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SUMMARY

Spinal interneurons are critical modulators of motor circuit function. In the dorsal spinal cord, a
set of interneurons called GABApre presynaptically inhibits proprioceptive sensory afferent
terminals, thus negatively regulating sensory-motor signaling. Although deficits in presynaptic
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inhibition have been inferred in human motor diseases, including dystonia, it remains unclear
whether GABApre circuit components are altered in these conditions. Here, we use developmental
timing to show that GABApre neurons are a late Ptfla-expressing subclass and localize to the
intermediate spinal cord. Using a microarray screen to identify genes expressed in this
intermediate population, we find the kelch-like family member Klhl14, implicated in dystonia
through its direct binding with torsion-dystonia-related protein Torla. Furthermore, in 7orla
mutant mice in which Klhl14 and Torla binding is disrupted, formation of GABApre sensory
afferent synapses is impaired. Our findings suggest a potential contribution of GABApre neurons
to the deficits in presynaptic inhibition observed in dystonia.
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GABApre spinal interneurons gate sensory inputs onto motor neurons. Zhang et al. localize
GABApre neurons to the intermediate spinal cord and show that these interneurons express
hereditary dystonia-related genes K/h/14and Torla. In Torlamutant mice, GABApre synapse
formation is disrupted, suggesting that spinal circuits may be affected in dystonia.

INTRODUCTION

Spinal interneurons are key components of the neuronal circuits that encode vertebrate
motor control. Dysfunction of inhibitory interneurons is thought to contribute to the
symptoms of diverse neurologic conditions, including spinal cord injury, amyotrophic lateral
sclerosis (ALS), and cerebral palsy (Tillakaratne et al., 2000; Achache et al., 2010; Raynor
and Shefner, 1994) and may underlie locomotor defects associated with these conditions
such as spasticity and impaired control of voluntary movement (Achache et al., 2010; Comi
etal., 2005; Wootz et al., 2013). Yet although injury or disease-related functional deficits
have been identified in physiologically defined spinal circuits, little is known about the
potential involvement of specific, molecularly defined classes of inhibitory spinal
interneurons in the pathophysiology of locomotor disorders.
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The monosynaptic stretch reflex, one of the simplest and best-defined spinal circuits, ensures
a balance between muscle stretch and contraction, fine-tuning muscle tension to the
demands of locomotion. In this circuit, the state of muscle stretch is relayed via
proprioceptive sensory neurons to spinal motor neurons, which drive the reflex contraction
of the muscle of origin (Eccles et al., 1957; Mears and Frank, 1997). Activity across the
sensory-motor synapse is presynaptically modulated by a specific class of GABAergic
inhibitory interneurons, called GABApre neurons, that form presynaptic, axo-axonic
synapses with sensory afferent terminals (Windhorst, 1996; Rudomin and Schmidt, 1999;
Betley et al., 2009; Hughes et al., 2005). GABApre neurons dampen the natural oscillatory
movement that would otherwise occur because of the inherent nature of sensory feedback in
the spinal reflex circuit, and in their absence, goal-directed movement is severely limited
(Fink et al., 2014; Stein and Oguztéreli, 1976).

Evidence for the involvement of GABApre interneurons in motor diseases comes from
physiologic studies in individuals with dystonia, Huntington’s disease, and Parkinson’s
disease. People affected by such illnesses display deficits in presynaptic inhibition of spinal
sensory-motor activity as measured by the Hoffman reflex (H-reflex) (Knikou, 2008),
implicating the involvement of GABApre neurons in their disease pathology (Nakashima et
al., 1989; Panizza et al., 1990; Roberts et al., 1994; Priori et al., 1995, 2000; Morita et al.,
2000). However, we know little about what role the GABApre-sensory microcircuit may
play in disease states and whether changes in this circuitry may reflect causes of, or
adaptations to, motor illnesses.

Recent work elucidating the developmental origin, connectivity, and synaptic composition of
GABApre neurons demonstrates how H-reflex changes in motor disease may be linked to
deficits of presynaptic inhibition. GABApre boutons can be identified by specific molecular
markers, including the GABA synthetic enzymes GAD65 and GAD67, and the Ca2* sensor
synaptotagmin-1 (Syt1) (Betley et al., 2009; Hughes et al., 2005). These markers have been
used to show that the targeting of GABApre boutons to sensory afferent terminals is
mediated in part by an adhesive signaling complex including contactin-5/CASPR4,
expressed in sensory neurons, and NrCAM, expressed in GABApre neurons (Ashrafi et al.,
2014). Loss of any of these factors results in a decrease in the number of GABApre-sensory
afferent synapses (Ashrafi et al., 2014). The molecular composition of GABApre boutons
has further been shown to be closely regulated, and alterations in the molecular composition
of GABApre boutons lead to alterations in functional presynaptic inhibition (Mende et al.,
2016). Changes in presynaptic inhibition witnessed in different motor diseases may therefore
be linked to deficits in the assembly, molecular composition, or maintenance of the
GABApre microcircuit.

GABApre interneurons can be distinguished by the expression of pancreas transcription
factor (Ptf) 1a (Betley et al., 2009; Hughes et al., 2005). However, although Ptf1a marks all
dorsal inhibitory interneurons, including GABApre neurons, there is as of yet no specific
marker for this functionally distinct GABAergic interneuron subtype. Furthermore, the
requirement of Ptfla for fate specification of dorsal GABAergic interneurons spans the
earlyborn di4 and late-born dILA progenitor populations (Glasgow et al., 2005; Wildner et
al., 2006). Although previous work suggests that inhibitory interneurons born during these
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two major waves of neurogenesis in the dorsal spinal cord give rise to molecularly and
functionally distinct interneuron populations (Gross et al., 2002; Muller et al.,2002;Caspary
and Anderson, 2003; Helms and Johnson, 2003; Lai et al., 2016), the developmental domain
and settling position of GABApre neurons remains relatively unknown.

