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Abstract

Proprioceptive sensory signals inform the CNS of the consequences of motor acts, but effective 

motor planning involves internal neural systems capable of anticipating actual sensory feedback. 

Just where and how predictive systems exert their influence remains poorly understood. We have 

explored the possibility that spinocerebellar neurons that convey proprioceptive sensory 

information also integrate information from cortical command systems. Analysis of the circuitry 

and physiology of identified dorsal spinocerebellar tract neurons located in Clarke's column mouse 

spinal cord reveals distinct populations of Clarke's column neurons that receive direct excitatory 

and/or indirect inhibitory inputs from descending corticospinal axons. The convergence of these 

descending inhibitory and excitatory inputs to Clarke's column neurons establishes local spinal 

circuits with the capacity to mark or modulate incoming proprioceptive input. Together, our 

genetic, anatomical, and physiological studies provide evidence that Clarke's column 

spinocerebellar neurons nucleate local spinal corollary circuits of relevance to motor planning and 

evaluation.

Introduction

The coordination of movement depends on proprioceptive sensory signals which convey the 

state of muscle activity and body position to motor command centers within the central 

nervous system1. Proprioceptive afferent input from the limbs is relayed to cortical motor 

centers along diverse ascending relay pathways, the most prominent of which engages the 

spinocerebellar system2–4. In mammals, there are a dozen or so distinct classes of 

spinocerebellar neurons5, each assigned to discrete aspects of somatosensory and motor 

processing4,6. Proprioceptive sensory signaling from the hindlimb is relayed primarily by a 

set of dorsal spinocerebellar (dSC) tract neurons that occupy a discrete thoracic and lumbar 

nucleus called Clarke’s column7,8. Although the sensory relay properties of Clarke’s 

column have long been appreciated9, the possibility that this set of spinocerebellar neurons 
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has additional integrative functions in spinal sensory processing has not been explored in 

detail.

Proprioceptive sensory information of peripheral origin provides one crucial conduit to the 

motor system, but there is now emerging evidence that motor systems have the additional 

capacity to generate internal predictions of the sensory consequences of motor acts10,11. 

Predictive signals have been argued to provide cortical motor centers with rapid updates 

about planned actions, helping to obviate delays incurred when proprioceptive feedback is 

activated from the periphery12,13. Cortically-derived predictions may also be used to negate 

the sensory consequences of self-generated movements, fine-tuning the motor system to 

unanticipated sensory events14. Such predictions are thought to be generated by activating 

corollary pathways which map directly onto sensory processing streams10,11. The 

cerebellum and cerebral cortex have traditionally been invoked as sites for the convergence 

of cortical corollary and sensory feedback pathways involved in internal motor 

predictions15,16, although the local circuitry underlying convergence in these regions is 

obscure.

The likely existence of distributed sites for supraspinal convergence of motor corollary and 

sensory feedback pathways prompted us to consider whether corollary convergence might 

also occur at earlier steps in the proprioceptive processing pathway, perhaps even in the 

spinal cord. Intriguingly, prior studies of cutaneous sensory coding are consistent with the 

notion that corollary pathways intersect at early steps of spinal sensory processing17. In 

addition, physiological studies in the cat by Hongo and coworkers provided evidence that 

dSC tract neurons can be activated by stimulation of descending cortical tracts18,19. These 

studies revealed that stimulation of descending corticospinal fibers can result in transient 

excitation followed by prolonged inhibition of dSC tract neurons18,19, although the 

particular subclass of spinocerebellar neurons was not determined. The issue of whether and 

how the output of Clarke’s column neurons is shaped by cortical input therefore remains 

unclear.

To explore the possibility of a spinal focus for convergent cortical corollary and 

proprioceptive sensory feedback pathways, we have used a combination of molecular 

genetic, anatomical, and physiological approaches to map the circuitry and integrative 

functions of identified Clarke’s column neurons in the mouse spinal cord. Our anatomical 

and functional findings reveal that dSC relay neurons in Clarke’s column integrate cortical 

excitatory and inhibitory inputs in a manner capable of mimicking and suppressing 

proprioceptive feedback. Collectively, these studies provide evidence that Clarke’s column 

neurons nucleate a spinal corollary discharge circuit of potential relevance to motor planning 

and its evaluation.

