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Agrin and Synaptic Laminin Are Required to Maintain
Adult Neuromuscular Junctions

Melanie A. Samuel, Gregorio Valdez™®, Juan C. Tapia"b, Jeff W. Lichtman, Joshua R. Sanes*

Department of Molecular and Cellular Biology and Center for Brain Science, Harvard University, Cambridge, Massachusetts, United States of America

Abstract

As synapses form and mature the synaptic partners produce organizing molecules that regulate each other’s differentiation
and ensure precise apposition of pre- and post-synaptic specializations. At the skeletal neuromuscular junction (NMJ), these
molecules include agrin, a nerve-derived organizer of postsynaptic differentiation, and synaptic laminins, muscle-derived
organizers of presynaptic differentiation. Both become concentrated in the synaptic cleft as the NMJ develops and are
retained in adulthood. Here, we used mutant mice to ask whether these organizers are also required for synaptic
maintenance. Deletion of agrin from a subset of adult motor neurons resulted in the loss of acetylcholine receptors and
other components of the postsynaptic apparatus and synaptic cleft. Nerve terminals also atrophied and eventually
withdrew from muscle fibers. On the other hand, mice lacking the presynaptic organizer laminin-o4 retained most of the
synaptic cleft components but exhibited synaptic alterations reminiscent of those observed in aged animals. Although we
detected no marked decrease in laminin or agrin levels at aged NMJs, we observed alterations in the distribution and
organization of these synaptic cleft components suggesting that such changes could contribute to age-related synaptic
disassembly. Together, these results demonstrate that pre- and post-synaptic organizers actively function to maintain the

structure and function of adult NMJs.
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Introduction

At the mammalian skeletal neuromuscular junction (NM]), pre-
and post-synaptic structures are highly differentiated and precisely
aligned. This synapse forms in embryos, matures during an early
postnatal period, and is remarkably stable in young adult mice [1—
3]. Later in life, however, maintenance of the NM]J is compro-
mised, and several structural alterations occur. By two years of
age, NMJs in most muscles show marked dystrophies, including
nerve terminal sprouting, fragmentation, and denervation [4-9].
Related patterns of progressive NMJ disassembly have also been
documented in some diseases of the motor unit, including
myasthenia gravis and amyotrophic lateral sclerosis [9—-13]. These
alterations presumably result from changes in the level or
distribution of molecules that maintain synaptic structure and
function in young adults. To date, however, the identity of such
factors has remained obscure.

In seeking such factors, we considered molecules called synaptic
organizers, which are already known to regulate the formation and
maturation of the NMJ [14-16]. Several synaptic organizers are
secreted by motor axon terminals or muscle fibers and are stably
maintained in the basal lamina that runs through the synaptic cleft
between the nerve terminal and postsynaptic membranes [17-21].
Of these, the two best characterized are agrin and the synaptic
laminins.
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Agrin is a nerve-derived proteoglycan that is secreted by motor
axons and promotes aggregation of acetylcholine receptors
(AChRs) in the postsynaptic membrane. Muscle cells also express
agrin, but only motor neurons produce an alternatively spliced
isoform called “z-agrin” that activates a postsynaptic receptor
complex consisting of LRP4 and the receptor tyrosine kinase
MuSK [22-25]. During the initial phases of development, z-agrin
activates MuSK/LRP4 to both stabilizes aneurally-formed clusters
of AChRs and induce formation of new clusters in the muscle
membrane [26-30]. In the absence of all agrin isoforms or only z-
agrin, postsynaptic differentiation of the NM]J does not proceed,
and animals die shortly after birth [18,19]. Presynaptic abnor-
malities are also evident in agrin mutant mice, likely because
disruption of postsynaptic development prevents retrograde
signaling from muscle to nerve.

In contrast to nerve-derived agrin, laminins are synthesized
by muscles and promote presynaptic differentiation. Laminins
are present in all basal laminas (BLs) and are heterotrimers of
o, B, and y subunits drawn from a total of 5a, 3P, and 3y
isoforms [31]. There are specific laminin heterotrimers in the
synaptic cleft, laminins 221 (22B2y1), 421 (04P2yl), and 521
(@5B2y1); extrasynaptic BL contains primarily laminin 211
(@2B1y1) [32]. In laminin-B2 mutant mice all synaptic laminin
heterotrimers are depleted, the NM]J fails to mature and animals
die 2—4 weeks after birth due to a lack of proper neuromuscular
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transmission [17,33]. Mice lacking laminin-o4 (Zama47/7) are
viable but lack precise apposition of presynaptic neurotransmit-
ter release sites (active zones) to postsynaptic depressions called
junctional folds [20]. Mice lacking both laminins-o4 and -o5
also show presynaptic abnormalities as well as delayed
postsynaptic maturation [34].

