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ABSTRACT OF THE DISSERTATION

MHC class | is required for activity-dependent structural remodetitigeadeveloping

neuromuscular junction

By

Marin Alisa McDonald

Doctor of Philosophy in Neuroscience

University of California, San Diego 2010

Professor Lisa Boulanger, Chair

Mature patterns of connectivity in the mammalian central angphmal
nervous systems require the selective elimination of redundanpt&yicannections
through activity-dependent mechanisms. At the developing neuromusaotion
(NMJ), individual muscle cells initially receive inputs from nipl motor neurons
that are eliminated during the first two postnatal weeks uath enotor endplate is

monoinnervated. While the requirement for electrical activity e nhormal
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progression of synapse elimination is well established, the undenyimigcular
mechanisms remain obscure. Here we identify proteins of thgor ma
histocompatibility complex class | (MHCI) as endogenous mediabbractivity-
dependent synapse elimination at the developing NMJ. MHCI protexpiessed at
the NMJ during synapse elimination and genetic reduction of celhcifMHCI
significantly increases the number of muscles that remaitiptyuinnervated at the
end of the remodeling period. Supernumerary inputs in MHCI-deficrantads are
functional and persist into adulthood and the impairment of remodelingHGIM
deficient animals is associated with a persistent increafeimean amplitude of the
miniature endplate potential (MEPP), suggesting that MHCI gsiined for the
functional weakening of neuromuscular synapses. Additionally, acute beaka
MHCI function byin vivo injection of anti-MHCI antibodies is sufficient to impair
developmental synapse elimination in wild type mice. Thesetsepubvide new
insights into the molecular basis of activity-dependent synapsenation at the
developing NMJ and suggest that MHCI is part of a core mechanism of aetivity
dependent synapse remodeling that is conserved in the peripheral aatreamtyus

systems.
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INTRODUCTION

The developing nervous system is presented with the exquisite ngjealtd
generating robust and specific connections between hundreds of thousprelsaoid
postsynaptic pairs, often with a paucity of discriminatory infatiam. Consequently,
one of the most heavily pursued areas of research in modern nencestocuses
upon the understanding of the highly dynamic and complex processeseéthaten
axon guidance, target selection and initial synaptogenesis. udovwke development
of the nervous system is far from complete after the intiahétion of synapses has
occurred. It is now understood that early synaptic circuitestensively refined
through a series of functional and structural changes, with theggtening and
stabilization of some synapses occurring preferentially okier weakening and
elimination of others. While classic work by Hubel and Weigsk fidentified the
critical role of early activity in this process of circuéfinement (Wiesel and Hubel
1963), the molecular mechanisms that transform neural activity lortg term
functional and structural change in the developing CNS remain to be fully describe

In the pursuit of this question, the importance of activity-dependent elimination
of presynaptic inputs in a variety of functionally diverse ardatie CNS has been
uncovered. Beginning with landmark observations in the process of dontanance
column formation, structures as far ranging as sympathetigligathe cerebellum,
and somatosensory cortex have all demonstrated exquisite dependence rijpon ea

neural activity, in the form of action potentials, for the spatiptecise refinement of



synaptic circuitry (Goda and Davis 2003; Hua and Smith 2004; Holtmd&$wboda
2009; Kano and Hashimoto 2009; Luo, Yin et al. 2010). Of particular importance
this refinement process is the general elimination of intiaduperabundant
presynaptic inputs to postsynaptic targets, a phenomenon that algrunaportant in

the normal development of the mammalian neuromuscular junction ((8ddgs and
Lichtman 1999; Personius and Balice-Gordon 2000; Gillingwater and Ritbches
2003; Lichtman and Sanes 2003; Wyatt and Balice-Gordon 2003; Song, Paalzer et
2006; Lu and Lichtman 2007).

Immediately postnatal, individual muscle fibers are initially aoted by 5-12
presynaptic motor axons at a specialized postsynaptic concamtratti nicotinic
acetylcholine receptors, termed the endplate. Over a period of é&kswthis high
degree of convergent innervation is reduced in a dynamic competitivesprongl
each muscle fiber is contacted by a single motor. Four dec&desrk has helped
catalog the cascade of functional and structural changesethditsrin the progressive
strengthening of one motor axon over the continued weakening and destialilof
another (for review see (Wyatt and Balice-Gordon 2003). It is retabkshed that
progressive functional change, in the form of alterations in prohabflitelease and
synaptic efficacy, is coincident with significant structuedmrangement at eliminating
terminals, with repeated cycles of weakening and destamlizaesulting in the
ultimate retraction and resorption of all but one competing axonal ifgalice-
Gordon, Chua et al. 1993; Colman, Nabekura et al. 1997; Gan and Lichtman 1998;

Kopp, Perkel et al. 2000). Yet, while the NMJ stands as one of the mgtdy



studied synapses in terms of developmental elimination, the idetdificaf the
critical molecular events that are necessary for this refinemeninaved elusive.
One potential molecular candidate may yield from an analogousoline
research based in the mammalian visual system. Significagihtimsto the potential
mediators of activity-dependent synaptic changes came inothe df an unbiased
MRNA screen in the developing lateral geniculate nucleus (LGHNJriveau, Huh et
al. 1998). This study exploited the well-characterized activipeddence of eye
specific retinal input segregation in the LGN to pull out potenaadalate molecules
based on differential regulation in response to activity blockade. r@hét of this
blind screen identified a highly surprising candidate: clasajbmhistocompatibility
complex (MHCI). Hitherto, class | MHC proteins were best knowvrtheir canonical
role as immunological signaling molecules, being primary mediadf cytotoxic T
cell activity in most nonneural tissues. Given the predominantipunological
context of MHCI function, the identification of these proteins as potential toesliaf
activity-dependent circuit refinement in the central nervousesygtresented the field
of developmental neuroscience with a triad of provoking implicationsstlyFithis
result contradicted the prevailing theory that the “immune priedégstatus of the
CNS reflected a lack of expression of class | MHC moleculegrthermore, active
expression of MHCI in neurons of the LGN under nonpathological conditions
suggested a neural, nonimmunological role for this family of immurszbgroteins.
Perhaps most importantly, the timing of MHCI expression coincidht the period

of synaptic refinement, coupled with its seemingly robust actoégyendent



regulation, strongly suggested that MHCI may be a mediator ofmiaehanistic
changes that transform neural activity into the structural anctibnal refinement of

synaptic circuits.



Chapter 1: MHCI is expressed at the neuromuscular junction during the period of

activity-dependent synapse elimination

1.1 Introduction to MHCI at the neuromuscular junction

Since the initial observation of MHCI in the visual system, & baen shown
that class | MHC is expressed by neurons throughout the centvalusesystem in a
spatially and temporally restricted manner (Corriveau, Huh et1988; Huh,
Boulanger et al. 2000; Goddard, Butts et al. 2007). MHC | mRNA é&es bbserved
in the LGN, hippocampus, somatosensory cortex and retina during shetwo
postnatal weeks of development, placing these immunological molextutks right
place and time to play a role in activity-dependent structefalament (Corriveau,
Huh et al. 1998; Huh, Boulanger et al. 2000).

