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Summary

GABAergic interneurons are key elements in neural coding, but the mechanisms that assemble
inhibitory circuits remain unclear. In the spinal cord, the transfer of sensory signals to motor neurons
is filtered by GABAergic interneurons that act pre-synaptically to inhibit sensory transmitter release
and post-synaptically to inhibit motor neuron excitability. We show here that the connectivity and
synaptic differentiation of GABAergic interneurons that mediate pre-synaptic inhibition is directed
by their sensory targets. In the absence of sensory terminals these GABAergic neurons shun other
available targets, fail to undergo pre-synaptic differentiation, and withdraw axons from the ventral
spinal cord. A sensory-specific source of brain derived neurotrophic factor induces synaptic
expression of the GABA synthetic enzyme GAD®65 — a defining biochemical feature of this set of
interneurons. The organization of a GABAergic circuit that mediates pre-synaptic inhibition in the
mammalian CNS is therefore controlled by a stringent program of sensory recognition and signaling.

Introduction

Neural coding in the mammalian central nervous system (CNS) relies on the ability of local
inhibitory interneurons to filter information propagated by long-range excitatory pathways.
Most inhibitory neurons release y-aminobutyric acid (GABA), although this broad transmitter-
based classification encompasses a diverse array of interneuron subtypes that display
specialized synaptic features and form connections with distinct post-synaptic targets (Ascoli
et al., 2008). The existence of many GABAergic interneuron subtypes greatly expands the
repertoire of inhibitory coding strategies available to CNS circuits (Gupta et al., 2000; Jonas

© 2009 Elsevier Inc. All rights reserved.

Correspondence: tmjl@columbia.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Betley et al.

Page 2

et al., 2004). It also poses questions about the rules of specificity that govern the assembly of
inhibitory circuits. Suggestions that GABAergic neurons seek out synaptic partners with high
precision (Thomson and Morris, 2002; Stepanyants et al., 2004) have been countered by
proposals that inhibitory networks can assemble in the absence of specificity cues (Li et al.,
2007).

The plight of GABAergic interneurons reflects a more general uncertainty as to whether
synaptic specificity in the mammalian CNS is based on stringent or hierarchical rules of target
recognition. The prevailing view is that synaptic specificity is built not upon absolutes that
restrict neurons to a single class of synaptic targets, but rather on a hierarchy of synaptic
preferences (Sotelo, 1990; Shen, 2004). In this view, apparent instances of extreme specificity
would belie a neuron’s latent capacity to form connections with secondary targets. Genetic
support for the hierarchical model has come primarily from studies in invertebrate nervous
systems showing that removal of a preferred target invariably leads to the formation of ectopic
synapses with new targets (Cash et al., 1992; Shen and Bargmann, 2003). In vertebrates,
neurons grown in tissue culture typically form synapses with scant regard for target cell identity
(Sanes and Poo, 1989). Nevertheless in the intact mammalian CNS, it has not yet been possible
to perform the invertebrate trick of eliminating a neuron’s preferred target with precision and
selectivity. As a consequence, there has been no decisive test of the dominance of stringent or
hierarchical rules of recognition specificity during the construction of GABAergic, or indeed,
any other mammalian CNS circuits.

Furthermore, synaptic specificity involves more than just target selection. Individual synapses
need to be fine-tuned to the demands of the circuits in which they operate (Glickfeld and
Scanziani, 2006). The diversity of GABAergic synapses is apparent in variant terminal
morphologies, distinctions in the molecular machinery for exocytosis and, intriguingly, in the
existence of dual pathways of GABA production (Kubota and Kawaguchi, 2000; Monyer and
Markram, 2004). The synthesis of GABA is catalyzed by two distinct glutamic acid
decarboxylase (GAD) enzymes. GADG7 is expressed in the cytosol of most GABAergic
neurons, and is responsible for the bulk of neuronal GABA synthesis (Asada et al., 1997). In
contrast, GADG5 is expressed by a more restricted set of interneurons (Esclapez et al., 1994),
where it is bound to synaptic vesicles (Jin et al., 2003). The activity of GADG65 underlies
enhanced GABA release at high stimulation frequencies (Tian et al., 1999), indicating that
expression of this enzyme regulates the efficiency of inhibitory synaptic signaling. Defining
rules of specificity that govern the construction of GABAergic synapses therefore also requires
insight into mechanisms of pre-synaptic specialization and how they are coordinated with the
events of target recognition.

The spinal circuits that control motor behavior have long provided a classical system for the
exploration of inhibitory interneuron diversity and function. In the spinal cord, inhibitory
interneurons assemble into feed-forward, feed-back, and reciprocal circuits that regulate
sensory-motor reflexes (Jankowska and Puczynska, 2008). Motor output is constrained by pre-
synaptic inhibition of sensory transmitter release as well as by post-synaptic inhibition of motor
neuron excitability (Figure 1A; Windhorst, 1996; Rudomin, 2009). The GABAergic synapses
that participate in these two modes of inhibition are known to differ in their profile of GAD
expression (Hughes et al., 2005), yet both synaptic classes co-exist within the local
microenvironment of the sensory-motor synapse (Figure 1B; Conradi, 1969). The distinct
connectivity and synaptic features of these two related classes of GABAergic interneurons
suggested to us that they might provide an informative model system for probing two key issues
in synapse assembly. Do neurons select their targets through stringent or hierarchical
recognition systems? And what is the role, if any, of the target neuron in inducing the
specialized pre-synaptic features that distinguish interneurons?
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To explore these issues we used molecular genetics to manipulate identified neurons in mouse
spinal cord. We find that the connectivity and synaptic features of GABAergic interneurons
that mediate pre-synaptic inhibitory control of proprioceptive sensory input are directed by
signals provided, selectively, by their sensory terminal targets. In the absence of target sensory
terminals, this set of GABAergic neurons refuses to form connections with other available
neurons, fails to undergo pre-synaptic differentiation, and eventually retracts their axons from
the ventral spinal cord. We also show that brain derived neurotrophic factor (BDNF), a secreted
factor emanating from proprioceptive sensory terminals, induces the synaptic localization of
GADG5 -- a defining feature of these GABAergic interneurons. Thus, the sensory terminal
targets of this specialized set of CNS inhibitory interneurons promote the development of their
pre-synaptic partners through stringent, rather than hierarchical, programs of cell recognition.