Here, we asked whether agrin and synaptic laminins are
required only for synaptic development and maturation, or
whether their continuous presence is also required for synaptic
maintenance in adult NM]Js. To bypass the neonatal lethality of
agrin mutants, we used a conditional allele (agm™, ref [35]) to
selectively delete agrin from a marked subset of motoneurons in
adults. Agrin deletion resulted in the depletion of AChR receptors,
dispersion of basal lamina components, NM]J dystrophies, and
eventually nerve retraction. Lacking a conditional laminin-f2
mutant, we used lama4 mutants, which show subtle developmental
effects but are otherwise normal and fertile [20]. By 6 months of
age, NMJs lacking laminin-o4 exhibited severe structural defects.
Abnormalities in both agn/™ and lama4 mutants were distinct from
each other, but resembled in several respects those seen in NMJs of
aged wild-type mice. Moreover, the synaptic distribution of agrin
and synaptic laminins changed with age. Together, these results
suggest that maintenance of the NMJ requires the continuous
presence of synaptic organizers and that alterations in the integrity
of the synaptic basal lamina may contribute to age-related synaptic
disassembly.

Results

Agrin Depletion by Conditional Deletion in Adults

Mice lacking all agrin isoforms or only z-agrin die soon after
birth due to severe neuromuscular defects [18,19]. To bypass
lethality, we used agrin conditional mutants (agr?™) in which the
genomic sequence from exon 6 to intron 33 is flanked by loxp sites
[35]. For deletion in adults, we used a transgenic line termed
SLICKA in which a tamoxifen-activated derivative of Cre
recombinase (Cre-estrogen receptor fusion or Cre-er) and YIP
are co-expressed in a subset of motor neurons under the control of
regulatory elements from the 7%yl gene [36]. Administration of
tamoxifen deletes agrin from only those motoneurons that are YFP
positive (YFP+) (Fig. 1A, B). In these experiments, we adminis-
tered 8 doses of tamoxifen over 2 weeks [36] to maximize the
fraction of YFP+ motoneurons in which agrin deletion occurred.
Thus, many YFP positive motoneurons are agrin negative, and all
YFP negative (YFP-) motor neurons are agrin positive, allowing
comparison of wild-type and agrin-deficient NMJs in the same
muscle. In the experiments presented here, we administered
tamoxifen to 2-3 month old mice; to facilitate agrin deletion,
experiments were performed with null/conditional trans-hetero-
zygotes (agm ™).

In initial studies, we assessed levels of agrin at the NM]J by
immunohistochemistry 1 to 3 months post-tamoxifen injection.
As expected, agrin was concentrated at NM]Js in control muscle
(Fig. 1C, left panel) and at YFP- NM]Js in mutants (data not
shown). In contrast agrin levels decreased at most YFP+ NM]s
in mutants. Modest decreases could be observed as early as one
month, but complete loss did not occur until 2 to 3 months
after tamoxifen was administered (Fig. 1C, right panel). Nerve
terminals were also altered; this result is discussed below.

Agrin is Required for Maintenance of the Postsynaptic
Apparatus

The best-studied role of agrin is as a factor that promotes the
stabilization of AChR clusters. To ask whether agrin is required
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for maintenance of these aggregates in adult muscle, we stained
triangularis sterni muscle with fluorophore tagged o-bungaro-
toxin (f-BTX), which binds tightly and specifically to AChRs. In
control heterozygous animals (agri™; SLICKAY) AChRs
remained normally clustered 3 months after tamoxifen admin-
istration, and terminal branches of individual axons exactly
opposed postsynaptic sites (Fig. 2A, left panel). In contrast,
AChR receptor clusters were undetectable at a large number of
YFP+ axon terminals in agrin mutants (Fig. 2A, right panel,
arrows). Thus agrin is required for maintenance of AChR
clusters at adult NM]Js.