Interestingly, both MHCI mRNA and mRNA fdg2m, an associated light
chain required for proper surface trafficking and expression ofynMdRrCI
molecules, have been observed in the cell bodies of motor neurons pinthlecserd
of adult mice and rats (Linda, Hammarberg et al. 1998; OliveliamE et al. 2004;
Sabha, Emirandetti et al. 2008). Recent studies have expanded upon thi® work
show MHCI protein is expressed in the presynaptic axons of sonuwg neatrons and
at a subset of neuromuscular junctions in a putatively presynayitibwtion (Thams,
Brodin et al. 2009). However, virtually nothing is known about the developmental
expression patterns of MHCI proteins in the spinal cord and N®dnsequentlyto

determine if MHCI is expressed at a time and place consisfém@a role in synapse



elimination, we immunostained whole mounts of mouse diaphragm mussteetl
stages of development using a panspecific anti-MHCI antibody (OX@®8)
combination with antibody against the presynaptic protein synaptop(8¥PH) and
a-bungarotoxin ¢-btx) to label postsynaptic nicotinic acetylcholine receptors

(nAChRs) at the muscle endplate.

1.2 Experimental methods

All animals were housed and used in accordance with the protocdiiststd
by the UCSD Animal Subjects Program. For this study, two gpeetgf mice were
used: C57B1/6 wild-type (WT, Harlan) argm/TAP knock-out §2m’TAP",
courtesy of David Raulet, UC Berkeley, and Carla J. Shatz, Stanford University)

Whole mounts of muscles from mice were immunostained at P7, P15 and P29
50 (adulthood). Animals were deeply anesthetized using inhalatiafirae and
perfused with 4% PFA (Electron Microscopy Systems) in phosphaterbdftaline
(PBS, Sigma). Diaphragm muscles were dissected, rinsed in &@Sreated with
rhodamine-conjugatedx-bungarotoxin (Molecular Probes, d@/10QuL) to label
postsynaptic nicotinic acetylcholine receptors. Muscles were dédbak a solution
containing 5% bovine serum albumin, .01% Triton X-100 and .1% sodium azide
(Fischer) for one hour. Muscles were treated with primatpadies against MHCI
(OX18, AbdSerotec, 1:100) and synaptophysin (SYPH, Santa Cruz, 1:100) overnight
at £C followed by a four hour treatment with Alexa-488-conjugated donkey anti-

mouse IgG (Invitrogen, 1:1000) and Cy5-conjugated donkey anti-goat Ig&s@ia



1:100). Z-serial (.bm per step, 3m total per junction) images were collected from
entire muscles using a Leica confocal microscope under a 68xrogrsion lens at

1.6x magnification.

1.3 Results

In wild type (WT) animals, MHCI immunoreactivity is detectabhtethe NMJ
on postnatal day 7 (P7), during the period of active remodeling (Figure 1) angsverla
extensively with nAChRs. The majority of junctions imaged at Bplayed MHCI
immunoreactivity (20 out of 23), although intensity varied from &itsite in whole
mount muscles. Furthermore, MHCI continues to be expressed Hivibehrough
the end of the remodeling process (Figure 1, P15, 18 out of 36) and inteoadult
(Figure 1, P29-50, 28 out of 39) in a largely postsynaptic distobutHence, MHCI
proteins are not only expressed at the postsynaptic motor endplatey dhe
establishment of mature patterns of connectivity, but also duringhéiretenance of

those synaptic inputs.



nAChRs MHCI S5YPH MHCI+AChRs MHCI+5YPH

P?

P15

Adult

Figure 1. MHCI is expressed postsynaptically at th developing and adult mouse neuromuscular
junction.  A. Representative images of triple-label immunohisichemistry of the mouse
neuromuscular junction in the diaphragm muscle at P, P15 and adulthood (P29-P35). MHCI
immunoreactivity (OX18 antibody; green) colocalizes with postsynaptic nAChRs (-

bungarotoxin; red) but not with the presynaptic marker synaptophysin (SYPH; red).

Scale=10um, n=3 for all ages.

Immunostaining with an isotype-matched IgG1l antibody was alsorpest
on these samples to control for nonspecific binding affinity of thegsgimantibody.
Treating muscles with the IgG1l control primary antibody resuiteshonspecific
staining that appears qualitatively different from the patterrealed by the OX18
antibody (Figure 2). Furthermore, when both OX18 and 1gG1 samplesinvaged

during the same microscopy session and analyzed in ImageJldtiverestaining



intensities, a four-fold greater selectivity was observed ifQK&8 treatment group

compared to control.

AChRs

lgG1 merge

Figure 2. IgG does not label WT NMJs. A. Represeative images of triple-labeling of the

diaphragm using a-bungarotoxin (nAChRs, red), isotype-specific conol antibody (IgG1, green)

and anti-synaptophysin antibody (SYPH, blue). Unke anti-MHCI antibodies, anti-lgG1 does not

significantly label the NMJ (compare to MHCI labeling in Figure 1). IgG labeling experiments
performed on the same animals as in Figure 1 and imged on the same day, with identical laser
intensity and exposure parameters. Scale, juth; n = 3 for all ages.

P7

P15

Adult

The present findings are consistent with the observation that botmulad&d
myotubes and differentiated myoblasts express low levels of IMif&einsin vitro
(Emslie-Smith, Arahata et al. 1989; Nagaraju, Raben et al. 1998)ve\¢r, recent
studies have reported expression of MHCI mRNAs in a fractionuf enouse motor
neurons, as well as the expression of the classical MHCI melét24D in a subset

of motor neuron terminals at the adult mouse neuromuscular junction (Linda,
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Hammarberg et al. 1998; Oliveira, Thams et al. 2004; Thams, Brodin et al. 2009). Our
results are not inconsistent with these studies, and the observduitgirof MHCI
immunoreactivity may reflect differential localization of NIH at the NMJ.
Specifically, Thamet al reported presynaptic localization of MHCI immunoreactivity
based on use of the ER HR 52 antibody, shown to be selective fdasisecal MHCI
molecule H2-B on nonneural cells (Thams, Brodin et al. 2009). Since the present
dissertation utilized the panspecific OX18 antibody, therebygrezimg both classical

and nonclassical members of the MHCI family, it is possiblé ttiea difference in
patterns of immunostaining reflect the detection of nonclassicalCM&at the
developing and adult neuromuscular junction.

While MHCI is a gene family with over 60 members in mouse, NMR\CI
proteins require both the light chaff2m and TAP proteins for stable surface
expression. Therefore, in order to study the consequence of loscdriuof MHCI
on synapse elimination, we used mice with a genetic deletion off2othand TAP
(B2m”TAP™ transgenic mice) that lack stable surface expression of Mbi!
proteins (Ljunggren, Van Kaer et al. 1995). Accordingly, when pgeormed
immunostaining on whole mount diaphragms from these mice (Figure @)eve able

to confirm a general decrease in surface protein expression of MHCI.
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nAChRs MHCI SYPH MHCI+ACKhRs MHCI+SYPH
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Figure 3. Genetic deletion off2m and TAP reduces MHCI immunoreactivity at the NMJ.
Immunohistochemistry of the NMJ at P15 in WT andBZm"'TAP"' mice using antibody against
MHCI (OX18, green) and synaptophysin (SYPH, red), a well asa-btx (hNAChRs, red). Mice
lacking p2m and TAP display decreased MHCI protein expressio compared to WT controls
imaged under identical conditions during the same ession. Scale, 3m; n = 3 for both
genotypes.