Results

dSC neurons marked anatomically and genetically

To map the organization of Clarke’s column dSC neurons in mice, we injected fluorogold or 

cholera toxin B subunit (CTB) into the cerebellum of post-natal day (p) 5–7 animals and 

monitored the position of retrogradely-labeled neurons at cervical, thoracic, and lumbar 
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levels of the spinal cord. At caudal thoracic and rostral lumbar levels, retrogradely-labeled 

neurons were concentrated in the medial region of dorsal horn lamina VII (Fig. 1a), the 

location of Clarke’s column in other mammals20. In the transverse plane, retrogradely-

labeled neurons were arrayed in an annular pattern that surrounded a neuron-sparse neuropil 

core (Fig. 1a, Supplementary Fig. 1). To define the dendritic organization of this set of dSC 

neurons we injected biocytin into individual fluorogold-labeled neurons. Regardless of their 

‘clock’ position within the annulus, the biocytin-filled dendrites of dSC neurons were 

oriented towards the core of Clarke's column (Fig. 1e, f).

To provide a way of mapping the trajectory and circuitry of the entire population of Clarke’s 

column neurons, we searched for genetic markers that delineate this subset of 

spinocerebellar projection neurons. We found that Clarke’s column dSC neurons can be 

defined by selective expression of the glial derived neurotrophic factor (GDNF) gene21 

(Fig. 1b–d). Endogenous GDNF mRNA, as well LacZ expression in a GDNF::LacZ 

transgenic mouse line22, was detected in identified Clarke’s column neurons, marked 

retrogradely by cerebellar fluorogold or CTB injection (Fig. 1a–c). To trace the projections 

of GDNF-expressing dSC neurons, we analyzed GFP expression in mice generated by 

GDNF::CreERT2 transgenic driver and Tau::loxP.STOP.loxP. myristoylated (m)GFP 

(Tau::lsl. mGFP)23 reporter crosses. After tamoxifen exposure, the axons of GFP-labeled 

Clarke’s column dSC neurons were detected in the ipsilateral dorsolateral funiculus (Fig. 

1g,h) and inferior cerebellar peduncle, and terminated as mossy fibers in the granular layer 

of the cerebellum (Fig. 1i–m). These GFP-labeled axons were segregated into para-sagittal 

stripes within cerebellar lobules I, II, III, and VIII (Fig. 1k), consistent with the known 

organization of dSC projections24. As with biocytin injection, GFP-labeled dendrites of 

GDNF-expressing dSC neurons were confined to the core of Clarke’s column (Fig. 1g,h; 

Supplementary Fig. 1). Thus GDNF expression defines Clarke’s column dSC neurons, 

distinguishing them from other dorsal and ventral spinocerebellar projection neurons.

dSC neurons integrate proprioceptive and descending input

We next used anatomical and physiological methods to determine whether Clarke’s column 

dSC neurons receive input from cortical descending as well as proprioceptive sensory 

pathways.

A Parvalbumin (Parv)::GFP bacterial artificial chromosome (BAC) transgenic line25 was 

used to map the intraspinal projections of proprioceptive axons26. At caudal thoracic and 

rostral lumbar levels of the spinal cord proprioceptive axonal projections were concentrated 

in the vicinity of Clarke’s column dSC neurons (Fig. 2a). We found that all fluorogold-, 

CTB- or GDNF-labeled dSC neurons were contacted by Parv+ axons labeled in Parv::GFP 

mice, and that that all Parv+ boutons on dSC neurons co-expressed vesicular glutamate 

transporter-1 (VG1), confirming their sensory synaptic status (Fig. 2b). The vast majority of 

GFP+, VG1+ bouton contacts was located on the dendrites of dSC neurons, within the core 

of Clarke’s column (Fig. 2b). In addition, >95% of sensory contacts with Clarke’s column 

dSC neurons, defined by trans-ganglionic transport and accumulation of CTB after hindlimb 

injection, co-expressed Parv and VG1 (Supplementary Figs. 2–5); an indication27 that 

almost all direct sensory inputs to dSC neurons derive from proprioceptive afferents.
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To determine the functional consequences of proprioceptive input, we recorded from 

identified dSC neurons in hemisected p8–15 mouse spinal cord preparations (Fig. 3e). 

Patch-clamp recordings from retrograde fluorogold-labeled dSC neurons at T6 to L2 levels 

revealed that 56% (47/84) of dSC neurons exhibited excitatory responses to low-threshold 

stimulation of L4 or L5 dorsal roots (Fig. 3a). Excitatory synaptic potentials recorded from 

individual dSC neurons exhibited short latencies and low variation in onset time (Fig. 3a, 

coefficient of variation < 0.05), an indication of their monosynaptic origin. Moreover, dorsal 

root stimulation elicited action potentials in 84% of responsive dSC neurons (Fig. 3b). Since 

our anatomical studies revealed that all dSC neurons are contacted by proprioceptive 

sensory terminals, we presume that the non-responsive dSC population do in fact receive 

sensory input from afferent axons that enter the spinal cord through other, unstimulated, 

lumbosacral roots.