In this study, we used a conditional genetic strategy for lineage tracing and the timeline of
Ptflaexpression to localize the cell bodies of GABApre neurons to the intermediate spinal
cord. We further used a comparative microarray analysis to uncover genes specifically
enriched by interneurons in the intermediate spinal cord. In an effort to link motor disease
pathologies and GABApre circuitry, we focused on genes potentially involved in motor
diseases and identified the dystonia-related kelch-like family member protein K/h/14as a
marker of GABApre interneurons. To explore genetic networks related to K/h/14 activity in
GABApre interneuronal circuitry, we used a mutant mouse (Dy*14E) in which the binding
partner of K/h/14, the more broadly expressed 7orla, is mutated (Dang et al., 2005). 7orla
encodes a protein in the ATPase family that is involved in protein folding and trafficking
(Breakefield et al., 2008; Charlesworth et al., 2013). Humans with dystonia related to
analogous mutation in the 7TOR1A gene further show deficits in presynaptic inhibition
(Edwards et al., 2003). Analysis of Dyt1AE mice showed a decrease in GABApre bouton
number on sensory afferent terminals, suggesting that the Torla/Klhl14 pathway plays a role
in GABApre-sensory afferent synapse formation. Taken together, our findings help define
the organization and genetic profile of a discrete set of intermediate spinal inhibitory
interneurons that exert significant modulatory action during motor behavior. More broadly,
our results suggest a link between a pathophysiologically relevant genetic lesion and deficits
in the synaptic connectivity of a defined spinal neuronal circuit.

Late Ptfla Expression Distinguishes GABApre Neurons

We first addressed the developmental origins of the GABApre interneuron population. The
postmitotic bHLH transcription factor Ptflais expressed by dorsal inhibitory interneurons
from embryonic day (e) 10.5 until e13.5 (Figures SIA-S1H’) (Glasgow et al., 2005), which
corresponds to both early (d14) and late (dILA) waves of neurogenesis (Gross et al., 2002;
Miiller et al., 2002). Ptf1ac" mice carrying the tdTomato reporter ROSA26CAG-Isl-tdTomato
(Madisen et al., 2010) have previously been shown to label superficial dorsal and
intermediately located cell bodies in the developing spinal cord, as well as GABApre
boutons on vGluT1-expressing (vGluT1°N) sensory terminals (Figures 1B, 1C, and 1N)
(Betley et al., 2009). tdTomato-expressing (tdTomato®N) GABApre boutons on vGluT1oN
sensory terminals express both isoforms of the GABA-synthetic enzymes GAD65 and
GADG67, known markers of GABApre neurons (Figures 1D and 1E) (Betley et al., 2009;
Hughes et al., 2005).

We sought to determine whether GABApre neurons could be assigned to either early or late
temporal domains of Ptflaexpression (Figures SLA-S1H’). To accomplish this, we used an
inducible Ptf1aeER mouse line (Pan et al., 2013) crossed to ROSA26CAG-sI-tdTomalo mjce
and injected tamoxifen (TM) at different time points (Nguyen et al., 2009) (Figure 1A). We
found that injecting 100 pg/g TM at €9.5 or e12.5 gives rise to tdToma-to®N Prfla-derived
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neurons. Neurons labeled in response to €9.5 TM do not project ventrally (Figures 1G-11).
In contrast, neurons labeled in response €12.5 TM project ventrally, form contacts on
vGIuT19N sensory terminals (Figure 1K) and express GADG65 (Figure 1L) and GAD67
(Figure 1M). We thus interpret that TM injections into Ptf1aCTeER - R26tTomato mice at e12.5
label GABApre interneurons and that GABApre neurons must therefore express Ptfla
during the late (dILA) wave of inhibitory interneuron neurogenesis.

To clarify the location of GABApre neurons, we assessed if late-expressing Ptfla-derived
neurons acquire a different cell body position compared with early-expressing Ptfla-derived
neurons. TM injection at 9.5 predominately labels neurons localized to superficial layers of
the dorsal horn (Figures 1F and 10), while TM injection at e12.5 also labels neurons
localized to the intermediate spinal cord (Figures 1J and 1P). Taken together, the differences
in the spatial distributions of early and late Ptfla-expressing neurons and synapses suggest
that two distinct subdomains of interneurons arise from the Ptfla-expressing domain, the
latter of which comprises the GABApre neuron population in the intermediate spinal cord.

Screen for Motor Disease-Associated Markers Enriched in the Intermediate Spinal Cord

On the basis of these and on previous results suggesting that GABApre neurons reside in the
intermediate spinal cord (Betley et al., 2009; Jankowska et al., 1981; Hughes et al., 2005),
we sought to compare gene expression profiles of the intermediate spinal cord with more
dorsal and more ventral regions in an attempt to uncover potential links between novel
GABApre enriched genes and previously identified motor disease associated genes. We and
others previously showed that Gad65:N*>GFP mice label putative GABApre neurons
(Betley et al., 2009; Hughes et al., 2005). Thus the lumbar spinal cords of postnatal day (p) 6
Gad65:"N>GFP mice were microdissected into dorsal, intermediate, and ventral regions,
where GFP fluorescence was used to delineate the boundaries between the different regions
(Figure 2A, inset). Gene expression in each region was quantified by microarray, the results
of which were processed to allow a comparative analysis of expression levels between
intermediate versus ventral and intermediate versus dorsal regions.

We found 268 genes to be at least 2-fold up-or downregulated on comparison of both
intermediate versus ventral and intermediate versus dorsal tissue (Figure 2A, Q1, Q2, Q3,
and Q4; p < 0.05, ANOVA). From this list, 61 genes were greater than 2-fold upregulated in
the intermediate spinal cord compared with both the dorsal and ventral spinal cord (Figure
2A, Q1; p <0.05, ANOVA,; Table S1). This subset encodes proteins with diverse molecular
functions, including DNA binding, ion binding, nucleotide binding, receptors, as well as
those with unknown function (Figure 2B). From this list of 61 genes, we evaluated the spinal
expression patterns in p4 mice using the Allen Brain Atlas (http://www.brain-map.org). We
found 11 candidates to be exclusively expressed in the intermediate spinal cord (Figure 2C,
highlighted in Table S1). We assessed these candidates for those that were previously
reported to be involved in motor disease. One of these genes was the kelch-like family
member protein K/h/14. KLHL14 has been implicated in dystonia because of its direct
binding of the torsin family 1, member A (TOR1A) (Giles et al., 2009). A dominant single-
amino acid mutation in 7TOR1A, DYTI1AE, is highly implicated in early-onset generalized
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dystonia in humans, leading to sporadic and painful sustained muscle contractions involving
both agonist and antagonist muscles (Ozelius et al., 1997; Breakefield et al., 2008).

