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Abstract

In long-term depression (LTD) at synapses in the adult brain, synaptic strength is reduced in an
experience-dependent manner. LTD thus provides a cellular mechanism for information storage in
some forms of learning. A similar activity-dependent reduction in synaptic strength also occurs in
the developing brain and there provides an essential step in synaptic pruning and the postnatal
development of neural circuits. Here we review evidence suggesting that LTD and synaptic
pruning share components of their underlying molecular machinery and may thus represent two
developmental stages of the same type of synaptic modulation that serve different, but related,
functions in neural circuit plasticity. We also assess the relationship between LTD and synaptic
pruning in the context of recent findings of LTD dysregulation in several mouse models of autism
spectrum disorder (ASD) and discuss whether LTD deficits can indicate impaired pruning
processes that are required for proper brain development.

The density of synaptic connections undergoes dramatic changes during nervous system
development: for example, in the human cortex a sharp increase in synaptic density during
the first 1-2 years after birth is followed by a prolonged period of competitive, activity-
dependent synapse elimination that reduces synaptic density by about 50% and ultimately
results in the typical microarchitecture of the mature cortex (Fig. 1a)l. Synaptic pruning
occurs subsequent to a period of axonal pruning that takes place during the first months after
birth. In primates, about 70% of callosal axons are eliminated postnatally2. These numbers
illustrate the enormous extent of connectivity modifications in the developing brain.

Developmental synaptic pruning is a phenomenon that is well-known from observations at
the developing neuromuscular junction (NMJ) in rodents: at birth, each muscle fiber receives
synapses from approximately ten motor nerve axons®, which are eliminated—except for one
—during the second postnatal week?. The stabilization and loss of synaptic contacts are
preceded respectively by corresponding strengthening and weakening of synaptic efficacy®.
Elimination of weaker inputs can be prevented by laser removal of the strong input8. These
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observations suggest that axon withdrawal follows a competitive process at the level of
synapses reminiscent of synaptic competition in bidirectional synaptic plasticity—that is,
long-term potentiation (LTP) and LTD—in the mature CNS (for review, see refs. 7-9). In his
book The Organization of Behavior, Donald Hebb proposed his famous rule for synaptic
modifications in neuronal assemblies??:

When an axon of cell A is near enough to excite a cell B and repeatedly or
persistently takes part in firing it, some growth process or metabolic change takes
place in one or both cells such that A’s efficiency, as one of the cells firing B, is
increased.

A more popular version of this rule reads “neurons that fire together wire together.” While
Hebb’s rule does not explicitly mention the weakening of synapses, this effect was
subsequently suggested by Stent!! on the basis of the work of Hubel and Wiesel that
described plasticity during the critical period in the visual cortex of kittens!2. In fact, these
and subsequent studies on plasticity in the visual cortex have inspired early suggestions of
an essential overlap between molecular pathways involved in LTD and synaptic pruning (see
refs. 8,13). We will begin this review by describing the cortical findings that support this
suggestion and outline the implications.

There are two good reasons to now revisit the idea of a role of LTD-like molecular pathways
in synaptic pruning, more than 15 years after it was initially presented. First, a recent focus
on synaptopathies in developmental brain disorders415 has resulted in a new interest in
synaptic dysfunction in autism spectrum disorder (ASD), particularly in deficits in synapse
maturation and pruning. Brain overgrowth is one of the earliest signs in some forms of
ASD16, Both brain hyperconnectivityl” and hypoconnectivity819 have been found in
children with autism. The resulting change in excitatory drive and activity patterns, as well
as cascading changes in network function via plasticity mechanisms, might explain why
autism often is associated with either hyper- or hyposensitivity to sensory inputZ°.
Unexpectedly, one of the most consistent findings in ASD mouse models is a dysregulation
of LTD, which has been observed across different genetic abnormalities and across different
brain areas (see below). We propose here that LTD dysregulation reflects alterations in
synaptic pruning that prevent proper development of neuronal circuits.

A second important reason to re-evaluate the relationship between LTD and synaptic pruning
is that additional details about the molecular pathways involved have become available. It is
well established that changes in synaptic strength can be associated with structural
plasticity?l. However, the data now available enable a molecule-by-molecule comparison of
plasticity processes in LTD and synaptic pruning that had not been possible before. Most of
the new molecular data have been obtained from recordings in the mouse or rat cerebellum.
Therefore, while we will also compare synaptic depression mechanisms at different
developmental stages at the NMJ and cortical synapses, we will build our argument largely
on findings from cerebellar synapses. In the context of synaptic pruning deficits in autism,
this is not an obvious choice. However, it is at glutamatergic synapses onto cerebellar
Purkinje cells that the molecular pathways underlying both LTD, at parallel fiber (PF)
synapses, and developmental synaptic pruning, at climbing fiber (CF) synapses, have been
described at a level of detail that is not available from other CNS synapses. In fact, CF
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synapses are one of the few types of synapses in the CNS where developmental synaptic
pruning can be readily assessed using electrophysiological techniques and where the number
of inputs can be quantified on the basis of the number of discrete all-or-none steps in
synaptic responses. At most other CNS synapses it is more difficult to isolate responses
evoked by single presynaptic neurons, and thus this quantification method cannot be readily
applied. In addition, cerebellar synaptic abnormalities have been studied in diverse ASD
mouse models, motivated by frequent observations of cerebellar dysfunction associated with
autism (for review, see refs. 22,23). Thus, cerebellar circuits are optimally suited to study
how the same molecular machinery is used for synaptic depression mechanisms in the
developing and the adult brain and how pathological alterations in this machinery affect
circuit function and behavior (Box 1).