To determine whether dSC neurons also receive input from corticospinal axons we first 

analyzed the spinal cord of Emx1::GFP BAC transgenic mice in which axons of cortical 

origin are marked selectively28. At thoracic and rostral lumbar spinal levels, GFP+ axons 

were restricted to the ventral-most aspect of the dorsal funiculus (Fig. 4a) and gave rise to 

collateral projections that terminated in the vicinity of Clarke’s column (Fig. 4a). In 

Emx1::GFP mice, GFP+ terminals were observed in contact with the cell bodies of about 

half of all labeled dSC neurons, and many of these GFP+ terminals expressed PKC-γ, a 

marker selective for corticospinal axons29 (Fig. 4b; Supplementary Fig. 1). Within the dSC 

annulus we detected a marked asymmetry in the pattern of corticospinal input: dSC neurons 

that occupied a dorsomedial position within the annulus received a 12-fold greater density of 

GFP+, VG1+ terminal contacts than did dSC neurons in a ventrolateral position, which were 

contacted by few if any corticospinal axons (Fig. 4a,c; Supplementary Fig. 1). These 

observations provide anatomical evidence that a subset of Clarke’s column dSC neurons in 

receipt of proprioceptive sensory input are also contacted by the terminals of corticospinal 

neurons.

To assess the function of these corticospinal inputs we analyzed the response of fluorogold-

labeled Clarke’s column dSC neurons to focal stimulation of corticospinal axons present in 

the ventral-most aspect of the dorsal columns, at cervical levels. A series of control 

anatomical and physiological experiments indicated that dSC neuronal responses to dorsal 

column stimulation reflect input from corticospinal rather than sensory or spinal neurons 

(see Supplementary Results and Supplementary Figs. 2–5). Dorsal column stimulation 

elicited monosynaptic excitatory synaptic responses in ~65% (54/84) of dSC neurons (Fig. 

3c). Dorsal column-evoked excitatory input was sufficient to trigger action potentials in 

~70% of this set of dSC neurons (Fig. 3d), an indication of the efficacy of corticospinal 

excitatory drive to these neurons. Moreover, dorsal column-evoked excitatory synaptic 

responses in dSC neurons were blocked by combined exposure to AMPA and NMDA 

receptor antagonists (CNQX and AP5 respectively, data not shown), establishing their 

glutamatergic status.

We also examined directly whether, as implied by the summed incidence of corticospinal 

and proprioceptive synaptic potentials, individual Clarke’s column neurons receive 

convergent input from these two neuronal classes. Analysis of dSC responses revealed that 
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synaptic responses to dual dorsal column and dorsal root stimulation were detected in ~55% 

of sampled dSC neurons, independent of input order or inter-stimulus interval (Fig. 3f). 

Together, these anatomical and physiological studies indicate that a subset of dSC neurons, 

presumably those in a dorsomedial annular position, integrate proprioceptive sensory and 

corticospinal inputs.

Cortically-evoked inhibitory input to dSC neurons

These anatomical and physiological analyses also provided evidence for cortically-evoked 

inhibitory inputs to Clarke’s column neurons. Fluorogold-labeled, and GDNF-expressing, 

dSC neurons were contacted by glutamate decarboxylase 67 (GAD67)+, GABAergic (Fig. 

5d,e), and glycine transporter 2 (GlyT2)+, vesicular inhibitory amino acid transporter 

(VIAAT)+ glycinergic boutons (Fig. 5f). Inhibitory synaptic inputs were detected on dSC 

neurons at all annular positions. The source of these inhibitory boutons remains unclear, but 

we did observe a high density of neurons expressing GAD65, GAD67 (GABAergic) and 

GlyT2 (glycinergic) in the regions of the intermediate spinal cord surrounding Clarke’s 

column (Fig. 5a). Furthermore, we found that many peri-dSC GABAergic inhibitory 

neurons, marked by GFP expression in GAD65::GFP transgenic mice30, received dense 

innervation from VG1+, PKC-γ+ corticospinal terminals (Fig. 5b,c).

Consistent with these anatomical findings, we found that dorsal column stimulation evoked 

long-lasting IPSPs in many fluorogold-labeled dSC neurons (Fig. 6a; decay time constant 92 

+/− 39 ms; mean +/− standard deviation; n=8 neurons). Overall, 62% of Clarke’s column 

dSC neurons exhibited inhibitory synaptic responses to dorsal column stimulation; with 

about half of these exhibiting IPSCs alone, and half showing monosynaptic excitatory input 

prior to inhibition (Fig. 6a,d). IPSPs recorded from dSC neurons were blocked by exposure 

to both bicuculline and strychnine (Fig. 6b), but were only partially inhibited after 

application of each antagonist alone, indicating the involvement of both GABAergic and 

glycinergic inhibitory inputs. In addition, we found that dorsal column stimulation-evoked 

IPSPs were blocked by the AMPA receptor antagonist CNQX (Fig. 6c), indicating that the 

inhibitory interneurons that act on dSC neurons are themselves activated by corticospinal 

input.

