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Abstract

High resolution tract tracing and stereology were used to study the terminal organization of the 

corticospinal projection (CSP) from the ventral (v) and dorsal (d) regions of the lateral premotor 

cortex (LPMC) to spinal levels C5-T1. The LPMCv CSP originated from the post-arcuate sulcus 

region, was bilateral, sparse, and primarily targeted the dorsolateral and ventromedial sectors of 

contralateral lamina VII. The convexity/lateral part of LPMCv did not project below C2. Thus, 

very little LPMCv corticospinal output reaches the cervical enlargement. In contrast, the LPMCd 

CSP was 5X more prominent in terminal density. Bilateral terminal labeling occurred in the 

medial sectors of lamina VII and adjacent lamina VIII, where propriospinal neurons with long-

range bilateral axon projections reside. Notably, lamina VIII also harbors axial motoneurons. 

Contralateral labeling occurred in the lateral sectors of lamina VII and the dorsomedial quadrant 

of lamina IX, noted for harboring proximal upper limb flexor motoneurons. Segmentally, the CSP 

to contralateral laminae VII and IX preferentially innervated C5-C7, which supplies shoulder, 

elbow and wrist musculature. In contrast, terminations in axial-related lamina VIII were 

distributed bilaterally throughout all cervical enlargement levels, including C8 and T1. These 

findings demonstrate the LPMCd CSP is structured to influence axial and proximal upper limb 

movements, supporting Kuypers conceptual view of the LPMCd CSP being a major component of 
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the medial motor control system. Thus, distal upper extremity control influenced by LPMC, 

including grasping and manipulation, must occur through indirect neural network connections 

such as corticocortical, subcortical, or intrinsic spinal circuits.

Graphical Abstract

Using high resolution tract tracing, the authors demonstrate the dorsal lateral premotor cortex 

(LPMCd) gives rise to a prominent bilateral corticospinal projection (CSP) involving the 

ventromedial (red) and lateral (blue) gray matter regions. In contrast a weaker bilateral CSP arose 

from the peri-arcuate region of ventral lateral premotor cortex (LPMCv).
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INTRODUCTION

Armed with what is now considered rudimentary tract tracing methodology, Henricus 

Kuypers designed a series of experiments in the 1960’s aimed to elucidate the anatomical 

organization of the monkey corticospinal projection (CSP) from the frontal lobe (Kuypers, 

1960, 1962, 1964; Kuypers & Brinkman, 1970). He discovered two major patterns of 

degenerating corticospinal terminals following isolated resection of different parts of the 

frontal motor cortex involved with upper extremity motor control. The first pattern was 

predominately contralateral, characterized by a dorsolateral distribution of axon terminals 

ending in the dorsal and lateral parts of the intermediate zone (lamina VII) and the lateral 

motoneuronal cell group of the anterior horn (lamina IX). In contrast, the second pattern was 

bilateral, characterized by a ventromedial distribution of spinal terminations occupying the 

medial parts of the intermediate zone (lamina VII) and the medial motoneuronal cell group 

of the anterior horn (lamina VIII). Importantly, he also recognized that these diverse patterns 

of spinal terminations, when directly related to the anatomical arrangement of the spinal 

cord nuclei, could predict the functional influence of each frontal motor area corticospinal 

projection (Kuypers & Brinkman, 1970; Kuypers, 1982). These predictions correlated 

closely with the peripheral movement patterns elicited by electrophysiological stimulation of 

localized parts of the lateral frontal motor cortex (Kwan, MacKay, Murphy, & Wong, 1978b; 

Woolsey et al., 1952).

Specifically, the dorsolateral CSP pattern was observed to originate from the arm/hand 

representation of the primary motor cortex (M1) (Kuypers, 1960; Kuypers & Brinkman, 

1970). At the spinal cord level, the terminal pattern included direct contralateral projections 

to spinal lamina IX, which at lower segmental levels of the cervical enlargement, harbor 

motoneurons innervating muscles acting on the wrist and fingers. This was complemented 

by a topographically specific contralateral CSP M1 to the dorsal and lateral parts of lamina 

VII, which harbor spinal propriospinal neurons with short-range ipsilateral axon projections 

which also innervate lamina IX motoneurons (Sterling & Kuypers, 1968). Physiological 

findings were in accordance with this arrangement as stimulation of the arm/hand area of 
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M1 elicited contralateral movements of the distal upper extremity including wrist and digit 

movements (Kwan et al., 1978b; Woolsey et al., 1952). Collectively, these observations led 

Kuypers to designate this CSP as being an integral part of a “lateral motor system” 

structured to steer movements of the contralateral distal upper extremity (Kuypers, 1982). 

We recently verified these M1 CSP findings using stereology and modern high resolution 

tract tracing techniques, but also documented several new structural characteristics of this 

CSP providing further support for the lateral motor system concept (Morecraft et al., 2013). 

Some important observations include: 1) The lamina IX projection gradually increased from 

C5 to C8/T1 whereas the projection to lamina VII gradually decreased within the same 

segmental span. 2) The spatial distribution of lamina IX terminals was topographically 

restricted to the dorsal quadrants at C5-C7 which contain proximal and distal flexor motor 

neurons. However this changed at C8 and T1 to a more dispersed pattern involving all 

quadrants, thus providing widespread innervation of flexor, extensor, adductor and abductor 

motoneurons of the wrist and digits. 3) Ninety eight percent of the M1 arm/hand terminal 

boutons resided in contralateral cervical enlargement, underscoring the contralateral 

emphasis of the lateral motor system proposal.

In contrast, the ventromedial pattern of the CSP originated from the shoulder representation 

of M1 and dorsal region of the lateral premotor cortex (LPMCd) (Kuypers & Brinkman, 

1970; Kuypers, 1982). The ventromedial projection system was characterized by bilateral 

spinal terminations ending in lamina VIII, which harbors axial motor neurons. This was 

complimented by dense bilateral projections to the ventromedial part of lamina VII, which 

was known to contain propriospinal neurons with long-range bilateral axon projections 

which also innervate lamina VIII motoneurons (Sterling & Kuypers, 1968). 

Electrophysiological stimulation of LPMCd and the shoulder/trunk region of the M1 was 

shown to elicit proximal movements of the upper extremity and axial movements involving 

the neck, shoulder, and trunk (Kwan et al., 1978b; Woolsey et al., 1952). Together, these 

observations led Kuypers to categorize this CSP as being part of a “medial motor system” 

designed to steer movements of the axial and proximal upper extremity (Kuypers, 1982).

It is surprising that the terminal organization of the CSP from the M1 shoulder and LPMCd 

regions have not been the subject of contemporary investigations applying high-resolution 

tract tracing approaches. Some important questions remain regarding the fundamental 

organization of the medial motor system CSP. For example, after LPMCd ablation, Kuypers 

reported heavy labeling in all regions of contralateral lamina VII but only in the medial 

region in the ipsilateral CSP (Kuypers & Brinkman, 1970). He was aware of the difficulty in 

differentiating degenerating axons in passage from terminal boutons, particularly in the 

dorsolateral part of the contralateral gray matter which precluded an accurate assessment of 

terminal density in this location. In addition, the limited sensitivity this technique did not 

permit topographical insight into the LPMCd CSP to lamina IX. Finally, whether the 

ventromedial CSP predominately innervates proximal limb segments of the cervical 

enlargement (C5-C7) more so than distal limb segments of the enlargement (C8-T1) remains 

an important question.

To address these issues, we designed an experimental study in the rhesus monkey to provide 

the first contemporary investigation examining the terminal organization of the LPMCd CSP 

Morecraft et al. Page 3

J Comp Neurol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the cervical enlargement (C5-T1) using high resolution dextran tract tracers and 

stereology. To facilitate this investigation, as in our previous study on the M1 CSP 

(Morecraft et al., 2013), we subdivided Rexed’s laminae into multiple subsectors, including 

lamina VII into 5 subsectors and lamina IX into 4 quadrants. This enabled us to revisit 

Kuypers medial motor system concept from a corticospinal perspective, to further test 

hypotheses based on his theory of axial/proximal limb motor control. For comparative 

purposes, we also investigated the CSP to C5-T1 from LPMCv as anterograde and 

retrograde studies show a CSP arising from the dorsal part of LPMCv (e.g., Borra, Belmalih, 

Gerbella, Rozzi, & Luppino, 2010; Catsman-Berrevoets & Kuypers, 1976; Dum & Strick, 

1991; Galea & Darian-Smith, 1994; Martino & Strick, 1987).

MATERIALS AND METHODS

The terminal distribution of the corticospinal projection (CSP) arising from the lateral 

premotor cortex (LPMC) to spinal levels C5-T1 was studied in 5 rhesus monkeys (Macaca 
mulatta) and 9 injection sites (Fig. 1; Table 1). The CSP from the dorsolateral premotor 

cortex (LPMCd) was studied in all 5 cases. In 3 of these cases (SDM54, SDM57 and 

SDM61), a relatively large injection site was made in LPMCd so that a potentially robust 

CSP could be evaluated. In case SDM77 a small injection site was made involving the 

transition region between the caudal region of LPMCd and rostral M1 to determine laterality 

of the CSP in this location compared to the injection sites located directly within LPMC. In 

case SDM72, the rostral most region of LPMCd known to contain CSP neurons (Catsman-

Berrevoets & Kuypers, 1976; Dum & Strick, 1991; Galea & Darian-Smith, 1994; He, Dum, 

& Strick, 1993) was injected with 2 tracers, with one placed immediately anterior to the 

other, to determine if the LPMCd CSP varied in strength at rostral versus caudal levels. We 

also examined a potential CSP from the dorsal part of the ventrolateral premotor cortex 

(LPMCv) in 3 cases (SDM57, SDM61 and SDM72) because studies injecting retrograde 

tracers in the upper cervical levels (C1-C4) of the monkey spinal cord have shown labeled 

cells in this general cortical region (e.g. Galea & Darian-Smith, 1994; He et al., 1993; 

Murray & Coulter, 1981; Nudo & Masterton, 1990; Toyoshima & Sakai, 1982).

All experimental protocols were approved by The University of South Dakota Institutional 

Animal Care and Use Committee. All experimental and surgical procedures were conducted 

at the University of South Dakota and followed United States Department of Agriculture, 

National Institutes of Health, and Society for Neuroscience guidelines for the ethical 

treatment of animals.

Neurosurgery, Intracortical Microsimulation and Tract Tracer Injection

Preoperatively, each monkey was immobilized with atropine (0.5mg/kg) then ketamine 

hydrochloride (10mg/kg). Each subject was intubated, placed on a mechanical ventilator and 

anesthetized with a mixture of 1.0-1.5% isoflurane and surgical grade air/oxygen. Once 

deeply anesthetized, each animal was placed in a neurosurgical head holder and mannitol 

was administered intravenously (1.0-1.5g/kg) to reduce overall cortical volume and enhance 

surgical accessibility of the brain. Under sterile conditions and isoflurane anesthesia, a skin 

flap was made over the cranium followed by an oval bone flap positioned over the precentral 

Morecraft et al. Page 4

J Comp Neurol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cortical region (McNeal et al., 2010; Morecraft et al., 2013; Morecraft, McNeal, Stilwell-

Morecraft, Dvanajscak, et al., 2007). In all cases the precentral region, extending from the 

central sulcus to the cortex forming the arcuate sulcus, was mapped using intracortical 

microstimulation (ICMS) as previously described (McNeal et al., 2010; Morecraft et al., 

2013; Morecraft, McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007) (Fig. 1). Current 

intensity ranged between 7 and 90 μA. Threshold currents were determined, and evoked 

movements were discrete isolated twitches, confined to specific body parts. The specific 

movements were recorded when agreed upon by at least two observers. After ICMS 

mapping, the anterograde neural tract tracer lucifer yellow dextran (LYD), fluorescein 

dextran (FD), or biotinylated dextran amine (BDA) (Molecular Probes, Eugene, OR) was 

injected into LPMCd or LPMCv surrounded by well-defined upper extremity and cranial 

motor responses. Graded pressure injections with a Hamilton microsyringe were made 

approximately 1.5-2.5 mm below the pial surface with total volumes ranging from 0.8μL to 

1.2 μL (Table 1). The Hamilton syringe was held in a specially designed microdrive attached 

to a stabilized electrode micromanipulator (model 1460 Kopf Instruments, Tujunga, CA) and 

all injection penetrations were made perpendicular to the cortical surface. Three injections 

were placed in a triangular pattern approximately 1.5 mm apart in cases SDM57-FD, 

SDM61-FD and SDM54-BDA. In case SDM72, the 3 injections of each tracer (LYD, BDA 

and FD) were made in a medial to lateral pattern approximately 1.0 mm apart, as were the 2 

injections in case SDM77-BDA. Following the injection procedure, the surgical field was 

irrigated with 0.9% sterile saline then gently swabbed. The dura was repositioned, closed 

with sutures and the bone flap replaced and anchored. To conclude the surgery, the 

temporalis muscle was sutured in place and the skin was closed using standard surgical 

technique. The animal was carefully monitored after surgery and penicillin (procaine G) was 

used as pre- and post-operative prophylaxis antibiotic. Buprenorphine (0.01 mg/kg) was 

used as a post-operative analgesic.