Chapter 2: Loss of MHCI cell surface expression persistently imaeiingty-

dependent structural remodeling at the developing NMJ

2.1 Introduction to synapse elimination at the NMJ

Unequivocal monoinnervation of the mature NMJ was first visualized mor
than 100 years ago using osmium-gold staining (Gillingwater and Ritech2003).
While this initial observation has withstood the evolution of a legioaxpkrimental
techniques, it is now understood that this pattern of mature connectieitythe
singular relationship between a muscle and its sole innervatingr meuron, is
neither predetermined nor immutable. Developmentally, all musclelergo a
transient period of polyinnervation, receiving as many as 12 digtiipcts from
different motor neurons in the spinal cord at birth (Sanes and Lioht®@9; Song,
Panzer et al. 2006). These initially superabundant inputs are renmoaeprotracted
process called synapse elimination until each muscle fiber, withfe®w exceptions,
receives input from a single motor neuron (Wyatt and Balice-Gordon 2003).

Since the original observation of developmental polyinnervation in rat
diaphragm muscle (Redfern 1970), the process of synapse eliminatienNiMJ has
received nearly four decades of intense scientific study. ur@eg well after the
period of programmed motor neuron cell death (Clarke and Opperit885)j, it is
widely held that synapse elimination is governed by local cuéseateuromuscular

junction itself that seemingly pit motor neuron terminals in dicgenpetition with

12
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each other for synaptic survival (Brown, Jansen et al. 1976; Thompsoiterkaifal.
1979; Keller-Peck, Walsh et al. 2001; Buffelli, Burgess et al. 2003)cagcade of
structural and functional changes underlies this competitive proceskiah two
initially equivalent synaptic inputs are discriminated into amta “winning” and
“losing” axon. This manifests as one synaptic input undergoingesyadf
physiological strengthening and structural expansion at the funicaodastructural
expense of its competitive partner, until the “losing” axon is evépteiminated
from the NMJ in a retraction bulb (Bishop, Misgeld et al. 2004).

To spite a long history of active inquiry, the molecular mediatorsynapse
elimination have remained obscure at the NMJ, although it is yetkaiated that this
structural remodeling process is highly influenced by neuralityc (or review
(Buffelli, Busetto et al. 2004). Because MHCI has been impticate activity-
dependent remodeling of developing central synapses and axotomizedHuIN,
Boulanger et al. 2000; Oliveira, Thams et al. 2004), and given thatesujts
suggested this protein family was expressed at a time andqaasistent with a role
in the development of the NMJ, | investigated whether MHCI imetiator of

structural synapse elimination at the developing NMJ.

2.2 Experimental methods

To determine if MHCI is required for synapse elimination & t
neuromuscular junction, fluorescence microscopy was used to asddss N
innervations in WT and mice lacking cell surface expression of MHCI. Whole sount

of muscles from mice were immunostained at PO, P7, P15 and P29-50. (adult
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Animals were deeply anesthetized using inhalational isoflurangenfidsed with 4%
PFA (Electron Microscopy Systems) in phosphate buffered saliB&,(Sigma).
Diaphragm muscles were dissected, rinsed in PBS, and treatedrheidamine-
conjugateda-bungarotoxin (Molecular Probes, d@10QuL) to label postsynaptic
NAChRs at the endplate. Muscles were then blocked in a solutionniogt2%
bovine serum albumin (Jackson), .2% Triton X-100 (Fischer) and .1% sodiuen azid
(Fischer) for one hour. Motor neuron terminals were visualizeddaitig muscles
overnight at room temperature with a mouse primary antibody cocktagdisting of
anti-neurofilament (NF; Invitrogen, 1:200) and anti-synaptic vesigleogirotein 2
(SV2; Developmental Hybridoma Studies Bank, 1:100). Primary antiboslexe
incubated for four hours with Alexa-488-conjugated goat anti-mouse Jg€kgon,
1:100).

Antibody injections. To test the temporal and molecular specificity of MHCI
in NMJ development, injections of a function blocking anti-MHC antib{@<18)
were used(Smits, Kuppen et al. 1994; Blom, De Bont et al. 1999). P7 \8& mi
received daily intraperitoneal injections withytdg body weight of either panspecific
anti-MHCI antibody (OX18; AbdSerotec) or isotype-matched mouse Ig&itrol
(AbdSerotec). Mice were perfused at P15 and diaphragms wereigithenostained
for neuromuscular morphology as described above, or were tredted\lexa 488-
conjugated goat anti-mouse IgG1 (Invitrogen, 1:100) for four hours tolizis@X18

and IgGL1 isotype-control immunoreactivity.
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Z-serial images were collected from entire muscles uslmgca spinning disk
confocal microscope under a 63x oil immersion lens at 1.6x magiwficaAt least
50 terminals from each diaphragm were examined from individualasiat each
age, blind to genotype. Innervation was assessed by counting therrafrdistinct
motor nerve terminals clearly contacting each postsynaptidigemnc Postsynaptic
NAChR perimeter and area were quantified and measured usirgelnsaftware
(NIH). All data are expressed as mean + standard errotested for significance

using an unpaired student’s t-test.

2.3 Results

Consistent with previous results (Redfern 1970; Kopp, Perkel et al. 2000),
synapse elimination is largely complete in WT mice by P15, naérly all muscle
cells receiving input from a single anatomically distinabraxFigure 4). In contrast,
in mice that lack cell-surface MHCI, a significantly largebset of endplates received
visible inputs from more than one MN at P15 (5.5%5% in WT vs. 17.9% 3.6%
in BZm"'TAP"' mice,p = 0.020, unpaired t-test). The presence of multiple innervation
at P15 may reflect a delay of synapse elimination or agpensifailure of activity-
dependent remodeling. To distinguish between these two possibilitresyation
was assayed anatomically in adult WT @&’ TAP” mice (P29-50). Surprisingly,
mice lacking cell surface MHCI retain multiple inputs asignificant number of
junctions into adulthood (Figure 5; multiple innervation 2.3% + 1.7% in WT vs.