During development, agrin is required for most if not all aspects
of postsynaptic maturation [18,19]. To ask whether agrin is also
required for the maintenance of the postsynaptic apparatus, we
immunostained mutant muscles with antibodies to two compo-
nents of the synaptic basal lamina (laminin-oa4 and -o5), a
component of the postsynaptic membrane (B-dystroglycan) and a
component of the subsynaptic cytoskeleton (rapsyn). We focused
on synapses that displayed structural defects as these show the
highest level of agrin depletion (see below). Levels of laminin-o4
and -a, both of which are concentrated in synaptic basal lamina
at control NMJs, were markedly reduced in affected synapses
(Fig. 2C, D). Likewise, levels of P-dystroglycan, a laminin
receptor, and of rapsyn, a cytoskeletal protein that binds AChRs,
were depleted (Fig. 2E, F). We also stained muscles with
antibodies to MuSK, but staining was unreliable in control
muscles, so we cannot draw conclusions about its level or
distribution in mutants. Interestingly, there appeared to be a clear
correspondence between protein levels and AChRs intensity, such
that the intensity of AChRs at a particular NMJ was correlated
with that of the other component examined: high, mid, and low
levels of AChRs were associated with high, mid, and low levels of
the other synaptic proteins (data not shown).

Agrin Loss Disrupts Nerve Terminal Organization

To characterize presynaptic alterations at NM]Js depleted of
agrin, individual YFP+ nerve terminals from control and agrin
mutant animals were imaged at a high magnification together with
f-BTX at 3 months after tamoxifen injection (Fig. 3A, B). Some
YIP+ nerve terminals in mutants were apposed to postsynaptic
sites containing normal levels of AChRs (Fig. 3A). The majority of
these terminals were structurally normal, presumably because the
agm gene had not been disrupted in the parent neuron. Consistent
with this idea, presynaptic alterations seen at 3 months after
deletion occurred predominantly at NM]Js from which agrin was
depleted (Fig. 3C).

In contrast, terminals at NMJs with decreased AChR levels
displayed presynaptic structural defects that ranged in severity
from little alteration to severe disruption (Fig. 3A). Affected
mutant terminals differed from those in control animals in
several ways. In some cases, axon terminals displayed thinning
and dystrophy, while in others the terminals showed fragmen-
tation or swelling (Fig. 3B, arrows). Sprouting from a terminal
occurred in rare cases. Together, these data suggest that agrin is
required for maintaining AChR and axonal terminal patterning
in adults.

In comparing pre- to postsynaptic alterations, we noted some
cases in which relatively intact presynaptic structures were
apposed to defective postsynaptic structures, but very few cases
in which structurally abnormal nerve terminals apposed normal
appearing postsynaptic structures. In addition, the majority of
AChR aggregates in these muscles were unopposed by a YFP+
axon presumably because they were innervated by a YFP- axon.
However, it was also possible that some AChR clusters had
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Figure 1. Agrin is depleted from NMJs following conditional deletion in adults. A. Schematic of the method used to delete agrin from
subsets of motoneurons. In the SLICKA transgene, separate Thy1 regulatory elements drive expression of CreER and YFP. Following administration of
tamoxifen, CreER is activated and the agrin gene is deleted in many YFP+ motoneurons. B. A YFP+ motor axon (green) in a triangularis sterni muscle.
Unlabeled axons are stained with neurofilament and syntaptotagmin 2 (red) to mark all nerve terminals. Scale bar=100 um. Explain the red labeling
of motor axons ***SLICK negative = Neurofilament/Syn??? C. Agrin at NMJs in control (agrn*”"”‘; SLICKA) and mutant (agrnf/ﬂ"x; SLICKA) muscle at the
indicated times after tamoxifen (TX) administration. Agrin levels are decreased slightly 1 month after TX and markedly by 3 months. Scale
bar=10 um. TX =tamoxifen.

doi:10.1371/journal.pone.0046663.9001

become denervated — that is, they had lost YFP+ innervation. To when agrin is largely depleted (Fig. 3D). As noted above, most of

test this possibility, we stained all axons with antibodies to the YFP+ terminals that appeared normal at 3 months apposed
neurofilaments and found no endplates that lacked innervation agrin-positive postsynaptic sites, and therefore likely arose from
(data not shown). Together, these results suggest that postsynaptic motor neurons in which agrm had not been deleted.
alterations precede presynaptic alterations. Second, we examined several muscles that differ in position and
To determine the sources of variability among affected nerve fiber type composition. Changes in AChR clustering and nerve
terminals, we performed three additional studies. First, we terminal architecture similar to those documented in Fig. 3 for
determined the fraction of YPI+ terminals with structural triangularis sterni were observed in hindlimb, trunk and facial
alterations at monthly intervals following tamoxifen administra- muscles (e.g. gastrocnemius, tibialis anterior, and levator aurius
tion. The percent of YFP+ terminals exhibiting one or more of the longus, and interscutularis; data not shown). Thus, most or all
alterations described above increased from ~12% at 1 month post NM]Js depend on agrin for their maintenance.