The microcircuitry of Clarke’s column led us to examine the influence of cortically-

activated inhibitory inputs on dSC neuronal responses to sensory stimulation. In the 

population of dSC neurons that received exclusively inhibitory input, dorsal root-evoked 

action potentials could be suppressed for ~100 ms following a single conditioning stimulus 

applied to the dorsal columns (Fig. 7a, 7/7 neurons examined). Similarly, for the set of dSC 

neurons that exhibited dual excitatory and inhibitory synaptic responses, a single stimulus 

applied to the dorsal column impaired the ability of sensory stimulation to elicit action 

potentials (Fig. 7b; 8/8 neurons). Thus, descending corticospinal axons can also suppress 

dSC neuronal responses to proprioceptive sensory input through the recruitment of local 

inhibitory interneurons.

Corticospinal and proprioceptive sensory inputs to dSC neurons exhibited an additional 

inhibitory interaction. In a small subset of dSC neurons that received direct sensory and 

cortical excitatory inputs in the absence of accompanying IPSPs, dorsal column stimulation 
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was found to reduce, by ~ 80%, the probability of dorsal root-evoked action potentials (Fig. 

7c). This dorsal column-evoked suppression of sensory responses was blocked by exposure 

to bicuculline and strychnine, despite the lack of detectable IPSPs in these dSC neurons 

(Fig. 7c). This IPSC-independent inhibitory influence was evident over a period of 50 to 

1000 ms, a duration consistently longer than that evoked by post-synaptic inhibition of dSC 

neurons. One potential substrate for this sustained inhibitory influence is the cortical 

recruitment of interneurons that exert pre-synaptic inhibitory control of proprioceptive 

sensory afferent input7,17,31. In support of this possibility, we observed that GFP+, VG1+ 

proprioceptive sensory terminals detected on dSC neurons in Parv::GFP mice were 

frequently contacted by GABAergic boutons that co-expressed GAD65 and GAD67 (Fig. 

5g) – a cytochemical hallmark of pre-synaptic inhibitory terminals on proprioceptive 

sensory afferents in the ventral region of mouse spinal cord32. Thus, activation of 

corticospinal pathways appears to elicit both pre- and post-synaptic inhibition of 

proprioceptive input to Clarke's column dSC neurons.

Discussion

Our findings show that Clarke’s column dSC neurons represent a focal target for the 

convergence of descending cortical and sensory afferent pathways, nucleating spinal 

microcircuits with the potential to predict and modulate proprioceptive feedback signals. 

Prior physiological studies by Hongo and coworkers have provided evidence for both rapid 

excitation and prolonged inhibition of dSC neurons by descending corticospinal 

projections18,19. Our findings are in general agreement with these earlier in vivo studies, 

although it is worth emphasizing that Hongo’s analysis did not establish the direct nature of 

cortically-evoked excitation. Nor were Clarke’s column neurons distinguished from other 

classes of dSC neurons. In fact, the most complete physiological description of dSC 

neuronal activity and input characteristics was obtained at caudal lumbar segmental levels, a 

region devoid of Clarke’s column neurons18,19. At these caudal levels, dSC neurons are 

known to receive prominent direct input from cutaneous sensory afferents6, which contrasts 

with the nearly pure proprioceptive sensory origin of direct input to Clarke's column 

neurons. Thus, our findings provide clear evidence for cortical regulation of the activity and 

output of identified Clarke’s column dSC neurons. When taken together with Hongo’s 

findings, they suggest a common strategy for descending cortical control of distinct 

subclasses of dSC neurons.

Our findings also invoke the existence of distinct classes of Clarke’s column dSC neurons. 

Neurons positioned within the dorsomedial sector of the Clarke’s column annulus can be 

distinguished from their ventrolateral counterparts by synaptic bouton contacts from 

corticospinal axons. We presume that these neurons represent the set of physiologically-

defined dSC neurons that exhibit excitatory responses to dorsal column stimulation. In 

addition, dSC neurons throughout the annulus receive dense input from GABAergic and 

glycinergic inhibitory interneurons, providing a plausible anatomical substrate for the 

prominent inhibitory responses elicited in most dSC neurons by dorsal column stimulation. 

Some dSC neurons nevertheless exhibited exclusively excitatory responses to dorsal column 

stimulation, raising the possibility that the inhibitory boutons that contact some, presumably 

dorsomedial, dSC neurons derive from interneurons that lack corticospinal input. The 
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existence of three distinct synaptic arrangements on dSC neurons hints at the operation of 

multiple channels for proprioceptive processing within Clarke’s column (Supplementary 

Fig. 6a).