Klhl14 Is Expressed in Ptfla-Domain-Derived Interneurons of the Intermediate Spinal Cord

K/hl14 has previously been shown to be expressed in the intermediate €18.5 spinal cord
(Wildner et al., 2013). We assessed the expression pattern of K/A/14 during late embryonic
and early postnatal stages using in situ hybridization, a time period during which the
GABApre-sensory circuit forms (Betley et al., 2009). At late embryonic (e18.5) (Figure 3A)
and early postnatal ages (p5 and p10) (Figures 3B and 3C), K/h/14 was expressed in a
restricted domain of the intermediate spinal cord, close to the central canal, throughout the
rostro-caudal extent of the lumbar spinal cord (Figure 3D, red arrows). We did not detect
Kihl14 signal in dorsal root ganglia (DRG), suggesting that K/A/14 is not expressed in
sensory neurons (Figure 3D, black arrow).

We next asked if KIhl14was expressed in GABAergic inhibitory interneurons. The
transcription factor Ptflais required for GABAergic neurotransmitter fate, and in the
absence of Pifla, the precursors of spinal GABAergic interneurons give rise to excitatory
glutamatergic neurons instead (Glasgow et al., 2005). In PtfZa mutant spinal cords
(Ptf1acre/Cre) (Kawaguchi et al., 2002), we observed no spinal expression of K/A/14 (Figure
3E), as previously reported (Wildner et al., 2013). To further test whether K/h/14is
expressed in Ptfla-derived GABAergic interneurons, we labeled Ptfla-derived neurons by
intercrossing the Ptf1a" driver line with mice carrying a Thy1Y " fluorescent protein
reporter line (Buffelli et al., 2003) and performed dual immunchistochemistry/in situ
hybridization using an anti-GFP antibody and an antisense K///14 RNA probe. We found
that K/h/14 expression strongly overlapped with YFP-expressing (YFPON) ptf1a-derived
neurons in the intermediate spinal cord (Figure 3F). Given the absence of K/A/14 expression
in Prflamutants, we attribute the detection of K/A/14in neurons that are YFPOFF to the
known mosaicism of the Ptf1a": Thy1YFF genotype (Betley et al., 2009). Taken together,
these results suggest that K/h/14 is expressed in Ptfla-derived interneurons of the
intermediate spinal cord.

To determine whether K/h/4 labels GABApre neurons, we injected TM at e12.5 into
Pif1aCTeER - R26!Tomato mice and assessed co-expression of K/4/14 and tdTomato. We found
that K/h/14 expression strongly overlapped with tdTomato®N Ptfla-derived neurons in the
intermediate spinal cord (Figures 3G and Figure S2A-S2C). We performed analogous co-
expression analysis for tdTomato and Gad’Ztranscript, the primary molecular marker for
GABApre neurons, and similarly saw strong co-localization in the intermediate spinal cord
(Figures 3G). The domains of co-expression of K/h/14 and tdTomato, as well as Gad2and
tdTomato, were highly overlapping (Figure 3G), further suggesting that K/A/14 is expressed
in GABApre neurons.

No Loss of Ptfla-Derived Neurons in the Intermediate Spinal Cord of Torla Mutants

KLHL14 is a known binding partner of the dystonia 1 protein TOR1A (Giles et al., 2009).
Deletion of a single glutamic acid residue in the C-terminal region of TOR1A (AE) severely
disrupts binding to KLHL14 (Giles et al., 2009), and in humans, this mutation causes early-
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onset generalized torsion dystonia in an autosomal dominant manner (Ozelius et al., 1997;
Breakefield et al., 2008). We therefore assessed whether the Torla/Klhl14 pathway could
have a functional role in GABApre circuit formation. Analysis of Torla expression revealed
that it is expressed broadly, including the majority of PtfZa-derived interneurons in the
intermediate spinal cord (Figures 4A and 4B), as well as in proprioceptive sensory neurons
in the DRG (Figure 5A). These data confirm that Torla and its binding partner Klhl14 are
expressed in putative GABApre interneurons in the intermediate spinal cord.

One of the major hallmarks of many motor diseases is targeted death of highly specialized
cell types (Gorman, 2008; Liang et al., 2014). Given that Klhl14 and Torla localize to
putative GABApre neurons, we next assessed whether GABApre neuron cell death results
from dysfunction in the Torla/KIhl14 pathway. As the homozygous DytIAE mutation is
embryonic lethal, we used heterozygous male mice (Dang et al., 2005), which are viable and
display motor abnormalities such as defects in beam walking and hyperactivity at 6 months
of age (Dang et al., 2005) as well as marked increase in sustained muscle contractions and
co-contraction of functionally opposed muscles suggestive of dystonia (DeAndrade et al.,
2016). To label putative GABApre neurons, we generated Pif1ac"e; R26170mato mice
carrying either the DytIAFE or wildtype (WT) allele and quantified the number of
fluorescently labeled neurons in the intermediate spinal cord (Figures 4C and 4D). We saw
no difference in the number of tdTomato®N, Ptfia-derived neurons in the intermediate
region in DytIAE compared with control mice (Figure 4E; control: 25.36 + 3.84 neurons, n
= 11 images, three mice; DytIAE: 24.54 + 5.17 neurons, n = 13 images, three mice; p =
0.66, two-way ANOVA). We therefore conclude that GABApre neuron humber is unchanged
in the Dyt1IAE mutation.