deletion when agrin levels are fairly normal, to ~75% at 3 months

w
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Third, we examined the variability in structural alterations
among nerve terminals arising from a single motor axon. Because
multiple YFP+ axons were present in most muscles, it was not
feasible to reconstruct entire motor units, so we examined pairs of
terminals in sparsely labeled regions that we knew arose from a
single axon because we could trace them back to a common
branch point. In nearly all cases the terminal structure of each
member of a pair was similarly affected (Fig. 4A) and in <5% of
pairs was one NMJ normal and the other clearly abnormal
(Fig. 4B). These data support the idea that structural defects
reflect the level of agrin within a motor unit and suggest that
variation among NM]Js may result from differences in the rate at
which agrin is lost following deletion.

PLOS ONE | www.plosone.org

Figure 2. Agrin loss leads to disassembly of the postsynaptic apparatus. A-B. Triangularis sterni muscle from control (A) and conditional
agrin knockout (B) animals 3 months after tamoxifen (TX) administration. TX administration to heterozygotes does not disrupt apposition of axons
(green) to AChR-rich postsynaptic membrane (red), but many axons appose AChR-poor postsynaptic structure (arrows) in the mutant. Scale
bar=100 um. TX =tamoxifen C-F Muscles from agrin conditional knockouts and controls 3 months after TX stained for laminin a4 (C), laminin a5 (D),
rapsyn (E), and dystroglycan (F). In each case, mutant NMJs show markedly decreased levels of immunoreactivity. Scale bar=10 um.

doi:10.1371/journal.pone.0046663.9g002

AChR

Finally, we extended our analysis to 5-6 months after tamoxifen
injection to assess the fate of motor axons lacking agrin. By this
time, pretzel shaped presynaptic nerve terminals had nearly all
disappeared (Fig. 3A). The terminal structures that remained
showed severely disrupted morphology with markedly simplified
arbors; adjacent regions of muscle fibers were AChR-poor
(Fig. 5B). In many cases, axons appeared to have withdrawn
from synaptic sites, leaving a single fine-tipped or bulbous ending
(Fig. 5C). Branching of YI'P+ axons in mutants was much less
complex than in control animals, leading to decreased size of the
motor unit (Fig. 5A and data not shown). Moreover, the number
of YFP+ axons per triangularis muscle was lower at 6 months after
tamoxifen (1-3 per muscle) than at 1 or 3 months (4-10 per
muscle). Thus, having lost their NMJs, the tamoxifen-deficient
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Figure 3. Agrin loss disrupts nerve terminal organization. A. Variation in nerve terminal morphology at AChR-poor NMJs in agrin mutants.
Some terminals appear relatively normal (*) while others show marked dystrophies (arrows). Scale bar=20 um. B. Range of presynaptic defects in
agrin mutant nerve terminals (arrows). YFP, green. C-D. The terminals that are affected show low levels of agrin relative to those that are unaffected
(C), and the percentage of terminals that are altered increases over time (D). n=at least 4 samples per group.

doi:10.1371/journal.pone.0046663.g003

axons exhibit a “dying back” neuropathy typical of ALS and other
axonal degeneration diseases [10].

Presynaptic Alterations in NMJs of Laminin-a4 Mutants

To determine the role of muscle-derived organizers in synaptic
maintenance we examined the role of laminin-a4 in adult NMJs.
In previous studies, we showed that young adult lama4~ '~ mice
are viable and fertile but have small NM]Js in which active zones
are misaligned with postsynaptic junctional folds [20]. Here, we
asked whether additional alterations occurred at later ages. We
stained muscles from control and lama4 '~ mice with anti-
neurofilaments to label axons, anti-synaptotagmin-2 to visualize
nerve terminals, f-BTX to label AChRs, and anti-laminin-04 to
confirm deletion. At 40 days of age (sexual maturity), lamad™"~
NM]Js were smaller than those controls, but appeared largely
normal by light microscopic criteria (data not shown; see ref [20]).
At 6 months of age, however, nerve terminals were swollen and/or
partially withdrawn from ~50% of NM]Js in lama4 '~ mice
(Fig. 6). In addition, whereas control NMJs are comprised of long
branches, many mutant NM]Js exhibited a fragmented appear-
ance, with both nerve terminals and the AChR-rich postsynaptic
apparatus broken into round or ovoid plaques.