Tissue Processing

Following a survival period of 32-33 days after tract tracer injection, each monkey was 

anesthetized with an IP overdose of pentobarbital (50 mg/kg or more) and perfused 

transcardially with 0.9% saline. Saline infusion was followed by 2 liters of 4% 

paraformaldehyde in 0.1M phosphate buffer at pH 7.4 (PB) to fix the tissue. The first liter of 

paraformaldehyde fixative was administered rapidly and the second liter via slow drip. Then 

infusion of one liter each of 10% followed by 30% sucrose in 0.1M PB for tissue 

cryoprotection concluded the perfusion. The entire central nervous system was removed, 

placed in 30% sucrose in 0.1M PB and stored for 2 to 5 days at 4° C. During removal of the 

spinal cord region, several millimeters of each dorsal and ventral spinal root were 

intentionally left on the cord. Prior to blocking the tissue for microtome sectioning, the 

cortex, brainstem and spinal cord were photographed with metric calibration. Ventral and 

dorsal roots of the spinal cord were extended so their positions relative to the long axis of the 

cord could be clearly recorded for determining the segmental level locations and 

intersegment boundaries during the data analysis and reconstruction process.

In all cases, the cerebral cortex was frozen sectioned in the coronal plane on a sliding 

microtome (American Optical 860, Buffalo, NY, USA) at a thickness of 50 μm in cycles of 
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10, forming 10 complete series of evenly spaced tissue sections respectively. Each spinal 

cord was blocked from the central nervous system, frozen with dry ice and cut transversely 

(90° to its long axis) on the sliding microtome at a thickness of 50 μm in cycles of 6 or 8, 

with each forming a complete series of evenly spaced tissue sections respectively. For both 

the cortical and spinal cord sections, one series of tissue sections was mounted on subbed 

slides, dried and eventually stained for Nissl substance using thionin and coverslipped with 

Permount to evaluate cytoarchitectonic organization (Morecraft et al., 2013; Morecraft, 

Geula, & Mesulam, 1992).

In all monkeys involved in this study, BDA was injected into a cortical region of interest as 

was LYD and FD. Thus, subsequent series of tissue sections through the cortex and spinal 

cord were then processed using single (BDA alone) and double label (BDA + LYD; BDA + 

FD) immunohistochemical procedures for localization of the neural tracers (Morecraft, 

McNeal, Stilwell-Morecraft, Dvanajscak, et al., 2007). To accomplish this, one series of 

tissue sections from the cortex and spinal cord was used to process BDA alone (single 

labeling procedure) using the Vectastain Elite avidin-biotin complex (ABC) labeling 

procedure (PK-6100, Vector Laboratories, Burlingame, CA, USA) (RRID:AB_2336819) 

(Figs. 2G-I, 3A-C, G-I). Briefly, the tissue sections were rinsed in 0.05M tris buffered saline 

at pH 7.4 (TBS) then incubated overnight at 4° C in TBS with 5% normal goat serum (NGS) 

and 1.25% Triton X-100. Next, the sections were rinsed in TBS and then incubated in the 

ABC solution for 4 hours at room temperature. The sections were then rinsed with TBS and 

incubated in a 0.05% solution of 3, 3’ diaminobenzidine tetrahydrochloride (DAB) 

(08980681, MP Biochemicals, Ohio) for approximately 10 minutes. Subsequently, 30% 

hydrogen peroxide (H2O2) was added to the DAB solution achieving a final H2O2 

concentration of 0.012%. The tissue was incubated in the DAB/H2O2 solution for another 

8-10 minutes yielding an insoluble brown reaction product and immediately placed in TBS 

to stop the reaction. Following this processing, the BDA stained tissue sections were then 

rinsed in TBS, mounted on subbed slides, dried, then dehydrated in graded alcohol solutions, 

cleared in xylene and coverslipped using Permount.

Next, an additional separate series of tissue sections was used for double labeling in which 

both BDA and LYD (or BDA and FD) were visualized employing a simple multiple 

colorimetric detection method. To accomplish this, BDA was reacted first in a full series of 

tissue sections according to the above ABC labeling protocol staining BDA brown with 

DAB. The same tissue sections were then rinsed in TBS and incubated in TBS with 5% 

NGS and 1.25% Triton X-100 overnight. The tissue sections were then transferred and 

incubated in 5% goat serum in TBS with biotinylated anti-lucifer yellow directed against 

LYD at a dilution of 1:200, A5751, Molecular Probes, Eugene, OR) or biotinylated anti 

fluorescein directed against FD at a dilution of 1:500, BA-0601, Vector Laboratories) for 

approximately 40 hours at 4° C. The tissue was then rinsed in TBS and incubated in a 

solution of ABC for 4 hours at room temperature, rinsed again in TBS and incubated with 

the Vector SG peroxidase substrate kit (SK-4700, Vector laboratories) for approximately 

5-10 minutes yielding a blue reaction product for the second tracer (LYD or FD). The 

sections were rinsed, mounted on subbed glass slides, dried, dehydrated and coverslipped 

using Permount. Thus, BDA was stained brown and LYD or FD was stained blue in the same 

tissue sections (Figs. 2A-F, 3D-F). Finally, in 2 additional animals that did not receive motor 
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cortex injections, we studied NeuN stained spinal cord sections to assist in the analysis of 

identifying Rexed’ laminae (Morecraft et al., 2013, see Fig. 5). The NeuN 

immunohistochemical and tissue processing procedures that were followed have been 

provided in our previous reports (Morecraft et al., 2013; Morecraft et al., 2012).

Data Analysis

Localization of the cortical injection site and the terminal boutons within the spinal gray 

matter (C5-T1) was accomplished using brightfield illumination on a BX-51 Olympus 

microscope (Leeds Precision Instruments, Minneapolis, MN). Attached to the microscope 

was a high resolution MAC 5000 motorized stage (Ludl Electronic Products, Hawthorne, 

NY, USA) which was joined to the Neurolucida (RRID:SCR_001775) and Stereo 

Investigator (RRID:_SCR002526) neuroanatomical data collection software 

(Microbrightfield, Inc., (RRID:_SCR_004314), Colchester, VT, USA) in a Dell Precision 

Tower 5810. The Neurolucida system was used to plot the major anatomical structures and 

their boundaries in Nissl and immunohistochemical stained tissue sections and record the 

locations of the cortical injection site and distribution of terminallike profiles (boutons) in 

the spinal cord in immunohistochemically processed tissue sections.

The cortical injection sites in LPMC were localized by plotting the external boundary of the 

core region and external boundary of the halo region. The core region of the injection site 

was defined as the location of dense immunohistochemically reaction product characterized 

microscopically by a dense brown-black appearance in BDA sections and a dense blue-black 

appearance in LYD or FD material obscuring cellular detail of the gray matter (Mesulam, 

1982). The zone characterized as internal limit of the halo was defined within the limits of 

the gray matter (i.e., from layer I to the bottom of layer VI) where the dense precipitate that 

characterized the core zone diminished. The external limit of the halo was defined where 

small grains of reaction product were lightly interspersed among anterogradely labeled 

axons and terminal boutons, and well-defined retrogradely labeled cell bodies. The external 

limits of both the injection site core and halo were determined by mutual agreement from 2 

observers (RJM and JG). Matching Nissl stained tissue sections were used to assist in the 

cytoarchitectonic and laminar analysis of the cortex containing the injection site. The 

cytoarchitectonic location of each injection was determined using the Nissl based criteria 

and maps of the lateral premotor cortex according to and Pandya and colleagues (Morecraft, 

Stilwell-Morecraft, Ge, Cipolloni, & Pandya, 2015; Pandya et al., 2015). Briefly, LPMCd 

was subdivided into a caudal area 6DC and rostral area 6DR. These areas roughly 

correspond to areas F2 and F7 respectively of Matelli and colleagues as determined with 

cytochrome oxidase staining (Matelli, Luppino, & Rizzolatti, 1985). LPMCv was divided 

into a dorsal area 6Va and a ventral area 6Vb. The ventral premotor region can also be 

appreciated in a rostral and caudal dimension with Nissl staining (6Vr and 6Vc respectively) 

(Pandya et al., 2015; Petrides & Pandya, 2009) and based upon cytochrome oxidase staining 

(F5 rostrally and F4 caudally) (Matelli et al., 1985). However, for the present report dorsal 

(6Va) and ventral (6Vb) areas are recognized as all LPMCv injections were placed dorsally.

Using immunohistochemically processed spinal cord sections, terminal boutons were plotted 

in every other tissue section to obtain a general characterization of the topography and 
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relative density of the projection in Rexed’s laminae with the aid of Olympus UPlanApo 

20x-40x microscope objectives (Leeds Precision Instruments, Minneapolis, MN) (Figs., 

4,5). Matching Nissl stained sections were used to define laminar gray matter 

compartmentalization within each tissue section as well as determine the segmental level 

boundaries within the longitudinal series of tissue sections. As detailed in our previous 

report, most of Rexed’s laminae on both sides of the spinal cord were subdivided (Morecraft 

et al., 2013). Specifically, laminae I-VI were divided into medial and lateral subsectors, 

lamina VII into dorsolateral, dorsomedial, ventrolateral, ventromedial and ventral subsectors 

and lamina IX was divided into quadrants (Figs., 4, 5). Lamina X was divided into a 

contralateral and ipsilateral half, lamina VIII was not subdivided, and a reticulated marginal 

border (RMB) was recognized on both sides of the spinal cord. The RMB is an area 

identified by Rexed (Rexed, 1954) and Kuypers (Kuypers, 1981) as possessing extensive 

dendritic arbors of neurons located in the lateral part of laminae V-VII which protrude into 

the dorsolateral funiculus. This area also corresponds to the location noted by Kuypers to 

contain “spinal border cells” (sbc) of the propriospinal system (see Figs 1, 3 in Molenaar 

and Kuypers, 1977).

Stereological Data Analysis

Using Stereo Investigator 7 (MicroBrightField, Inc., (RRID:SCR_001775, RRID:_002526), 

Williston VT, USA), unbiased estimates of terminal boutons were obtained in the spinal gray 

matter ROI’s using the 3-D Optical Fractionator probe as previously described (McNeal et 

al., 2010; Morecraft et al., 2013; Morecraft, McNeal, Stilwell-Morecraft, Gedney, et al., 

2007) and our estimation of the cortical injection site volume (halo and core) was achieved 

by applying the Cavalieri probe as previously reported (Morecraft et al., 2013; Pizzimenti et 

al., 2007). Stereology was applied in every other tissue section through each series of 

cortical (injection site volume estimation) and spinal cord (terminal bouton number 

estimation) tissue sections. For terminal bouton estimation, unbiased sampling was applied 

such that each location along the tissue section axis had an equal probability of being 

included in the sample and all locations in the plane of section (excluding the set guard 

zones) had an equal probability of being sampled with the probe (Gundersen, 1986; Napper, 

2018; West, 2012; West, Slomianka, & Gundersen, 1991). Counting rules were also applied 

across all case material so that all boutons had equal probabilities of being counted. The use 

of the applied 3-D probe avoids sampling biases and the most important feature of these 

probes is that they are not affected by variations in size, shape, orientation and distribution 

of the biological structures/particles of interest (Olesen, Needham, & Pakkenberg, 2017; 

West, 2012). Therefore, the fact that the CSP is randomly distributed throughout the laminae 

did not have affect the estimation process of total bouton number. The design of our 

stereological application (e.g., bouton definition, choice of dissector probe for quantifying 

bouton numbers and injection site volumes, counting frame size, guard zone depth, etc.) and 

technical issues related to our use of multiple dextran tracers and experimental strategies 

have been discussed in great detail in our previous papers (Darling et al., 2018; McNeal et 

al., 2010; Morecraft, Ge, et al., 2015; Morecraft et al., 2016; Morecraft et al., 2013; 

Morecraft et al., 2018; Morecraft, McNeal, Stilwell-Morecraft, Gedney, et al., 2007).
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In all cases, microscopic identification of all boutons and injection volumes was 

accomplished using an Olympus PlanApo 100x oil objective (Leeds Precision Instruments, 

Minneapolis, MN). For counting terminal boutons, the main stereological parameters 

included the counting brick dimensions, tissue thickness, counting brick placement, guard 

zones and dissector height. The same counting frame (109.2/71.4 μm) and X/Y grid 

placement (125.3/241.9 μm) was applied to all case material as in our previous CSP reports 

on M1 and M2 (McNeal et al., 2010; Morecraft et al., 2013). Tissue thickness was 

determined by sampling 5 random gray matter sites in every other section then computing an 

average from this data.