GABAergic synapses on motor neurons and proprioceptive sensory terminals

We visualized the organization of monosynaptic sensory-motor reflex circuits in mouse spinal
cord by monitoring expression of synaptic proteins from p6 to p40, over the period that these
circuits mature. We identified motor neurons by green fluorescent protein (GFP) expression
in Hb9::GFP transgenic mice (Figure 2A-C). Proprioceptive sensory terminals on motor
neurons were identified by co-expression of the vesicular glutamate transporter vGlutl and
Parvalbumin (Pv) (Figure 2D, E, S1A-C). These vGlut1* sensory terminals were
distinguishable from vGlut2* interneuron inputs (Figure 2C), from VAChT?* cholinergic
interneuron terminals (Figure S2A), and from corticospinal terminals (Figure S2I, J). We
assigned synaptic status to vGlutl* sensory contacts with motor neurons on the basis of co-
expression of Synapsin-1 (Syn1), SV2 and Bassoon (Bas), and alignment with the post-synaptic
proteins Shankla, PSD95 and GIuR2/3 (Figure 2F, G, S1D-G; Jin and Garner, 2008).
Proprioceptive sensory terminals also contacted ventral interneuron populations, including
Renshaw cells (Figure S2C-E; data not shown).

To define the organization of inhibitory inputs to this sensory-motor circuit, we monitored
expression of GABA synthetic enzymes, the inhibitory amino acid transporters vGAT and
GlyT2, GABA receptor subunits and the post-synaptic scaffolding protein Gephyrin (Geph).
The composite expression profile of these proteins revealed two morphologically distinct
classes of GABAergic boutons. One class is small (mean volume: 0.24 + 0.04 um?3) and co-
expresses GAD65, GADG67 and VGAT, but not GlyT2 (Figure 21-K, S3C, D). The second class
is larger (0.80 + 0.08 um3), expresses GAD67 and VGAT, often GlyT2, but never GAD65
(Figure 2N-P, S3E, F). The small GAD65" boutons, but not the large GAD65° boutons,
expressed the synaptic vesicle protein Synaptotagmin-1 (Sytl) (Figure 2L).

We found that these two classes of GABAergic boutons contribute to distinct microcircuits in
ventral spinal cord, in general agreement with findings in rat (Hughes et al., 2005). In mice,
>99% of GAD65", Syt1* boutons contacted proprioceptive sensory terminals, whether in
association with motor neurons or interneurons (Figure 2L, S2F). Conversely, ~90% of sensory
terminals on motor neurons were contacted by GAD65", Syt1* boutons, with a mean
innervation density of 3.2 GAD65", Syt1* boutons per sensory terminal (Figure 2H). In
contrast <2% of the larger GAD65°, Syt1°ff houtons were juxtaposed to sensory terminals,
and instead contacted cell bodies and dendrites of motor neurons (Figure 2N). We found that
97% of GAD67+, GADB5°fT, Syt1°ff houtons on motor neurons were aligned with post-synaptic
a6 and B2/3 GABA(A) receptors subunits, and Geph™ puncta (Figure 2Q, S9). Viewed from
the perspective of the sensory-motor synapse, we refer to the small, GAD65*, Syt1* senso-
philic boutons as ‘GABApre’ terminals, and the larger, GAD67*, GAD65°f, Syt1°ff moto-
philic boutons as ‘GABApost’ terminals (Figure 2R).
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The restriction in expression of GADG5 and Syt1 to inhibitory boutons that contact sensory
terminals permitted us to map the source of neurons that contribute to this specialized synaptic
arrangement. From p15 onwards, neurons expressing Gad6, Gad67, and Sytl were
concentrated in the medial region of the deep dorsal horn and almost completely excluded from
the ventral spinal cord (Figure S4A-E). These and other findings (Hughes et al., 2005) indicate
that GABApre synapses derive from a small set of Gad65*, Gad67*, Syt1* neurons located in
the medio-dorsal region of the spinal cord.

Genetic identification of GABApre and GABApost interneurons

Can the interneurons that form GABApre and GABApost boutons be distinguished by
molecular properties unrelated to their synaptic phenotype? We examined whether these two
inhibitory interneuron classes, as with other spinal neurons (Stepien and Arber, 2008), express
different transcription factors. Enl::Cre lineage tracing revealed that ~80% of GABApost
boutons, but no GABApre boutons, derive from V1 interneurons (Figure S5). Since GABApre
neurons are excluded from the ventral spinal cord, we turned to transcription factors that define
neuronal subsets in the dorsal spinal cord. Expression of Ptfla specifies a GABAergic
interneuron class that settles in the dorsal spinal cord (Glasgow et al., 2005). We examined the
connectivity of this set of interneurons by crossing a Ptfla::Cre line with mouse reporter strains
in which green or yellow fluorescent proteins (FP) are expressed upon excision of a floxed
stop sequence.