To ask whether loss of laminin-o4 affected the molecular
architecture as well as the geometry of the postsynaptic apparatus,
we stained with a panel of antibodies to synaptic cleft and
postsynaptic membrane components. We observed no marked
difference between mutant and control NM]Js in the levels of
laminin-B2, laminin-o5, agrin, B-dystroglycan or rapsyn (Fig. 7
and data not shown). The results are consistent with the idea that
laminin-o4 exerts its effects directly on nerve terminals rather than

@
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Figure 4. NMJs From the same motor neuron are similarly
affected following conditional agrin deletion. A. Three pairs of
nerve terminals from triangularis muscles of conditional agrin mutant 3
months after tamoxifen administration. In each case, both terminals
arise from the same axon. Both are unaffected in one pair and both are
affected in a second pair; in the third pair, one terminal is normal and
the other is dystrophic. Scale bar=20 um. B. Quantification of nerve
terminal pairs. n=100 total pairs.
doi:10.1371/journal.pone.0046663.g004
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regulating postsynaptic components directly and nerve terminals
secondarily.

Premature Aging of NMJs in Laminin-a4 Mutants

The structural alterations observed in motor nerve terminals of
6 month-old lama4 mutants resembled those observed in NMJs of
1.5-2 year old wild-type mice [8]. To quantify these alterations,
we crossed lama4 mutants to Thyl-YFP16 mice, which express
YFP in all motoneurons [37]. We then determined the fraction of
NMJs in diaphragm muscle that exhibited each of 6 features
characteristic of aging NMJs: fragmentation of branches into small
islands, partial or complete denervation of the postsynaptic
membrane, terminal sprouting, axonal dystrophy and multiple
mnervation of individual synaptic sites (Fig. 8A). Results from
control diaphragms were similar to those documented recently for
hindlimb muscles [8]: the incidence of alterations was extremely
low at 1 and 6 months of age, and then increased markedly
between 1 and 2 years of age. In striking contrast, alterations were
abundant in lama4~’~ muscle at 6 months of age and increased
further by 10 months of age (Fig. 8B). By these criteria, NM]Js
accumulated age-related alterations 6-10 months earlier in
absence of laminin-o4 than in its presence.

Alterations in the Synaptic Cleft of Aged NMJs

Since deletion of agrin and laminin-04 cause premature
disassembly of the NM]J, we asked whether alterations in these
molecules occur in aging NM]Js. To test for transcriptional
changes, we carried out quantitative PCR on samples from old
and young mice using primers specific to different agrin isoforms
and laminin-o4, -05 and -B2 chains. We assayed agrin and laminin
RNA levels in spinal cord and muscle, respectively, because the
bioactive z-agrin in the synaptic cleft is derived exclusively from
motoneurons whereas the synaptic laminins are synthesized in
muscle fibers [38,39]. The abundance of agrin mRNA (assayed
with primers that amplify all isoforms) and z-agrin (assayed with
exon-specific primers) did not differ detectably between spinal
cords from young and old mice (Fig. 9A). Likewise, abundance of
mRNAs encoding the three laminin chains changed little if at all in
old muscles (Fig. 9B).

We next asked whether aging affected levels or distribution of
these molecules at the NM]J. Young adult and aged whole
triangularis muscles were stained with antibodies against agrin and
the three synapse localized laminin chains. We detected no
difference in levels of agrin or laminins between young adult and
old muscles, but their distribution was markedly altered. Whereas
all four proteins were precisely apposed to regions of high AChR
density in young adults, some synaptic regions were depleted of
these proteins in old mice, and immunoreactivity extended into
perisynaptic areas (Fig. 9C-F).

Discussion

A key feature of the adult NM]J is that it is remarkably stable
under ordinary circumstances [1-3] yet capable of remodeling in
response to altered circumstances such as increased load or
denervation of nearby fibers [40—43]. This combination of stability
and malleability implies that synaptic maintenance is controlled
actively, yet little is known about the underlying molecular
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Figure 5. Nerve degeneration and death results from long-term agrin deletion. A. YFP labeled axons in the triangularis of control and agrin
mutant mice 6 months after tamoxifen administration. Axons in the mutant show less branching than those in controls. Scale bar=100 um. B-C.
Mutant nerve terminals show little to no presynaptic specialization (B) but rather often end in a single axon terminal bulb (C). Scale bar=50 um. YFP,

