pathological neurodegenerative hallmarks. Munc18-1
associates with membrane microdomains rich in APP and
miRNA knock-down of Munc18-1 can lead to a shift in APP
distribution to domains containing BACE1, promoting the for-
mation of toxic �� fragments of APP (Sakurai et al., 2008). These
�� fragments are toxic before their aggregation into fibrils visible
with light microscopy (Harmeier et al., 2009).

In Munc18-1�/� mice, similar to WT, there is a correlation
between the onset of degeneration and the time since cell cycle
exit (Gould et al., 1999). Given that the expression of Munc18-1
and APP appears restricted to postmitotic neurons (Visel et al.,
2004) and that the accumulation of toxic forms of APP can lead to
neurodegeneration (Harmeier et al., 2009), we propose that,
among other effects, the loss of Munc18-1 causes misprocessing
of APP in postmitotic neurons, leading to degeneration of these
neurons within a few days of their exit from the cell cycle.

The reduction of Tau phosphorylation observed by Western
blotting is most likely due to the activity of Munc18-1 (p67) as an
activator of CDK5 (Shetty et al., 1995), which can phosphorylate
Tau and coprecipitates with Munc18-1 and cytoskeletal compo-
nents (Bhaskar et al., 2004). That pTau inclusions are found in
the soma of neurons whereas overall levels of pTau are reduced in
the Munc18-1�/� spinal cord agrees with results from CDK5-null
mice, in which accumulations of phosphorylated neurofilaments
can be seen in neuronal soma (Ohshima et al., 1996); such tangles
also include neurofilaments other than Tau (Rudrabhatla et al.,
2011). Although mice lacking CDK5 also undergo increased neu-
rodegeneration, this occurs at a much lower rate than in
Munc18-1�/� mutants (Verhage et al., 2000; Li et al., 2002). This
fact, combined with the absence of cortical layering defects in
Munc18-1 mutants (Ohshima et al., 1996; Verhage et al., 2000),
suggests that a large component of the Munc18-1 phenotype is
not mediated by reduced CDK5 activity.

The non-cell-autonomous suppression of degeneration of
Munc18-1�/� neurons seems unexpected, but may be explai-
ned by the observation of amyloid plaque depositions in
Munc18-1�/� spinal cords and the observation that loss of
Munc18-1 may lead to aberrant APP processing (Sakurai et al.,
2008). If processing of APP is abnormal in Munc18-1�/� neu-
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rons, then toxic species may be removed by control neurons. We
hypothesize that the temporary nature of this protective effect is
due to sufficiently high levels of �� production in Munc18-1�/�

neurons to preclude effective clearance by control neurons over
the long term. Finally, Western blotting of brain samples from
human Alzheimer’s patients shows a specific reduction of the
Munc18-1a splice form, but not others, in the brains of patients
with advanced dementia (Ramos-Miguel et al., 2014), providing
further evidence that loss of Munc18-1 correlates with Alzhei-
mer’s symptoms. Heterozygous mutations in STXBP1, the
human Munc18-1 homolog, cause Ohtahara and Dravet’s syn-
dromes, which are characterized by early-onset epilepsy (Saitsu et
al., 2008; Carvill et al., 2014); Munc18-1�/�-like neurodegenera-
tion in these patients has not been yet reported. Although the
degeneration occurring in Munc18-1�/� animals occurs prena-
tally and does not appear to have an ER stress component, gi-
ven the evidence of amyloid plaques in the degenerating
Munc18-1�/� spinal cord, the abnormal processing of APP in
neurons lacking Munc18-1 (Sakurai et al., 2008), and the splice-
specific reduction of Munc18-1a in Alzheimer’s patients
(Ramos-Miguel et al., 2014), we propose that the degeneration
observed in Munc18-1�/� mice may provide novel insights
into mechanisms underlying neurodegeneration in Alzheimer’s
disease.

References
Atkin G, Paulson H (2014) Ubiquitin pathways in neurodegenerative dis-

ease. Front Mol Neurosci 7:63. Medline
Bai G, Chivatakarn O, Bonanomi D, Lettieri K, Franco L, Xia C, Stein E, Ma L,

Lewcock JW, Pfaff SL (2011) Presenilin-dependent receptor processing
is required for axon guidance. Cell 144:106 –118. CrossRef Medline

Ballatore C, Lee VM, Trojanowski JQ (2007) Tau-mediated neurodegenera-
tion in Alzheimer’s disease and related disorders. Nat Rev Neurosci
8:663– 672. Medline

Bamji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, Kohn J, Causing
CG, Miller FD (1998) The p75 neurotrophin receptor mediates neuro-
nal apoptosis and is essential for naturally occurring sympathetic neuron
death. J Cell Biol 140:911–923. CrossRef Medline
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