Pruning in the visual cortex following monocular deprivation

The work of Hubel and Wiesel on connectivity changes during the critical period in the
primary visual cortex of kittens!2 has laid the groundwork for subsequent studies on
synaptic pruning and its relationship to LTD. For this reason, we will begin with a discussion
of activity-dependent pruning events in the primary visual cortex. In the adult visual cortex,
the majority of neurons clustered in a cortical column respond preferentially to the
stimulation of one eye, a phenomenon known as ocular dominance. The adult neuronal
connectivity pattern results from developmental synaptic rewiring during the critical period
including the elimination of synapses serving the nondominant eye. The degree of plasticity
during the critical period is remarkably high, as demonstrated by Hubel and Wiesel in their
classic monocular deprivation studies: if one eye is deprived of visual input during the
critical period, neurons lose responsiveness to this eye, and the ocular dominance
segregation is heavily weighted toward the intact eye!2. Synaptic depression initiated by
monocular deprivation is an active process that requires residual activity in the visually
deprived retina24 and acts in synergy with the inhibitory GABAergic system?® that further
promotes the shrinkage of ‘depressed’ spines and the survival of ‘potentiated’ ones?®. Thus,
synaptic depression during developmental circuit plasticity shares activity dependence with
LTD in the mature cortex. These findings, together with the emerging similarities in the
molecular pathways involved (see below), have led to the notion that the mechanisms
underlying synaptic pruning resemble those found in LTD (for review, see refs. 8,13).
Indeed, both bidirectional synaptic plasticity in the mature brain and synapse stabilization or
pruning in the developing brain seem to adhere to the extended Hebb rule1%.11 and similarly
describe activity-dependent ‘learning’ mechanisms in neuronal circuits.

It was first suggested by Bienenstock, Cooper and Munro that synaptic depression at inputs
from the deprived eye initiates the loss of responsiveness to visual stimulation2’. This
hypothesis has been experimentally supported: first, monocular deprivation by lid suture,
which preserves residual activity in the retina, leads to a more pronounced depression of
responses to input from the deprived eye than monocular inhibition by intraocular injection
of tetrodotoxin. Thus, the reduction in responsiveness is facilitated by ongoing activity,
which is a feature shared with activity-dependent, homosynaptic LTD?4. Second, synaptic
depression triggered by monocular deprivation occludes subsequent LTD induction?®,
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suggesting that monocular deprivation initiates LTD and that LTD marks an early step in
synaptic pruning.

The molecular pathways involved in LTD induction in the visual cortex and in deprivation-
induced synaptic pruning show a strong overlap. NMDA receptor activation is required not
only for LTP29:30, put also for homosynaptic LTD30:31, Larger calcium transients are
required for LTP induction than for LTD32, suggesting that the amplitude of NMDA receptor
responses and the associated calcium transients determine whether the synapses are
potentiated or depressed. Just as in LTD, the ocular dominance shift following monocular
deprivation also is NMDA receptor-dependent33:34. While acute metabotropic glutamate
receptor 5 (mGIuRb5) inhibition has no appreciable effect on NMDA-receptor-dependent
LTD or ocular dominance plasticity, both processes are impaired by chronic mGIuR5
inhibition, suggesting that mGIuR5 receptors are not directly involved in the respective
induction pathways but that, during a critical period, mGIuR5 activation is required to obtain
some type of permissive condition shared by LTD and synaptic pruning®®. Finally, both
molecular deprivation and LTD cause the same changes in AMPA receptor phosphorylation
and membrane expression: namely, decreased phosphorylation of GIuA1 at Ser845,
increased phosphorylation of GIuA2 at Ser880 and reduced surface expression of GluAl and
GluA2 subunits?8. These findings support the view that in the developing cortex LTD-like
molecular mechanisms provide the initial steps in synaptic pruning (for review, see refs.
8,13). It is noteworthy that LTP also shares molecular events with pruning, such as the need
for NMDA receptor activation and calcium signaling2°-30, reflecting the activity dependence
of these circuit-forming processes. However, the molecular pathways involved in LTP on the
one hand and LTD and pruning on the other diverge further downstream in the signaling
pathways— most notably at the level of GluA1 and GluA2 phosphorylation28—and thus
LTP presents a plasticity phenomenon that even molecularly is clearly distinct from
depression and synaptic pruning.

The study of dendritic spine plasticity offers an additional, ‘postsynaptic’ perspective on
pruning and its relationship to LTD. The turnover rate of spines is high in the cortex of
young and young adult rodents, but the lifetime of dendritic spines increases with age36-38,
However, just as is the case for synaptic plasticity, spine plasticity persists in adulthood,
enabling experience-dependent structural circuit plasticity following the redistribution of
synaptic strength?! (Fig. 1b). Both processes are tightly related. For example, at
hippocampal synapses LTD is accompanied by spine shrinkage, and both processes depend
on the activation of NMDA receptors3®. Similarly, the elimination of dendritic spines in the
primary sensory cortex is activity and NMDA receptor dependent?, as are LTD and pruning
in the visual cortex. Therefore, the results obtained from spine plasticity studies in cortical
areas other than the visual cortex support the claim that LTD and pruning share elements of
their underlying molecular pathways.

The molecular machinery of synaptic depression: cerebellum

LTD was first described as a cellular correlate of learning in the cerebellum. Here, LTD at
PF synapses onto Purkinje cells may reduce the level of inhibition that the GABAergic
Purkinje cells impose on their target cells in the cerebellar and vestibular nuclei, thus
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promoting activity in downstream motor and non-motor control pathways. LTD is a
postsynaptic form of plasticity that can be triggered by PF and CF coactivation (for review,
see ref. 41). LTD is reversed by postsynaptic LTP that results from PF activation alone (for
review, see ref. 42). Both LTD and LTP contribute to a distributed cerebellar memory
engram that involves several plasticity sites and mechanisms#3:44,