green.
doi:10.1371/journal.pone.0046663.g005

regulatory mechanisms. In this study, we used genetic methods to
show that two synaptic organizing molecules known to regulate
development of the NM]J, agrin and laminin-o4, are also required
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Figure 6. Abnormal NMJs in laminin-04 knockout mice. A-B.
Laminin-o4 is completely absent in the NMJs from 6 month old lama4 ™~
~ mice (A), and at this time point the NMJ has begun to atrophy (B).
There are clear signs of axonal swellings (arrow) and denervation (star)
in control 6 months old mice. Scale bar=10 um.
doi:10.1371/journal.pone.0046663.g006
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for synaptic maintenance in adults. We documented progressive
presynaptic alterations in mice lacking laminin-o4 (Zama47/7) and
synaptic disassembly following deletion of agrin in adults (agmﬂ’”/
;SLICKA). Alterations observed in the two mutants are related
but distinct, and both resemble some of those seen during normal
aging and in diseases of the motor unit [9-13]. We conclude that
multiple synaptic organizers cooperate not only to form the NM]J
during embryonic and early postembryonic life but also to
maintain it in adults. Our results also raise the possibility that
alterations in these or other organizing molecules are involved in
age-dependent disassembly of the NMJ.

Agrin is Required for Pre- and Postsynaptic Maintenance

By using a conditional agrin mutant (ag’™), we could allow
synapses to develop normally and then assess the effect of agrin loss in
adulthood. A role for agrin in synaptic maintenance was not
unexpected given its critical role in development [18,19]. However,
in the absence of innervation, and thus z-agrin, AChR aggregates
form and other components of the postsynaptic membrane and
synaptic cleft accumulate both in vitro and in vivo [26,27,44]. In
contrast, the agrin co-receptor, MuSK is required for AChR
aggregation under both normal and aneural conditions [22,26,27].
These and other results have led to a model in which basal levels of
MuSK signaling initiate synapse formation, with agrin increasing
MuSK' activity to stabilize postsynaptic structures and induce
formation of additional ones [15,16]. Consistent with this idea,
modest increases in MuSK levels in muscle, achieved transgenically,
rescue thelethality ofagrinmutants [45]. Inview of these results, itwas
an open question whether agrin would be required to maintain
appropriate AChR clustering in mature nerve terminals where other
synaptic organizers remain.

Agrin depletion induced dramatic alterations at the NMJ: (1)
AChR aggregates were lost from the postsynaptic membrane; (2)
other components of the postsynaptic membrane (B-dystroglycan),
subsynaptic cytoskeleton (rapsyn), and synaptic cleft (laminins-o4 and
-a5) were depleted; and (3) nerve terminals remodeled, became
dystrophic and eventually withdrew from the end-plate. Why does
loss of agrin lead to so many structural alterations at the NM]J? The
best-characterized role of agrin is to induce and stabilize AChR
clusters. Other alterations could either reflect direct roles for agrin in

October 2012 | Volume 7 | Issue 10 | e46663
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Figure 7. Deletion of laminin-c4 does not alter the levels or
localization of other synaptic components. Distribution and levels
of B-dystroglycan (A), agrin (B) and rapsyn (C) in 6 month old control
and lama4~’~ NMJs. All three proteins remain concentrated in NMJs
lacking laminin-o4. Scale bar=10 um.
doi:10.1371/journal.pone.0046663.g007

many aspects of synaptic maintenance, or secondary effects of AChR
loss. In favor of the latter possibility is the observation that
postsynaptic defects appear to precede presynaptic ones: presynaptic
alterations are found only at defective postsynaptic structures
whereas postsynaptic alterations often occur at synapses with
structurally normal nerve terminals. An attractive model is that
dispersion of AChRs leads to rapid loss of other components,
including presynaptic organizers such as 32 laminins and LRP4 [46],
which in turn leads more slowly to presynaptic changes. It is also
possible, however, thatagrin hasmultiple direct effects. Infavor of this
alternative, agrin treatment can cluster some synaptic proteins when
applied to muscle cells thatlack AChRs [47] and it can act directly on

PLOS ONE | www.plosone.org
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axons to affect growth, differentiation and adhesion [48-50]. Indeed,
agrin-MuSK signaling is thought to encode an axon growth ‘stop
signal’ as mutating either protein leads to exuberant axon sprouting
[18,19,51]. It was perhaps surprising, then, that we only rarely
detected axon sprouting in adult conditional agrin mutants. This may
reflect either inherent differences in adult axon growth capacity or
indicate that some functions of agrin are restricted to specific time
windows.