Increased Number of Proprioceptive Terminals in Dyt1AE Mice

Because Torla is also expressed in proprioceptive neurons of the DRG, we assessed sensory-
motor connectivity in DytIAE mice. We observed no difference in the number of
proprioceptive sensory neurons in DytIAE mice compared with WT (Figures 5A and 5B;
control: 142.1 + 14.1 neurons/DRG, n = 426 neurons, three mice; DytIAE: 173.4 £ 18.4
neurons/DRG, n = 520 neurons, three mice; p = 0.084, repeated-measures two-way
ANOVA). However, the number of vGluT1°N sensory afferent terminals in lamina 1X was
increased in DytIAE mice compared with control mice at p21 (Figures 5C and 5E; 1.28-
fold; control: 2.81 % 0.40 terminals/1,000 pm3, n = 2,300 terminals, three mice; DytIAE:
3.58 + 0.75 terminals/ 1,000 um3, n = 2,808 terminals, three mice; p < 0.0001, oneway
nested ANOVA). Concomitantly, sensory afferent terminal volume was reduced in DytIAE
mice (Figures 5D and 5E; 0.77-fold; control: 3.92 + 3.70 um3, n = 2,300 terminals, three
mice; DytIAE: 3.01 + 2.82 um3, n = 2,808 terminals, three mice; p < 0.0001, one-way
nested ANOVA). This reduction was driven largely by an increase in the number of sensory
afferent terminals with a volume smaller than 5 um?3 (Figure 5E). The alignment of the post-
synaptic density marker, ShankZa, with vGlut1°N sensory afferent terminals was unchanged,
indicating that sensory-motor synapse formation remains normal (Figures 5F-5H) (Betley et
al., 2009). We last assessed for potential changes in sensory activity using GABApre
terminal expression of GAD67 as a proxy measure. We previously showed that activity
deficits in sensory neurons result in decreased GAD67 synaptic accumulation (Mende et al.,
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2016). We found no change in GAD67 intensity in GABApre terminals of DytIAE mice
(Figure 5P; control: 1.00 + 0.60 normalized GAD67 fluorescence intensity, n = 271
synapses, three mice; DytIAE: 0.94 £ 0.55 GADG67 fluorescence intensity, n = 212 synapses,
three mice; p = 0.215, nested ANOVA). The unchanged level of GAD67 suggests that
sensory activity is unperturbed in DytIAE mice.

GABApre Bouton Number Is Decreased in Torla Mutant Mice

We next assessed whether GABApre synaptic organization was affected in DytZAE mice.
We used the co-expression of GAD65 and GAD67 (GAD65°N/GAD67CN) abutting
vGIuT1ON sensory terminals to label GABApre-sensory afferent synapses (Figure 5F)
(Betley et al., 2009). We quantified the number of GAD65°N/GAD67°N boutons at p21
when locomotor circuits have finished developing (Figures 5L-5M"), as well as at 6 months
(Figures 5N-50") when a behavioral motor defect is first observed in DytIAE mice (Dang et
al., 2005). We found 20.3% and 27.4% reductions in the number of GAD65°N/GAD67ON
boutons on vGIuT1°N sensory terminals in DytIAE mice compared with WT controls at p21
(Figures 51, 5K, and 5L-5M"; WT: 2.35 + 2.12, n = 287 boutons, three mice; DytIAE: 1.87
+ 1.67, n = 287 boutons, three mice; p < 0.01, one-way nested ANOVA) and 6 months,
respectively (Figures 5J and 5N-50" ; WT: 2.51 + 2.22, n = 287 boutons, three mice;
DytIAE: 1.82 £ 1.78, n = 287 boutons, three mice; p < 0.0001, one-way nested ANOVA).
We did not find any changes in the number of GAD65- or GAD67-only-expressing terminals
apposing VGIuT1°N sensory afferent terminals (data not shown). These findings suggest that
the Torla/Klhl14 pathway is required for organizing the proper number of GABApre
boutons per sensory terminal.

DytIAE mice have been shown to have deficits in synaptic vesicle recycling and synaptic
protein stabilization in neural tissues such as the hippocampus and cerebellum (Granata et
al., 2011; Kim et al., 2010). However, we do not see changes in the fluorescence intensity of
synaptic vesicle marker Sytl in DytIAE mice compared with controls at p21, as measured
by immunofluorescence confocal imaging (Figure 5Q; relative fluorescence intensity
change: control: 1.00 £ 0.64, n = 369 boutons, three mice; DytIAE. 1.16 £ 0.74, n =578
boutons, three mice; p = 0.14, one-way nested ANOVA). This finding, together with the
stability of GABApre terminal GADG67 intensity described above (Figure 5P), suggests that
GABApre synaptic differentiation remains unaltered.

DISCUSSION

Spinal interneurons are essential for modulating locomotor behavior, but their potential
involvement in many motor diseases is unclear. Deficits in presynaptic inhibition of
proprioceptive sensory afferents have been observed in human patients with movement
disorders or focal motor deficits (Nakashima et al., 1989; Panizza et al., 1990; Priori et al.,
2000; Berardelli et al., 1998), suggesting a potential role for spinal GABApre interneurons
in the pathophysiology of such disorders. In this study, we found that late Ptfla-expressing
neurons give rise to the GABApre interneuron subpopulation. Guided by their localization,
we performed a microarray screen and identified that the kelch-like family member protein
Klhl14 is expressed in GABApre interneurons. Our findings reveal that mutation of the
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Klhl14 binding partner Torla, a hereditary dystonia-related gene, at a site that disrupts
binding to Klhl14, leads to measurable deficits in GABApre-sensory neuron connectivity.
Our data thereby suggest a role for dystonia-related genes in the development of spinal
sensory-motor circuitry.