In the spinal cord we estimated bouton numbers in all of Rexed’s lamina (and respective 

subcompartments, Morecraft et al., 2013). In addition, we conducted a contralateral and 

ipsilateral segmental analysis for total bouton number at each segmental level (C5, C6, C7, 

C8 and T1) and performed a segmental analysis for terminal boutons in contralateral 

laminae VII and IX for all cases. Finally, we also performed a bilateral segmental analysis 

for the lamina VIII CSP in one key experimental case that demonstrated a very strong and 

consistent CSP to lamina VIII.

Data Reconstruction and Presentation

Publication quality images of injection sites, labeled fibers and labeled boutons were 

captured using a Spotflex 64 Mp shifting pixel camera, (Diagnostic Instruments Inc., 

Sterling Heights, MI, USA, version 4.6), mounted on an Olympus BX51 microscope. 

Photographic montages of the injection sites and labeled fibers were created using Adobe 

Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA) (Figs., 2, 3). Brightness and 

contrast were adjusted in the images. Cortical reconstructions were developed as previously 

described using metrically calibrated digital images of the cortical surface (Morecraft & Van 

Hoesen, 1992). Publication quality illustrations were created using Adobe Illustrator and 

Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA) (e.g., Figs, 1, 4, 5).

RESULTS

Histological analysis of all 9 cortical injection sites revealed that all tracer injection sites 

were confined to the lateral premotor cortex region and in no case did the injection site 

spread inferiorly to involve subcortical gray matter structures. All injection sites involved 

layer V of area 6 which harbors pyramidal cells that give rise to corticospinal projections (H. 

G. J. M. Kuypers, 1981). The dorsolateral motor and premotor regions were evaluated for 

cytoarchitecture according to the criteria of Pandya and colleagues (Morecraft et al., 2012; 

Morecraft, Stilwell-Morecraft, et al., 2015; Pandya et al., 2015). Specifically, the 

cytoarchitectural organization (areas 4, 6DC, 6DR, 6Va, and 6Vb) was microscopically 

determined and superimposed on the reconstructed injection site location (Fig. 1, see gray 

lines). Our ICMS maps were consulted to assist in defining the border between LPMC/area 

6 and M1/ area 4, as stimulation thresholds are generally higher in LPMC/area 6.

All LPMCd injection sites involved cytoarchitectonic area 6DC (Fig. 1). A very small 

portion of the LPMCd injection site in cases SDM54-BDA, SDM61-FD and SDM72-LYD 

also involved the caudal region of architectonic area 6DR. In case SDM77, in addition to 
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area 6DC involvement, the injection site occupied the rostral most part of adjacent area 4. 

LPMCv injection site cases SDM57-BDA and SDM61-BDA were largely confined to the 

lateral/gyral surface of the dorsal LPMCv region, corresponding to architectonic area 6Va, 

with minimal tracer involvement (i.e., halo) of cortex lining the posterior bank of the inferior 

limb of the arcuate sulcus. In LPMCv case SDM72-FD, the injection site also involved the 

gyral/surface region corresponding to architectonic area 6Va. However, fairly extensive 

involvement of the cortex lining the caudal bank of the upper part of the inferior limb of the 

arcuate sulcus occurred (Fig. 3D). Cytoarchitectonically this cortical field is also designated 

as part of sulcal area 6Va (which corresponds to area F5p of Borra et al., 2010).

LPMCd CSP to C5-T1

In our previous study examining the CSP from the M1 arm/hand area, the injection sites 

were of the same volume of tracer and placed in an equivalent cortical location, centered 

dorsoventrally within the ICMS determined arm/hand region and within the cortex lining the 

anterior bank of the central sulcus and adjacent gyral operculum (Morecraft et al., 2013). 

This allowed us to compute an average total bouton number amongst the cases in the various 

subsectors of Rexed’s lamina to obtain a general overview of this M1 CSP. However, in the 

current report all injection sites were located in a slightly different cortical location of 

LPMCd, with some notable overlap based upon surface reconstruction and cytoarchitectonic 

analysis. Therefore, in this report we present each case individually. The results from case 

SDM57-FD are described first as the CSP observations were most representative due to the 

injection site involving a significant portion of the inferior part of area 6DC (Fig. 1), and 

corresponding to a location that has been shown to harbor the highest density of LPMCd 

corticospinal projection neurons following retrograde tracer placed into the cervical 

enlargement (Dum & Strick, 1991; Galea & Darian-Smith, 1994; He et al., 1993). This 

description is followed by a report of the findings from the LPMCd injection sites in cases 

SDM61-FD and SDM54-BDA. Finally, we describe the outcome of experimental cases 

SDM72-BDA and SDM72-LYD which were designed to assess the strength (in terms of 

terminal bouton number) of the LPMCd CSP from the most rostral part of LPMCd known to 

harbor very few CSP neurons (Biber, Kneisley, & LaVail, 1978; Catsman-Berrevoets & 

Kuypers, 1976; Dum & Strick, 1991; Galea & Darian-Smith, 1994; He et al., 1993). In all 

cases the descending CSP primarily traveled in the contralateral lateral corticospinal tract 

(Fig. 4). Considerably fewer fibers were localized in the ipsilateral lateral corticospinal tract 

and very few fibers occupied the ipsilateral ventral corticospinal tract. In several cases a few 

labeled fibers were also noted in the contralateral ventral corticospinal tract and contralateral 

dorsal column region (Fig. 4, see cases SDM57-FD, SDM54-BDA).

Case SDM57-FD—The SDM57-FD injection site was located in the ventral region of 

LPMCd involving area 6DC (Figs. 1, 2A). Not surprisingly, this case gave rise to the 

strongest CSP of all the injection sites studied (35,469 contralateral boutons; 9,229 

ipsilateral boutons) (Figs. 4, 6B,C; Tables 2,3). The projection was primarily contralateral 

(79%) with the main target being contralateral lamina VII (Fig.6A,B). Within lamina VII 

heavy labeling occupied all subsectors with the most concentrated distribution located in the 

ventromedial sector (Figs. 2B, C, 7A). The second strongest contralateral projection ended 

in lamina VIII (Figs. 2C, 6B). To a much lesser extent, the CSP also ended in the 
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contralateral RMB as well as in laminae VI and IX (Fig. 6B). In terms of topography the 

terminal distribution was similarly dispersed in the medial and lateral parts of lamina VI 

(Fig. 6B). Within contralateral lamina IX, the fibers terminated primarily in the dorsomedial 

quadrant and a few labeled terminals were noted in the ventromedial quadrant (Fig. 8). 

Finally, labeled terminals were found in the contralateral part of lamina X (Fig. 6B).

From a segmental perspective, heavy contralateral labeling occurred from C5 to C7, but the 

intensity of the CSP diminished at C8 and T1 (Fig. 9A). For the most part, the principal 

target throughout C5-T1 was the ventromedial sector of lamina VII with the exception of C6 

and C7, where the projection was slightly greater in the ventrolateral and ventral sectors 

respectively (Fig. 10A). For the projection to lamina IX, the densest distribution occurred in 

the dorsomedial quadrant at C5-C7 and diminished significantly in the same location at 

segmental levels C8 and T1 (Fig. 10C). At T1 we also found evidence of a lamina IX 

projection to the ventromedial sector of lamina IX (Fig. 10C). We also performed a 

segmental analysis of the lamina VIII projection and found the contralateral pattern to be 

well distributed across all cervical enlargement segments, with a stepwise increase from 

levels C6 to C8 (Figure 10D).

With regard to the ipsilateral CSP, the primary targets were laminae VII and VIII (Fig. 6C). 

Like the contralateral CSP, the ipsilateral lamina VII projection dominantly innervated the 

ventromedial sector, with fewer terminals occupying the dorsomedial, ventrolateral and 

ventral sectors (Figs. 7B, 10B). Terminations were noted in the ipsilateral part of lamina X 

(Fig. 6C).

The segmental distribution of the total ipsilateral CSP revealed a relatively consistent 

distribution across C5 to T1, with a comparatively stronger projection to levels C5 and C6 

(Fig. 9B) involving primarily the ventromedial sector of lamina VII. Our segmental analysis 

of lamina VIII also showed a consistent ipsilateral projection throughout C5-T1 (Fig. 10D), 

thus demonstrating a relatively balanced bilateral projection from caudolateral part of 

LPMCd to lamina VIII at all cervical enlargement levels.

CASE SDM61-FD—The SDM61-FD injection site was located in the ventral region of 

LPMCd involving area 6DC and a very small portion of area 6DR (Figs. 1, 2D). 

Comparatively, this injection site was slightly dorsal and rostral to the location of the 

injection site in case SDM57-FD. Consequently, the terminal density of the CSP (18,892 

contralateral boutons; 7085 ipsilateral boutons) was much less than that found in case 

SDM57-FD (Figs. 4, 6B,C; Tables 2,3). Although the CSP in case SDM61-FD was primarily 

contralateral, the laterality decreased (when compared to that of case SDM57-FD) from 

79.4% to 72.7% contralateral (Fig. 6A). As in case SDM57-FD, the primary site of 

innervation in case SDM61-FD was contralateral lamina VII, with considerably fewer 

labeled boutons found in laminae VI, VIII and IX and the RMB (Figs. 2E, F, 6B). 

Interestingly, the lamina VIII projection drastically decreased in number compared to lamina 

VIII projection in case SDM57-FD (Fig. 6B). The projection was distributed over all 

subsectors within contralateral lamina VII, with the chief target being the dorsomedial and 

ventromedial subsectors (Fig. 7A). The projection to lamina IX involved the dorsomedial 
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quadrant and to a lesser extent the dorsolateral quadrant (Fig. 8). Finally, a few labeled 

terminals were noted in the contralateral part of lamina X (Fig. 6B).

Segmentally, the contralateral CSP involved all segmental levels but the strongest projection 

ended at C5 and C6 (Fig. 9A). Within lamina VII, the projection tended to be preferentially 

distributed in the dorsomedial and ventromedial regions at all segmental levels with two 

exceptions, at C6 where the projection was primarily in the ventromedial sector and 

ventrolateral sector and at C7 the projection predominately involved the dorsomedial and 

dorsolateral regions. Terminals occupied the dorsomedial quadrant within lamina IX at C5 

and C6 and some were noted in the dorsolateral region at C6 and T1.

Much like case SDM57-FD, the ipsilateral CSP involved lamina VII and VIII (Fig. 6C) with 

the ventromedial subsector being the primary target in lamina VII (Fig. 7B). Segmentally the 

ipsilateral CSP from C5 to T1 revealed a gradual decline in bouton number from cranial to 

caudal levels (Fig. 9B).

CASE SDM54-BDA—The SDM54-BDA injection site was located in the ventrorostral 

region of LPMCd, involving area 6DC and a very small portion of adjacent area 6DR (Fig. 

1). Comparatively, this injection site was similar in size to the injection site in case SDM61-

FD but did not involve as much of the more caudally located part of area 6DC as found in 

case SDM61-FD. Comparatively, the number of labeled terminals (3,776 contralateral 

boutons; 1,389 ipsilateral boutons) was substantially less than the total estimated CSP 

boutons found in case SDM61-FD (Tables 2,3). The CSP in case SDM54-BDA was also 

primarily contralateral, with CSP laterality (73.1% contralateral and 26.9% ipsilateral) being 

nearly identical to that found for case SDM61-FD (Figs. 4, 6A). Like both previous LPMCd 

cases, preferential spinal innervation ended in contralateral lamina VII (Figs. 2H, 6B). 

Within contralateral lamina VII light labeling was dispersed over all 5 subsectors, with the 

most concentrated distribution located within the dorsomedial and dorsolateral subsectors 

(Fig. 7A). The second strongest contralateral projection ended in lamina IX (Fig. 6B), 

involving only the dorsomedial quadrant (Figs. 2I, 8). Fewer terminals were found in the 

lateral part of layer VI and lamina VIII (Fig. 6B), demonstrating a trend of progressively 

diminished lamina VIII labeling across cases SDM57-FD, SDM61-FD and SDM-54-BDA. 