LTD induction depends on the activation of type 1 metabotropic glutamate receptors
(mGIuR1)*>47 (Fig. 2; for review, see ref. 48). Group | mGIuRs (consisting of mGIuR 1 and
5; only mGIuRL1 is expressed at appreciable levels in Purkinje cells) couple to Gaq proteins
that activate a signaling cascade including phospholipase Cp4 (PLCP4) and protein kinase C
(PKC,; for review, see ref. 49). The activation of mGIuR1 receptors specifically promotes
LTD, but is not needed for LTP induction®°. Consistent with the involvement of an mGIuR1
signaling cascade, LTD is absent from Ga.q knockout mice (Gnag™'~ mice)®! and from
PLCP4 knockout mice (Plcb47'~ mice)>2. PLC produces diacylglycerol and inositol-1,4,5-
trisphosphate (IP3) from phosphatidylinositol-4,5-bisphosphate, triggering the subsequent
release of calcium from IP3-sensitive intracellular stores. Both consequences of PLC activity
——production of diacylglycerol and calcium release from 1P3-sensitive stores—promote the
activation of PKC (for review, see ref. 49). LTD is indeed prevented by PKC inhibitors®3:54,
and it is absent from transgenic mice that express the pseudosubstrate PKC inhibitor
PKC1g_31 selectively in Purkinje cells®®. Subsequent studies showed that the
phosphorylation of GluA2 AMPA-type glutamate receptor subunits at Ser880 by PKCa is a
critical step in GIuA2 endocytosis and LTD3¢:57. Purkinje cells only weakly express GluA1
subunits®®. Thus, GIuA2 at Ser880 is the main PKC target in cerebellar LTD. In summary,
PF LTD requires the activation of an mGIuR1-PLCp4-PKCa signaling cascade that
provides an early step in GIuA2 endocytosis, which removes functional AMPA receptors
from the postsynaptic density and mediates LTD.

One of the best-studied examples of developmental synaptic pruning is the elimination of
surplus CF inputs in the cerebellum. Purkinje cells are contacted at birth by usually three to
five CFs, which are eliminated until, by the end of the third postnatal week, only one CF
input remains in most Purkinje cells>®. CF pruning is an active process and consists of
distinct phases (for review, see ref. 60). During the first postnatal week, differences in
synaptic input strength of several CFs innervating the soma become noticeable, with a single
CF input emerging that can be identified as the future ‘winner’ CF input on the basis of
response strength and morphology; this is the functional differentiation phase8Z. It seems
that the one CF input is selectively strengthened whose activity is most closely related to the
occurrence of calcium spikes and calcium influx through P/Q-type voltage-gated calcium
channels in the Purkinje cell dendrite®2.63, Subsequently the winner CF input begins to
translocate to the dendrite, while maintaining synapses on the soma (Fig. 3)64.65, a step that
also involves anterograde signaling by C1g-like 1 (C1ql1)%6.

The weaker CF inputs, which are characterized by a lower probability of multivesicular
release®?, do not translocate to the dendrite and will be withdrawn in two distinct phases of
CF elimination, an early and a late, that occur largely in parallel with the translocation of the
winner CF to the dendrite®4. This form of developmental plasticity is competitive, as
reversal of the fate of a loser CF input has been observed following ablation of the emerging
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winner CF input8®. The early phase of CF synapse elimination starts at around postnatal day
(P) 7, just after the functional differentiation phase, and is independent of proper PF-
Purkinje cell synapse formation®’.

The late phase of CF synapse elimination starts at around P12 and continues until around
P17. This phase marks the ongoing synaptic competition process at CF synapses, and it
critically depends on the proper formation and activity of PF synapses®” and inhibitory
basket cell synapses®8 onto Purkinje cells. Thus, as in the visual cortex, where the critical
period for developmental plasticity is defined by the proper excitation—inhibition balance?5,
CF synapse elimination also involves GABAergic signaling. Several signaling molecules
involved in the late phase have been identified, as described below. Eventually, the
elimination of loser CF synapses is completed by retraction, likely involving engulfment by
glial cells for final digestion (for review, see ref. 60). Observations at cortical synapses show
that microglia are indeed involved in synaptic pruning during development and thus
contribute to the clearance of cellular material even in the uninjured brain8°. Deficits in
microglia recruitment (Cx3crZ knockout mice)?%71 or in the tagging of synapses for removal
by microglia (CZg knockout mice)’2 result in impaired synaptic pruning, enhanced seizure
rates’2 and autism-resembling social behavior deficits’?.

The molecular events involved in CF pruning, specifically the late phase of CF elimination,
have been characterized in detail in a series of studies using genetically modified mice. In
mutant mice lacking mGIuR1 receptors (GrmI~'~ mice), the regression of surplus CFs slows
at the end of the second postnatal week and remains incomplete even after P22, an age at
which the elimination process is typically finished (Fig. 2)73,74. Purkinje cell-specific
expression of an alpha isoform of mGIuR1 (mGluR1a.) transgene rescues proper CF
elimination*”. These data show that mGIuR1 receptors are crucial to CF synapse
elimination. Similarly, impairment of CF elimination at the end of the second postnatal week
has been observed in mutant mice lacking the G protein Gaq (Gnag™”'~ mice)’®, in mice
lacking PLCPB4 (Plcb47'~ mice)5276, and in mice lacking PKCy (Prkcg™'~ mice)’”.
Moreover, CF elimination is impaired in mice expressing the pseudosubstrate PKC inhibitor
PKC1g_31 (ref. 55). These findings show that the developmental elimination of surplus CF
inputs depends, just as does LTD at PF synapses, on an mGuR1-Gag-PLCB4-PKC
signaling cascade (Table 1; for review, see ref. 48). These results also show that the overlap
in the molecular machinery involved is not complete: while CF elimination is impaired in
Prkcg™'~ mice, these mice show no LTD deficit>4. Rather, LTD induction depends on the
activation of PKCa®6:57. The recent discovery of PF synapse elimination during cerebellar
development completes the picture: PF synaptic pruning is impaired in mutant mice lacking
mGIuR1 or PKCy’8, suggesting that the same mGIluR1-PKC'y signaling cascade that
mediates CF synaptic pruning acts in PF synapse elimination as well. The specific roles of
PKCa and PKCry in synapse depression and elimination, respectively, remain to be
determined.