In Ptfla::Cre ; FP reporter crosses, FP* neurons were detected in intermediate and dorsal
domains of the spinal cord from e12.5 onwards, but were excluded from the ventral domain
(Figure 3A,; Glasgow et al., 2005). At e16.5, FP* axons were detected in the ventral horn, but
not near motor neurons (Figure S6A; data not shown). By p0 to p2, FP* axons contacted both
sensory terminals and motor neurons (Figure S6B, C), but lacked detectable synaptic markers,
notably GADG65 and GADG67 (Figure S6E-N). By p7, FP* contacts with sensory terminals
expressed high levels of GAD65, GAD67 and other synaptic markers (Figure S6P, Q; data not
shown), whereas contacts with motor neurons remained devoid of synaptic differentiation
markers (Figure S6D, O, R). By p15, as GABApre synaptic contacts attain maturity, 99% of
compact FP* boutons contacting sensory terminals co-expressed GAD65, GAD67, Sytl and
other pre-synaptic markers (Figure 3B, C-F). Conversely, 91% of GABApre boutons were FP-
labeled in Ptfla::Cre ; Tau::@mGFP mice. The few GABApre boutons that lacked FP
expression appear to result from incomplete excision of the floxed stop sequence (Figure 3,
legend). FP* axons were still found in contact with motor neurons at p15, but their varicosities
were large (1.46 + 0.15 um3) and failed to concentrate GAD65, GAD67, Syt1 or other pre-
synaptic markers (Figure 3G, I, STA, B). At these contact sites, the motor neuron membrane
lacked expression of a6 or 2/3 GABA receptor subunit proteins (Figure 3H, S9), although
post-synaptic Geph™ puncta were detected at ~50% of FP-labeled axonal contacts (Figure 3G,
S7A, B, C, S9). By p40, however, very few FP* boutons remained in contact with motor
neurons (Figure S8), despite the persistence of sensory contacts. These findings establish that
GABApre neurons form selective synaptic contacts with proprioceptive sensory terminals over
the first post-natal week.

In addition, we asked if Ptfla-marked GABAergic interneurons form pre-synaptic inhibitory
contacts with the terminals of cutaneous sensory afferents located in the dorsal horn. Ptfla-
marked FP* boutons were observed in contacts with many cutaneous sensory terminals (Figure
3J-M), revealing an intimate link between Ptfla transcriptional provenance and the
GABAergic interneurons responsible for pre-synaptic inhibition. Nevertheless, proprioceptive
and cutaneous sensory terminals appear to be contacted by distinct subsets of Ptfla-derived
GABAergic interneurons (Figure 3J-P; see Supplemental Material). Most FP* boutons on
cutaneous sensory terminals expressed the glycine transporter GlyT2 and the neuropeptides
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enkephalin (ENK) and neuropeptide Y (NPY) (Figure 3K-M), whereas these markers were not
expressed by FP-labeled GABApre boutons in contact with proprioceptive sensory terminals
(Figure 3N-P). Thus, GABAergic interneurons destined to target sensory terminals in the spinal
cord are united by Ptfla expression, but appear to diversify into distinct subsets based on the
modality conveyed by their sensory target.

Stringent specificity of GABApre connections with proprioceptive sensory terminals

The observation that GABApre and GABApost neurons exhibit distinct transcriptional profiles
before target contact argues against the idea that they form synapses with sensory terminals or
motor neurons in a random manner. The exclusive association of GABApre boutons with
proprioceptive sensory terminals led us to examine the influence of the sensory target on the
connectivity and differentiation of GABApre neurons.

To explore this issue we analyzed the differentiation of GABApre and GABApost synapses in
mice lacking proprioceptive sensory terminals. We used two genetic strategies to eliminate
proprioceptive sensory terminals from the ventral spinal cord. In mice mutant for the
transcription factor Er81, sensory axons reach the intermediate region of the spinal cord, but
very few of them project further ventrally (Figure 4A-D; Arber et al., 2000). In Pv::Cre ;
Isl2::@Dta mice, proprioceptive sensory neurons are killed by expression of diphtheria toxin
(Dta), soon after their generation (Vrieseling and Arber, 2006). Analysis of Er817- and
Pv::Cre ; Isl2::@Dta mice at p15 to p30 revealed a ~98% depletion of vGlutl* sensory
terminals from the vicinity of motor neurons (Figure 4B, D, S10A-C). The loss of sensory
afferent terminals did not alter the number of motor neurons, the patterning of their dendritic
arbors, or the generation of ventral interneurons (data not shown; Vrieseling and Arber,
2006). These two strategies for sensory axon elimination elicited similar changes in the
development and connectivity of GABApre neurons. We report detailed findings in Er81
mutants, with a parallel analysis of Pv::Cre ; Isl2::®Dta mice presented in Supplementary
Material (Figure S10).

We analyzed the connectivity and synaptic differentiation of GABApre axons in the absence
of sensory terminals by crossing Ptfla::Cre and FP reporter alleles into the Er81 mutant
background. At p10 to p15, many FP* axons and varicosities were detected in the ventral spinal
cord despite the absence of sensory terminals (Figure 4E-J). However, FP* GABApre axonal
varicosities in Er81 mutants had a mean volume ~6-fold greater than that of the GABApre
boutons that contact sensory terminals in wild type animals (Figure 2M). The FP* varicosities
in Er81 mutants also exhibited a 3 to 4-fold decrease in the concentration of GAD67 and other
synaptic markers (Figure 4F-K), presumably a reflection of protein dilution in these inflated
axonal structures. In addition, we observed a ~17-fold decrease in the level of GAD65
expression, a reduction well beyond that of other synaptic markers (Figure 4E, K, S11).
Nevertheless, the terminals of the few proprioceptive axons that invade the ventral spinal cord
in Er81 mutants (Arber et al., 2000) were studded with fully differentiated GABApre boutons
(Figure S12), precluding a sensory axon-independent influence of Er81 on GABApre
differentiation. Thus, the absence of sensory terminals results in a virtually complete loss of
synaptic GADG65 and prevents GABApre boutons from acquiring their normal compact
morphology.