Finally, scattered boutons occupied the contralateral region of lamina X (Fig. 6B).

Our contralateral segmental analysis revealed all levels received input, with C5-C8 having 

similar terminal bouton numbers, and T1 clearly less (Fig. 9A). The primary target was 

lamina VII (Fig. 6B) but no distinct reoccurring pattern of labeling was noted. For example, 

at segmental level C5 all subsectors received weak input, at C6 only the dorsomedial 

subsector contained labeling, at C7 and T1 only the dorsolateral sector was involved, and at 

C8 terminals were found in all subsectors with the exception of the dorsomedial subsector. 

Only segmental levels C6, C7 and C8 received a contralateral projection to lamina IX, which 

was strongest at segmental level C7. As noted above, only the dorsomedial quadrant 

received input (Fig. 8).

The ipsilateral projection from case SDM54-BDA was weak involving only lamina VII and 

VIII (Fig. 6C). Within lamina VII labeling occupied the ventromedial and ventral sectors. 
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From a segmental perspective, labeling was primarily located at C5 and C6 with fewer 

boutons found at levels C7 and C8 and none at T1 (Fig. 9B).

CASES SDM72-BDA and SDM72-LYD—As noted, the injection site in case SDM72-

BDA was located in area 6DC whereas the injection in case SDM72-LYD was placed in a 

more rostral location involving in part, both areas 6DC and 6DR (Fig. 1). Additionally, there 

was some overlap between the 2 injection sites (Fig. 1). As mentioned, both injection sites 

were placed in part of LPMCd, which according to retrograde studies examining the origin 

of corticospinal projections to the cervical enlargement, contains few corticospinal 

projection neurons. The results of both experiments validated the findings of these previous 

reports. For example, both cases gave rise to an extremely sparse contralateral projection 

(SDM72-BDA, 812 boutons; SDM72-LYD, 464 boutons) that was only found in lamina VII 

(Figs 6A, B, 7A, 8; Tables 2, 3). Within contralateral lamina VII the dorsomedial and ventral 

subsectors contained boutons in both cases and the dorsolateral and ventromedial sectors 

only in case SDM72-BDA (Fig. 7A). Segmentally, light labeling in contralateral lamina VII 

was found from C5-C8 in case SDM72-BDA but only at C5 in case SDM77-LYD (Fig. 9A).

SDM72-BDA demonstrated a detectable ipsilateral projection (232 boutons) but the 

stereology probe did not detect ipsilateral boutons in case SDM72-LYD (Fig. 6A,C; Tables 

2,3). The extremely weak ipsilateral projection from case SDM72-BDA involved lamina VII 

and VIII (Fig. 6C). Within lamina VII only the dorsomedial sector received input. From a 

segmental perspective, labeling occurred only at C5 (Fig. 9B).

M1/LPMCd CSP to C5-T1

One injection site (SDM77-BDA) was evaluated for projections to the spinal cervical 

enlargement from the transitional region located between the caudal most part of area 6DC 

(caudal LPMCd) and rostral most part of area 4 (rostral M1). Unlike the other cases in this 

study which received 3 injections of tracer totaling 1.2μL of tracer volume, this case 

received only 2 injections totaling 0.8μL of tracer (Table 1).

CASE SDM77-BDA—The size of the injection site in case SDM77-BDA was small and 

positioned in the very caudal part of LPMCd, corresponding to the very caudal region of 

architectonic area 6DC (Figs. 1, 3A). Some of this injection site involved cortex 

corresponding to the rostral part of area 4/M1. As noted, this experiment was designed to 

provide insight into a possible shift in laterality that was opposite the trend observed for the 

major LPMCd cases SDM57-FD, SDM61-FD and SDM-54-BDA. The CSP from case 

SDM77-BDA was found to be 87.1% contralateral demonstrating a progressive shift toward 

a strong contralateral preference (Fig. 11A; Tables 4, 5). Indeed, this would be predicted 

since we found the CSP from the M1 arm/hand lining the anterior bank of the central sulcus, 

which is extremely caudal to the SDM77-BDA injection location, to be 98% contralateral 

(Morecraft et al., 2013).

Like all other cases, a particularly dense projection ended in contralateral lamina VII, 

followed by a comparatively moderate CSP to contralateral laminae VIII and IX (Figs. 3B, 

C, 11B). Few boutons were observed in contralateral lamina VI and the RMB ((Figs. 3F, 

11B). In terms of topography all contralateral subsectors of lamina VII received a projection. 
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However, contrary to the medial lamina VII preference of the other LPMCd experiments, 

this lamina VII projection was densest laterally, with the largest number of boutons located 

within the ventrolateral sectors of lamina VII (Fig. 12A), providing evidence of a 

topographic shift toward dorsolateral intermediate zone, characteristically exhibited by the 

M1 arm/hand CSP (Morecraft et al., 2013). The projection was allocated in the dorsomedial 

and dorsolateral quadrants of contralateral lamina IX (Figs. 3C, 13), again similar to the 

lamina IX CSP pattern for M1 at C5-C7. The contralateral lamina VI projection involved 

both medial and lateral regions (Fig. 11B). Finally, a few labeled terminals were located in 

the contralateral half of lamina X (Fig.11B).

Our segmental analysis revealed that all contralateral brachial levels received similar levels 

of terminal input (Fig. 14A). Within lamina VII, no specific segmental trend was noted for 

anatomical subsector labeling. For example, at all levels all subsectors contained labeled 

boutons except the ventral subsector at C7 and the dorsomedial sector at C8. The 

ventrolateral subsector was the primary target at C5-C6, the ventromedial subsector at C7, 

the ventral sector at C8, and the dorsomedial subsector at T1. Interestingly, segmental 

labeling in lamina IX shifted in this experimental case to occupy only the lower levels of the 

cervical enlargement including C7, C8 and T1, with most terminal labeling occurring at C8 

and T1. Furthermore, labeling was confined to the dorsolateral and dorsomedial quadrants. 

Once more, this lamina IX distribution pattern reflected a progressive shift away from the 

LPMCd profile, to a distal upper extremity innervation arrangement, as observed for M1 

(Morecraft et al., 2013).

The ipsilateral projection from case SDM77-BDA was weak involving only lamina VII, VIII 

and X (Fig. 11C; Table 5). Labeling occupied the ventromedial and ventral sectors of 

ipsilateral lamina VII (Fig. 12B). From a segmental perspective, labeling was primarily 

located at C5 with fewer boutons found at levels C6 to C8, and none in ipsilateral T1 (Fig. 

14B).

LPMCv CSP to C5-T1

Three injection sites (SDM57-BDA, SDM61-BDA and SDM72-FD) were evaluated for 

projections to the spinal cervical enlargement (Fig. 1, 3D, G). In all cases excellent dextran 

transport was traced caudally from the pyramidal decussation of the medulla and into the 

upper spinal cord region (Fig. 3H). In cases SDM57-BDA and SDM61-BDA the injection 

site was confined to the convexity (lateral surface) of LPMCv, and labeled axons and 

terminals were found only at cervical levels C1 and C2 (Fig. 3I). However, in case SDM72-

FD labeled terminals were found at C5-T1 (as well as C1-C4). In this case, the descending 

CSP primarily traveled in the contralateral lateral corticospinal tract (Fig. 5). Considerably 

fewer fibers were localized in the ipsilateral lateral corticospinal tract and ipsilateral ventral 

corticospinal tract. The main difference between case SDM72-FD and the other 2 LPMCv 

cases was the injection site involved the cortex lining the posterior bank of the upper region 

of the inferior limb of the arcuate sulcus (area F5r of Borra et al., 2010), in addition to the 

gyral/lateral surface (Fig. 3D). Thus, the findings from Case SDM72-FD will be presented 

below.
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CASE SDM72-FD—Our stereological analysis of case SDM72-FD through spinal levels 

C5 to T1 demonstrated a bilateral (69.6% contralateral) CSP as found for the LPMCd CSP 

(Figs. 5,11A; Tables 4, 5). However, in comparison, the LPMCv CSP was considerably 

weaker than the LPMCd CSP in cases SDM57-FD and SDM61-FD (Tables 2, 3). Like these 

cases however, the primary LPMCv terminal target was contralateral lamina VII of the 

intermediate zone (Figs. 3F, 11B). Specifically, labeled terminals were found in all of 

contralateral lamina VII subsectors, with the highest concentration of terminations forming a 

diagonal pattern involving the dorsolateral and ventromedial sectors (Figs. 5, 12B). The 

contralateral reticulated marginal border, lamina VIII and the lateral part of lamina VI 

received a comparatively moderate level of input (Figs. 3E, F, 11B). Relatively fewer labeled 

boutons were found in the lateral part of lamina V and contralateral half of lamina X of the 

central canal region (Fig. 11B). No terminal projection was found to motoneuron lamina IX 

(Fig. 13). Segmentally the contralateral CSP involved all spinal levels, with most boutons 

located at C5-C7 (Fig. 14). Within lamina VII the contralateral projection involved the 

dorsolateral and ventromedial region at all levels (Fig. 15A).

The ipsilateral projection from case SDM72-FD was also very sparse, equally involving 

lamina VII and VIII (Fig. 11C). Within lamina VII, labeling occupied the ventromedial and 

ventral sectors and to a lesser extent the dorsomedial region (Fig. 12B). From a segmental 

perspective, ipsilateral labeling was found at C5-7 with no boutons at levels C8 and T1 

(Figs. 14B, 15B).

DISCUSSION

The experimental findings of the present study demonstrate that a bilateral corticospinal 

projection to the cervical enlargement (C5-T1) originates from the dorsolateral premotor 

cortex (LPMCd). The bilateral LPMCd projection is directed primarily to the medial part of 

lamina VII (dorsomedial, ventromedial and ventral sectors) and adjacent lamina VIII (Fig. 

16A). The LPMCd CSP is additionally characterized by dense contralateral terminal 

labeling ending in the lateral part of lamina VII (dorsolateral and ventrolateral sectors) and a 

less prominent contralateral projection to lamina IX. The contralateral lamina IX projection 

was topographically selective, targeting the dorsomedial quadrant of lamina IX.

Evidence for two distinct LPMCd segmental innervation patterns was found. The 

contralateral LPMCd CSP to laminae VII and IX preferentially innervates proximal limb 

spinal segments C5, C6 and C7 of the cervical enlargement (Figs. 9, 10C). Fiber terminals 

from LPMCd to lamina VIII, noted for proximal limb and axial motor control, were 

distributed bilaterally throughout all levels of the enlargement, including C8 and T1 which is 

conventionally recognized for mediating distal, hand/digit motor control (Fig. 10D).

Several LPMCd connectional trends were isolated in our experiments. The strongest CSP to 

the cervical enlargement arose from the ventrocaudal part of LPMCd, corresponding to the 

ventrocaudal part of cytoarchitectonic area 6DC (case SDM57-FD) (Figs. 1, 6B). From this 

location, a gradual decline in the total number of CSP terminals occurred, progressing rostral 

within LPMCd/area 6DC. This caudal to rostral decline in terminal bouton labeling included 

a shift in laterality from a relatively dominant contralateral projection arising from the 
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caudal part of LPMCd and rostral part of area 4 (87%; SDM77-BDA) to a less dominant 

contralateral projection from the rostral part of LPMCd (72-73%; cases SDM61-FD and 

SDM54-BDA) (Figs., 6A, 11A). We also found a substantial bilateral CSP to lamina VIII 

from the ventrocaudal part of area LPMCd/area 6DC (SDM57-FD, Fig. 10D). The lamina 

VIII projection diminished abruptly in terminal strength progressing either caudal, or rostral 

to this location, and was absent ventral to this location (i.e., the convexity/lateral part of 

dorsal LPMCv which did not project below C2). Thus, a robust bilateral CSP from LPMCd 

to lamina VIII is restricted to a highly localized region of LPMCd. In contrast, the observed 

CSP to contralateral lamina IX was less extensive and was similar in bouton number from 

rostral to caudal levels of ventral LPMCd (see cases SDM57-FD and SDM-61-FD; Fig. 6B; 

Table 2).

The CSP to the cervical enlargement from LPMCv (SDM72-FD) originated from the post-

arcuate sulcus region and was considerably weaker than the LPMCd CSP (Fig. 16B). This 

LPMCv CSP was bilateral, and primarily innervated the dorsolateral and ventromedial 

sectors of contralateral lamina VII with most terminations occurring at C5-C7 (Figs, 11A, 

12B, 15A). The convexity portion of LPMCv, located on the lateral cortical surface, did not 

innervate spinal segmental levels below C2.