Our anatomical analysis of excitatory synaptic terminals on Clarke’s column dSC neurons 

revealed a vast predominance of VG1- over VG2-labeled boutons, and the coexpression of 

Parv by essentially all VG1+ boutons. This synaptic phenotype implies that virtually all 

sensory inputs to this set of dSC neurons derive from proprioceptors -- an unanticipated 

finding when considered from the perspective of physiological studies arguing that dSC 

neurons serve as sensory monitors of limb position through the convergence of diverse 

cutaneous and proprioceptive sensory signals. One way of reconciling our findings with 

prior observations is to invoke the idea that the influence of cutaneous sensory input on the 

integrative sensory properties of Clarke’s column dSC neurons is achieved indirectly, via 

intermediary interneuronal pathways.

The functional circuitry of dSC neurons uncovered through our physiological analysis of 

dorsal column inputs provides evidence that Clarke’s column serves an integrative role well 

beyond that of a simple sensory relay nucleus. The existence of strong excitatory cortical 

inputs to a subset of dSC neurons provides a potential intraspinal pathway for the transfer of 

descending cortical commands onto a sensory relay system destined for the cerebellum 

(Supplementary Fig. 6a–i,ii). These cortically-derived signals appear well-suited to deliver 

predictions of the sensory consequences of motor acts, anticipating peripherally-derived 

sensory feedback. The cortically-evoked inhibitory responses detected in dSC neurons 

typically persist for 100msec or more, a period which spans the temporal delay incurred 

through peripheral routing of proprioceptive sensory feedback33. These findings argue in 

favor of an independent function for descending cortical commands in suppressing or 

modulating the impact of activation of dSC neurons by proprioceptive sensory feedback 

(Supplementary Fig. 6a–iii). The origin of dorsal column inputs to Clarke’s column dSC 

neurons, from motor and/or somatosensory cortical areas, remains to be resolved.

The functions invoked for Clarke’s column dSC neurons in the regulation of proprioceptive 

sensory processing share certain features in common with the integrative properties of 

ventral spinocerebellar (vSC) tract pathways. Physiological studies have shown that vSC 

tract neurons receive inputs from sensory, local and descending axons that mirror those 

converging on spinal motor neurons34,35. One major role of the vSC tract therefore appears 

to be to relay a corollary copy of inputs to spinal motor neurons directly to supraspinal 

processing centers36. By analogy, our findings imply that dSC neurons might serve a similar 

corollary function, with the notable difference that information conveyed via the Clarke’s 

column pathway reports on anticipated proprioceptive input, rather than on imminent motor 

output. In turn, these considerations pose the downstream problem of how the cerebellum 

integrates inputs from multiple spinocerebellar signaling streams. In recent genetic tracing 

studies (AWH and TMJ, data not shown) we have found that the terminals of dSC and vSC 

axons converge on the same cerebellar folia, and are frequently be found in proximity to the 

same granule neuron, suggesting that cerebellar processing involves the convergence of 

spinal inputs onto a common granule cell target.
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Intriguingly, the intraspinal circuitry for cortically-mediated inhibition of dSC signaling 

exhibits an organization that conforms to that of an insect corollary discharge circuit 

employed in the cancellation of self-generated auditory stimuli37. Mammalian and 

arthropod circuits both rely on the activation of interneurons that exert pre-synaptic 

inhibition of sensory afferent input, as well as post-synaptic inhibition of a primary central 

relay neuron. The additional, predictive, role of dSC neurons uncovered in our studies may 

be more akin to the corollary activities observed the sensory processing centers of higher 

mammals12,38. In the mouse, the molecular delineation of dSC neurons opens the way for 

future genetic manipulation of neuronal elements in this spinal corollary circuit.

Traditionally, corollary discharge circuits involved in motor planning have been assigned to 

pontocerebellar and intracortical pathways15,16, raising the further question of the merits of 

constructing intraspinal circuits with similar design features (Supplementary Fig. 6b). A 

spinally-focused corollary circuit will inevitably incur slightly greater temporal delays than 

its supraspinal counterparts. But, by way of compensation, it affords descending cortical 

systems direct access to a selective sensory channel, in principle permitting early and 

effective anticipation or cancellation of the proprioceptive consequences of movement.