In addition to the involvement of PKC, LTD depends on the activation of a-calcium/
calmodulin-dependent protein kinase 11 (aCaMKII). In aCaMKII null mice (Camk2a™~
mice), LTD is absent, while LTP is unaffected’. More recently, it has been shown that
CaMKII promotes LTD through an indirect pathway that involves the negative regulation of
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phosphodiesterase 1 (PDEL), the subsequent facilitation of cGMP—protein kinase G
signaling and the downregulation of protein phosphatase 2A (PP2A)80. PP2A is part of the
LTP induction pathway8! and might counteract the effects of PKC activation in LTD82, In
Camk2a™'~ mice, the developmental elimination of surplus CFs is impaired’® (Table 1),
suggesting that the CaMKII-mediated removal of the LTD-brake mechanism exerted by
PP2A acts in synaptic pruning as well. In hippocampal neurons, CaMKII translocation to the
postsynaptic density has been linked to the activation of NMDA-type glutamate receptors
and the resulting nanodomain calcium transients83. Purkinje cells express NMDA receptors
containing the juvenile GIUN2D subunit at extrasynaptic sites during the first postnatal
week84, but their role at this early developmental stage remains unknown. Only at the end of
the third postnatal week do Purkinje cells begin to express functional NMDA receptors at
their CF input sites, and full expression levels are only reached ~2 months after birth85,86, In
>2-month-old mice, LTD induction at PF synapses depends on the activation of NMDA
receptors®’. In contrast, while NMDA receptor activation in the cerebellum is required for
CF elimination8:89, the developmental onset of NMDA receptors expressed in Purkinje
cells comes too late to permit a role in CF elimination. Thus, Purkinje cell NMDA receptors
provide an exception to the notion that the molecular machineries involved in PF LTD and
CF synaptic pruning are largely overlapping.

Finally, the immediate early gene product Arc, which promotes the endocytosis of AMPA
receptor subunits and may contribute to the stabilization of recently adjusted synaptic
weights (for review, see ref. 90), is required for the late phase of LTD9Z, as well as for the
removal of surplus CF synapses from Purkinje cell somata during the late phase of the
elimination process®293 (Table 1).

These examples show that the molecular machineries involved in LTD and CF pruning are
largely overlapping, suggesting that they represent related cellular processes. This notion
holds for the initial synapse competition involved. The actual removal of loser synapses is
guided by additional signaling factors. This may be the reason why in some mouse models
(for example, Camk2a™'~) CF elimination is only delayed, and is eventually completed in
adult mice’®, suggesting that impairment of the initial synaptic competition process does not
always fully prevent pruning.

LTD at climbing fiber synapses: the missing link

Our analysis so far, with the exception of a recent study on PF synapse elimination’8, was
based on the comparison of LTD at PF synapses and synaptic pruning at CF synapses. These
are useful examples because at these synapses LTD and synaptic pruning have been studied
in rich molecular detail. An obvious disadvantage of this approach is that we are comparing
these plasticity phenomena at two different synapses. However, LTD has also been described
at CF synapses in P14-30 rats (Fig. 4)%49°. CF LTD results from brief CF activation at 5 Hz
and is, just like PF LTD, postsynaptically induced and expressed®¢. While CF LTD has not
been characterized in as much molecular detail as its counterpart at PF synapses, it is known
that CF LTD requires a rise in calcium transients for its induction as well as the activation of
mGIuR1 receptors and PKC (Fig. 4)%. Thus, the available data suggest that the same
mGIuR1-PKC signaling cascade that triggers PF LTD also induces CF LTD. This notion is
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further supported by the observation that LTD at both types of synapses is facilitated by the
release of corticotropin-releasing factor from CF terminals and the activation of its receptors,
which are G protein coupled and promote the activation of PKC%7:98, Thus, it seems that the
overlap in the molecular machineries even holds true when restricting the comparison to
LTD and synaptic pruning at CF synapses and, similarly, LTD and elimination at PF
synapses, although the available information on molecular mechanisms underlying CF LTD
and PF synaptic pruning, respectively, is sparse. In young (P4-11) rodents, both LTD and
LTP have been observed at CF synapses. LTP at relatively strong CF synapses establishes
the winner CF input in the competitive elimination process, while LTD at weaker synapses
initiates the removal of loser CF inputs®%:190, Thus, activity-dependent bidirectional synaptic
plasticity seems to provide the basis for the competitive selection process at the very
beginning of CF input maturation.

The observation that LTD (in young adult or adult) and synaptic pruning are impaired when
the same signaling pathways are blocked suggests that the two plasticity phenomena share
the same underlying molecular machinery. An alternative possibility, however, is that the
two plasticity processes are interdependent: that is, PF LTD might depend on completed CF
elimination or, alternatively, CF pruning might depend on the ability of PF synapses to
undergo LTD. The former scenario seems unlikely as there is no indication that PF LTD
depends on completion of the developmental elimination of surplus CF inputs. In P5-8 rats,
at an age when Purkinje cells are innervated by PF and CF synapses but CF elimination is
far from being completed (which occurs at ~P18), paired PF and CF activation induces PF
LTD, just as it does in the mature cerebellum19L, In contrast, it is conceivable that proper CF
elimination depends on an intact mGIluR1-PKC signaling cascade for LTD induction and
synapse elimination at PF synapses. Experimental support for this notion comes from the
observation that CF elimination is impaired when NMDA receptors are pharmacologically
blocked®8:89, As functional NMDA receptors are only expressed in Purkinje cells ~8 weeks
after birth85:86 these NMDA receptors cannot be directly involved in CF synaptic pruning
and have instead been assigned to mossy fiber-granule cell synapses8?, which control
activity of the PF input. A plausible scenario is that translocation of a winner CF input to the
dendrite81.64.65 s facilitated by certain levels of activity in the mossy fiber—granule cell
pathway that allow mGIluR1-dependent removal of PF synapses from intermediate portions
of the dendrite’® (for review, see ref. 60).

What then is the evidence that suggests that mGluR1-PKC signaling at the CF synapses
themselves is crucial for the elimination of surplus CF synapses? Observations at several
types of synapses support the notion that LTD and synaptic pruning represent distinct phases
of a continuous depression and disconnection process. For example, in the adult cerebellum
PF LTD can be followed by elimination of PF synapses that were depressed in a motor
learning task192. Similarly, synaptic depression followed by elimination has been observed
at the NMJ® and at excitatory synapses onto CA1 hippocampal pyramidal cells103.104 Most
importantly, in the immature cerebellum weak CF synapses are disconnected after
undergoing LTD61.99.100 and CF LTD from P14 onwards has been found to depend on
mGIuR1-PKC signaling®*. These results demonstrate, first, that mGluR1-dependent LTD
exists at CF synapses at a postnatal age preceding completion of the elimination process
(<P18), and second, that synaptic depression (weak synapses) marks CF synapses for
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elimination. Thus, it seems that LTD mechanisms at CF inputs play a role in the
developmental elimination of surplus CF synapses.