Anatomical Findings and Previous LPMCd Corticospinal Observations.

Prior to our report, only two studies systematically investigated the terminal organization of 

the CSP from the dorsolateral premotor cortical region in monkey (Hoff, 1935; Kuypers & 

Brinkman, 1970). Our findings support the general observations of Hoff by showing 

terminals occur primarily in the intermediate zone (Hoff, 1935) and are consistent with the 

more detailed observations of the Kuypers and Brinkman account (Kuypers & Brinkman, 

1970) by showing that the LPMCd projection is bilateral with a concentration of terminals 

ending in the medial part of lamina VII including adjacent lamina VIII. Our findings further 

demonstrate that the ventral sector of lamina VII, located between laminae VIII and IX, 

receives substantial bilateral terminal input. We unequivocally show a particularly dense 

contralateral projection to the lateral region of lamina VII, as cautiously noted by Kuypers 

and Brinkman. Indeed, with the degeneration axon tracing technique it was not possible to 

differentiate with certainty, elements of axons en passant from axon terminals in densely 

labeled CNS regions, such as the lateral part of lamina VII in this circumstance (Fig. 2B, see 

arrows). Our findings further show that a projection to lamina IX occurs as reported by 

Kuypers and Brinkman, but this selectively involves the dorsomedial region of lamina IX 

(Fig. 8). As noted, we also found some rostral to caudal LPMCd terminal trends, and some 

specific segmental innervation patterns of the LPMCd CSP that were not previously 

reported.

Studies examining the origin of corticospinal neurons following retrograde tracers placed in 

the cervical enlargement of the spinal cord (C5-T1) show a particularly dense distribution of 

corticospinal projection neurons reside in the ventral and caudal region of LPMCd (Biber et 

al., 1978; Dum & Strick, 1991; Galea & Darian-Smith, 1994; He et al., 1993). This location 

corresponds to where we found the strongest LPMCd CSP (case SDM57-FD). The 

retrograde studies with injections involving both upper (C1-C4) and lower (C5-T1) cervical 
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levels provide evidence showing that the number of corticospinal neurons significantly 

decline rostral to this location (Biber et al., 1978; Dum & Strick, 1991; Galea & Darian-

Smith, 1994; He et al., 1993; Nudo & Masterton, 1990; Rozzi et al., 2006; Toyoshima & 

Sakai, 1982). Our findings coincide with these observations as we identified a progressive 

decline in the number of cortiocospinal terminals from injection sites located at increasingly 

more rostral levels of LPMCd (see cases SDM57-FD, SDM61-FD, SDM54-BDA, and 

SDM72 respectively; Fig. 6B).

Anatomical Findings and Previous LPMCv Corticospinal Observations.—Our 

experimental findings demonstrate that the dorsal part of LPMCv residing on the lateral 

surface projects to the upper cervical spinal cord, but not to segmental levels below C2 (Fig. 

3I). These represent the first anterograde experiments aimed to evaluate this projection from 

the lateral surface using high-resolution dextran tract tracers. This observation parallels 

findings from retrograde transport studies showing corticospinal projection neurons in this 

location of LPMCv following retrograde tracers injected into upper cervical levels of the 

spinal cord (e.g., C1-C4) (Catsman-Berrevoets & Kuypers, 1976; Dum & Strick, 1991; 

Martino & Strick, 1987; Nudo & Masterton, 1990; Rozzi et al., 2006; Toyoshima & Sakai, 

1982), but not following injections placed at spinal levels below C5 (Dum & Strick, 1991; 

Galea & Darian-Smith, 1994; He et al., 1993). Our findings further suggest the caudal extent 

of the gyral/convexity LPMCv CSP, demonstrating that the projection ends at C2.

It is important to recognize that a recent study using anterograde dextran tracers has 

demonstrated a CSP to C5-T1 which originates from the dorsal and rostral-most part of 

LPMCv that includes the cortex lining the posterior bank of the inferior limb of the arcuate 

sulcus (sulcal area 6Va, or area F5r of Borra et al., 2010). One of our LPMCv injection sites 

(SDM72-FD) significantly involved this cortex and our findings are in excellent agreement 

with those of Borra and colleagues. For example, both studies found very light contralateral 

terminal labeling at C5-T1 that occurred primarily the contralateral lamina VII with no 

labeling in lamina IX. Within lamina VII, both reports show preferential innervation of the 

dorsolateral and ventromedial regions of lamina VII (C5-T1 in our report and at C5, C8 and 

T1 in Borra et al, 2010). We also confirmed the contralateral projection to lamina V and VI 

noted in the Borra paper. Our findings add to our understanding of this LPMCv CSP on 

several accounts. The contralateral projection to laminae V and VI preferentially targets the 

lateral region of these laminae. We present evidence for an LPMCv CSP to contralateral 

lamina VIII, and contralateral part of lamina X. There is a weak ipsilateral CSP that involves 

laminae VII and VIII and ipsilateral side of lamina X. Topographically, the ipsilateral lamina 

VII CSP is distributed in the ventromedial and ventral sectors. Lastly, the quantitative 

segmental analysis presented here further demonstrates that the contralateral CSP to the 

cervical enlargement, although very weak, preferentially innervates levels C5-C7.

In further support of this LPMCv projection, the upper part of the caudal bank of the arcuate 

sulcus inferior limb and adjacent region of the arcuate spur has been found to harbor 

retrogradely labeled neurons following tracer injections into C5-T1 (Dum & Strick, 1991; 

Galea & Darian-Smith, 1994; He et al., 1993). Together, these observations suggest that the 

convexity/lateral surface of LPMCv sends terminal projections only to upper cervical levels 
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(C1-C2) whereas a small post-arcuate portion of LPMCv weakly innervates spinal levels C5 

to T1 (Fig. 16B).

Terminal Density of the M1, M2, LPMCd and LPMCv Corticospinal Projection—
In two previous reports, we quantitatively described the terminal organization of the 

corticospinal projection to C5-T1 from the primary motor cortex (M1) (Morecraft et al., 

2013) and supplementary motor cortex (M2, SMC, MII; also recognized as supplementary 

motor area, SMA) (McNeal et al., 2010) using multiple control cases in each report. In these 

studies we employed an identical experimental tract tracing paradigm and stereological 

design as applied in the present study investigating the LPMCd CSP for cases SDM54-BDA, 

SDM57-FD and SDM61-FD and LPMCv from case SDM72-FD (Table 1). Given the 

similarities in technical procedures and experimental parameters, our data suggest that 

significant differences occur in corticospinal laterality, and a connectional/anatomical 

hierarchy exists relative to the strength/total bouton number of corticospinal terminals 

arising from each major motor area.

With regard to laterality, the CSP to the cervical enlargement from LPMCd appears to be 

strikingly similar to what we found for M2. For example, from an average of 4 M2 control 

monkey cases we observed 81% of terminal boutons were located contralaterally at C5-T1 

(McNeal et al., 2010). Similarly, we found 79% of labeled terminals were located 

contralaterally in case SDM57-FD, which gave rise to the most prominent LPMCd CSP. As 

pointed out, rostrally in LPMCd the CSP is approximately 73% contralateral. Collectively, 

these findings demonstrate that the “premotor cortex” CSP is bilateral. In significant 

contrast, and based upon an average of 3 M1 CSP monkey cases, the terminal distribution of 

the CSP from the caudal part of M1 (i.e., cortex lining the anterior bank of the central 

sulcus) is a dominate 98% contralateral (Morecraft et al., 2013). It will be of considerable 

interest to determine the laterality of the CSP from the rostral region of M1 (or “old” M1 

according to Rathelot & Strick, 2009). Indeed, this cortex is positioned between LPMCd 

proper and caudal (or “new”) M1 which lines the anterior bank of the central sulcus. Our 

current findings on the laterality of the CSP from injection case SDM77-BDA (87% 

contralateral), which was located within the transitional region between LPMCd/area 6DC 

and rostral M1/area 4, suggests a gradual trend may occur through “old” M1 characterized 

by a slightly greater contralateral CSP progressing toward “new” M1.

In terms of total bouton number and general density, it is clear that the strongest/densest 

contralateral terminal CSP to the cervical enlargement (C5-T1) originates from M1 

(Morecraft et al., 2013- Table 2, average = 199,214 boutons). This is followed by the 

contralateral terminal CSP from M2 (McNeal et al., 2010- Table 2, average = 75,853 

boutons), LPMCd (Table 1, SDM57-FD = 35,469 boutons) and LPMCv (Table 4, SDM72-

FD = 6,162). Correspondingly, this trend was notable for the contralateral projection to 

motoneuron lamina IX and propriospinal lamina VII, with significantly more corticospinal 

terminals occurring in both laminae from M1, followed by M2 then LPMCd. No lamina IX 

projection was found for LPMCv. These observations parallel the retrograde transport 

findings of Galea and Darian-Smith (Galea & Darian-Smith, 1994) who found the largest 

number of contralateral corticospinal neurons reside in M1 following injections of 

retrograde tracer into the cervical enlargement. They reported that the second highest 
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number of contralateral corticospinal neurons were located in M2 (identified as area 

F3/SMA/mesial area 6aα in the Galea and Darian-Smith paper) followed by comparatively 

less corticospinal neurons located in LPMCd (identified as area F2/dorsolateral area 6aα in 

the Galea and Darian-Smith paper) and fewest in the region of the arcuate spur/inferior 

arcuate sulcus (identified as the post-arcuate area).

Interestingly we found the inverse relationship to occur for the contralateral terminal 

projection to lamina VIII. The highest number of corticospinal terminations in lamina VIII 

resulted from injections of dextran tracer into LPMCd (case SDM57-FD), followed by M2 

(McNeal et al., 2010), and then M1 which had the fewest number of contralateral 

terminations in lamina VIII (Morecraft et al., 2013).

Kuypers’ Proximal Motor Control System and Woolsey’s Axial Representation
—In addition to gaining contemporary insight into the anatomical organization of the 

LPMCd corticospinal projection, our experimental plan was designed to re-examine 

Kuypers’ conceptualization of the descending medial motor control system, which he 

proposed was organized to control postural and proximal limb movements (Kuypers & 

Brinkman, 1970; Kuypers, 1982; Lawrence & Kuypers, 1968, - for review see Lemon, 

2008a, 2008b; Lemon, Landau, Tutssel, & Lawrence, 2012). Our findings provide 

substantial support for the medial motor system model from the perspective of the LPMCd 

CSP to the spinal intermediate zone (lamina VII). Consistent with Kuypers and Brinkman 

(1970) observations, we found powerful bilateral corticospinal terminations ending in the 

medial region of lamina VII and adjacent lamina VIII (Fig. 16A, see area identified in red). 

Notably, lamina VIII contains motoneurons innervating axial musculature via dorsal primary 

rami (Sprague, 1948). In addition, propriospinal neurons located in both spinal regions 

(medial lamina VII and lamina VIII) give rise to long, bilateral intraspinal axon projections 

(Matsushita, Ikeda, & Hosoya, 1979; Molenaar & Kuypers, 1978) that ascend and descend 

in the ventral funiculi. These projections issue frequent collaterals that re-enter the gray 

matter to terminate on motoneurons of proximal extremity muscles and axial muscles 

(Matsushita et al., 1979; Molenaar, 1978; Molenaar & Kuypers, 1978; Molenaar, Rustioni, 

& Kuypers, 1974; Rustioni, Kuypers, & Holstege, 1971; Sterling & Kuypers, 1968 – see 

Kuypers, 1982 for review). Overall, there is good reason to believe that this circuitry is well-

structured to govern movements of the girdle/proximal limb and axial/vertebral region, and 

as such contribute to neural systems implicated in postural control and reaching.

The observations of the present study extend Kuypers medial motor system concept in 

several notable ways. First was our finding of a topographically specific contralateral 

LPMCd CSP to the dorsomedial quadrant of lamina IX which is known to harbor proximal 

upper limb flexor motoneurons (Jenny & Inukai, 1983; Reed, 1940). This would suggest 

potential involvement in control of reaching. Second, complimenting this observation we 

found the contralateral LPMCd CSP to laminae VII and IX preferentially innervate spinal 

levels C5-C7, which control neck, back, shoulder and elbow movements. Third, we found a 

bilateral projection to lamina VIII that surprisingly involved all segmental levels of the 

enlargement, including levels C8 and T1 which are conventionally recognized for mediating 

wrist and digit movements. Based upon this evidence, it is probable that the LPMCd CSP to 

lamina VIII could serve to activate axial muscles locally (C5-T1) through the direct 
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projections to axial motoneurons, as well as at widespread vertebral levels via the CSP 

projection to lamina VIII propriospinal neurons. The net effect of this circuitry may be for 

postural stabilization accompanying simultaneous hand and digit movements mediated 

primarily by M1 corticospinal projections to lamina IX flexor, extensor, adductor and 

abductor motoneurons located at C8 and T1 (Morecraft et al., 2013).