Methods

Retrograde neuronal labeling

Retrograde labeling of spinal cord neurons projecting to the cerebellum was performed as 

described40 using both fluorogold (Fluorochrome, LLC) and CTB (Vector Laboratories, 

Inc.) tracers with a minimum of 3 days of transport. Mice (p5–7) were subjected to 

hypothermic anesthesia, the skin covering the skull was cleaned, 500 nl of retrograde label 

was delivered to the cerebellum using a PB600 repeating dispenser (Hamilton Co.) with a 26 

gauge needle, the needle was slowly retracted, the surface of the head recleaned, the animal 

warmed and returned to its cage. The needle was manually guided into the cerebellum and 

the injection site was evaluated by examining residual tracer at the injection site and by the 

pattern of retrograde labeling.

In situ hybridization histochemistry

Probes for in situ hybridization detection of GDNF, GAD65, GAD67 and GlyT2 mRNA 

were generated using PCR and TOPO cloning (Invitrogen Co). In situ hybridization 

histochemistry was performed on cryostat sections (20 µm). For dual label in situ 

hybridization histochemistry and retrograde labeling, spinal cord sections were cut, each 

section registered, fluorogold-labeling photographed at two different magnifications, 

sections hybridized with GDNF probe, resulting hybridization signal photographed, and 

images of fluorogold and hybridization label superimposed.

LacZ staining

LacZ activity was visualized using a standard X-Gal staining protocol. GDNF::LacZ mice 

were perfused with 4% paraformaldehyde and post-fixed for a maximum of 3h. Spinal cord 

tissue was hemisected or transversely sectioned (100 µm) with a vibratome.

Hantman and Jessell Page 8

Nat Neurosci. Author manuscript; available in PMC 2011 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biocytin-labeling and electrophysiology

Biocytin-labeling and electrophysiology were performed as described41. Fluorogold was 

injected 3 or more days prior to biocytin-labeling and electrophysiology. Animals were 

decapitated, the vertebral column removed, and a laminectomy performed. After removal of 

the dura, lumbar dorsal roots were cut proximal to the dorsal root ganglia, and the spinal 

cord was cut along the ventral midline to the dorsal columns. The spinal cord was removed 

from the vertebral column, incubated in artificial cerebrospinal fluid [(in mM): 125 NaCl, 26 

NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 2 CaCl2, 1 MgCl2, 0.4 ascorbic acid, 2 pyruvate, and 26 

D-glucose, and equilibrated with 95% O2 and 5% CO2] for 1 hr, and then positioned in a 

chamber (Warner Instruments, LLC). A lumbar dorsal root (L4 to L6) was drawn into a 

suction electrode and a concentric bipolar electrode (FHC, Inc.) was positioned with a 

micromanipulator (MP-285, Sutter Instruments Co.) on the ventral aspect of the dorsal 

column in cervical spinal cord. To selectively stimulate cortical axons, the corticospinal tract 

was mapped using GFP fluorescence in hemisected preparations from Emx-1::GFP 

transgenic mice. This position was identified in non-GFP expressing tissue using infrared-

differential interference contrast (IR-DIC) imaging.

Electrophysiological experiments were performed on hemisected spinal cord preparations of 

p10–15 mice, at room temperature. Fluorogold-labeled dSC neurons, revealed by 

fluorescence and IR-DIC imaging, were selected from T6–L2 spinal levels. This ensured a 

minimum six segment separation between the dorsal column stimulation electrode and the 

recording site. Whole-cell, patch-clamp recordings (internal pipette contents in mM: 130 

potassium gluconate, 5 NaCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 4 Na2ATP) were obtained 

from fluorogold-labeled dSC neurons with resting membrane potentials < −50 mV. Evoked 

responses were assayed (MultiClamp 700B; MDS, Inc.) from graded stimulation (S88 Grass 

stimulator; Astro-med, Inc.) through the suction electrode (dorsal roots, sensory axons) or 

the concentric bipolar electrode (dorsal column, corticospinal tract). Pharmacological 

experiments were performed by adding drugs (Sigma Aldrich Co.) to the superfusate. For 

biocytin-labeling, spinal tissue containing biocytin-filled neurons were fixed for a minimum 

of 12h and processed for immunohistochemistry.

Tamoxifen injection

To induce Cre recombination and mGFP expression in dSC neurons, tamoxifen (0.5 to 1mg, 

Sigma Aldrich Co.) was injected intraperitoneally in ~ 5g, p5–7 mice and the tissue 

harvested 3–7 days after injection. Tamoxifen ([10 mg/ml], Sigma Aldrich Co.) was 

dissolved in sesame oil (Sigma Aldrich Co.) and ethanol, at 37°C.

Immunohistochemistry

Immunohistochemistry was performed on cryostat and vibratome sections through 

sequential exposure to primary antibodies and fluorophore-conjugated secondary antibodies 

(Jackson Immunoresearch, Inc). Vibratome sections (80–250 µm) were incubated in primary 

antibodies for 3 days at 4° C and secondary antibodies for 1 day at 4° C.
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Confocal microscopy

Confocal images were taken with a LSM 710 microscope (Carl Zeiss, Inc.) with a motorized 

stage to facilitate the creation of montage images. Configurations for high-magnification 

images were set for thick vibratome sections of cerebellum. Stage x-y coordinates covering 

the entire specimen were determined and the Zeiss Multi-time macro was used to assemble 

montage high-resolution images.