Synapse elimination and LTD at the neuromuscular junction

Excitatory synapses onto cerebellar Purkinje cells provide an excellent test case for the
comparative analysis of mechanisms underlying LTD and synaptic pruning because at these
synapses both processes have been extensively studied. At NMJ synapses, a developmental
pruning process takes place that strongly resembles the elimination of surplus CF inputs in
the cerebellum: at birth, each muscle fiber is innervated by approximately ten motor
neurons3, which are subsequently eliminated until only one winner input remains at ~P16—
18 (ref. 4). Since LTD-like depression has been observed at the developing%® and adult
NMJ108 we can address the question of how findings at NMJ synapses compare to the
findings in the cerebellum. Synaptic depression at the NMJ is induced by repetitive
depolarization and can be blocked by the calcium chelator BAPTA07, Photolytic calcium
uncaging triggers LTD at these synapses as well108, Together, these findings suggest that
LTD at the NMJ depends on postsynaptic depolarization and subsequent calcium elevation.
Synaptic depression requires nitric oxide signaling at the developing%® and mature NMJ106,
Moreover, LTD at the developing NMJ requires CaMKII activation while a form of
potentiation depends on the activation of protein phosphatase 2B (calcineurin)!10, pointing
toward similar rules governing bidirectional synaptic plasticity, as found in the cerebellum
(for review, see ref. 42), and toward an activity-dependent synapse competition that marks
synaptic inputs for stabilization and elimination. Such a competition between multiple
synaptic inputs is clearly demonstrated by the finding that laser removal of the stronger
synaptic inputs rescues synapses that otherwise would have been eliminated®. Importantly, at
the NMJ a loss of postsynaptic acetylcholine receptors and synapse weakening precedes
synapse elimination®111, Moreover, synapse elimination can be experimentally induced by
blockade of neurotransmission with a-bungarotoxinl12. These findings demonstrate that, as
at cerebellar and hippocampal synapses, LTD and synaptic pruning at the NMJ represent
plasticity processes along a continuous time axis, suggesting a shared underlying molecular
machinery.

LTD dysregulation and synaptic pruning deficits in autism

The intimate relationship between LTD and synaptic pruning enables circuit plasticity in the
developing and mature brain, and it therefore is also of interest in developmental brain
disorders, such as autism. Indeed, synaptic dysfunction and abnormal synaptic pruning are
characteristic features of ASD (for review, see refs. 15,113). Synaptic function cannot be
assessed in post-mortem tissue analysis, but it has been reported that, in comparison to that
in healthy subjects, the density of dendritic spines is enhanced in the cortex of individuals
with autism, pointing toward deficits in spine pruning14115 (for review, see ref. 113).
Remarkably, dysregulation of LTD is another consistent observation in mouse models of
autism across different genetic abnormalities and across different brain areas (Table 2; see
below). It is because of these findings that the involvement of LTD-like mechanisms in
synaptic pruning becomes important to autism research as well.
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The most comprehensive theoretical framework on LTD deficits and their involvement in
ASD is provided by the metabotropic glutamate receptor (mGIuR) theory of fragile X
syndrome developed by Bear and colleagues. Fragile X syndrome is a form of inherited
mental retardation that often is accompanied by ASD features and is caused by a mutation in
the FMRI gene, which encodes a repressor of mMRNA translation, FMRP (fragile X mental
retardation protein)116, Neuronal and circuit hyperexcitability contribute to fragile X
syndrome phenotypes (for review, see ref. 117). In both fragile X patients and FmrZ
knockout mice, spines on pyramidal cells are longer than normal and appear immature,
pointing toward a role in spine maturation and pruning1€. This abnormality in spine
maturation is accompanied by a pronounced dysregulation of LTD. In the hippocampus of
Fmr1 knockout mice, mGluR5-dependent LTD is enhanced1®. Group | mGIluRs (mGIuR1
and mGIuR5) activate local MRNA translation120, It was thus proposed in the mGIuR theory
of fragile X syndrome that in fragile X the lack of the translation repressor protein FMRP
leads to excessive protein synthesis downstream of group | mGIuR activation, including
synthesis of proteins that promote the induction of LTD (for review, see ref. 121).
Remarkably, transgenic mice that overexpress the eukaryotic translation initiation factor 4E
(elF4E), which is regulated by FMRP, similarly show ASD-like behavioral alterations,
enhanced spine density, enhanced mGIuR-LTD in the hippocampus and, in addition,
enhanced tetanization-evoked LTD in the striatum22, Similarly, hippocampal mGIuR-LTD
is enhanced in mice with a deletion for the elF4E-binding protein 2 gene (Eif4ebp2), which
encodes 4E-BP2, a suppressor of mRNA translation initiation123, Hippocampal mGIuR-LTD
is furthermore enhanced in Syngap*’~ micel?4. In these mice, extracellular signal-related
kinases 1 and 2 (ERK1/2) signaling is enhanced, which may increase elF4E cap-dependent
translation (for review, see ref. 125). Local cap-dependent mRNA translation is also
controlled by mammalian target of rapamycin (mTOR), which in turn is negatively regulated
by the tuberous sclerosis complex proteins TSC1 and TSC2 (TSC shows ASD comorbidity;
for review, see ref. 126). Indeed, hippocampal LTD is significantly reduced in 7sc2*/~
micel2”. These observations point toward a remarkable convergence of ASD-related
abnormalities in the molecular network for translation control15127 (for review, see ref.
125). The mGIuR theory of fragile X syndrome has been further validated by the observation
that in animal models the inhibition of mGIUR5 can reduce the severity of several fragile X
symptoms128.129_ Clinical therapies based on the inhibition of mGIURS have been tested, and
although these trials were not successful, regulation of dendritic mMRNA translation by the
mGIuR5 and mTOR pathways and their interactions remains one of the most promising
targets for interventionl19,