The slow pace of change following agm deletion presumably
reflects the slow loss of z-agrin from the synaptic cleft. Although we
have no data on the rate at which agm mRNA and protein levels
decline within motoneurons following gene inactivation, our
results are consistent with the idea that agrin turns over slowly,
as has been shown for other basal lamina components in many
tissues, and for recombinant agrin injected into muscles [52]. Slow
turnover could be an important factor in explaining the limited
stability of postsynaptic sites following denervation. Although
postsynaptic structures are maintained for weeks following
denervation, AChR density subsequently declines and the
postsynaptic apparatus disassembles in 2-3 months [53], a time
consistent with the disappearance of agrin following agrn deletion.

Laminin-o4 is Required for Maintenance of Nerve
Terminals

To assessroles of synaptic laminins in maintenance of the NM]J, we
examined mice lackinglaminin-o4. Five laminin subunits are present
in the basal lamina of the synaptic cleft -02, a4, a5 and f2 and y1- of
which o4, a5 and B2 are present at several-fold higher levels
synaptically than extrasynaptically. The rationale for analyzing o4
was as follows: lack of either broadly distributed subunit, &2 or Y1, has
devastating effects on muscle integrity. Lack of B2 severely perturbs
presynaptic development, but the null mutant is lethal [17] and no
conditional mutant has been reported. Lack of a5 delays maturation
ofthe NM]J butdoesnotaffectits adult form [34]. In contrast, laminin-
04 is required for precise apposition of pre- and postsynaptic
structures at the NMJs in young adults, but does not detectably
compromise the topology or molecular architecture of the synapse,
andlama4 ™/~ mice are viable and fertile. We were therefore able to
ask whether laminin-a4 is required for long-term maintenance of the
NM]J as well as its earlier maturation.

In contrast to the complete synaptic disassembly that occurred
following loss of neural agrin in adults, effects of deleting laminin-
o4 were largely confined to presynaptic structures. Moreover, loss
of laminin-o4 had no obvious effect on the molecular architecture
of the synaptic cleft or postsynaptic membrane, either in young
adults [20] or in 6-12-month old mice. Together, these data
suggest that laminin-04 acts directly on nerve terminals rather
than indirectly via postsynaptic disruption or coordinate changes
in the synaptic cleft. Laminin-o4 is concentrated in punctae within
the synaptic cleft that directly appose active zones, and in young
adult lama4~’~ mice, the normal precise apposition of active
zones to junction folds is lost [20]. Thus laminin 421 may bind to
receptors associated with active zones —for example, integrin o3
[54]. We speculate that loss of this link leads to decreased stability
and eventual disassembly of the nerve terminal.

Maintenance and Aging of the NMJ

NMJs react differently to the loss of agrin and laminin-o4. After
agrin is deleted, specializations of the postsynaptic membrane and
synaptic cleft are lost; presynaptic alterations occur later, perhaps,
as discussed above, as an indirect consequence of the initial
disruptions. In the absence of laminin-a4, in contrast, nerve
terminals show gradual structural changes, but the synaptic cleft
and postsynaptic membrane are spared. Thus, these two synaptic
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cleft proteins play distinct roles in synaptic maintenance. We draw
two main conclusions from these data. First, synaptic organizing
molecules, which are critical for embryonic and early postnatal
formation of the NM]J, are also required for its long-term
maintenance. Second, maintenance of the adult NMJ relies on
combined effects of several distinct organizers.

Perhaps our most striking observation is that abnormalities
observed in agrin or laminin-o4 mutants resemble those in aged
wild-type mice. At present, we have no direct evidence on whether
agrin or laminin are involved in the pathogenic mechanisms that
underlie synaptic aging. However, the similarity between the mutant
phenotypes and normal aging invites the speculation that alterations
in these molecules could contribute to age-related synaptic
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disassembly. Three types of alterations could occur. First, levels of
these components could decline with age. We see no dramatic decline,
butourmethods would nothave allowed us to detectamodest decline.
Second, the distribution of the proteins could be altered with age,
decreasing their ability to mediate highly localized specializations of
appositions. In fact, we have observed such alterations in distribution
(Figure 9). Third, the molecular structure of the proteins could change
with age. Consistent with this, both neurotrypsin and matrix
metalloproteinase-3 (MMP-3) cleave agrin, and increased cleavage
(or increased levels of cleavage fragments) has been proposed to
promote age-related muscle decline, called sarcopenia [55-57].
Likewise, cleavage of laminin alpha chains occurs in vivo, and alters
the bioactivities of the heterotrimers [58,59]. Such cleavage could
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inactive agrin or laminins at the NMJ without affecting the epitopes (lama4~ /_) mice [20] have been described previously. To
that our antibodies detect and lead to protein redistribution yet not conditionally delete agrin in a YFP marked subset of motor
alter the total levels detectable by staining. A final possibility is that neurons, agm*’~ mice were mated to SLICKA animals to generate
small changes in many different organizers, undetectable by our heterozygtes and the agrrfr/_,uS‘lz'c/cA+ offspring were crossed to
methods, could lead to age-related synaptic decline. agm™"* 1o generate transheterozygots carrying CreER (agm™’
J9%: SlickA) as well as heterozygote controls (agm™’*;SlickA). Tamox-
Materials and Methods ifen dissolved in corn oil was administered over a two-week period
by oral gavage once a day for 4 consecutive days during each week