We considered whether, in the absence of sensory terminals, GABApre neurons might switch
target allegiance and attempt to form synapses with motor neurons. In Er81 mutants examined
at p15, we did detect FP* axonal varicosities in contact with motor neurons, but these
varicosities still lacked expression of GAD65, GAD67, vVGAT and other pre-synaptic markers,
and they were not aligned with post-synaptic a6 or 32/3 GABA(A) receptors (Figure 4L, M;
data not shown). Thus GABApre boutons deprived of sensory terminals fail to acquire a
GABApost-like connectivity pattern. Elimination of proprioceptive sensory terminals had no
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impact on the connectivity or differentiation of authentic GABApost boutons (Figure 4N-Q).
These findings indicate that the connectivity and synaptic differentiation of GABApre neurons
exhibit an absolute dependence on sensory terminals. We also examined the fate of these
synaptically unfulfilled GABApre axons by analyzing Ptfla::Cre-induced FP reporter
expression in Er81 mutants at p25, the latest age that these mutants survive. We detected an
~80% reduction in the total number of FP-labeled axons and varicosities in the ventral spinal
cord, compared to controls (Figure 5A-F). Nevertheless, the number of Gad65*, Ptfla-marked
interneurons in the medio-dorsal domain of Er81 mutants was similar to that in wild type
animals (Figure S13), providing evidence that GABApre neurons survive the loss of their
sensory target, at least at this stage.

Thus, GABApre neurons deprived of their sensory targets do not form ectopic synapses with
spinal neurons, and instead they undergo a complete failure of pre-synaptic differentiation and
eventually withdraw their axons from the ventral spinal cord. These findings reveal that
proprioceptive sensory terminals are the sole source of signals that direct the synaptic
organization of GABApre neurons, arguing for unprecedented stringency in neuronal target
recognition. They also raise the question of the molecular nature of these sensory-specific
connectivity and pre-synaptic differentiation signals. We have not defined the molecular basis
of GABApre-proprioceptive sensory terminal recognition, but have identified BDNF as the
critical sensory terminal factor that directs the pre-synaptic differentiation of GABApre
neurons, as described below.

Sensory-derived BDNF directs synaptic accumulation of GAD65 in GABApre neurons

The inability of motor neurons or interneurons to compensate for the loss of sensory terminals
implies that spinal neurons lack relevant GABApre synaptic organizing signals. We therefore
asked whether any of the known genes implicated in synaptic differentiation in the CNS (Huang
and Scheiffele, 2008) exhibit sensory-specific profiles of expression. Of over fifty genes
examined (Supplementary Table 1) only BDNF exhibited a sensory-specific expression profile.
In the first two post-natal weeks, the peak period of GABApre synaptic assembly, we found
that BDNF mRNA (as well as LacZ in a BDNF::LacZ knock-in line) was expressed at a high
level by ~30% of all DRG neurons, and in ~85% of proprioceptive sensory neurons, defined
by Pv and Runx3 expression (Figure 6A-C). In contrast, BDNF expression was restricted to a
few scattered spinal cord cells (Figure 6D). The high affinity BDNF receptor TrkB was
expressed by many spinal cord neurons, including those in the medio-dorsal domain that
constitutes the source of GABApre neurons (Figure 6E; data not shown).

To test whether BDNF-TrkB signaling controls the synaptic differentiation of GABApre
neurons we used mouse genetics to eliminate BDNF selectively from proprioceptive sensory
neurons and TrkB selectively from GABApre neurons (see Figure 6F for Cre driver strains and
BDNF and TrkB mutant alleles). The loss of BDNF-TrkB signaling did not influence the
differentiation of proprioceptive sensory terminals in the ventral spinal cord (Figure S14).
Moreover, the number of Gad65™ neurons in the medio-dorsal domain of the spinal cord was
similar in wild type, conditional BDNF, and conditional TrkB mutants (Figure S15; data not
shown). Thus BDNF-TrkB signaling is not required for the survival of GABApre neurons, or
for expression of the Gad65 gene.

We next examined the synaptic phenotype of BDNF and TrkB mutant mice. The loss of BDNF-
TrkB signaling did not prevent GABApre neurons from forming synapses, as revealed by the
persistence of Syt1* boutons on proprioceptive sensory terminals, even when assayed in adult
animals (Figure 6H-K, S16). Nevertheless, it did result in a dramatic reduction in the level of
GADG5 in GABApre boutons (74-85%, depending on the particular BDNF or TrkB mutants
analyzed) (Figure 6G, L-O). The influence of BDNF signaling was selective for this one feature
of GABAergic synaptic differentiation. GABApre boutons expressed wild type levels of
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GADG67 and other synaptic markers in all BDNF and TrkB mutant strains examined (Figure
6G, H-K, P-S; data not shown). Moreover, the number and synaptic status of GABApost
boutons was unaffected by the loss of BDNF-TrkB signaling (Figure 6G; data not shown).
These findings provide evidence that the secretion of BDNF from proprioceptive sensory
terminals activates TrkB receptors on GABApre neurons to promote the synaptic accumulation
of GADG5.

Since Gad65 gene expression in GABApre neurons is maintained in BDNF mutants, we asked
whether the depletion of synaptic GAD65 results from a complete loss, or a redistribution, of
the protein. The depletion of GAD65 from GABApre boutons was accompanied by a 4-fold
increase in the level of protein expression in pre-terminal axons (Figure 6X, Qi-iv). To probe
the basis of this redistribution, we analyzed a Gad65::N4>GFP transgenic mouse line in which
the N-terminal 45a.a. axonal trafficking domain of GADG65 (Kanaani et al., 2002) is expressed
as a GFP fusion protein (N*SGFP). In this line, the pattern of N*°GFP* neurons in p7 to p30
spinal cord resembled that of the endogenous Gad65 transcript: N4>GFP* neurons were
excluded from the ventral spinal cord and concentrated in the medio-dorsal domain, where
~40% of them (the presumed GABApre neurons) co-expressed a Ptfla::Cre driven reporter
protein (Figure S17).

We found that the 45a.a. trafficking domain of GADG5 is sufficient to direct synaptic
accumulation of GFP in GABApre neurons. Over 95% of GABApre boutons in the ventral
spinal cord of Gad65::N4°GFP mice expressed N*°GFP, and conversely >99% of NS GFP*,
Syt1* varicosities were associated with sensory terminals (Figure 6 T-W). We therefore crossed
the Gad65::N4°GFP allele into mice lacking proprioceptor BDNF and assayed the localization
of N¥SGFP in GABApre neurons. At p21 we detected a ~5-fold decrease in the level

of N*SGFP in GABApre boutons and an associated ~4-fold increase in the level of N4GFP in
the pre-terminal axon (Figure 6Y-Qiv), indicating that BDNF signaling regulates the synaptic
accumulation of GADG5 through its N-terminal trafficking domain. Thus, a defining feature
of GABApre synaptic differentiation — the accumulation of GAD65 in synaptic terminals — is
controlled by the release of BDNF from proprioceptive sensory terminals.