In the mGIuR theory of fragile X, enhanced LTD is seen as a readout of dysregulated local
mRNA translation, which ultimately contributes to specific fragile X symptoms. LTD
dysregulation is a surprisingly common feature across different ASD mouse models with a
wide range of genetic aberrations (see below). Thus, it is of interest to look more closely at
LTD deficits in autism and to ask the question whether they occur in parallel with abnormal
synaptic pruning. For this consideration, it is useful to return to cerebellar synapses, where
both LTD and synaptic pruning can be readily studied and have been characterized in detail.
Initial evidence for a cerebellar involvement in autism was met with skepticism, but it now
seems that cerebellar abnormalities contribute to motor problems in ASD and might even
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contribute to the abnormal development of cortical circuits?2:23, In fact, recent reports
demonstrated that mice with a Purkinje cell-specific deletion of the TSC genes 7scI or 7sc2
show ASD-like alterations in social behaviors, suggesting a cerebellar contribution to
cognitive impairment in ASD130.131 |n Fmr1 knockout mice, Purkinje cell spines are
elongated and appear immature, and LTD is enhanced!32, as in the hippocampus!1°.
Remarkably, the developmental elimination of surplus CF inputs is not delayed, but rather
accelerated132. Fortunately, cerebellar LTD and CF elimination have been tested in other
ASD mouse models, too, allowing direct comparisons. Cerebellar abnormalities have also
been found in neuroligin-3 (NM/gn3) knockout mice. In these mice, mGluR-dependent LTD at
PF synapses is impaired!33. The loss of LTD using standard induction protocols may result
from either blockade of molecular pathways required for LTD induction or from LTD
saturation. In both cases the LTD mechanism becomes unavailable for further circuit
plasticity. In Mgn3knockout mice LTD is saturated, possibly as a result of enhanced
expression of mGIuR1 (ref. 133; but see ref. 134). CF innervation was only tested in adult
(2-3 month old) mice, and it was found to be normal32. In contrast, CF elimination has
been studied during postnatal development in NIgn3-R451C knock-in mice. In these mice,
CF elimination appears normal at >P17 but is impaired at P11-17 (ref. 135). These findings
raise the possibility that, in AM/gn3knockout mice too, CF elimination is delayed during
development, but this scenario remains to be experimentally confirmed. In Purkinje cell-
specific triple neuroligin-1, neuroligin-2 and neuroligin-3 knockout mice, mGIuR LTD and
CF elimination are not affected, which may result from an accompanying reduction in the
density of CF synapses on distal parts of the Purkinje cell dendrite34. It is conceivable that
in these mice the reduction of the total CF input both prevents the survival of weaker CF
synapses and prevents LTD saturation as a result of the reduced CF response. Thus, while
LTD impairment and delayed CF pruning have been observed in mice with altered
neuroligin signaling, it remains to be investigated under which conditions synaptic
development and plasticity are affected and how the severity of these impairments depends
on accompanying synaptic alterations in the circuit. Finally, in a mouse model (patDp/+
mice) for the human 15q11-13 duplication (Dup15q syndrome), a copy number variation
that is the most frequent genetic abnormality in autism, LTD is impaired and LTP is induced
instead (Fig. 5)136. Recent findings suggest that spine calcium transients evoked by PF and
CF coactivation, the synaptic activation pattern typically used for LTD induction, are
reduced in patDp/+ mice (C.P. and C.H., unpublished data), pointing toward a blockade of
LTD induction pathways. CF elimination is delayed in patDp/+ mice, and a mild impairment
persists into adulthood (Fig. 5)138. Thus, LTD dysregulation and abnormal synaptic pruning
are observed together in cerebellar ASD mouse model studies.

The focus on the cerebellum has an additional advantage in ASD research beyond the ability
to measure synaptic pruning. In individuals with autism, delay eyeblink conditioning (EBC)
is affected132137.138 This is a form of motor learning that is mediated, at least partially, by
cerebellar LTD (for review, see ref. 139). In cerebellar mouse studies, EBC impairment is
seen alongside abnormal LTD (FmrI mice, ref. 132; patDp/+ mice, ref. 136; not tested in
Nign3 knockout mice). It is conceivable that these findings reveal an ASD-relevant
behavioral alteration that is a direct consequence of LTD dysregulation (see also Box 1; for
comparison to motor deficits in Angelman syndrome, see ref. 140).
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Motor learning deficits and cerebellar synaptopathies might facilitate the identification of
molecular ASD biomarkers. A biomarker candidate is IGF-1, which is already used as a
marker for cerebellar degeneration and is involved in CF pruning#l. Moreover,
understanding the regulatory factors that stabilize neurons in their mature state might be an
important step to identify pharmaceutical targets that could restore developmental plasticity
and enable the formation of normal connectivity patterns in ASD patient brains. One such
identified stabilization mechanism that helps to maintain CF mono-innervation in adult mice
is provided by the retinoic acid-related orphan receptor-a (RORa.). Deletion of RORa in
Purkinje cells by postnatal week 4 leads to the reappearance of immature Purkinje cell
features, including multiple CF innervation42. RORa is also mutated in the staggerer
mouse, which shows multiple CF innervation and is emerging as a mouse model of
autism143,

Synaptic dysfunction is widely recognized as one of the contributing pathologies in autism
and other brain developmental disorders. However, it often is difficult to pinpoint how
specific synaptic alterations contribute to ASD symptoms. The focus on the cerebellum, an
evolutionary conserved brain area with a simple circuit structure, has helped to provide a
molecule-by-molecule comparison of the molecular machinery controlling LTD and
developmental synaptic pruning, and to demonstrate the almost complete overlap in the
underlying processes. This cerebellar approach has been useful in the study of autism, as the
developmental elimination of surplus CF inputs to Purkinje cells provides one of the few
examples of experimentally accessible synaptic pruning in the CNS. Moreover, the link
between LTD dysregulation and EBC deficits provides a compelling example of an ASD-
typical behavioral alteration resulting from a synaptic dysfunction that has been observed in
multiple mouse models of autism.
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Box 1
Outlook