Position and Developmental Origin of GABApre Interneurons

In this work, we provide evidence that the cell bodies of ventrally projecting GABApre
interneurons are located in the intermediate spinal cord and demonstrate that their
segregation to this region correlates with the developmental timing of transcription factor
expression. Interneuronal diversification in the spinal cord begins embryonically with
discrete progenitor domains giving rise to specific precursor populations. A first wave of
neurogenesis (e10-e11.5) gives rise to dorsal inhibitory interneurons of the dl4 domain, and
a second wave of neurogenesis (e12—-e14.5) generates dorsal inhibitory interneurons of the
dILA domain (Gross et al., 2002; Miiller et al., 2002). Previous positional studies suggest
that the majority of dI4 interneurons remain in the deep dorsal horn, while dILA
interneurons migrate to the superficial dorsal horn (Mller et al., 2002; Gross et al., 2002;
Helms and Johnson, 2003; Caspary and Anderson, 2003). Our molecular labeling and
developmental timing studies now identify GABApre interneurons as localized to the
intermediate spinal cord and emerging from dIL” during the second wave of neurogenesis.
This appears to contradict the prevalent model that the later-born dILA interneurons populate
the superficial dorsal horn, but it is consistent with the findings of Nornes and Carry (1978),
whose autoradiographic studies show that later-born interneurons (e12-e13) populate both
superficial dorsal and medial regions of the dorsal lumbar spinal cord and that only medially
located cells are marked by labeling at e14.

Timed Transcription Factor Expression in Neuronal Circuitry

Ptfla is required for the development of inhibitory neurons throughout the CNS (Jusuf and
Harris, 2009; Pascual et al., 2007). Previous molecular-anatomical work inferred at least two
different populations of Ptfla-expressing synapses (Betley et al., 2009): (1) a peptidergic and
glycinergic one that forms axo-axonic contacts on cutaneous sensory afferent terminals in
the dorsal spinal cord and (2) the GABApre terminals that are neither glycinergic nor
peptidergic but express GAD65, GAD67, and Sytl and form direct axo-axonic connections
with proprioceptive sensory afferent terminals in the intermediate and ventral spinal cord
(Betley et al., 2009; Hughes et al., 2005). Electrophysiological evidence further suggests that
these distinct populations of synapses arise from spatially segregated cell populations with
different functions. A dorsal interneuron population is thought to be involved in presynaptic
inhibition of cutaneous sensory afferent terminals in the dorsal spinal cord, while an
intermediate population participates in presynaptic inhibition of proprioceptive sensory
afferent terminals in the intermediate and ventral spinal cord (Jankowska et al., 1981). An
intermediate location of GABApre neurons is also suggested by co-expression of the
GABApre hallmark genes Gad65and Gadé67in neuronal cell bodies of the intermediate
spinal cord (Betley et al., 2009), and labeling of GAD65-GFP-expressing cell bodies in the
intermediate spinal cord following injection of a tracer dye into the ventral motor column to
which GABApre neurons project (Hughes et al., 2005). We now identify GABApre
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interneurons as an intermediate population distinct from other Ptfla-expressing dorsal
GABAergic interneurons.

Our results suggest a relationship between the timing of transcription factor expression and
neuronal settling position, circuit connectivity, and function. As such, our work supports and
extends previous findings showing that multiple aspects of neuronal fate, including
migratory behavior and ultimate cell body positioning, are associated with timing of
neurogenesis (Tripodi et al., 2011; Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012;
Tripodi and Arber, 2012). Several recent findings further suggest that cell body position
correlates with sensory input connectivity of both motor neurons (Stirmeli et al., 2011) and
interneurons (Tripodi et al., 2011; Bikoff et al., 2016). The dorsal-medial location of
GABApre cell bodies positions them in a region of spinal cord densely innervated by
descending corticospinal tract axons (Bareyre et al., 2005; Russ et al., 2013) and supports a
role for GABApre interneurons in integrating descending cortical inputs into the regulation
of the sensory-motor reflex circuit (Azim et al., 2014). The late expression of Ptfla could
thereby play a dual role in (1) guiding GABApre neurons to a settling position within the
spinal cord that ensures proper input from supraspinal, spinal, and sensory neurons and (2)
initiating signaling cascades that determine their efferent proprioceptive targeting.

Torla Function in GABApre Circuitry

Our study further supports a role for Torla in GABAergic synaptogenesis, given the
decrease in GABApre-sensory afferent synapses we observe in DytIAE mice. Torla is a
broadly expressed AAA+-class ATPase, intracellularly localized to the nuclear envelope and
endoplasmic reticulum, postulated to function as a chaperone protein and in the modification
and processing of protein complexes through secretory pathways. Torla is enriched in
developing neuronal tissues and has been identified in the cytosol and neurites of neurons,
including both the axonal and dendritic compartments of GABAergic Purkinje cells in the
cerebellum (Puglisi et al., 2013; Breakefield et al., 2008). Functionally, Torla has been
shown to play a role in synaptic vesicle recycling (Granata et al., 2008, 2011) and in
synaptic vesicle release (Yokoi et al., 2013). Structurally, in mouse cerebellum, there is a
decrease in inhibitory synaptic contacts on Purkinje cells in both 7orZa*~ mice and mice
carrying the human DytIAE mutation, suggesting that GABAergic synaptogenesis is
compromised in the presence of mutant Torla (Vanni et al., 2015).

How dysfunction of Torla contributes to the decreased number of GABApre-sensory
afferent synapses remains an outstanding question. The DY TAE mutation disrupts binding of
TOR1A to KLHL14 (Giles et al., 2009). Little is known about KlIhl14, yet another member
of the Kelch-like protein family, Klhl1, modulates voltage-gated calcium channels (Nemes et
al., 2000) and regulates neurite and cellular process extension (Seng et al., 2006; Jiang et al.,
2007). Knockdown of KIhl1 in rat hippocampal cultures results in decreased numbers of
excitatory and inhibitory synapses (Perissinotti et al., 2015). The loss of synapses seen in
DytIAE mice hints that KIhl14 may have a similar role to Klhl1. If KIhl14 binds actin like
KIhI1 (Nemes et al., 2000), this would support models of Torla’s function at the interface of
synaptic membrane recycling and local cytoskeletal dynamics (Granata et al., 2009). Given
that the DytIAE phenotype of decreased GABApre-sensory afferent synapse number is
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strikingly similar to that seen following deletion of 1g-superfamily adhesion molecules
expressed in GABApre interneurons or their sensory afferent partners (Ashrafi et al., 2014),
it is further tempting to speculate that adhesive signaling may be affected by DytIAE. Torla
has been shown to interact with components of the dystrophin-associated glycoprotein
complex (DGC) (Esapa et al., 2007). Dystroglycan, a component of the DGC, binds to
neurexin (Sumita et al., 2007) and indirectly interacts with NL2 (Sugita et al., 2001), an
adhesion molecule also found to localize to sensory neurons (Ashrafi et al., 2014). This
suggests a potential role for Torla in adhesion molecule localization in the GABApre-
sensory neuron connectivity (Puglisi et al., 2013; Patrizi et al., 2008).