Kuypers often acknowledged supportive physiological observations reported around the time 

he developed his descending medial and lateral motor system concepts. This included the 

findings of Clinton Woolsey, who was one of the most recognized neuroscientists in the field 

of cortical functional localization (Lyon et al., 2014; Thompson, 1999). One of Woolsey’s 

most cited contributions included his surface stimulation findings of motor cortex in the 

pentobarbital anesthetized monkey preparation (Fig. 17A) (Woolsey et al., 1952). His 

observations supported the existence of one major precentral motor cortex (MI), and a 

second smaller motor representation, the supplementary motor cortex (MII) (Fig. 17C) 

(Woolsey et al., 1952; Woolsey, 1958). Although the rostral part of the precentral motor 

cortex (MI) was considered by many authorities to be “premotor cortex” (Fulton, 1949), 

Woolsey’s surface stimulation work demonstrated this cortex evoked axial and proximal 

limb upper extremity movements. Notwithstanding the debate that followed for many 

decades, our present CSP findings provide a plausible explanation for what Woolsey and his 

colleagues observed in the surgical suite when he stimulated the ventrocaudal region of 

LPMCd. Careful examination of his trademark “figurines” show that cortex located just 

ventral and rostral to the superior precentral dimple/sulcus elicited movements in the upper 

(cervical) axial region, including shoulder and elbow movements (Fig. 17A, B). Our findings 

show if the epicortical stimulating pulse activated the LPMCd CSP as found in case 

SDM57-FD, which closely corresponds to this cortical location (Figs. 1, 17A see cortex 

outlined by the solid red line), this movement pattern is precisely what we would predict 

based upon the terminal pattern of the CSP presented here, and corresponding anatomical 

organization of the cervical spinal cord as summarized above. This would also be congruent 

with the intracortical microstimulation (ICMS) observations demonstrating shoulder (Kwan 

et al., 1978b; Raos, Umilta, Gallese, & Fogassi, 2004; Stark, Asher, & Abeles, 2007) and 

trunk/axial (Godschalk, Mitz, van Duin, & van der Burg, 1995) movements are evoked from 

this same dorsolateral premotor location. This general cortical region has also been shown to 

contain retrogradely labeled cells following injection of rabies virus into the spinodeltoid 

muscle of the rhesus monkey (Rathelot & Strick, 2009). As we will briefly discuss below, 

our anatomical evidence suggests that current observations of “dorsolateral premotor” 

contributions to grasping and manipulation cannot be a direct result of corticospinal output 

derived from this brain region as both Kuypers and Woolsey contended.

Additional Functional Considerations

For nearly a century, unraveling the functional contribution of LPMCd to voluntary motor 

behavior has been a priority of cortical motor system investigators. Early lesion studies in 

non-human primates demonstrated lateral premotor cortex injury alters the ability to execute 

complex purposeful voluntary upper extremity movements (Fulton, 1935, 1949; Jacobsen, 

1934, 1935 – see Darling, Pizzimenti, & Morecraft, 2011 for review). Contemporary 

neurophysiological recording studies have shown that LPMCd neurons are active during the 
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preparation, initiation and execution phases of arm movements (see Hoshi & Tanji, 2007 for 

review). More recent unit recording work reported single neurons in LPMCd encode the 

kinematics of both reaching and grasping movements (Takahashi et al., 2017), grip type and 

grasp time course (Hao et al., 2014) and moderate their activity according to object 

dimensions and applied forces (Hendrix, Mason, & Ebner, 2009). Other current studies 

indicate that LPMCd neurons are active during both visually-guided and memory-guided 

sequential arm pointing movements but make a significant contribution only to the 

generation of cortically mediated memory-guided arm movement sequences (Ohbayashi, 

Picard, & Strick, 2016). Our findings demonstrate that the corticospinal projection from 

LPMCd is structured to govern axial and girdle/proximal upper limb musculature that would 

likely be involved in postural stabilization and perhaps, control of the proximal limb during 

reaching. Thus, distal upper extremity motor control contributions from LPMCd, including 

influence on grasping and manipulation, are likely to occur through indirect multisynapic 

neural networks. These might include reciprocal corticocortical projections with M1, 

descending LPMCd projections to subcortical targets, or through contralateral LPMCd 

corticospinal input to the spinal intermediate zone. This conclusion would be in agreement 

with stimulus triggered averaging (StTA) observations which demonstrate LPMCd short 

latency post-stimulus effects similar to M1 occur only in proximal upper limb muscles 

(shoulder and elbow), indicating direct LPMCd CSP’s may terminate only on proximal limb 

motoneurons (Boudrias, McPherson, Frost, & Cheney, 2010). In contrast, the latency effects 

accompanying LPMCd stimulation on distal upper limb muscle activation was 2-3 ms longer 

compared to M1. Boudrias and colleagues suggested their findings supported a role for 

LPMCd on the reach process, which mainly involves proximal joints (Kurata & Hoffman, 

1994). They also concluded that LPMCd corticospinal projections are not likely to directly 

affect distal upper extremity motoneurons/movements, and such an effect is likely to occur 

through indirect coupling, or via slow corticospinal conduction velocities (Boudrias et al., 

2010).

We found that the convexity/lateral portion of LPMCv did not innervate spinal levels located 

below C2. This observation suggests that the CSP from the gyral/lateral portion of LPMCv 

may affect upper neck movement. This would support Woolsey’s observations of neck 

movements following epicortical stimulation of ventral area 6 located directly above the 

orofacial representation (Fig. 17A) (Woolsey et al., 1952) and ICMS observations showing 

neck and axial movements can be evoked from this general LPMCv location (Gentilucci et 

al., 1988; Godschalk et al., 1995). Importantly, our findings also indicate that this (gyral) 

LPMCv CSP does not have a direct projection to the C3-C4 propriospinal relay system that 

is known to mediate distal upper extremity movements in the cat and monkey through C3/C4 

intermediate zone projections to lamina IX motoneurons at C8 and T1 (Alstermark et al., 

2011; Isa, Ohki, Seki, & Alstermark, 2006; Kinoshita et al., 2012). These experimental 

findings indirectly support the suggestion that LPMCv effects on distal upper extremity 

movements in monkey are significantly mediated through corticocortical circuits modulating 

corticospinal output arising from the M1 arm/hand area (Cerri, Shimazu, Maier, & Lemon, 

2003; Prabhu et al., 2009; Schmidlin, Brochier, Maier, Kirkwood, & Lemon, 2008; Shimazu, 

Maier, Cerri, Kirkwood, & Lemon, 2004). Finally, it is possible that a potential LPMCv CSP 

that may reach C5-T1, as found here (Fig. 16B) and by Borra et al., (2010) in monkey, may 
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be structured differently in the human brain. But a recent stimulation study in humans has 

also shown LPMCv-M1 mediated corticocortical interconnections, or other indirect LPMCv 

neuronal circuits may be necessary for LPMCv influence on hand movements. Specifically, 

Fornia and colleagues report longer latencies to hand muscles for single (and multiple) pulse 

stimulation to ventrolateral premotor cortex than compared to M1 stimulation effects (Fornia 

et al., 2018). This work also demonstrated that higher intensity stimulation was required 

when stimulating LPMCv than M1, indicating lower excitability of the ventrolateral 

premotor region.

Potential Role of the LPMC CSP in Motor Recovery after Precentral Cortical Injury

LPMCd Corticospinal Projection and Potential Proximal Upper Limb Recovery
—Understanding the potential role of spared LPMC in motor recovery of the hand and digits 

following damage to M1 has received considerable attention (Baker, Zaaimi, Fisher, Edgley, 

& Soteropoulos, 2015; Ganguly, Byl, & Abrams, 2013; Kantak, Stinear, Buch, & Cohen, 

2012; Plow, Cunningham, Varnerin, & Machado, 2015). Underlying optimism for such a 

role is the thought that following M1 injury, the LPMC corticospinal projection may be a 

target for therapeutic intervention to assist re-innervation processes of spinal cord targets 

that have lost M1 input, which is a common occurrence following middle cerebral artery 

(MCA) stroke. With respect to the LPMCd corticospinal projection, our findings indicate 

that this would be a formidable challenge. The main obstacle would be the topographical 

distribution of M1 and LPMCd CSP being vastly different with one major exception. As we 

have previously shown, the CSP from the arm/hand region of M1 is a nearly exclusive 

contralateral projection (98%). In terms of topography, M1 terminals target the dorsal and 

lateral sectors of lamina VII, the dorsal quadrants of motoneuron lamina IX at levels C5-C7, 

and all quadrants of lamina IX at C8 and T1 (Morecraft et al., 2013). In striking contrast, we 

found the LPMCd CSP is bilateral and primarily targets the medial and ventral sectors of 

lamina VII and adjacent lamina VIII. Furthermore, the projection to lamina IX innervates 

the dorsomedial quadrant of lamina IX, but this occurs preferentially at C5-C7, with very 

few terminal boutons at C8 and T1. Thus, for the LPMCd CSP to “take over” some of M1’s 

exquisite grasping and manipulation functions, significant axon terminal rearrangement 

would be required in the form of extensive sprouting into the lateral regions of lamina IX at 

C5 to C7, as well as caudally into spinal levels C8 and T1. However, based upon our 

experience in the monkey cortical lesion model, spontaneous (e.g., no therapeutic 

intervention) upregulation of spared supplementary motor (M2) CSP terminals following 

M1 hand injury occurs only in spinal cord sectors that have axon terminals as shown in 

controls (McNeal et al., 2010; Morecraft, Ge, et al., 2015; Morecraft et al., 2016). This 

would indicate LPMCd CSP proliferation may occur in spinal subsectors mediating 

proximal limb recovery (e.g., bilaterally in medial lamina VII and lamina VIII). In this 

regard, a spared LPMCd CSP appears to be in a favorable position to contribute to recovery 

of postural stabilization and reaching, particularly following compromise of the shoulder/

trunk representation of M1 which lies caudal to LPMCd, and directly dorsal to the M1 arm/

hand area (Fig. 17A, see area outlined by the dashed red line) (Boudrias et al., 2010; Darling 

et al., 2013; Darling et al., 2016; Hudson, Park, Belhaj-Saif, & Cheney, 2017; Kwan, 

Mackay, Murphy, & Wong, 1978a; Weinrich & Wise, 1982).
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LPMCd and LPMCv Corticospinal Projection and Potential Distal Upper Limb 
Recovery—Yet there is one important exception to the problem related to distal upper limb 

motor recovery, and this relates to the CSP findings from both LPMCd (SDM57-FD) and the 

post-arcuate region of LPMCv (SDM72-FD). In the current report we found a particularly 

dense LPMCd CSP (SDM57-FD) to the lateral sectors of contralateral lamina VII at C5-C7, 

and a moderate CSP to the lateral sectors of contralateral lamina VII at C8 and T1 (Figs. 7A, 

10A, 16A - see contralateral lamina VII area highlighted in blue). Similarly, we found a 

weak but relatively consistent LPMCv projection to the dorsolateral sector of lamina VII 

throughout C5-T1 (Fig. 15A). According to Kuypers motor control model, this lateral 

lamina VII projection would fall into the “lateral motor system” domain, which is organized 

to steer distal upper extremity motor function (Kuypers, 1982 – for review see Lemon, 

2008b; Lemon et al., 2012). Indeed, propriospinal neurons in lateral lamina VII give rise to 

ipsilateral projections to motoneurons in lamina IX, including at spinal levels C8 and T1 

(Sterling and Kuypers, 1968 - see their Fig. 13; Rustoni et al., 1970; Molenaar et al., 1974; 

Molennar, 1978; Molenaar and Kuypers, 1978; Matsushita et al., 1979 – see Kuypers, 1982 

for review) which could theoretically support distal upper extremity recovery. Of note, this 

potential recovery scenario would not pertain to the LPMCd or LPMCv CSP originating 

from the non-lesioned hemisphere because the ipsilateral CSP from both premotor areas 

primarily innervate the dorsomedial, ventromedial and ventral subsectors of lamina VII 

(Figs. 7B, 10B, 12B).