The intimate relationship between LTD and synaptic pruning suggested here raises a
series of new questions and challenges: frst, the paradox seems to exist that in autism
LTD often is enhanced or even saturated, but post-mortem analysis of human brains
points toward reduced pruning13-115 The cerebellar studies allow us to take a closer
look. In £Fmr1 knockout mice, enhanced LTD is accompanied by an acceleration of CF
elimination132, In contrast, in patDp/+ mice (and likely in A/gn3 mutant mice)133.135
LTD is impaired and CF elimination is delayed136. Thus, these mouse studies suggest
that in ASD synaptic plasticity and pruning can either be too strong or too weak (see also
ref. 127). Similarly, decreased network connectivity has been reported in autism (for
example, refs. 18,19), although most studies show increased connectivity. Future work
will have to examine the consequences of these opposing abnormalities for brain
development and function. Moreover, studies are needed of how alterations in synapse
formation and/or maintenance (not discussed here) add to network connectivity changes
that result from abnormalities in synaptic pruning.

Second, recent fndings suggest that FMRP is required for the degradation and elimination
of synapses through its interaction with myocyte enhancer factor-2 (MEF2)144, This
fnding suggests that abnormal regulation of mMRNA translation in autism may not only
affect LTD, but also subsequent steps in synaptic pruning, along with many more cellular
processes. It will be important to test whether MEF2 acts in LTD and which additional
MEF2-controlled pathways might be relevant in the context of ASD.

Third, we need to determine which autism symptoms can be explained by LTD
dysregulation and defcits in synaptic pruning. We have recently shown that, in a mouse
model for the human 15q11-13 duplication, LTD dysregulation may contribute to the
impairment of a form of associative motor learning (EBC) that is affected in individuals
with autism®36, This study provides a rare demonstration of an ASD-typical behavioral
alteration that is a direct consequence of LTD dysregulation. Moreover, EBC is conserved
throughout vertebrate evolution and thus can be used as a biomarker that allows direct
comparison of motor defcits between mice and humans (see ref. 145). Beyond the
cerebellum and motor behaviors, such a link between synaptic dysfunction and
behavioral defcits has so far not be established, likely because of the complexity of
cortical circuits and the behaviors that these circuits control. The question thus remains
whether defcits in LTD and synaptic pruning may cause cognitive dysfunction and
abnormalities in social behaviors by preventing the proper development of cortical
circuits.

Fourth, we need to better understand plasticity processes in the developing and adult
brain, beyond their importance in autism. It is remarkable that the scale of developmental
plasticity is dramatically larger than the scale of adult synaptic plasticity. What are the
factors that limit adult plasticity? It has been suggested that critical periods for
developmental plasticity are controlled by the maturation of the local inhibitory
network?25 and that developmental changes in the degree of synapse or circuit plasticity
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result from the relative availability of plasticity molecules!46. However, it remains to be
determined why critical periods are not absolute and synapse elimination can be observed
following LTD in the adult CNS, and how critical time windows can be extended or
reopened for clinical intervention47.

Fifth, one of the most intriguing recent fndings in synaptic plasticity is that in the adult
brain LTD can be followed by the elimination of weak synapses192-104_|t is well known
that the number and morphology of spines can change in adult brain plasticity148.149,
However, a less established fnding is that synapses weakened in LTD are subject to
disconnection and elimination. How does synapse elimination in the adult brain relate to
spine plasticity? Most importantly, can the removal of weak synapses contribute to
information storage and learning?
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Figure 1.
Experience-dependent pruning shapes the cortical circuit architecture. (a) Synaptic density

as a function of age in the human primary visual cortex. (b) The stabilization or elimination
of cortical spines depends on the level of input activity and is controlled by Hebbian
plasticity rules. Large and small lightning bolts symbolize synaptic input strength. LTD at
weakly active synapses may result in synapse and spine pruning. Both LTD and pruning are
activity-dependent processes that require activity at a threshold level. Panel a adapted from
ref. 1, Elsevier.
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Figure 2.
Impaired CF synapse elimination and deficient PF LTD in mGIuR1 knockout mice. (a)

Schematic of the patch-clamp configuration used to record from an mGIuR1 knockout
Purkinje cell (PC) that is illustrated with multiple CF innervation. (b) Gross anatomy of the
cerebellum (top, Nissl staining) and morphology of PC dendrites (bottom, calbindin
immunostaining) are normal in mGIuR1 knockout mice. (c) Persistent multiple CF
innervation in adult mGIuR1 knockout mice (P22—-P75). CF-mediated EPSCs (left) and
frequency distribution histogram showing the number of discrete CF EPSC steps at
increasing stimulus strength (right), representing the number of CF inputs. (d) LTD at PF PC
synapses is deficient in adult mGIuR1 knockout mice. In wild-type mice, EPSPs elicited by
PF stimulation undergoes LTD after conjunctive PF and CF stimulation (CJS) at 1 Hz for 5
min (top). In contrast, PF EPSPs are not depressed by CJS in mGIluR1 knockout mice
(bottom). All values are shown as mean + s.e.m. () mGIluR1 signaling pathway. CaMKI|I
activation contributes to LTD through an indirect blockade of PP2A. CaMKII may similarly
contribute to CF synaptic pruning, but this has not yet been verified. mGIuR1, type 1
metabotropic glutamate receptor; Gaq, G-protein a.q; PLCR4, phospholipase Cp4; PKC,
protein kinase C; aCaMKIl, a isoform of calcium/calmodulin-dependent kinase Il; PP2A,
protein phosphatase 2A; Arc, activity-regulated cytoskeleton-associated protein (also known
as Arg3.1). Panels b,c adapted from ref. 73, Elsevier; d from ref. 47, AAAS.
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Figure 3.
Developmental CF synapse elimination in the rodent cerebellum. (a) Schemes representing