Mice

We used p10–p21 Parv::GFP and Emx1::GFP mice to map proprioceptive (Parv) and 

cortical (Emx1) inputs to retrogradely- or genetically-labeled dSC neurons. Mice used in this 

study: GDNF::LacZ mice22, GDNF::CreERT2 a generous gift from Frank Costantini (to be 

described in a later publication), GAD65::GFP30, Parv::GFP25, Emx1::GFP (MMRRC-

GENSAT), Emx1::Cre39, Parv::Cre and Tau::lsl. mGFP23. Procedures performed in this 

study were approved by the Institutional Animal Care and Use Committee of Columbia 

University.

Antibodies

Antibodies used: goat and chick anti-LacZ from Biogenesis Ltd and Abcam, Inc.; rabbit and 

chick anti-GFP from Invitrogen Co. and Aves Lab, Inc.; rabbit and guinea pig anti-VG1 

from Synaptic Systems GmH and 32; mouse and rabbit anti-GAD67 from Chemicon, Inc. 
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Figure 1. Anatomic and genetic characterization of post-natal mouse dSC neurons
(a) Location of thoracic spinal neurons retrogradely-labeled from cerebellum with 

fluorogold (FG). Clarke’s column marked by arrowhead; inset, high-magnification of FG in 

Clarke’s column. (b) GDNF mRNA expression in thoracic spinal cord (inset, GDNF 

expression in Clarke’s column of a inset). A small group of retrogradely-labeled, GDNF-

expressing neurons are also found in the deep dorsal horn. (c) LacZ activity in GDNF::LacZ 

spinal cord (inset, co-labeling of LacZ and retrograde fluorogold label from the cerebellum 

in Clarke’s column). (d) Upper, GDNF neurons along the rostral-caudal axis (C, cervical; T, 

thoracic; L, caudal lumbar). Lower, summary of dSC distribution. High density in caudal 

thoracic levels; low density in rostral thoracic; and absent in cervical, caudal lumbar, and 

sacral (not shown) levels. (e) Morphology of a biocytin-filled, fluorogold+ dSC neuron in a 

transverse section (inset, low-magnification image; scale bar, 25µm) and (f) in a sagittal 

section (arrow marks axon; scale bar, 50µm). (g), Morphology of GDNF::CreERT2, 

Tau::lsl. mGFP+ dSC neurons (arrow marks axon) in a transverse section and (h) in a 

sagittal section (arrow marks axon; inset, horizontal spinal section of dorsal lateral 

funiculus). Scale bars g,h; 25µm. i, GDNF::CreERT2, Tau::lsl. mGFP+ dSC axons in a 

sagittal section of cerebellum. (j) Magnified image of GDNF::CreERT2, Tau::lsl. mGFP+ 

dSC axons of lobule VIII of i. (k) GDNF::CreERT2, Tau::lsl. mGFP+ dSC axons in a 
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coronal section of cerebellum. Scale bars i–k, 50µm. (l) VG1 expression in 

GDNF::CreERT2, Tau::lsl. mGFP+ dSC axons. Scale bar, 1µm. (m) Summary of dSC 

anatomy (DRG, dorsal root ganglia).
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Figure 2. Anatomy of proprioceptive inputs to dSC neurons
(a) Low-magnification image of thoracic spinal cord including Parv::GFP+ expressing 

proprioceptor terminals and GDNF::LacZ+ dSC neurons. Scale bar, 50µm. (b) Parv::GFP+ 

expressing proprioceptor terminals on an individual GDNF::LacZ+ dSC neuron (right-top, 

high-magnification image of bracketed area; right-bottom, Parv and VG1 expression of 

bracketed area). Scale bar, 5µm.
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Figure 3. Physiology of proprioceptive and cortical inputs to dSC neurons
(a) 10 dorsal root (blue arrow)-evoked EPSCs in a dSC neuron (inset, expanded time scale 

around response onset). (b) Single dorsal root-evoked EPSP in a dSC neuron, dorsal root-

evoked action potentials were detected in 26/31 neurons. Schematic of sensory (S, blue) 

input to dSC neurons. (c) 10 dorsal column (green arrow)-evoked EPSCs in a dSC neuron 

(inset, expanded time scale around response onset). (d) Single dorsal column-evoked EPSP 

in a dSC neuron, dorsal column-evoked action potentials were generated in 14/20 neurons. 