18.6% + 4.3% iP32m’ TAP”; p = 0.012, unpaired t-test), representing roughly an 8-
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fold increase in the level of multiple innervation over WT at tlgis, andicating that

synapse elimination is persistently impaired in the absence of cellesitdCl.

| n

WT |32n'| TAP

'n

WT fem” TAP”

=

P15
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% multiple innervation
°

Adult

% multiple innervation

Figure 4. Loss of cell surface MHCI persistently mpairs synapse elimination at the NMJ. A.
Immunostaining of motor axons and presynaptic nerveterminals (NF and SV2, green) and
postsynaptic motor endplates ¢-bungarotoxin, red) in mouse diaphragm. Left, typical NMJs
from WT and B2m’TAP” diaphragm at P15 (A) and adulthood (P29-50, B). Right,
guantification of anatomically assessed polyneuromannervation. Statistically significant levels
of polyinnervation of individual motor endplates are retained in B2m"'TAP"' but not WT muscle
in P15 and adult animals. P15: n=$2m’TAP”", n = 4 WT; adult: n = 4 both genotypes. Scale
bars, 1Qum.

Previous work has demonstrated that excessive motor axon sprouting and
outgrowth in response to elevated levels of growth factors, suclbbg Gan delay
synapse elimination at the NMJ(Nguyen, Parsadanian et al. 198&:-Reck, Feng et
al. 2001). In contrast, gross phrenic nerve morphology and axonal branching were
gualitatively normal in MHCI-deficient animals at PO (data stedwn). Furthermore,
the percentage of multiply innervated junctions at earlier ag@@m’ TAP” mice

were indistinguishable from WT (Figure 5) and muscles weiteally contacted by
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similar numbers of axons, suggesting that the observed remodefpagnment is not
likely to reflect a defect in axon branching or inability to remawveabundance of

supernumerary axonal inputs.
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Figure 5. Impaired synapse elimination in BT micds not due to an overgrowth of motor neuron
terminals. A. Immunostaining of motor axons and pesynaptic nerve terminals (NF and SV2,
green) and postsynaptic motor endplatesofbungarotoxin, red) in mouse diaphragm. Left,
typical NMJs from WT and BZm'/'TAP'/' diaphragm at P7. Right, quantification of anatomically
assessed polyneuronal innervation. Levels of gahnervation are indistinguishable between WT
and BT mice at P7. Multiple innervations P7: 55.% 4.8% in WT vs. 64.1 + 2.2% inB2m’ TAP™",

p = 0.20; unpaired t-test. B. Number of discret@xons contacting each motor endplate at P7 in
WT and BZm"'TAP'/' mice. There is no observable difference in the pportion of axons
contacting individual muscle fibers in mice lackingcell surface MHCI. C. Logarithmic plot of the
time course of synapse elimination in WT andBZm"'TAP"‘ mice. Synapse elimination is
significantly impaired in [32m"'TAP"' mice by P15, and aberrant levels of polyneuronal
innervation persist into adulthood. Percent polynaronal innervation P0O: 90.2 + 4.6% in WT vs.
83.3 +3.1% inB2m’ TAP™, p = 0.13. PO: n = 4 both genotypes.

Another potential way in which synapse elimination could be iragair mice

deficient for cell-surface MHCI is if loss of gene functi@sulted in a general delay
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of development. Consequently, we examined the gross development of thaghaphr
muscle at P15 and found no difference in the overall distribution of @&edpin both
the intact whole mount muscle, and when examined in individually teasedlan
fibers (Figure 6). Additionally, postsynaptic endplates appdarathture normally in
mice lacking surface MHCI and mean area (152 #u%%7vs. 157 + 4.am?, p2m”
TAP” and WT, respectively; p = 0.50) and perimeter of NAChRs at eedplal7 +
11.9um vs. 101 + 3.0m, p = 0.22) did not differ between WT apam’ TAP”" mice

at P15 (Figure 7). Consequently, it appears that mice lackiraceuvfHCI not retain

polyinnervation due to a disruption of the development of the NMJ.
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Figure 6. Endplate band morphology and junctions pr muscle are normal in mice lacking
surface MHCI. A. Montage images of nAChRs labeledsing a-btx. Diaphragm muscles develop
normally and postsynaptic specializations are confied to the endplate band in the center of the
muscle in a distribution comparable to WT. Scale, @m. B. Left, Representative images of single
muscle fibers teased from intact diaphragms from P4 WT and BZm'/'TAP'/' mice labeled witha-
btx (red). Dashed lines mark the boundary of indivilual muscle fibers. Right, quantification of

the number of individual endplates per single musel fiber in WT and [32m'/'TAP'/' mice. Scale,
20um. n = 3 for both genotypes.
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Figure 7. Postsynaptic endplate maturation, arearad perimeter are normal in MHCI-deficient
animals. A, Representative images showing matureigtribution of nAChRs at the endplate at

P15 in both WT and2m”TAP™ animals. Scale, 16m. B. Quantification of the perimeter and
area of nAChR labeling in WT andp2m” TAP” mice at P15. There is no difference in the mean
area (157 + 4.am?in WT vs. 152 + 5. am? in p2m’ TAP™; p = 0.50) or perimeter (101 + 3.Am in
WT vs. 117 = 11.9m in p2m’TAP”; p = 0.22) of endplates in mice lacking cell surte MHCI
relative to controls. Asterisks mark mean valuesn each graph. n =5 animals for each genotype;
WT 214 junctions, p2m”’ TAP™ 216 junctions.

However, given that our mutant mice lack the genes encoding the pfi2aeins
and TAP, it is possible that persistent polyneuronal innervation teffgeviously
uncharacterized functions for these two proteins, rather than spieesifilvement of
cell surface MHCI. To directly address this question, MH@iction was acutely
manipulated during synapse elimination using a function-blocking antifoXy 8)
(Smits, Kuppen et al. 1994; Blom, De Bont et al. 1999). Daily intrapex
injections of OX18 or an isotype-control antibody (IgG1) were admeirgd to WT

mice from P7 to P15 and diaphragm muscles were processed for intainings
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Injected OX18 was visible at the NMJ following detection with labesecondary
antibody and lead to a 293% increase in the percentage of polyneumograation
compared to IgG1l injected littermate controls (Figure 8A & B; 3.00.8%
polyneuronal innervation in lIgG-injected animals vs. 8.8 + 1.7% in OX18tege
animals;p = 0.020, unpaired t-test). Thus the retention of multiple motor neuron
inputs in p2m’ TAP” mice is due to a loss of MHCI function, and reflects a

requirement for MHCI specifically during the period of remodeling.
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Figure 8. Injection of anti-MHCI antibodies impair s synapse elimination at the developing NMJ.
A. Labeling of nAChRs at the postsynaptic endplatéa-btx, red) and detection of injected anti-
MHCI or anti-lgG1 primary antibodies with anti-mous e secondary antibody (green see

Methods). Injected OX18 antibody colocalizes withpostsynaptic nAChRs at the NMJ. B.
Example NMJs from IgG1l- and OX18- injected animals.nAChRs, red; presynaptic axons and
terminals labeled with anti-SV2 and anti-neurofilanent, green. C. Quantification of
polyinnervation in IgG1- and OX18-injected animals. Acute treatment with OX18 results in a
statistically significant increase in the level opolyinnervation compared to control. All animals

imaged at P15. Scale bar, 10n. OX18, n=9 animals from 4 litters; IgG1, n= 6 animals from 3

litters.