Mice (~3 mg/animal/dose).
Generation and characterization of agrin null (agm™'") [18] For comparative studies of young and old mice, young adult (3

agrin conditional (agm™*""*") [35], SlickA [36], and laminin o4 null to 4 months) and aged (24 to 28 months) C57BL/6 mice were
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obtained from the National Institute on Aging or The Jackson
Laboratory (Bar Harbor, Maine) or bred in our vivarium. All
experiments conformed to NIH guidelines and were carried out in
accordance with protocols approved by the Harvard University
Standing Committee on the Use of Animals in Research and
Teaching.

qRT-PCR

For agrin and laminin transcripts analysis, total RNA was
prepared from the spinal cords or skeletal muscles of young (3 to 4
months) and old (24 to 28 months) C57BL/6] mice using the
RNEasy kit as per the manufacturer’s istructions (Qiagen,
Valencia, VA). ¢cDNA was generated using the QuantiTect
Reverse Transcription system (Qiagen) and transcript levels were
determined on a Stratagene MX3000p machine using SYBR
green. Primers for the various z agrin splicing isoforms (total agrin,
8/19, 11) have been described and validated previously [60]. The
following primers were used to detect laminin chains:
B2 = GCTTGTAGAGGCCACAGAGG and GACCACT-
GAGTGCATGGTTG; 04=TGTTTGTTGGAGGTGTTCCA
and ATGCTCACAGCACCACTGAC; a5=TACAACCTGT-
GACCCGACAA and GGATGACAAGAGCCAGCTTC.

Immunohistochemistry

Mice were anesthetized with sodium pentobarbital and then
transcardially perfused with phosphate buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) in PBS. Muscles were
postfixed in PFA for 10 min and used for whole mount analysis.

For agrin staining, muscles were first exposed to ice cold
methanol (100%) for 10 s and then washed in PBS. Tissue was
then incubated successively with blocking solution (5% normal
goat serum, 3% BSA and 0.5% Triton-X-100 in PBS) overnight at
4°C, primary antibodies diluted in blocking solution for 12-14
hours at 4°C, and fluorophore-labeled secondary antibodies or
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fBTX (Molecular Probes, Eugene, OR) for 2 to 3 hours at room
temperature.

The primary antibodies used in this study were directed against
the following molecules: agrin (1:500, gift from Z. Hall); laminin-
a4 and laminin-B2 (1:1000, gifts from T. Sasaki, Shriners
Research Center, Portland OR); laminin-ob (1:1000, [61]); rapsyn
(1:250, Thermo), B-dystroglycan (1:250, Developmental Studies
Hybridoma Bank), GFP (1:1000, Abcam); neurofilament (SMI312,
1:1000, Covance); and syntaptotagmin 2 (Syt2, 1:250, Develop-
mental Studies Hybridoma Bank). Fluorescently labeled BTX
(Alexa 488, 594, or 647; Invitrogen) was used to mark AChRs.

Histological Analysis

Maximum intensity projections of confocal stacks were gener-
ated using Image J or Metamorph 6.03 software (Molecular
Devices, Sunnyvale, CA). For structural analysis in lama4 '~ mice,
sprouting was defined as an axonal profile that extended beyond
=2 ums of the endplate; partial or complete denervation was
assayed by the apposition of the axon terminals and their AChRs;
multiple innervation was identified by counting the number of
axons Impinging onto ecach endplate. For agrin conditional
animals, altered NMJs were quantified as those that displayed
any one of the several dystrophies outlined above, including axon
swelling, nerve sprouting, atrophy, fragmentation, and thinning.
For axon terminal pair analyses, whole triangularis muscles from
conditional agrin mice were imaged and reconstructed. Images
were scanned to identify those in which two terminals arose from
the same axon and their level of dystrophy was then evaluated
relative to control animals.
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