As for the LPMCv CSP originating from the convexity/lateral surface, this projection did not 

innervate spinal levels below C2. Thus, transcranial stimulation efforts in recovering patents 

with M1 damage focusing on the lateral surface of the ventral premotor region may not have 

a direct effect on upper extremity related spinal circuitry (i.e., C3-T1) if this corticospinal 

projection is structured similarly in humans. As noted, this would require the LPMCv CSP 

to at least reach C3 and C4, where lateral lamina VII propriospinal neurons are known to 

innervate lamina IX motoneurons at C8 and T1 (Alstermark et al., 2011; Kinoshita et al., 

2012).

Frontal versus Frontoparietal Injury—Our experience would also suggest that such 

corticospinal terminal proliferation may occur following isolated lateral motor cortex injury 

(McNeal et al., 2010; Morecraft et al., 2016), but not when the primary somatosensory 

cortex (S1) is incorporated into the injury scenario (Morecraft, Ge, et al., 2015). Indeed our 

experiments show that isolated lateral motor cortex injury (M1+LPMC) results in an 

upregulated corticospinal projection from spared premotor cortex (i.e., M2; (McNeal et al., 

2010), but inclusion of S1 in the injury (M1+LPMC+ S1) results in degradation of 

corticospinal terminals from what appears to be “healthy” uninjured premotor cortex (i.e., 

M2; Morecraft, Ge, et al., 2015). In this case, we found corticoreticular projections 

proliferate from spared premotor cortex (M2) and this important upregulation of reticular 

input correlates with arm and hand recovery (Darling et al., 2018). Notably, increased M2 

corticoreticular input did not occur following isolated lateral motor cortex injury, only 

enhanced M2 corticospinal projections.
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Summary and Conclusions

In the rhesus monkey, the CSP from the lateral, or convexity portion of LPMCv did not 

project below C2 whereas the CSP from LPMCv located in the post-arcuate region sent a 

weak bilateral CSP to C5-T1 that ended primarily in contralateral lamina VII. In contrast, 

we demonstrate a strong bilateral ventromedial CSP from LPMCd to C5-T1 that is 

structured to influence axial and proximal upper limb movements possibly involved in 

postural stabilization and control of reaching. A sizeable LPMCd projection was also found 

to the lateral part of contralateral lamina VII. Collectively, our findings show that 

contributions of LPMC to grasping and manipulation are likely to be mediated through 

indirect neural network connections including corticocortical, subcortical or intrinsic spinal 

circuits. Clinically, our findings indicate that spared LPMCd CSP following MCA stroke 

may contribute to recovery of axial and proximal limb movements following injury to the 

M1 shoulder/trunk representation. It is also conceivable that the LPMC CSP may support 

distal upper extremity recovery following injury to the M1 arm/hand representation through 

indirect circuits mediated by the contralateral LPMC CSP to the lateral region of lamina VII.
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Figure 1. 
Line drawings of cortical injection sites located in the dorsal (d) and ventral (v) regions of 

the lateral premotor cortex (LPMC) of the monkey (Macaca mulatta). The arcuate sulcus has 

been opened which is indicated by the dashed lines around the solid line (the later 

representing the fundus of the sulcus). Injection sites are color coded for respective dextran 

tracer and match the legend in the bottom center of the diagram. The solid line within each 

injection site marks the estimated boundary between the injection site core (in center) and 

halo which is external to the core region. Cytoarchitectonic borders of the lateral premotor 

region (areas 4, 6DC, 6DR, 6Va and 6Vb, according to Morecraft et al., 2012, 2015 and 

Pandya et al., 2015) are marked by the light gray lines. Abbreviations : cs, central sulcus; ec, 

ectocalcarine sulcus; D, digit; El, elbow; ilas, inferior limb of the arcuate sulcus; ios, inferior 

occipital sulcus; ips, intraparietal sulcus; L, leg; LL, lower lip; LPMCd, dorsal lateral 

premotor cortex; LPMCv, ventral lateral premotor cortex; lf, lateral fissure; ls, lunate sulcus; 

M1, primary motor cortex; N, neck; NR, no response; ps, principle sulcus; SDM, South 

Dakota Monkey; Sh, shoulder; slas, superior limb of the arcuate sulcus; sts, superior 

temporal sulcus; Th, thumb; Tr, trunk; UL, upper lip; Wr, wrist.
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Figure 2. 
Plate of photomicrographs showing the major LPMCd injection site cases and representative 

terminal labeling at C5 to T1 in the spinal cord. A) Coronal section in case SDM57 showing 

the FD (blue reaction product) and BDA (brown reaction product) injection sites in LPMCd 

and LPMCv respectively. B) Transverse section in case SDM57-FD showing contralateral 

FD labeled fibers and terminals in C6. The asterisk in the main panel denotes the location of 

the higher power image shown in the inset on the bottom right. The arrows (top right) show 

the main route and trajectory taken by labeled axons from the lateral corticospinal tract to 

the contralateral spinal gray matter. Note the heavy presence of both axons in passage and 

labeled bouton terminals in the dorsolateral gray matter region (of lamina VII) that 

precluded the positive assessment of terminal labeling by Kuypers with his use of the axon 

degeneration technique that was available at the time he conducted his classical studies. C) 

Transverse section in case SDM57-FD showing contralateral FD labeled fibers and terminals 

in the ventromedial sector of lamina VII at C6. The inset on the bottom left shows 

contralateral terminal labeling in lamina VIII at C5. The inset on the bottom right shows 

contralateral terminal labeling in lamina IX at C7. D) Low power image showing the FD 

injection site in case SDM61 just superior to the gray matter capping the posterior tip of the 

spur of the arcuate sulcus (gmAS). E) Transverse spinal cord section in case SDM61-FD 

showing terminal labeling in the contralateral ventromedial sector of lamina VII at C5. The 

inset on the bottom left and bottom right show higher power images of terminal labeling in 

the ventromedial region of lamina VII at C6 and C7 respectively. F) Transverse section in 
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case SDM61-FD showing contralateral FD labeled fibers and terminals in the reticulated 

marginal border (RMB) at C7. The asterisk in the main panel denotes the location of the 

higher power image shown in the inset on the bottom left. G) Coronal section in case 

SDM54 showing a portion of the BDA injection site in LPMCd. H) Transverse section 

through spinal level C6 in case SDM54-BDA showing contralateral terminal labeling in the 

ventrolateral sector of lamina VII at C6. The arrowheads denote the locations of labeled 

boutons. The insets are higher power images of BDA lamina VII labeling at C6 (bottom left) 

and C7 (top right). I) Contralateral terminal labeling in lamina IX in case SDM54-BDA at 

C5. The arrowheads show locations of terminal bouton profiles. Micron bar in: B = 200μm; 

C = 50μm and applies to panels E, F and I; G = 2mm and applies to panels A and D; H = 

100μm. Abbreviations: ACST, anterior corticospinal tract; CC, central canal; CT, cuneate 

tract; RMB, reticulated marginal border.
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Figure 3. 
Photomicrographs showing the injection site in the M1-LPMCd transition area (SDM72-FD) 

and injection sites in LPMCv (SDM72-FD, SDM61-BDA) and representative terminal 

labeling in the spinal cord. A) Coronal section in case SDM77-BDA showing the BDA 

(brown reaction product) injection site that was located in the transition region between M1 

(area 4) and LPMCd (area 6DC). The sulcus above the injection site is the superior 

precentral sulcus. B) Transverse section in case SDM77-BDA showing contralateral BDA 

labeled fibers and terminals (arrowheads) in the dorsolateral sector of lamina VII at C6. The 

asterisk in the main panel denotes the location of the higher power image shown in the inset 

on the bottom left. C) Contralateral terminal labeling in lamina IX in case SDM77-BDA at 

C7. The insets located on the left of the panel are higher power images showing BDA 

terminals in lamina IX at C7 (top) and C8 (bottom). The arrowheads show locations of 

terminal bouton profiles. D) Low power image showing the injection site in case SDM72-FD 

in the post-arcuate region of LPMCv just below the spur of the arcuate sulcus (AS). E) 

Transverse section in case SDM72-FD showing contralateral FD labeled fibers and terminals 

in lamina VIII at C6. The asterisk in the main panel denotes the location of the higher power 

image shown in the inset on the bottom left. F) Transverse section in case SDM72-FD 

showing contralateral FD labeled fibers and terminals in the reticulated marginal border 

(RMB) at C7. The asterisk in the main panel denotes the location of the higher power image 

shown in the inset on the bottom left. G) Coronal section in case SDM61 showing a portion 

of the BDA injection site in LPMCv located on the lateral convexity. H) Terminal labeling in 
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the pyramidal tract at the lower level of the medulla in case SDM61-BDA demonstrating 

excellent and abundant BDA tracer transport in this experiment (arrowheads identify some 

clustered labeled axons. The inset on the top right shows a spinal transverse section through 

C2 with well-filled BDA labeled axons and BDA labeled terminal boutons (arrowheads) in 

lamina VII in case SDM61-BDA. I) Transverse spinal section in case SDM57-BDA, in 

which the injection site involved the convexity of LPMCv, showing contralateral BDA 

labeled fibers and terminal boutons (arrowheads) in the RMB at C1. The inset on the bottom 

left shows a higher power image of labeled boutons (arrowheads) in lamina VII at C2. 

Micron bar in: B = 100μm and applies to C and I; E = 25μm; F = 50μm; G = 2mm and 

applies to A and D; H = 500 μm. Abbreviations: ILAS, inferior limb of the arcuate sulcus; 

IO, inferior olive; RMB, reticulated marginal border.
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Figure 4. 
Line drawings of representative transverse sections through spinal levels C5-T1 from the 3 

main LPMCd cases (SDM57-FD, SDM61-FD and SDM54-BDA) depicting the locations of 

labeled white matter axons (green dots) and locations of labeled gray matter axon terminals 

(black dots). Spinal levels are depicted on the left (C5, top –T1, bottom) and correspond to 

all cases. Roman numerals in section C5 of case SDM54-BDA denote Rexed’s laminae and 

their respective anatomical subsectors used for quantitative stereological analysis of terminal 

bouton numbers. For orientation, dorsal is located on the top of each section and ventral at 

the bottom. Note the particularly dense distribution of spinal terminals in case SDM57-FD 

compared to the lighter terminal pattern found in cases SDM61-FD and SDM54-BDA. 

Abbreviations: dm, dorsomedial; dl, dorsolateral; v, ventral; vl, ventrolateral; vm, 

ventromedial. Scale bar = 2mm.
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Figure 5. 
Line drawings of representative transverse sections through spinal levels C5-T1 from 

LPMCv case SDM72-FD depicting the locations labeled white matter axons (green dots) 

and locations of labeled gray matter axon terminals (black dots). Spinal levels are depicted 

on the top left of each transverse section. Roman numerals in section C5 denote Rexed’s 

laminae and their respective anatomical subsectors used for quantitative stereological 

analysis of terminal bouton numbers. For orientation dorsal is located on the top of each 

section and ventral at the bottom. Note the significantly lighter distribution of spinal 

terminals compared to the LPMCd cases shown in Figure 4. Abbreviations, dm, 

dorsomedial; dl, dorsolateral; v, ventral; vl, ventrolateral; vm, ventromedial. Scale bar = 

2mm.
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Figure 6. 
Percent of total estimated labeled boutons (A) distributed in the contralateral (red bars) and 

ipsilateral (blue bars) spinal laminae in spinal segments C5-T1 from each LPMCd case. 