Chapter 3: Impaired synapse elimination is associated with an increasmtalcpize

in mice lacking cell surface MHCI

3.1 Introduction to functional plasticity during synapse eliminatiothatdeveloping
NMJ

Synapse elimination at the developing NMJ is characterized das@ade of
structural and functional changes whereby one axon expands andh&tnsnigs input
into adulthood at the competitive expense of its synaptic partnerh whigeakened
and eventually withdrawn. Physiologically, one of the first halksaf functional
asymmetry between two initially equivalent terminals disparity in the probability
of release of neurotransmitter, with the eventual winning axoredhifiwards a state
of higher probability of release than its synaptic counterpaopk Perkel et al.
2000). Immediately after, differences in quantal size and quantal content, irglafator
overall synaptic strength, begin to emerge (Colman, NabekutaX¥%). The end
result is that one axon develops nearly 4-fold increased synafutacgfcompared to
its competitive partner immediately preceding structural withdrawal.

Therefore, one potential hypothesis in explanation of the observed inepéai
in synapse elimination in mice lacking cell-surface MHCIthat MHCI proteins
normally mediate a portion of the functional changes that are thtudet integral to
structural withdrawal. Consequently, in the absence of MHCI, ettive neural
activity may not be translated into a reduction in functional synatength that is

required for the structural removal of synaptic inputs at theJ NMring synapse

22
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elimination. To investigate this possibility, | used electropiiggical techniques to
examine the functional characteristics of monoinnervated muscle n\Wat and

transgenic animals lacking cell surface MHCI.

3.2 Experimental methods

Hemidiaphragm-phrenic nerve preparations were used from WTBZmd’
TAP” animals at P14-16 and P29-P45. Muscles were dissected frothetizesl
animals under cold, oxygenated (95% £&% Q) Rees mammalian ringers (NMR)
consisting of (in mM): 135 NaCl, 5 KCI, 15 NaHgQ NaHPQ,, 1 MgSQ, 2.5 Ca
gluconate, and 11 glucose, pH 7.4 (Rees, 1970). Contraction blockadeheag@c
in muscles either via bath perfusion with 3M tubocurarine, 30 minute (adult) or 1
hour (P14-16) pretreatment in oxygenatedM2 u-conotoxin (Bachem). When
tubocurarine was used, the extracellular calcium concentrationaigasl to 10mM to
improve the stability and quality of recordings. Muscles wenesterred and pinned
to a Sylgard-lined recording chamber and superfused (1mL/min) oxylgenated
NMR at 22-24C. Intracellular recordings of muscles fibers were peréairasing
recording electrodes (30-@9Q) filled with 3M KCI. Endplate potentials (EPPSs)
were evoked by suprathreshold stimulation of the phrenic nerve withctiors
electrode (square pulses, .2ms duration, .5Hz). Electrodes were guided t
neuromuscular junctions by oblique illumination and only responses withimies of
less than 1.5ms were included for study. Membrane potentials catauously

recorded and only muscles in which potentials were <-55mV and stéhia 5mV
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were selected for analysis. Membrane responses were achfdifian Axoclamp 2A
amplifier (Axon Instruments), low-pass filtered at 1 kHz, digidizand recorded using
WinWCP software (John Dempster; WinWCP).

Levels of innervation were assessed by providing graded stimulatitime
phrenic nerve and recording the number of elicited inputs of diffatertiplitude and
latency. Miniature end-plate potentials were also recorded) @sip free traces and
analyzed after collection using MiniAnalysis software (Justee;LSynaptosoft).
Quantal content was calculated by evoking endplate potentials awddinec
miniature events in the following 2 seconds. Quantal content wasaésti as the
ratio of the mean endplate potential amplitude to the mean mmiandplate
potential amplitude (Wood and Slater 2001). Paired pulse recordimgsalse made
at 10, 20 and 1000 ms interstimulus intervals to provide an estimation of the
facilitation index of each recorded junction by dividing the amplitabléhe second

EPP by the amplitude of the first EPP.

3.3 Results

Graded stimulation was applied to the phrenic nerve and the number of
discrete increases in the amplitude of the endplate potential) (E&f@ counted,
which reflect the progressive recruitment of multiple synaptmuts to a single
muscle (Redfern 1970). In WT animals at P15, graded stimulation produdgicte
potentials of a single amplitude in all muscles measured, indicaf functional

monoinnervation (Figure 9A, 16 out of 16). In muscles from P15 MH@didet
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animals, however, graded stimulation lead to a stepwise inciredlse amplitude of
the EPP at 21% of the junctions evaluated (Figure 9A, 4 out of 19)tiediehe
presence of at least two functional axonal inputs. Remarkably, pheuftinctional
inputs could still be recruited in 13% of the adult junctions in MHGietat adult
animals (Figure 9B, 5 out of 38). At both ages, the percentagenctidnally
polyinnervated muscle fibers measured electrophysiologicakyoeeparable to that
observed anatomically, indicating that many, if not all, of theblasinputs are

functional.

A

=
g
| wild type el
E I\ E -
\ 2 10
S, "
3 |
E 0 06 - o
B L E WI §2m TAP
=1
8
_ ST S S
II'- wild type E2m  TAP E
== =
g | &
' H\ | E
SR = T E
| = B
3 WT  p2m TAP

Figure 9. Loss of cell surface MHCI results in theetention of functional polyneuronal inputs. A,
Electrophysiological recordings of EPPs in P15 micausing 3-@M tubocurarine. Graded
stimulation evoked multiple EPPs of different ampliudes at a subset of junctions irﬁ2m"'TAP"‘
mice (center); Scale, 1mV, 15msec. Right, quantification of the extent of functional
polyinnervation in WT and p2m”TAP™ mice (WT, n = 16 muscles from 8 animal32m’ TAP™, n
=19 muscles from 6 animals). B. Electrophysiolagal recordings of EPPs in adult (P29-45) mice
using 2uM p—conotoxin pretreatment. Functional polyinnervation persists into adulthood in
B2m’ TAP” mice (WT, n = 25 muscles from 5 animalsp2m’TAP”, n = 38 muscles from 8
animals; Scale, 10mV, 10ms).
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The persistence of functional polyinnervation in MHCI-deficienimals
suggests that MHCI is not required solely for the structwadoval of synaptically
silent inputs, but rather may be involved in the functional weakeningdofidual
motor axon synapses that is thought to lead to synapse elimin@ioa.of the first
functional asymmetries observed between competing motor neuron inputg duri
synapse elimination is a change in the paired pulse ratio, ancindieasurement of
the probability of release at an individual synapse (Kopp, Perlatl 2000). To test
this hypothesis, | used sharp electrode recordings to record paaieeldeEPPs from
muscles receiving single inputs in both mutant and wild-type ratc@15 in the
presence of tubocurarine. Mice lacking cell-surface MHCI dysplaystematic shift
towards an increased paired pulse ratio at all stimulus frecagehested, and the
paired pulse ratio was significantly larger at both 10msec and 20msec in{Eigale
10; 10msec: WT 1.015248 + 0.10 W#2m’ TAP” 1.36 + 0.05, p = 0.030; 20msec:
WT 0.92 + 0.09 vsp2m’ TAP” 1.24 + 0.09, p = 0.042; unpaired t-test), indicating a