Discussion

Inhibitory circuits in the mammalian CNS are organized with remarkable precision. Our
analysis of a GABAergic pre-synaptic inhibitory circuit involved in the gating of spinal
sensory-motor transmission reveals that its assembly is directed by an unusually stringent
program of wiring specificity that has its origins in the selectivity of expression of recognition
and synaptic differentiation signals by proprioceptive sensory terminals.

Stringent specificity in the assembly of an inhibitory synapse

In the ventral spinal cord, proprioceptive sensory terminals are the sole synaptic target of
GABApre neurons, yet they scrupulously avoid input from GABApost neurons. We estimate
that GABApre neurons exhibit a sensory:motor preference of nearly 2000:1 (see
Supplementary Experimental Procedures). The fact that GABApre and GABApost neurons
are distinguishable by transcriptional profile prior to, and independent of, target contact,
excludes the possibility that the striking specificity of this pre-synaptic inhibitory circuit
emerges in a haphazard manner (see Supplementary Discussion).

Our findings provide insight into the strategies used to achieve synaptic specificity in CNS
circuits, and whether connections form through absolute or hierarchical programs of target
recognition. In invertebrate circuits, analysis of synaptic specificity has provided persuasive
evidence for the operation of hierarchical recognition systems (Shen, 2004). In C. elegans,
removal of the epithelial cells that determine the synaptic target profile of motor neurons leads
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to a shift in synaptic partner, to a distinct group of muscle cells (Shen and Bargmann, 2003;
Shen et al., 2004). Similarly, elimination of the normal target muscle of Drosphila motor
neurons leads to the ectopic innervation of substitute muscles (Cash et al., 1992). Transposed
to the spinal cord, this hierarchical view of synaptic specificity predicts that proprioceptive
sensory terminals represent only a preferred target for GABApre neurons, with motor neurons
and ventral interneurons able to serve as alternative synaptic partners under conditions of
sensory terminal deprivation. Our findings argue against this hierarchical scheme, at least in
the context of pre-synaptic inhibitory synapses. We find that GABApre axons deprived of their
proprioceptive sensory terminal targets fail to form synapses with other nearby neurons.
Moreover, the rejection of all synaptic surrogates is accompanied by the retraction of GABApre
axons from the ventral spinal cord. Thus the recognition of proprioceptive sensory terminals
by GABApre axons is absolute rather than hierarchical.

What might explain the remarkable stringency with which GABApre neurons form synaptic
connections with sensory terminals? One potential clue comes the observation that the program
of GABApre-sensory terminal recognition extends beyond proprioceptors, to include
cutaneous sensory neurons. The axons and terminals of sensory neurons are the only neuronal
elements in the spinal cord that originate from the peripheral, rather than central nervous
system. So, by virtue of their neural crest origin (Marmigere and Ernfors, 2007), the terminals
of primary sensory neurons may express recognition cues that are absent from neurons of CNS
origin. Our findings show that GABApre neurons are programmed to seek out these sensory-
specific labels, to the exclusion of all others. In this view, the formation of synapses between
neurons of CNS origin might adhere to the more conventional hierarchical recognition plan, a
possibility that needs to be tested. Intriguingly, chemosensory inputs in C. elegans and
Drosophila are subject to pre-synaptic inhibitory control (Chalasani et al., 2007; Olsen and
Wilson, 2008), raising the possibility that stringent programs of sensory synaptic recognition
also operate during the construction of invertebrate neural circuits.

The existence of a stringent molecular program devoted to the formation of axo-axonic
inhibitory contacts with sensory afferent terminals also helps to explain differing strategies of
pre-synaptic inhibition in mammalian CNS circuits. In most regions of the CNS pre-synaptic
inhibitory control is achieved without the need for direct axo-axonic contact, by virtue of the
activation of pre-synaptic GABA receptors by transmitter that has spilled over from nearby
axon terminals (Smith and Jahr, 2002). The association of pre-synaptic inhibition with an axo-
axonic arrangement is a peculiar feature of synaptic organization at the terminals of many
classes of primary afferent neurons — in the vestibular, visual, and olfactory sensory systems
(Kidd, 1962; Walberg, 1965; Holstein et al., 1999). The stringent GABApre recognition system
that underlies proprioceptive sensory gating in the spinal cord may therefore direct the
assembly of pre-synaptic inhibitory circuits in other primary sensory processing centers.

Sensory signals induce the synaptic differentiation of GABAergic

interneurons

Proprioceptive sensory terminals appear to provide two distinct sets of GABApre synaptic
organizing signals: one set that controls bouton size and synaptic protein concentration, and a
second devoted to synaptic accumulation of GADG65 (Figure 7B). The existence of a sensory
signal that regulates bouton size and synaptic differentiation can be inferred from the finding
that elimination of sensory terminals reduces GAD67, Sytl and synaptic vesicle marker
expression to the low levels normally associated with non-synaptic axonal domains. This signal
is evidently not supplied by motor neurons since the GABApre axons that happen to form
contacts with motor neurons never acquire bouton-like features and fail to concentrate
GABAergic synaptic markers (Figure 7A). The conclusion that GABApre axons require pre-
synaptic inductive signals from sensory terminals contrasts markedly with observations of
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synapse assembly in certain invertebrate circuits, as well as with studies on cultured vertebrate
neurons grown with charged beads, where pre-synaptic differentiation can proceed in the
absence of target cells (Peng et al., 1981; Burry 1982; Prokop et al., 1996; Shen 2004).