CF innervation of Purkinje cells (PCs) at three stages of postnatal development. At around
P3, the PC soma is innervated by multiple CFs with similar synaptic strengths. At around P9
to P17, a single winner CF extends its innervation territory from the soma to the growing PC
dendrite, whereas the loser CFs maintain synapses on the soma. After P18, most of the
somatic CF synapses are eliminated and a single winner CF innervates the PC, forming
synapses on spines located on the primary dendrite. (b,d) Triple fluorescence labeling at P9
(b) and P12 (d) for BDA (biotinylated dextran amine, a tracer labeling a CF subset),
VGIuT2 (type 2 vesicular glutamate transporter, a CF terminal marker) and CB (calbindin, a
PC marker). (b) At P9, the soma is innervated by BDA and VGIuT2 double-positive CFs
(yellow puncta) and BDA-negative and VGIuT2-positive CF terminals (arrows, green
puncta), indicating innervation by two different CFs. (d) At P12 the PC dendrites are
innervated by BDA and VGIuT2 double-positive CFs (yellow puncta) and the somata are
contacted by BDA-negative and VGIuT2-positive CFs (arrows, green puncta), indicating
single strong CF inputs on PC dendrites and additional weak CF inputs on the somata. (c,e)
Three-dimensionally reconstructed image of CF innervation from serial electron
microscopic analysis of a PC at P9 (c) and P12 (e). Scale bars in b and d, 10 pm. Panels b—e
adapted from ref. 64, Elsevier.
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Figure 4.
LTD at climbing fiber synapses depends on mGluR1-PKC signaling. (a) Recording

configuration. Inset traces show typical CF responses recorded in voltage-clamp mode (CF
EPSC; upper left) and current-clamp mode (complex spike; lower left). (b) CF LTD results
from CF stimulation at 5 Hz for 30 s (n7 = 15; filled dots), but the EPSC amplitudes remain
stable in the absence of tetanization (7= 5; open dots). (c) Model scheme of molecular
events involved in CF LTD and CF pruning. (d) Top: CF LTD is absent in the presence of
the group 1 mGIuR antagonist AIDA (1 mM), which was bath-applied at the time indicated
by the horizontal bar (7= 6). Bottom: CF LTD is also prevented in the presence of the bath-
applied PKC inhibitor chelerythrine (10 uM; n=5). Arrows indicate the time point of
tetanization. All values are shown as mean + s.e.m. Panels b,d adapted from ref. 94,
Elsevier.
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Figure 5.

L'IgD dysregulation and impaired CF pruning in a mouse model of the human 1591113
duplication. (a) Schematic showing the corresponding regions of human chromosome 15
(left) and mouse chromosome 7 (right). Conserved linkage groups are shown by connecting
lines between the human and mouse chromosomes. Genes that in wild-type mice are
paternally expressed, maternally expressed and non-imprinting are labeled with blue, red
and green, respectively. Dotted lines indicate the borders of the duplication regions. (b)
Calbindin staining of a sagittal cerebellar section (top; scale bar: 1 mm) and Golgi staining
of a Purkinje cell (PC) obtained from patDp/+ mice (bottom; scale bar: 50 um). (c) Patch-
clamp recording configuration. (d) CF pruning is impaired in patDp/+ mice. Left: typical
traces showing discrete CF EPSC steps (holding potential: =10 mV) in slices from a P11
wild-type mouse (top) and a P11 patDp/+ mouse. Right: percentage of P10-12 wild-type (7
=55, from six mice) and patDp/+ (1= 56; from six mice) PCs showing one, two and three
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CF EPSC steps, which are taken as a measure of the number of CF inputs. (e) PF LTD
dysregulation in patDp/+ mice. Top: typical PF EPSC traces before and after application of
the tetanization protocol. PF LTD is induced in wild-type mice, but is absent from patDp/+
mice. Bottom: time graph showing PF LTD in wild-type mice (n7= 10), and a potentiation in
patDp/+ mice (n= 7). Arrow: time of tetanization. Error bars are mean + s.e.m. Panels
a,b,d,e adapted from ref. 136, Nature Publishing Group.
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Table 1

LTD and synaptic pruning: overlap in molecular machinery

Signaling pathway LTD (PF) Synaptic pruning (CF) References

mGIuR1 X X 45,46,73
Gaq X X 51,75
PLCpR4 X X 52,76
PKC X X 55,57,77
aCaMKIlI X X 79
Arc X X 91,92

Both LTD at PF synapses and the developmental elimination of surplus CF synapses are impaired (X) in genetically modifed mice that, in most
cases, were originally studied to examine the relationship between LTD and motor learning. The left column shows the targeted molecules.
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Table 2

LTD dysregulation and alterations in CF pruning in ASD mouse models

Mouse Brain area LTD CF elimination (age tested) References
Fmr1 knockout Hippocampus  Enhanced NA 119
Cerebellum Enhanced Accelerated (P21-48) 132
Nlign3 knockout Cerebellum Impaired* Normal (2-3 months) 133 (*but see 134)
Nlgn3-R451C Cerebellum ND Delayed (P11-17; >P17) 135
Nign1~Nign2'-Nign3’-  Cerebellum Normal Normal 134
Syngap= Hippocampus  Enhanced NA 124
elF4E transgenic Hippocampus  Enhanced NA 122
Striatum Enhanced NA 122
Tsc2- Hippocampus ~ Reduced NA 127
15g11-13 duplication Cerebellum Impaired  Delayed (P10-12; 2 months) 136

Page 29

LTD dysregulation has been observed in several mouse models of autism and across various brain areas. Developmental elimination of surplus CF

inputs has been tested in all cerebellar studies shown. This table focuses on synaptic pruning, omitting spine pruning or changes in synapse

formation and/or maintenance, to restrict the overview to phenomena that can be directly compared between the different mouse models. Note that

in N/gn]"‘N/gnZ'/_N/gn.T/_ triple-knockout mice the density of CF terminals contacting the distal Purkinje cell dendrite is reduced (ref. 134),
which is a potential cause for the absence of both LTD enhancement/saturation and defcits in CF elimination.

ND, not determined; NA, not applicable.

Nat Neurosci. Author manuscript; available in PMC 2016 October 19.



	Abstract
	Pruning in the visual cortex following monocular deprivation
	The molecular machinery of synaptic depression: cerebellum
	LTD at climbing fiber synapses: the missing link
	Synapse elimination and LTD at the neuromuscular junction
	LTD dysregulation and synaptic pruning deficits in autism
	Summary
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