lowered probability of release under these experimental conditions.
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Figure 10. The paired pulse ratio is increase in e lacking cell surfface MHCI in 10mM C&".
A. Sample traces of paired EPPs evoked 10msec apar the presence of 3-@m tubocurarine in
WT (left) and BZm'/'TAP'/' (right) animals at P15. Although high calcium shifts thenormally
facilitating WT synapse towards depressionBZm"'TAP"' mice display facilitation of the paired
pulse response, indicative of a lower probability forelease under these conditions. B. Sample
traces of paired evoked EPPs separated by 100mse€. Plot of the paired pulse ratio obtained at
different interstimulus intervals in WT and mutant mice. At 10 and 20msed32m’ TAP” mice
have significantly larger paired pulse ratios whercompared to WT controls. (WT, n = 9 muscles
from 4 animals, p2m’ TAP”", n = 5 muscles from 3 animals.Top, Scale = 1mV, 10msedottom,
Scale = 1mV, 25msec.)

It is important to note that this experiment was conducted in #=epce of
increased external calcium (10mM, see experimental methodso3id)ptove both
stability and signal to noise in neonatal muscles. However, propatiilitelease is
highly influenced by both intra- and extracellular calciumelsv(Thomson 2000).
Consequently, WT paired pulse ratios, which are normally greaterithare shifted
towards lower values, or towards short-term depression. While thesvelsshift in
probability of release was not displayeddm’ TAP” mice, it remained possible that
the observed phenotype reflected a difference in the amount orsgnsiticalcium

channels and/or calcium-sensing release machinery that was udnigskecreased
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exogenous calcium, rather than a basal difference in probabilitglease. To
distinguish between these two possibilities, | repeated measuseimietite paired
pulse ratio in extracellular solution using physiologic levelexifacellular calcium
(2mM, see experimental methods 3.3) and blocked muscle contraction wsmg 2
conotoxin. Surprisingly, no statistically significant differenn the paired pulse ratio
was observed in mice lacking cell-surface MHCI under conditiomowhal calcium
homeostasis (Figure 11). Taken together, these results indicatedghaif MHCI
expression at the NMJ does not change the overall probability aiseelat the
developing NMJ under physiological calcium concentrations. Insteadybberved
difference in the paired pulse ratio at P15 in 10mM calcium refigct decreased

entry of, or sensitivity to, increased extracellular calcium in BT mice
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Figure 11. Paired pulse ratios are normal in 2mM @** in mice lacking surface MHCI. Pooled
data of paired pulse ratios at 10,20 and 1000mses WT and B2m"'TAP"‘ mice. Mice lacking
surface MHCI have statistically indistinguishable mired pulse ratios compared to WT controls.
10ms: WT 1.20 + 0.032m" TAP™” 1.15 + 0.02, p = 0.18; 20ms: WT 1.12 + 0.32m" TAP" 1.08 +
0.01, p = 0.016, 1000msec: WT 0.96 + 0.2m" TAP™ 0.97 + 0.01, p = 0.20. WT, n = 11 muscles
from 6 animals, BT, n = 8 muscles from 4 animals.

Immediately after differences in probability of release mg®ebetween

competing inputs, changes in the postsynaptic effect elicitedabi endividual
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guantum, termed quantal size, become apparent (Colman, Nabekura et aKd§97;
Perkel et al. 2000). In order to establish if loss of cell-surfAEkC| alters quantal
size, | used sharp electrode recordings from muscles regevaingle input in both
mutant and wild-type mice and recorded postsynaptic responsesidwkedividual
guanta, or miniature endplate potentials (MEPPs). SurprisingBl5mice lacking
cell-surface MHCI showed an increase in the amplitude of mEifase 12A, 1.57 +
.09mV vs. 1.26 +.12mVB2m’ TAP" and WT, respectively; p = 0.043, unpaired t-
test) without a significant change in frequency. Although the ageaagplitude of the
evoked EPP at P15 was largei2m’ TAP”™ mice, this increase was not statistically
significant and quantal content estimates were accordingly imgiisshable between
transgenic and wild-type mice (Figure 12A). Additionally, the oleskrincrease in
MEPP size persisted into adulthood (Figure 11B, 1.0 £ .08mV vs. .66 = .Q6mV;
0.004, unpaired t-test), although at this age the frequency of minigemesdad also
decreased, potentially as a homeostatic response to the idcredseP size.
Consequently, it appears that MHCI is critically importanttifigr initial establishment

of quantal size at the developing NMJ.
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Figure 12. Quantal size is increased in mice laaky surface MHCI. C. Left, representative
recordings from P15 muscles after gM p—conotoxin treatment. mEPP amplitudes are shifted
towards larger values in mice lacking cell surfaceMHCI (center), but mEPP frequency is
indistinguishable from WT (Right; WT: frequency = 0.12 + 0.03 Hz, n = 7 musclesdm 5

animals; B2m’TAP”, frequency = 0.13 + 0.04 Hz, n = 6 muscles from &imals; p = 0.88;

unpaired t-test. Scale, 0.5mV, 500ms.) DLEeft, representative recordings from adult muscles
after 2uM p—conotoxin treatment. mEPP amplitudes are shifteddwards larger values ¢enter),

and mEPP frequency is significantly decreasedight) in adult mice lacking cell surface MHCI

compared to control. (Amplitude, WT n = 11 muscle$rom 7 animals,BZm"'TAP"‘ n = 10 muscles
from 8 animals. Frequency, WT n = 10 muscles from animals,BZm"‘TAP"' n = 9 muscles from
8 animals. Scale, 0.5mV, 500ms.)
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Figure 13. EPP amplitude and quantal content arearmal in P15 and adult mice lacking surface
MHCI. Left, Sample traces showing evoked EPPs and spontaneomdEPPs after 2iM p-

conotoxin pretreatment. A. Recordings performed inP15 mice. Individual mEPPs are marked
with asterisks. Scale, 10mV, 500msRight, Quantification of EPP amplitude and calculation &

qguantal content show that EPP amplitude and quantakontent are unchanged in P15 MHCI-
deficient animals. (WT, n = 7 muscles from 5 animal p2m’TAP”, n = 4 muscles from 4
animals). B. Left, Sample traces showing evoked EPPs and spontaneom&EPPs after uM

p—conotoxin pretreatment in adult mice. Scale, 10mV500ms Right. EPP amplitude and
guantal content are also unchanged in adult MHCI-d&cient animals (WT, n = 6 muscles from 4
animals; B2m” TAP™, n = 4 muscles from 3 animals).