A second proprioceptive sensory signaling pathway, mediated by the interaction of BDNF with
TrkB receptors, is devoted to the synaptic accumulation of GAD65 in GABApre terminals.
The transport of GADG5 into the axons and terminals of mammalian neurons involves amino-
terminal trafficking motifs (Kanaani et al., 2002). Our results reveal a further layer of regulation
in GADG5 trafficking, in that the transfer of GAD65 from pre-terminal axons to synaptic
boutons depends on target-derived BDNF signals (Figure 7C). The steps involved in the
transfer of GADG65 and other cargoes to mature synaptic vesicles remain obscure (Jin and
Garner, 2008), and thus the pathway by which BDNF-TrkB signaling promotes synaptic
accumulation of GADG65 is unclear. BDNF-TrkB signaling could regulate the lipid-dependent
machinery that directs proteins to synaptic terminals (Kang et al., 2008), promote the stable
association of GADG65 with vVGAT and other synaptic vesicle proteins (Jin et al., 2003), or the
local translation of GADG5.

The emergence of a critical role for proprioceptive sensory terminal signals in the
differentiation of GABApre synapses raises the question of whether a parallel retrograde signal
is presented by motor neurons to GABApost boutons. Although motor neurons cannot
substitute for sensory terminals in the synaptic differentiation of GABApre neurons they do
appear to supply an inductive signal that promotes the synaptic differentiation of GABApost
boutons. We infer this from the observation that GABApost boutons in contact with motor
neurons are significantly smaller than the nearby inflated varicosities of GABApre axons, and
by the fact that they concentrate synaptic markers. Sensory terminals and motor neurons may
therefore supply distinct retrograde signals that act in dedicated pathways to promote,
respectively, the synaptic differentiation of GABApre and GABApost neurons.

Could our findings have relevance for the assembly of GABAergic synapses in other regions
of the mammalian CNS? Many classes of GABAergic neurons express GADG5 (Esclapez et
al., 1994), and BDNF-TrkB signaling has been widely implicated in the differentiation of
GABAEergic interneurons (Huang et al., 1999; Rico et al., 2002; Ohba et al., 2005). BDNF may
therefore promote synaptic accumulation of GADG5 in other classes of CNS neurons. A
program of BDNF-TrkB signaling and GADG65 activity regulates the critical period for ocular
dominance plasticity in the mammalian visual cortex (Huang et al., 1999; Hensch, 2005),
pointing to one inhibitory circuit in which a dedicated program of synaptic GAD65
accumulation is likely to have functional relevance. The link between BDNF signaling and
synaptic GADG5 localization is also intriguing in the context of the activity-dependence of
BDNF release from neurons (Hong et al., 2008). Reported instances of activity-dependent
regulation of GADG5 expression in other CNS neurons (Hartman et al., 2006) could have their
origin in a BDNF-regulatedpathway of synaptic GADG5 trafficking. Indeed, we have found
that the level of expression of GAD65 in GABApre boutons is markedly reduced in Egr3
mutant mice (JAK, JNB and TMJ, unpublished observations), a situation in which the
activation of proprioceptors is impaired (Chen et al., 2002). Thus, the release of BDNF from
proprioceptive terminals may depend on sensory neuron activity.

Linking molecular and functional programs for pre-synaptic inhibition

Why would GABAergic interneurons involved in pre-synaptic inhibitory control of sensory-
motor transmission take the trouble to express a distinct set of synaptic proteins? The paucity
of GABApre boutons in contact with an individual sensory terminal implies that inhibition of
transmitter release requires an unusually effective system for GABA release, in turn demanding
a specialized program of GABApre synaptic differentiation.
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In many CNS neurons, synaptic expression of GADG5 is needed for efficient GABA release
at high stimulation frequencies (Tian et al., 1999) — conditions that result in optimal pre-
synaptic inhibition at sensory-motor synapses (Eccles et al., 1961). Moreover, Sytl has
biochemical properties that permit synchronous transmitter release at central synapses
(Maximov and Sudhof, 2005). The specialized molecular features of GABApre inhibitory
boutons may therefore fine-tune this set of neurons to the task of pre-synaptic regulation of
sensory input. The compact nature of GABApre boutons may also help to ensure that synaptic
vesicles have rapid and unhindered access to pre-synaptic active zones (Stevens and Williams,
2007), and that individual proprioceptive sensory terminal can be contacted by inhibitory
boutons that derive from different GABApre neurons (see Figure S18). This arrangement could
provide the flexibility needed for recruitment of different pre-synaptic inhibitory neurons,
according to physiological state (Rudomin, 2009).

Experimental Procedures

Mouse Strains

All mouse strains used are described in Supplementary Experimental Procedures. @ indicates
a loxP.STOP.loxP cassette.

Histochemistry

In situ hybridization histochemistry was performed on 10-15 pm cryostat sections as described
in Supplementary Experimental Procedures.

Immunohistochemistry

Antibodies are listed in Supplementary Experimental Procedures. Immunohistochemistry was
performed on 15-100 um cryosections and 300 um vibratome sections as described (Arber et
al., 2000; Vrieseling and Arber, 2006) using fluorophore-conjugated secondary antibodies
(Jackson Labs). Images were acquired on BioRad MRC 1024 or Zeiss LSM510 Meta confocal
microscopes.

Quantitation of synaptic protein expression

To determine the relative level of protein expression in synaptic terminals, images were
obtained on a Zeiss LSM510 Meta confocal microscope, maintaining individual pixel
intensities in the linear range for wild type synapses. We defined the boundary of the synapstic
terminal through the use of a soluble GFP marker (wild type and Er81 mutant) or the area
defined by Sytl (BDNF/TrkB mutants). Average fluorescent pixel intensity/synapse was
calculated using histogram function of Adobe Photoshop. For each experimental condition
>100 synapses were analyzed. All values reported are mean +/— s.e.m. and statistical
significance for each comparison was determined using the non-parametric Mann-Whitney U
test. Comparisons with p <0.001 were deemed significant.