Each bar is the percentage of boutons from each individual LPMCd case with the actual 

percentage given directly above the bar. Estimated number of contralateral (B) and 

ipsilateral (C) boutons in Rexed’s laminae at C5-T1 in each LPMCd case. Each bar 

represents the stereological estimate of total number of labeled boutons in Rexed’s laminae 

(denoted by Roman numerals) and the reticulated marginal border (RMB). No labeling 

within a given Rexed’s lamina is denoted with an appropriately color coded “zero” in this 

figure and all other graph figures. Note that lamina VI is divided into medial and lateral 

subsectors. In this study, lamina VII was subdivided into 5 subsectors and lamina IX into 4 
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quadrants and the data for bouton number within these subsectors is shown in subsequent 

figures. Note the different ordinate scales in B and C

Morecraft et al. Page 38

J Comp Neurol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Estimated number of boutons of the contralateral (A) and ipsilateral (B) corticospinal 

projection from LPMCd to the anatomical subsectors of lamina VII of spinal segments C5-

T1 in all LPMCd injection site cases. Each bar is the estimated number of boutons in each 

specified lamina VII subsector for an individual case as indicated on the abscissa. Note the 

general and gradual decline in total bouton numbers from cases SDM57-FD, in which the 

injection site was located most caudally in LPMCd, to case SDM72-LYD where the 

injection site was located most rostrally in LPMCd. Subsector abbreviations: DM, 

dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral; V, ventral
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Figure 8. 
Estimated number of labeled boutons of the contralateral corticospinal projection to the 

anatomical subsectors of lamina IX in all LPMCd injection site cases. Each bar is the 

estimated number of boutons in each specified lamina IX subsector for an individual case as 

indicated on the abscissa. Note the consistent and prominent distribution of terminal LPMCd 

labeling in the dorsomedial quadrant in major LPMCd cases SDM57-FD, SDM61-FD and 

SDM54-BDA. Subsector abbreviations: DM, dorsomedial, DL; dorsolateral; VM, 

ventromedial; VL, ventrolateral.
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Figure 9. 
Estimated number of contralateral (A) and ipsilateral (B) labeled boutons to each spinal 

segment of C5-T1 in each Figure 9. LPMCd injection site case. Each bar represents the 

stereological estimate of the total number of boutons in one spinal segment of a single case
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Figure 10. 
Estimated number of boutons of the contralateral (A) and ipsilateral (B) corticospinal 

projection from LPMCd case SDM57-FD to the anatomical subsectors of lamina VII of each 

spinal segment (C5-T1). Each bar is the estimated number of boutons in each specified 

lamina VII subsector. Estimated number of boutons of the contralateral corticospinal 

projection (C) from LPMCd case SDM57-FD to the anatomical subsectors of lamina IX at 

each spinal segment (C5-T1). As indicated the greatest number of labeled boutons occurred 

at levels C5-C7. Each bar is the estimated number of boutons in each specified lamina IX 

subsector. Estimated number of labeled boutons of the bilateral CSP (D) from case SDM57-

FD to lamina VIII at each spinal segment (C5-T1). Note the stepwise increase of 

contralateral lamina VIII labeling from C5-C8 and strong bilateral terminal labeling at T1, 

which was relatively equivalent to the amount of terminal lamina VIII labeling found at C5 
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and C6. Subsector abbreviations: DM, dorsomedial; DL, dorsolateral; VM, ventromedial; 

VL, ventrolateral; V, ventral
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Figure 11. 
Percent of total estimated labeled boutons (A) distributed in the contralateral (red bars) and 

ipsilateral (blue bars) spinal laminae in segments C5-T1 following dextran tracer injection in 

experimental case SDM77-BDA (which involved the M1/LPMCd transition area) and case 

SDM72-FD (which involved the post-arcuate region of LPMCv). Each bar is the percentage 

of boutons from each individual case with the actual percentage given directly above the bar. 

Estimated number of contralateral (B) and ipsilateral (C) boutons in Rexed’s laminae at C5-

T1 in each case. Each bar represents the stereological estimate of total number of labeled 

boutons in Rexeds’ laminae (denoted by Roman numerals) and the reticulated marginal 

border (RMB)
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Figure 12. 
Estimated number of boutons of the contralateral (A) and ipsilateral (B) corticospinal 

projection from injection site SDM77-BDA (M1/LPMCd transition area) and case SDM72-

FD (LPMCv post-arcuate area) within the anatomical subsectors of lamina VII of spinal 

segments C5-T1. Each Bar is the estimated number of boutons in each specified lamina VII 

subsector for an individual case as indicated on the abscissa. Subsector abbreviations: DM, 

dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral; V, ventral
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Figure 13. 
Estimated number of labeled boutons of the contralateral corticospinal projection to the 

anatomical subsectors of lamina IX in injection site case SDM77-BDA (M1/LPMCd 

transition area) and injection site case SDM72-FD (LPMCv post-arcuate area). Each bar is 

the estimated number of boutons in each specified lamina VII subsector for an individual 

case as indicated on the abscissa. Note the prominent distribution of terminal LPMCd/M1 

labeling in the dorsomedial and dorsolateral quadrants in case SDM77-BDA. In contrast, no 

labeling was found in lamina IX in case SDM72-FD. Subsector abbreviations: DM, 

dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral.
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Figure 14. 
Estimated number of contralateral (A) and ipsilateral (B) labeled boutons within spinal 

segments C5-T1 in case SDM77-BDA (M1/LPMCd transition area) and case SDM72-FD 

(LPMCv post-arcuate area). Each bar represents the stereological estimate of the total 

number of boutons in one spinal segment of a single case.
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Figure 15. 
Estimated number of boutons of the contralateral (A) and ipsilateral (B) corticospinal 

projection from post-arcuate LPMCv case SDM72-FD to the anatomical subsectors of 

lamina VII of spinal segments C5-T1. Each bar is the estimated number of boutons in each 

specified lamina VII subsector of a single spinal segment. Subsector abbreviations: DM, 

dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral; V, ventral
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Figure 16. 
Summary diagrams of the main findings of the study. The left diagram (A) illustrates in 

schematic fashion the overall LPMCd corticospinal projection to the cervical enlargement 

from case SDM57-FD, which gave rise to the most prominent CSP of all LPMCd 

experimental cases. The relative intensity of the projection to spinal cord laminae is 

indicated by line thickness and arrowhead size. Strong bilateral projections were found to 

the medial and ventral parts of lamina VII and lamina VIII which are considered major 

targets of Kuypers medial motor system (shaded in red) which largely influences proximal 

limb and axial movements. In addition, a strong projection was found to the lateral sectors of 

contralateral lamina VII which are considered major components of Kuypers “lateral motor 

system” (shaded in blue) which largely influences distal limb movements. The blue asterisk 

located within the dorsomedial region of lamina VII denotes an area of CSP terminal overlap 

amongst the M1 hand CSP of the lateral motor system, and LPMCd CSP of the medial 

motor system. The right diagram (B) illustrates the overall LPMCv corticospinal projection 

to the cervical enlargement from case SDM72-FD, which originated from the post-arcuate 

cortical region. As indicated by the thin lines representing the relative projections to Rexed’s 

laminae, this CSP was sparse compared to the more prominent LPMCd CSP shown on the 

left. The white area located in anterior to the dashed line on the cortical surface represents 
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the cortex lining the posterior bank of the arcuate sulcus. The black asterisk on the cortical 

surface that is posterior to the post-arcuate region denotes cortex located on the convexity 

that did not project below C2.
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Figure 17. 
Modified reproduction of Woolsey’s composite figurine map of precentral and 

supplementary motor area movement representation from his epicortical stimulation 

observations in 22 monkey cases (Woolsey et al., 1952). Within each figurine, solid black 

signifies the strongest and earliest evoked movements, gray shading represents intermediate 

effects, and stippling denotes the weakest effects. Although simplified, Woolsey emphasizes 

in numerous locations of his manuscript that extensive overlap occurs in the cortical motor 

patterns and there are no sharp lines of demarcation, and he keenly points out that “… the 

figurine method of illustration, although it is not ideal, may help the reader not only to 

visualize the foci for movement of different parts of the body but also to see the extent to 

which adjacent centers mutually overlap”. The area outlined by the solid red line represents 

the cortical location corresponding to our injection site in LPMCd case SDM57-FD. The 

area outlined by the dotted red line denotes the precentral location of the M1 shoulder 

representation, which is positioned between the M1 hand and M1 leg representations. B) 

Enlargement of the area outlined by the solid red line in panel A. Note the extensive 

representation of axial, shoulder and elbow movements. C) Woolsey’s summary diagram 

showing the basic spatial relationship between the precentral motor area (M1) and 
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supplementary motor area (MII). Abbreviations: Ax, axial movement; El, elbow movement, 

Sh, shoulder movement.
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Table 1.

Description of the Experimental Parameters in each Case

Case Sex Age
(yrs.)

Weight
(kg)

Area
Injected

Tracer/
Injections

Total
Volume

(μL

Injection
Core
Vol.

(mm3)

Injection
Halo
Vol.

(mm3)

Post-
injection
Survival
(days)

SDM54 Male 9.0 9.2 LPMCd BDA/3 1.2 15.44 78.44 33

SDM57 Female 18.0 6.0 LPMCd FD/3 1.2 15.33 78.44 32

LPMCv BDA/3 1.2 4.01 21.43

SDM61 Female 4.0 4.3 LPMCd FD/3 1.2 20.82 96.55 33

LPMCv BDA/3 1.2 5.47 28.07

SDM72 Female 8.7 5.6 LPMCv FD/3 1.2 7.16 90.32 33

LPMCd BDA/3 1.2 3.56 25.06

LPMCd LYD/3 1.2 7.88 52.42

SDM77 Male 8.3 9.6 M1/LPMCd BDA/2 0.8 2.07 23.70 33
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TABLE 2.

Contralateral Bouton Counts in Each LPMCd Case by Spinal Lamina
1

Case Tracer Total V VI RMB VII VIII IX Xc

Med Lat Med Lat

SDM57 FD 35,469 0 0 1,269 1,122 583 22,382 8,017 1,218 878

(0) (0) (4) (3) (2) (63) (23) (3) (2)

SDM61 FD 18,892 0 0 927 1,941 1,179 11,982 841 1,602 420

(0) (0) (5) (10) (6) (63) (4) (9) (2)

SDM54 BDA 3,776 0 0 0 331 0 2,384 66 796 199

(0) (0) (0) (9) (0) (63) (2) (21) (5)

SDM72 BDA 812 0 0 0 0 0 812 0 0 0

(0) (0) (0) (0) (0) (100) (0) (0) (0)

SDM72 LYD 464 0 0 0 0 0 464 0 0 0

(0) (0) (0) (0) (0) (100) (0) (0) (0)

1
Percentages of total are reported in parentheses. Values are rounded to the nearest whole number, except when the value is 0.7 or less. Lat, lateral; 

Med, medial; RMB, reticulated marginal border.
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TABLE 3.

Ipsilateral Bouton Counts in Each LPMCd Case by Spinal Lamina
1

Case Tracer Total V VI RMB VII VIII IX Xi

Med Lat Med Lat

SDM57 FD 9,229 0 0 0 0 4,051 4,545 0 633

(0) (0) (0) (0) (44) (49) (0) (7)

SDM61 FD 7,085 0 0 0 0 4,386 2,277 0 422

(0) (0) (0) (0) (62) (32) (0) (6)

SDM54 BDA 1,389 0 0 0 0 926 463 0 0

(0) (0) (0) (0) (67) (33) (0) (0)

SDM72 BDA 232 0 0 0 0 58 174 0 0

(0) (0) (0) (0) (25) (75) (0 (0)

SDM72 LYD 0 0 0 0 0 0 0 0 0

(0) (0) (0) (0) (0) (0) (0) (0)

1
Percentages of total are reported in parentheses. Values are rounded to the nearest whole number, except when the value is 0.7 or less. Lat, lateral; 

Med, medial; RMB, reticulated marginal border.
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TABLE 4.

Contralateral Bouton Counts for Case SDM77 (M1- LPMCd transition cortex) and Case SDM72 (LPMCv) by 

Spinal Lamina
1

Case Tracer Total V VI RMB VII VIII IX Xc

Med Lat Med Lat

SDM77 BDA 7,765 0 0 157 105 209 5,776 577 785 156

(0) (0) (2) (1) (3) (74) (7) (10) (2)

SDM72 FD 6,162 0 231 0 924 1,310 2,618 925 0 154

(0) (4) (0) (15) (21) (42) (15) (0) (2)

1
Percentages of total are reported in parentheses. Values are rounded to the nearest whole number, except when the value is 0.7 or less. Lat, lateral; 

Med, medial; RMB, reticulated marginal border.
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TABLE 5.

Ipsilateral Bouton Counts for Case SDM77 (M1- LPMCd transition cortex) and Case SDM72 (LPMCv) by 

Spinal Lamina
1

Case Tracer Total V VI RMB VII VIII IX Xi

Med Lat Med Lat

SDM 77 BDA 1,153 0 0 0 0 0 157 787 0 209

(0) (0) (0) (0) (0) (14) (68) (0) (18)

SDM 72 FD 2,697 0 0 0 0 0 1,387 1,233 0 77

(0) (0) (0) (0) (0) (51) (46) (0) (3)

1
Percentages of total are reported in parentheses. Values are rounded to the nearest whole number, except when the value is 0.7 or less. Lat, lateral; 

Med, medial; RMB, reticulated marginal border.
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