Chapter 4: MHCI is required for activity-dependent synapse eliminatidre at t

developing NMJ: implications and future directions

Many molecules have been identified as mediators of pre- aridypaptic
development of the NMJ, yet the key determinants of synapse diioninaave
remained elusive. Here we report that MHCI is required for abractivity-
dependent synapse elimination at the developing NMJ. MHCI is ergredsthe
postsynaptic motor endplate during remodeling, and loss of cell suMal@l is
sufficient to persistently impair synapse elimination at a subkgunctions in the
mouse diaphragm. This impairment of synapse elimination is uregds both
anatomically and functionally and is associated with an inclieatbe quantal size in
B2m’ TAP” mice. Thus, endogenous MHCI is required both for the normal
elimination of surplus motor axons and the establishment of appropriate quantal size a
the NMJ, offering the intriguing possibility that changes in galastze, and in
particular, limiting the amplitude of the mEPP, is a criticanportant step in the
functional cascade leading to structural withdrawal during synapse dionina

In current models, the functional strengthening of some inputs a@d t
weakening of others at the NMJ are mediated by a combinatiopratettive” and
“punishment” signals. Quantal size, an important indicator of ®ymatrength, is
increased in MHCI-deficient animals, and at multiply-innervatedtions retained at
P15, both inputs still evoke robust postsynaptic respois®h the increase in q and
the presence of multiple strong inputs at a single P15 endplate s@ppalg for

MHCI in reducing synaptic strength at the developing NMJ ars# the possibility

32
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that MHCI may normally act as a postsynaptic element of the “punishmgngl $hat
mediates functional weakening of a subset of MN inputs prior to synapse elimination.
It is as yet unknown how endogenous MHCI limits quantal size, althoug
possibilities include postsynaptic (changes in nAChR expressionslesabunit
composition or sensitivity, changes in muscle size/permeabilitfyasynaptic
(decreased acetylcholine esterase (AChE) activity, changbse size of the synaptic
cleft) and presynaptic mechanisms (changes in the neurotrarsooititent or size of
vesicles). The fact that mEPP frequency is unchanged in MH@iatdgfanimals at
P15 (Figure 12A and B) is inconsistent with an increase in NA@&d or increased
sensitivity at the synapse. Furthermaxebtx labeling of nAChR clusters in MHCI-
deficient animals does not reveal differences in the arearngter of labeling at
individual junctions (Figure&Z). Additionally, input resistance was indistinguishable
between WT and mutant muscles, indicating that increased quametas siat due to
differences in the size or ionic permeability of individual nkesc The decay kinetics
of the EPP are normal in P15 MHCI-deficient animals (Figurg &dguing that
changes in NAChR subunits and AChE activity are unlikely to lj@onssble for the
increased quantal size (Wang, Li et al. 2005). Additionally, relechicroscopy does
not reveal gross differences in the morphology or width of the Sgnepft in adult
mice lacking surface MHCI, although this data is preliminany meeds to be repeated
(data not shown). Nevertheless, these results, when taken together, sugdfidCtha
may regulate g by modifying the size or neurotransmitterecdrdaf ACh-containing

synaptic vesicles in presynaptic MN terminals.



34

>

input reistance (MOhm}

w

ka

decay time {mas]

|

) -I- -I- k- -
WT g2m TAP wT p2m TAP

Figure 14. Input resistance and decay kinetics areormal in mice lacking cell surface MHCI. A.
Input resistance is indistinguishable between trargenic and WT mice at P15 (WT, n = 6 muscles
from 2 animals; [32m"'TAP"', n = 10 muscles from 3 animals). B. Decay time @ie EPP was
comparable in mutant and WT muscles at P15 (WT, n = &wuscles from 5 animalsﬁZm"'TAP"‘, n
=5 muscles from 4 animals).

Seminal work by Bernard Katz first highlighted the role of uantum as a
key determinant of synaptic strength (Del Castillo and Katz 195Akile many
studies since that initial finding have demonstrated the imp@tahgostsynaptic
parameters, in terms of receptor expression and sensitivitjtening quantal size,
presynaptic modulation of individual vesicles has received considenaisky
investigation (for review (Turrigiano 2007). Nevertheless, changései number of
transmitter molecules in a vesicle also affect quantal (seagewed by (Liu 2003))
and work in cultured neurons demonstrates that global alterations iarketativity
can lead to changes in the presynaptic loading of both glegiaand GABAergic

synapses (Wilson, Kang et al. 2005; Hartman, Pal et al. 2006). Adthtjonavivo

evidence from Steinert al suggests that experience-dependent changes in quantal

size inDrosophila result from altered vesicle size and filing during a novel behdviora

paradigm (Steinert, Kuromi et al. 2006).
It is well established that chronic blockade of presynaptic agtivia TTX,

increases quantal size at the murine NMJ (Lomo and Rosenthal 1&T®; and
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Westgaard 1975). Interestingly, recent experimental evidence powtrds a
modulation of quantal size via alterations in the amount of ACh ede&®m
presynaptic vesicles in response to activity blockade in thiemmy8tVang, Li et al.
2005). Given that loss of cell surface MHCI also increases dusearg¢an the absence
of increased nAChRs or alterations in decay kinetics, it willifteresting to
determine if MHCI is involved directly in the modulation of presyragttivity, or in
the ultimate read-out of neural activity into alterations in #@&h content of
presynaptic vesicles.

Some experimental evidence exists that suggests MHCI occuprede a
downstream of patterned presynaptic activity in other areas afigh@us system.
Corriveauet al found that MHCI mRNA is highly regulated by neural acyivit the
developing visual system and adult hippocampus. Specifically, MHRNIAnin the
LGN is downregulated by blockade of activity in retinogeniculatagections, and
upregulated by increased activity during kainite treatmentthe hippocampus
(Corriveau, Huh et al. 1998). While it remains to be determindcdhifas expression
“rules” apply at the NMJ, the possibility may offer tantadgiinsight into the
molecular link between the neural activity of competing motor neusbtise NMJ,
and the functional and structural changes that mediate synapse elimination.

Presynaptic activity is not required for synapse eliminatiotha NMJ, per
say, as chronic activity blockade slows, but does not prevent, the normal
developmental loss of axonal convergence (Thompson, Kuffler et al. 197%er Rat

plethora of studies now suggest that structural remodeling at thé isINhighly
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influenced by presynaptic activity. Developmentally, there is a prayoesin the
synchrony of neural firing patterns between electrically calptetor neurons, with
downregulation of gap junction expression leading to increased asyncimdhg
firing patterns of individual motor units (Personius and Balice-Gogfityi; Buffelli,
Busetto et al. 2002). This transition to asynchronous activigmgaorally correlated
with synapse elimination at the NMJ, and mice lacking connexiwhAzh display
lowered levels of correlated motor unit firing during developmeatekan accelerated
time course of synapse elimination at the NMJ (Personius, Chang et al. 2007).
Landmark work by Busett@t al established the first causal link between
asynchronous neural activity and synapse elimination (BusettoelB@ff al. 2000).
Studying the elimination of multiply innervated ectopic synapsestransplanted
muscle, the authors found that imposing synchronous activity acrossbetkating
motor neurons at a single junction was permissive for the retesftionltiple inputs
at the regenerating NMJ. Interestingly, the presentatiosyofcaAronous activity, via
focal stimulation distal to endogenous activity blockade, faalitatsynapse
elimination. Even more provokingly, when synchronous activity was again @dpos
but this time in the absence of TTX, thereby allowing the poesenh low levels of
endogenous, asynchronous neural activity, synapse elimination then proceedeal al
normal time course. These results, coupled with developmentalatiome| suggest
that it is the presence of asynchronous neural activity, evemyatove levels, that is

instructive for synapse elimination at the NMJ.