Our data cannot formally distinguish whether Torla functions in GABApre interneurons or
in sensory neurons to influence GABApre-sensory afferent synapse number. Torla is
expressed in both GABApre interneurons and proprioceptive sensory neurons, while its
reported binding partner KIhl14 is not expressed in sensory neurons. This may point to
different functions for Torla in these distinct neuronal populations. The fact that the DytIAE
mutation abolishes binding of Klhl14 to Torla suggests that the GABApre phenotype we
observe reflects KIhl14’s function in GABApre interneurons. Torla likely functions in
oligomers, however, and its ability to bind itself may also be compromised by the Dyt1AE
mutation (Pham et al., 2006). We do see an increase in the number of smaller volume
sensory afferent terminals in DytZAE mice, leading to the possibility that the decrease in the
number of GABApre boutons per sensory afferent terminal is due to an increased number of
smaller sensory afferent terminals, which are known to have fewer GABApre boutons
(Pierce and Mendell, 1993; Betley et al., 2009). However, estimating the loss of GABApre
boutons due to the size principle using previously published data (Pierce and Mendell, 1993)
would account for an approximately 7% decrease in GABApre synapses per sensory afferent
terminal and therefore would not explain the markedly greater GABApre bouton loss seen in
Dyt1AE mice (see Supplemental Experimental Procedures). This analysis, together with our
finding that intensity of GABApre terminal GAD67 is unchanged—suggesting against
alterations in sensory afferent activity state— leads us to see as unlikely the possibility that
GABApre terminal number is decreased due to a non-autonomous effect of Torla in sensory
neurons.

Torla is known to be expressed throughout the CNS, including the cerebral cortex, basal
ganglia, midbrain, and cerebellum (Granata et al., 2009). As such, a further possibility is that
Torla mutation generates a non-cell-autonomous synaptic phenotype via function outside
the GABApre-sensory microcircuit, for example in CNS regions that send descending
projections into the spinal cord. GABApre interneurons receive direct synaptic input from
corticospinal tract (CST) axons (Russ et al., 2013), and disruption of CST-GABApre
connectivity via cortical lesion results in no change in the number of GABApre-sensory
afferent synapses. This is notably in contrast to the DytIAE mutant phenotype we describe
here, in which synaptic number is altered. This contrast leads us to interpret that the Torla
phenotype does not arise from disruption of descending CST tracts.

The pathophysiology of early-onset primary dystonia has focused on the basal ganglia,
particularly the role of cholinergic interneurons in the striatum (Perlmutter and Mink, 2004;
Goodchild et al., 2013; Pappas et al., 2015). However, dystonias, including the DY71-

Cell Rep. Author manuscript; available in PMC 2017 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 12

associated early-onset dystonias, are known to be associated with deficits in spinal reciprocal
inhibition of the H-reflex, particularly the late phase of this inhibition, believed to be
mediated by presynaptic inhibition of sensory afferents (Berardelli et al., 1998; Nakashima
et al., 1989; Panizza et al., 1990; Priori et al., 2000). These deficits in presynaptic inhibition
have been proposed to reflect alterations in descending corticospinal control of spinal
interneurons (Nakashima et al., 1989). Our work, however, identifies the subpopulation of
spinal interneurons responsible for presynaptic inhibition and shows that in the presence of
dysfunctional Torla protein, these interneurons make fewer presynaptic inhibitory contacts
on primary sensory afferent neurons. Although the decrement in GABApre terminal number
is limited, we know from our previous work that a comparably modest decrease in
GABApre terminal GAD67 expression can have a robust impact on measured presynaptic
inhibition (Mende et al., 2016). As such, we suggest that deficits in spinal circuits may work
in concert with concurrent well-known changes in the basal ganglia, cerebellum, and other
supraspinal regions of the CNS to drive motor coordination deficits in dystonia. We propose
that focus on the specific interneuron subclasses that constitute the spinal circuitry of
movement may better enhance our understanding of the causal factors underlying the
complex functional manifestations of motor disease.

EXPERIMENTAL PROCEDURES

Mouse Strains

The following mouse strains were used in this study: DytIAFE (Dang et al., 2005),
Gad65:"N*>GFP (L6pez-Bendito et al., 2004), Ptf1ac (Kawaguchi et al., 2002), Ptf1aceER
(Pan et al., 2013), R26CAG-lox-STOP-tdTomato/+ (jackson Labs, Ail4) (Madisen et al., 2010),
and Thy1/0x-STOP-YFP (line 15) (Buffelli et al., 2003). Dyt1AE mice were analyzed as
heterozygotes, as homozygous animals die (Dang et al., 2005). Experiments conform to the
regulatory standards of the Institutional Animal Care and Use Committee of Memorial Sloan
Kettering Cancer Center.

TM Injections

TM (T-5648; Sigma-Aldrich) was dissolved in corn oil (C-8267; Sigma-Aldrich) at a final
concentration of 20 mg/mL. TM was intraperitoneally injected once into pregnant dams at
9.5 or 12.5 days post-coitus, and pups were harvested at €18.5 or p21. For embryo harvest,
80-100 mg/kg TM was administered at both time points. For postnatal harvest, 20 mg/kg
TM was administered at €9.5, and 100 mg/kg TM was administered at €12.5.

Histochemistry

Immunohistochemistry and in situ hybridization on 12-or 20-um-thick cryostat sections
were performed as previously described (Arber et al., 1999; Betley et al., 2009) with the
following modification: mice were perfused by peristaltic pump (World Precision
Instruments) with a 2% heparin (Butler-Schein) normal saline solution flush, followed by
room temperature 4% paraformaldehyde (PFA).