Determination of synaptic volume

The volumes of GABApre and GABApost synaptic boutons and GABApre axonal varicosities
were determined by calculating the radius of 3-D reconstructed boutons using Zeiss LSM510
software. Calculations and synaptic specificity indices are provided in Supplementary
Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Two GABAergic inhibitory circuits in the spinal cord

(A) Circuitry of GABApre and GABApost neurons.

(B) Synaptic inputs on motor neurons include vGlutl (vG1)* proprioceptive sensory terminals,
GABApost terminals, vGlut2 (vG2)" interneuron terminals, VAChT* cholinergic interneuron
terminals, and corticospinal terminals (CST). Propioceptive terminals are contacted by
GABApre terminals.
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Figure 2. Inhibitory microcircuitry at sensory-motor synapses

(A) GFP* motor neurons.

(B, C) GFP* motor neurons contacted by vGlutl (vG1)* and vGlut2 (vG2)* terminals.

(D, E) vG1* terminals on motor neurons co-express Pv at p7. 95.6 + 0.9% vG1* terminals are
labeled with mGFP in a Pv::Cre ; Tau::®@mGFP cross, indicating their sensory origin (Figure
S1A-C) (for all quantitations herein, data are represented as mean +/—s.e.m.; n = 971 vG1*
boutons; 3 mice).

(F) vG1* terminals express Bas at sites of contact with GFP* motor neurons.

(G) 78.8 + 2.0% of vG1* terminals (n = 259 boutons; 2 mice) on motor neurons align with
post-synaptic Shankla.

(H) GADG5 (G65)* boutons / vG1* terminal as a function of surface area of the vG1* terminal,
at p15 to 21. 89.9 + 3.1% (n = 381 boutons; 2 mice) of vG1* terminals were contacted by at
least one G65* bouton (n = 126 vG1™* terminals, 3 mice).
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(I-L) GAD expression by GABApre boutons. 99.8 + 0.2% (n = 746 boutons; 4 mice) of
G65* terminals contact vG1* sensory terminals. >99% of G65* boutons express GAD67 (G67),
VGAT and Sytl.

(M) Distribution of the volumes of GABAergic boutons and varicosities in ventral spinal cord.
Values obtained from >100 bouton measurements in > 3 mice. In each comparison, except
between pre: mn contacts in the wild type and Er817- background, differences are significant
at p <0.0001 (Mann-Whitney U Test).

(N-Q) Synaptic marker expression at GABApost synapses. G67*, G65°f terminals contact
GFP* motor neurons, independent of proximity to vG1* sensory terminals. G67* terminals
express VGAT. 96.8 + 1.8% (n = 339 boutons; 3 mice) of G67*, G65°f terminals are aligned
with motor neuron Geph* puncta.

(R) Inhibitory synaptic organization at sensory-motor synapses. Images from rostral lumbar
levels of p21 Hb9::GFP mice unless indicated.
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Figure 3. Distinct classes of Ptfla-derived GABApre neurons target proprioceptive and cutaneous
sensory afferent terminals

(A) Dorsal restriction of YFP* neurons in Ptfla::Cre; Thyl::@YFP mice.

(B) Ptfla::Cre ; Thyl::@YFP marked axons and terminals (subset of box in A). Thyl::YFP*
axons (arrowheads) are observed in the vicinity of motor neurons. GADG5 (G65) expression
is restricted to compact axonal boutons (arrows) on vGlutl (vG1)* terminals.

(C-F) Ptfla::Cre ; Thyl::@YFP-labeled boutons on vG1* terminals express G65 (C), G67 (D),
Sytl (E) and SV2 (F). In Ptfla::Cre ; Tau::@mGFP mice, 90.9 + 6.2% (n = 465 boutons; 3
mice) of G65* synapses on vG1* sensory terminals express mGFP. In many domains of the

-

GABApre-cut

/
GABApre-prop ‘

Cell. Author manuscript; available in PMC 2010 April 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Betley et al.

Page 18

ventral horn ~100% of GABApre terminals express mGFP, suggesting G65*, mGFPOff
terminals result from inefficient Cre recombination.

(G, H) About 50% of Ptfla::Cre ; Thyl::@YFP-labeled GABApre axonal varicosities (see
Figure 2M for volume) align with post-synaptic Geph™ puncta but do not align with GABAA
receptor o6 or p2/3 subunits (H, Figure S9). These motor neuron-associated YFP* varicosities
do not express G65 (G), G67, Sytl, Bas or SV2 (Figure S7A; data not shown).

(1) Neuronal target directs the differentiation of Ptfla-marked GABApre boutons.

(J) Ptfla-derived Di4 interneurons form synapses with cutaneous afferent terminals in the
dorsal spinal cord and proprioceptive terminals in the ventral horn.

(K-M) In p15 Ptfla::Cre ; Thyl::@YFP mice, GABApre terminals synapse with vGlutl
(vG1)* cutaneous sensory terminals and express GlyT2 (K), NPY (L), and ENK (M).

(N-P) In p15 Ptfla::Cre ; Thyl::®YFP mice, GABApre terminals synapse with vG1*
proprioceptive terminals, but do not express GlyT2 (N), NPY (O), or ENK (P).

Images from lumbar spinal cord of p21 mice. Scale bar: 2 ym in C-H, K-P.
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Figure 4. GABApre synaptic differentiation fails in the absence of sensory terminals

(A-D) vGlut1 expression in wild type (A, B) and Er817 (C, D) spinal cord.

(E-J) Synaptic marker expression in YFP* GABApre axons and varicosities in the ventral horn
of Ptfla::Cre ; Thyl::@YFP ; Er817 mice.

(K) Synaptic protein levels in YFP* axon shafts (s) and boutons (b) in Ptfla::Cre ;
Thyl1::®dYFP (wt) and Ptfla::Cre ; Thyl::@YFP ; Er817 (Er817") mice. Differences in protein
level between wild type and Er817- GABApre boutons/varicosities are significant at p <0.0001
(Mann-Whitney U Test).