37

While this line of experimentation clearly supports the theory diterential
activity among competing inputs is a critical factor in symmapbmpetition, previous
work suggests that the role of activity is more complex. Spalificit remains
unclear as to whether competitive advantage is conferred to thee andess active
motor neuron at the NMJ during synapse elimination. In particukatias of studies
that differentially stimulated competing inputs during synapiseireation found that
more active inputs can displace less active counterparts atMde(Ribchester and
Taxt 1983; Ridge and Betz 1984). Analysis of mice genetically engineehedltor a
subset of synaptically silent MN terminals support this findingwadl (Buffelli,
Burgess et al. 2003). However, similar experimental approaoctiest upon
differential stimulation suggest that inactive MNs may hawerapetitive advantage
at the NMJ (Callaway, Soha et al. 1987; Ribchester 1993). Althougth m
controversy still remains as to the nature of the role of actiwitnediating synapse
elimination, the majority of presently available data suggestsdtfiarential activity
between synaptic inputs is a critical factor in the progsassf competition during
synapse elimination.

However, it is as yet unknown how asynchronous neural activity traastad
the functional and structural asymmetries that result in theepsoof synapse
elimination. Critical insight into potential mechanisms undeginese phenomena
comes from classical experiments by Poo and colleagues antpbblibian NMJ.
Utilizing neuron-muscle cocultures fromdenopus, the authors demonstrated that

neural activity from one axon in dually innervated muscle resnlthe short-term
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impairment of neurotransmitter release in its competitivénparLo and Poo 1991,
Dan and Poo 1992; Lo and Poo 1994; Cash, Dan et al. 1996). This “heterosynaptic”
depression does not require the physical presence of a second competitivegsaitner,
can be mimicked by the application of focal ACh, but is dependent uponetbenpe
of the postsynaptic muscle fiber. Studies that combine heterosydaptiession of
neural activity, via focal blockade of the endplate witbhungarotoxin, within vivo
imaging support a similar mechanism in adult mammals (Balice-Gordohiertchan
1994). Focal blockade of nAChRs at part of the endplate results irzéntboss of
receptor density, and the eventual withdrawal of presynaptic tdenfioan that area
of the endplate. In contrast, blockade of the entire endplate doessntitin loss of
postsynaptic receptor density, nor does it alter the distributiorpre$ynaptic
components, indicating that it is asynchrony between presynapticpostsynaptic
activation that is permissive for the removal of synaptic structures at tide NM

The work summarized above leads to the question of what signaling might
induce the size and strength of competing inputs to a neuromusculéionuie
become progressively different. The bulk of evidence available ¢édfaabrs a model
in which heterosynaptic interactions result in active synapsesbiesng and
displacing inactive ones, involving the postsynaptic cell as ammediary, in a more
or less Hebbian fashion. Therefore, when convergent inputs are syma$isoactive,
each nerve terminal produces a combination of “protection” and “punmghsignals
that balance, resulting in a net maintenance of polyneuronal inioexvatiowever,

when one input is active asynchronously, its synaptically silent cqanteils no
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longer subject to the protection conferred by postsynaptic depalanizahd instead
is influenced by the “punishment” signal of its more active cormpetpartner. In
theory, this punishment signal would result in decreased synaptiaasffiin the form
of reduced quantal size and content, such that after repeated afyaleakening, the
more inactive MN would be less efficacious at the synapse tireguh its eventual
removal and the establishment of mature mononeuronal innervation.

Therefore, if MHCI is regulated by activity at the NM3,leas been previously
shown in the CNS, it may prove to be the link between asynchronoud aetiviay
and heterosynaptic depression. We can conjecture that during syhapsatien,
one nerve terminal increases synaptic activity, which resulen upregulation of
MHCI expression. MHCI then functions to limit the quantal iz¢he synaptically
silent competitive partner in a Hebbian fashion, potentially througfaressynaptic
signaling event that reduces ACh release. If this adtiction in quantal size, a
potential “punishment signal”, temporally summates, then the losiog, @ven when
synaptically active, will elicit a decreased postsynapfeceffurther weakening at the
synapse until it is eventually removed. While this is an ininigy possibility, further
work remains to determine if MHCI is indeed regulated by agtiai the NMJ in a
differential pattern based on competing inputs, and if so, as toateenof any
“protective” signals that would allow the eventual “winning” axoresgcape synaptic

depression induced by MHCI upregulation in the postsynaptic endplate.
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Figure 15. Model of MHCI action at the developingNMJ during synapse elimination. MHCI

may function as a putative “punishment” signal at he NMJ by transducing increased neural
activity in one competing input (eft) into a decrease in quantal size, via presynaptic deiction in

ACh release in its competitive counterpart (ight). Continued cycles of Hebbian-like
heterosynaptic depression, via MHCI activity, resul in the eventual elimination of the
synaptically weakened input.

Another outstanding question raised by this work is why loss of Meé@4
surface expression only impairs remodeling at a subset of jusctibimere are several
factors that could potentially contribute to this selectivity, inelgdnuscle-fiber type
and motor unit type. It is also possible that members of the Mid@lly are
expressed at NMJs in a mosaic fashion and are differentiédigted by the loss of
B2m and TAP. For example, while most MHCI proteins reqfi2en for stable
surface expression, some members can traffic to the cedcsuridependently @2m
expression, such as the classical MHCI molecule PigAlen, Fraser et al. 1986).
Accordingly, recently work by Thamea al identified a role for a classical MHCI

molecule in the establishment of endplate band architecture andydéhisams,
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Brodin et al. 2009). Gross analysis of such parameters in nckieadggs2m and TAP
did not reveal similar defects (Figure 6), possibly reflecting theessfon of H2-Bin
ap2m-free form. Therefore, the ability of some muscles to remadéke absence of
B2m and TAP might represent a role for rizm dependent MHCI members in
remodeling, or functional compensation resulting from a developmental knock out.
The present study is the first to suggest a developmental rolH&@I in
synapse elimination during the establishment of mature connectivithe NMJ.
Previous work has shown that MHCI is upregulated after peripherak injury or
axotomy, and lowered MHCI levels are associated with an impair in axon
regrowth after nerve damage (Linda, Hammarberg et al. 199&i@lj Thams et al.
2004; Thams, Brodin et al. 2009). Although it is well establishedntio&dr neuron
axotomy results in a transient period of polyinnervation, followed lmgs of axonal
convergence that is highly reminiscent of synapse eliminationreiinains to be
determined if MHCI is required for the normal progression of thisfof structural
plasticity. Therefore, it will be interesting to investigttaltered regulation of MHCI
proteins has consequences unique to neural function at the interfacerbetator

axons and muscles during injury and disease.
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