Antibodies were used in 0.3% Triton-X in PBS with 1% BSA or 0.1% PBT with 1% BSA.
The following antibodies were used in this study: rabbit anti-GAD65 (1:8,000) (Betley et al.,
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2009), mouse anti-GAD67 (1:10,000; Millipore), rabbit anti-GFP (1:1,000; Invitrogen),
guinea pig anti-LmxZ1b (1:8,000; generously provided by S. Morton and T. Jessell) (Kania et
al., 2000), chicken anti-parvalbumin (1:1,000; generously provided by S. Morton and T.
Jessell) (de Nooij et al., 2013), rabbit anti-Ptfla (1:5,000; generously provided by C.
Wright), guinea pig anti-RFP (1:2,000; generously provided by N. Betley) (Betley et al.,
2013), rabbit anti-RFP (1:1,000; Rockland), rabbit anti-Runx3 (1:4,000; generously
provided by S. Morton and T. Jessell) (Chen et al., 2006), rabbit anti-ShankZla (1:1,000;
Millipore), rabbit anti-Torla (1:600; Millipore), guinea pig anti-vGIuT1 (1:32,000) (Betley
et al., 2009), and fluorophore-conjugated secondary antibodies (Jackson Labs and Molecular
Probes).

In situ hybridization combined with antibody staining was performed as described (Ashrafi
et al., 2014). tdTomato or GFP detection in combination with in situ hybridization was
performed with additional tyramide signal amplification (TSA) (Perkin-Elmer) of the RFP
or GFP antibodies with donkey anti-rabbit HRP-conjugated secondary (1:1,000; Millipore).
In situ hybridization of GadZ2 (Russ et al., 2015) and K/h/14 (generously provided by H.
Wildner and C. Birchmeier) (Wildner et al., 2013) was performed with DIG-labeled
riboprobes.

Synaptic Quantification

GABApre/vGIuT1 synaptic number counts were performed using Leica LASAF software
plug-in (version 2.6.0.7266) on z stacks (0.3 um optical sections) obtained on a Leica TCS
SP5 confocal. At least three mice per genotype were analyzed and 99 vGIuT1°N sensory
afferent terminals were counted per animal. Sensory afferent terminal number, volume, and
GABApre fluorescence intensity were analyzed in the 3D image analysis program Imaris.
Statistics on Imaris data were performed in MATLAB. Differences between WT/control and
mutant mice were determined one-way nested ANOVA unless otherwise indicated, with p >
0.05 not significant, **p < 0.01, and ****p < 0.0001. We used box-and-whisker plots where
individual data points are either images or synapses within images and scatterplots where
data points are individual animals. Data are reported as mean + SD.

Candidate Screen

Spinal cords were removed from three p6 Gad65:N*>GFP mice, embedded in UltraPure
L.M.P. agarose (Invitrogen), and vibratome-sectioned at 300 pm. The dorsal, intermediate,
and ventral regions were then dissected from each section and flash-frozen on dry ice. RNA
was obtained by Trizol extraction and run on an Affymetrix Mouse Genome 430 2.0 Array.
Gene expression data were analyzed using the BioConductor suite of tools (http://
www.bioconductor.org) in R statistical language (http://www.r-project.org). The data were
normalized using standard gcrma function. For each group comparison, differentially
expressed genes were sought using limma package with a p value cutoff of 0.05 (adjusted
for multiple hypothesis testing) and fold changes of 2. Pathway analysis was done using the
functional annotation tool DAVID (https://david.ncifcrf.gov).
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Positional Analysis

Probability densities of tdTomato-positive (tdTomato®N) cell body position were calculated
in e18.5 Prf1acre; R26/Tomato empryos following TM injection at €9.5 and e12.5. Positional
coordinates of tdTomato®N cell bodies were obtained using software developed in the
laboratory (Russ et al., 2013). The positional coordinates were then processed in R statistical
language using the kde2d function from the MASS package. Further computation and
graphical display were performed in R using the hexabin package (https://cran.r-
project.org/web/packages/hexbin/index.html).

Proprioceptive Sensory Neuron Quantification

Confocal images of DRG sections were evaluated by eye by two separate counters, with the
counter blind to genotype. Cells expressing both parvalbumin and Runx3 were counted as
proprioceptors. Statistics were generated using repeated-measures two-way ANOVA to
compare any effects due to genotype and counter using Prism statistical software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Developmental lineage analysis localizes GABApre neurons to intermediate
spinal cord

Microarray screen identifies genes expressed in the GABApre population

Dystonia-related genes K/h/14and Torlaare expressed in the GABApre
population

Dystonia-causing 7orZa mutation DytIAE alters GABApre-sensory
connectivity
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Figure 1. Late Ptfla Expression Labels GABApre Neurons
(A) Ptfla expression timeline and tamoxifen (TM) injection paradigm.

(B) tdTomato®N cells in the dorsal-intermediate spinal cord of Ptf1aC"e; R26/70malo mice at
e18.5.

(C) tdTomato®N (red) boutons on vGIuT1ON (blue) sensory afferent terminals in the ventral
horn (lamina IX) of p21 Ptf1a¢"e; R26MTomato mice,

(D and E) tdTomato®N (red) boutons on vGIuT19N (blue) sensory afferent terminals in
lamina IX of Ptf1ac": R26/70malo mice co-express GABApre synaptic markers GAD65
(green, D) and GADG67 (green, E).

(F) tdTomato®N cells in the dorsal spinal cord of €9.5 TM-injected Pif1aCeER; pogtdTomato
mice at e18.5.

(G-1) No ventral tdTomato®N projections in 9.5 TM-injected Ptf1a¢"e; R26/70malo mice at
p21 (G). No tdTomato co-expression with GABApre bouton markers GADG65 (green, H) and
GADSG67 (green, ).
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(J) tdTomatoON cells in the intermediate spinal cord of e12.5 TM-injected Ptf1a“"eER;
R261970malo mce at e18.5.

(K-M) tdTomato®N (red) boutons project into the ventral spinal cord (K) in e12.5 TM-
injected Prf1ace; R2617T0malo mice at p21 and express GABApre synaptic markers GAD65
(green, L) and GADG67 (green, M).