(L-N) In Ptfla::Cre ; Thyl::@YFP ; Er817- mice, YFP* contacts on motor neurons are aligned
with Geph* puncta, but are large and lack pre-synaptic G65 (L) and post-synaptic GABAA a6
(M). Geph* puncta lacking pre-synaptic YFP (GABApost) accumulate post-synaptic
GABAA, a6 (N).

(0-Q) In Hb9::GFP ; Er81”- mice, G67* terminals (green) contact GFP* motor neurons (light
blue), co-express Bas (0), SV2 (P) and vGAT (not shown), and align with motor neuron
Geph* puncta (Q).

Images from p15 mice. Scale bar: 2 ym in E-J, L-Q.

Er81-/-
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Figure 5. Retraction of GABApre axons in the absence of sensory terminals

(A-D) YFP* axons in the ventral horn of Ptfla::Cre ; Thyl::®@YFP (A, C) and Ptfla::Cre ;
Thyl::®dYFP ; Er817- (B, D) mice. Images are 3 um z-stacks from region marked in E.

(E) Retraction of GABApre axons in Er817- mice (motor neurons in grey, sensory afferents
in blue and GABApre axons in green).

(F) Density of YFP* axons and boutons in the ventral horn of Ptfla::Cre ; Thyl::dYFP (wt)
and Ptfla::Cre ; Thyl::®YFP ; Er817- (Er817") mice at p10, p15 and p25. See Supplementary
Procedures for quantitation.
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Figure 6. Accumulation of GAD65 in GABApre boutons depends on sensory-derived BDNF
signaling

(A) 30.5 £ 0.7% (n = 464 neurons; 3 mice) of p7 lumbar DRG neurons express BDNF mRNA.
(B) ~85% (n = 3 mice) of p7 Pv* proprioceptive neurons express BDNF mRNA.

(C) 81.5 = 3.8% (n = 54 neurons; 2 mice) of Runx3* proprioceptive DRG neurons express
LacZ in BDNF::LacZ reporter mice.

(D) BDNF expression in p7 spinal cord.

(E) TrkB expression in p7 spinal cord.

(F) Cre driver lines, BDNF, and TrkB alleles used.

(G) Relative levels of GAD65 (G65, filled circles) and GAD67 (G67, opencircles) in GABApre
terminals (top plot), and of G67 (open circles) in GABApost terminals (bottom plot) in mutant
mice with impaired BDNF-TrkB signaling (1. Ht-PA::Cre ; ®BDNF/- vs ®BDNF/- 2.
Pv::Cre ; ®BDNF/- vs ®BDNF/- 3. Ptfla::Cre ; @TrkB / ®TrkB vs &TrkB / @TrkB).
Differences between mutant and control genotypes are significant at p <0.0001 (Mann-Whitney
U Test).

(H-K) Syt1* GABApre boutons contact vGlutl (vG1)* terminals in (H) ®BDNF/- control, (1)
Pv::Cre ; ®BDNF/-, (J) Ptfla::Cre ; &TrkB/ &TrkB and (K) BDNF~ mice.

(L-O) G65 expression in GABApre boutons on vG1* terminals in (L) ®BDNF/- control, (M)
Pv::Cre ; ®BDNF/-, (N) Ptfla::Cre ; &TrkB / #TrkB and (O) BDNF- mutant mice.

(P-S) G67 expression in GABApre boutons on vG1* terminals in (P) ®BDNF/- control, (Q)
Pv::Cre ; ®BDNF/-, (R) Ptfla::Cre ; &#TrkB / ®TrkB and (S) BDNF- mutant mice.

(T-W) In Gad65::N4>GFP mice, N*GFP* boutons that contact vG1* terminals express G65
(T), Sytl (U), vGAT (V), and G67 (W). In Gad65::N*>GFP mice, 94.6 + 1.8% (n = 205 boutons;
>5 mice) of G65* terminals express N4°GFP.

(X) N45GFP expression intensity in GABApre boutons and axons in Gad65::N4°GFP ;
®BDNF/- (ctrl) and Pv::Cre ; ®BDNF/- (mut) mice (see first and third columns,

marked N4°GFP) and endogenous G65 in axons (see middle column marked G65).
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(Y) N45GFP expression in Syt1* GABApre boutons contacting vG1* terminals in ®BDNF/-
mice.

(Z) N5GFP excluded from Syt1* GABApre boutons in Pv::Cre ; ®BDNF/- mutant mice, but
detected in axons near vG1* terminals.

(Qi-iv) Pv::Cre ; ®BDNF/- mutant spinal cords showing N4>GFP and endogenous G65
accumulating at asynaptic segments of axons not in contact with vG1* terminals.

Images from p21 lumbar spinal cord unless indicated. Scale bar: 2 um.
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Figure 7. Sensory signals control the connectivity and synaptic differentiation of GABApre neurons
(A) Organization of GABApost and GABApre boutons at sensory-motor synapses.

(B) (i) Sensory terminals provide a recognition cue (R) that ensures that GABApre neurons
form stable and compact contacts with sensory terminals that express GAD67 (67) and other
synaptic proteins (S), and a BDNF-mediated signal (B) that promotes the synaptic
accumulation of GAD65 (65). (ii) Motor neurons do not promote stable GABApre contacts or
induce synaptic markers in GABApre varicosities. (iii) Motor neurons likely provide a distinct
recognition cue (R’) that promotes stable GABApost synaptic contacts and induces expression
of G67 and other synaptic proteins (S).

(C) The control of synaptic G65 expression in GABApre neurons. (i) An intrinsic Ptfla-
dependent transcriptional program determines Gad65 expression in GABApre neurons. (ii)
Trafficking sequences in the N-terminal domain of G65 ensure its transfer to the trans-Golgi
network and association with axonal transport vesicles. (iii) Accumulation of G65 in GABApre
terminals requires secretion of BDNF from proprioceptive sensory terminals and activation of
TrkB signaling in GABApre neurons.
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