Schematic of cortical (C, green) input to dSC neurons. (e) Hemisected spinal cord 

preparation. Lumbar (L4–L6) dorsal roots (blue) were stimulated with a suction electrode 

(SE) and cervical dorsal column (green) was stimulated with a concentric bipolar electrode 

(CBE). (f) EPSPs of dSC neurons recorded after dorsal root and dorsal column stimulation 

(inset, reduced interstimulus interval between dorsal root and dorsal column stimulation). 

Schematic of convergence of cortical and sensory inputs on dSC neurons.
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Figure 4. Anatomy of cortical inputs to dSC neurons
(a) Low-magnification image of thoracic spinal cord including Emx1::GFP+ expressing 

corticospinal terminals and GDNF::LacZ+ dSC neurons. Scale bar, 50µm. (b) Emx1::GFP+ 

corticospinal terminals on an individual GDNF::LacZ+ dSC neuron (right-top, high-

magnification image of bracketed area; right-bottom, GFP and VG1 expression of bracketed 

area). Scale bar, 5µm. (c) Organization of Emx1::GFP+ corticospinal terminals with respect 

to location of GDNF::LacZ+ dSC neurons (right-top, magnified image of * bracketed area; 

right-bottom, magnified image of ** bracketed area). Scale bar, 25µm.
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Figure 5. Anatomy of cortically-evoked inhibition of dSC neurons
(a) In situ hybridization of GlyT2, GAD67, and GAD65 probes in thoracic spinal cord (inset, 

magnified image of boxed area). (b) Distribution of Emx1::Cre, Tau::lsl. mGFP+ 

corticospinal terminals39 in thoracic spinal cord. (c) Apposition of PKC-γ+, VG1+ 

corticospinal terminals and GAD65::GFP+ neurons (inset, magnified image of boxed area). 

Scale bar, 5µm. (d) GAD67+ inhibitory inputs on a biocytin-filled dSC neuron. Scale bar, 

50µm. (c) GABAergic (GAD67+) and (f) glycinergic (GlyT2+ and VIAAT+) inhibitory 
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inputs on GDNF::CreERT2, Tau::lsl. mGFP+ dSC neurons. (g) GAD65+ inhibitory 

terminals on Parv::GFP+ proprioceptive terminals in Clarke’s column. Scale bars e–g, 1µm.
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Figure 6. Physiology of cortically-evoked inhibition of dSC neurons
(a) Left, schematic of cortical excitation (green) of an inhibitory input (gray) to dSC 

neurons. Right, 10 dorsal column-evoked IPSPs in a dSC neuron. (b) Pharmacological 

assessment of bicuculline (BIC, GABAA-receptor antagonist, 8 µM) and strychnine (STR, 

glycine-receptor antagonist, 10 µM) action on dorsal column-evoked IPSPs in a dSC neuron 

(each trace is average of 10 trials). (c) Pharmacological assessment of CNQX (AMPA-

receptor antagonist, 10 µM) action on dorsal column-evoked IPSCs of a dSC neuron (each 

trace is average of 10 trials). (d) Left, schematic of cortical excitation (green) and inhibition 
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(gray) of a dSC neuron. Right, 10 dorsal column-evoked EPSCs and IPSCs in a dSC neuron 

(inset, reversal potential of inhibitory component).
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Figure 7. Cortical inhibition of sensory-evoked responses in dSC neurons
Three modes of dorsal column inhibition of dorsal root responses in dSC neurons. (a) Top, 

dorsal column-evoked IPSP in a dSC neuron (inset, longer time scale to show duration of 

inhibition); second, dorsal root-evoked EPSPs in a dSC neuron; third, dorsal root-evoked 

EPSP preceded by dorsal column-evoked IPSP; bottom, dorsal root input preceded by dorsal 

column input at different time intervals. (b) Top, dorsal column-evoked EPSP and IPSP in a 

dSC neuron (inset, longer time scale to show duration of inhibition); middle, dorsal root-

evoked EPSP in a dSC neuron; bottom, dorsal root-evoked EPSP preceded by dorsal 
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column-evoked EPSP and IPSP (inset, longer inter-stimulus interval between dorsal root and 

dorsal column stimulation). (c) Top, dorsal column-evoked EPSP in a dSC neuron; middle, 

dorsal root-evoked EPSP in a dSC neuron; bottom, dorsal root-evoked EPSP preceded by 

dorsal column-evoked EPSP (inset, dorsal root input preceded by dorsal column input in the 

presence of BIC and STR). All traces represent single trials. No IPSPs were detected in this 

cell, even at depolarized holding potentials. These findings are suggestive of a presynaptic 

inhibitory mechanism, which could also occur in neurons exhibiting cortically- evoked 

postsynaptic inhibition.
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