(N—P) Distribution plots of tdTomato®N neurons in three Ptf1ac"e: R2670mato (N, six 9.5
TM-injected Ptf1aCreER - R26tTomato (O) and three e12.5 TM-injected Ptf1aCTeER -
R26tdTomato mice (P) at e18.5. Numbers represent absolute tdTomato©N neuronal counts.
Scale bars in (B), (F), and (J) represent 100 um; scale bars in (C), (G), and (K) represent 3
um; scale bars in (D), (E), (H), (1), (L), and (M) represent 1 mm.
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Figure 2. Screen for Novel Genes Expressed in the Intermediate Spinal Cord
(A) To find genes enriched in the intermediate spinal cord, gene expression levels were

compared between dissected dorsal (D), intermediate (1), and ventral (V) spinal cord regions
at p6 (see inset). Genes with significant (p < 0.05) and 2-fold or greater expression changes
(268 genes) are graphed as a scatterplot comparing intermediate versus ventral (y axis) and
intermediate versus dorsal (x axis) spinal regions. Genes that are upregulated in the
intermediate region in both comparisons are in quadrant 1 (Q1, red, 61 genes); genes that are
differentially expressed in both comparisons are in quadrants 2, 3, and 4 (Q2, Q3, and Q4,
black, 207 genes); and genes that are differentially expressed in either comparison are gray
(1,720 genes). Both Gad2and Ki/hl14 are upregulated in the intermediate region (Q1).

(B) Functional classification of the 61 genes upregulated in both comparisons identified four
main functional families and many other genes of unknown function or classification.

(C) Analyzing in situ hybridization data from the Allen Institute for Brain Science further
restricted the 61 candidates to 11 genes (including K/A/14) that showed specific expression
in the intermediate spinal cord.
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Figure 3. KIhl14 Expression in Spinal Inhibitory Interneurons
(A-E) Kihl14transcript expression at €18.5 (A), p5 (B and D, red arrows), and p10 (C).

There is no K/hl14 expression in DRG (D, black arrow). Dotted line in (D) depicts midline.
K1hl14 expression is absent in e18.5 Ptfla mutant (Ptf1aC™/C®) spinal cords (E).

(F) Kihl14transcript co-expression with fluorescently labeled GFPON (green) neurons in the
intermediate spinal cord of Ptf1a"e: Thy1YFF mice at p5.

(G) Density plots of combined in situ and immunolabeling showing that at e18.5, Gad?
(blue) expressing Ptfla-derived cells in €12.5 TM-injected Ptf1aCeER; pogtdTomato mice
settle in the intermediate spinal cord (n = 159 cells, three mice). K/h/14 (red) expressing
Ptfla-derived cells in €12.5 TM-injected Ptf1aCeER; R261dTomalo mice settle in the
intermediate spinal cord (n = 183 cells, three mice; see also Figures S2A-S2C). Ten to 20
sections per animal were analyzed and plotted in the same graph. GadZ (blue) and K/h/14
(red) expression patterns in late Ptfla-derived cells overlap.

Scale bars in (A), (B), and (E) represent 100 um; scale bars in (C) and (D) represent 100 pm;
scale bar in (F) represents 50 um.
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Figure 4. Normal GABApre Neuron Number in Dyt1AE Mice
(A and B) tdTomato®N (red) neurons in the intermediate spinal cord of Ptf1aC"e: R26dTomato

mice. Torla (green, B) expression in tdTomato®N (red, A and B) neurons in Ptf1ac"e;
R26%Tomato mice at p5.

(C and D) tdTomato®N cells in Ptf1aC" - R26"70mato control (C) and Ptf1acre; R26dTomato-
DytIAE (D) mice at p21. Red lines indicate approximate location of GABApre neurons.
(E) The number of putative GABApre neurons is normal in DytIAE mice compared with
controls.
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Scale bars in (A) and (B) represent 100 um; scale bars in (C) and (D) represent 200 um. Data
are reported as mean + SD.
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Figure 5. Abnormal GABApre Circuit Organization in Dyt1AE Mice
(A) Torla (red) is expressed in parvalbumin (Pv)-positive (green) proprioceptive sensory

neurons in p6 DRG.
(B) The relative number of proprioceptive sensory neurons per DRG is unchanged between
control (white) and DytZAE mice (black).
(C and D) Increased sensory afferent terminal density (C) and decreased volume (D) are
seen in DytIAE mice compared with controls at p21.
(E) Histogram showing increased numbers of smaller volume sensory afferent terminals in
DytIAE at p21 (control, white; DytIAE, black; overlap, gray).
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(F) Schematic showing sensory neuron (SN) terminals express vGIuT1 and are adjacent to
Shankla on motor neurons (MNs). GABApre boutons express GAD65, GADG67, and Sytl.
(G and H) vGIuT1°N (blue) sensory afferent terminals are adjacent to Shankla (red) in WT
(G) and Dyt1AE mice (H) at p21.

(1 and L-M’) Fewer GAD65°N (green)/GAD67CN (red) GABApre boutons (yellow) on
vGIuT1ON (blue) sensory afferent terminals in p21 DytIAE mice (M and M”) compared
with WT mice (L and L"). Compiled average number of GAD65°N/GAD67°N GABApre
boutons on vGIuT1ON sensory afferent terminals is reduced by 20.3% in Dyt1AE mice (1).
(J and N-O") Fewer GAD65CN (green)/GAD67°N (red) GABApre boutons (yellow) on
vGIuT1ON (blue) sensory afferent terminals in 6-month-old DytIAE animals

(O and O”) compared with WT mice (N and N”). Compiled average number of GAD65°N/
GAD679N GABApre boutons on vGIUT19N sensory afferent terminals is reduced by 27.4%
in Dyt1AE mice (J).

(K) Histogram showing a shift in the ratio of GABApre boutons per vGIuT1 terminal toward
fewer GABApre/vGIuT1 in DytIAE mice at p21 (control, white; DytIAE, black; overlap,
gray).

(P and Q) Fluorescence intensity of GAD67 (P) and Sytl (Q) is unchanged in DytIAE mice
at p21.

Scale bar in (A) represents 50 pm; scale bars in (G) and (H) represent 1 um; scale bars in
(L)-(M") represent 1 um. Data are reported as mean + SD.
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