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    Abstract

      The mammalian motor cortex typically innervates motor neurons indirectly via oligosynaptic pathways. However, evolution of skilled digit movements in humans, apes, and some monkey species is associated with the emergence of abundant monosynaptic cortical projections onto spinal motor neurons innervating distal limb muscles. Rats perform skilled movements with their whiskers, and we examined the possibility that the rat vibrissa motor cortex (VMC) projects monosynaptically onto facial motor neurons controlling the whisker movements. First, single injections of lentiviruses to VMC sites identified by intracortical microstimulations were used to label a distinct subpopulation of VMC axons or presynaptic terminals by expression of enhanced green fluorescent protein (GFP) or GFP-tagged synaptophysin, respectively. Four weeks after the injections, GFP and synaptophysin-GFP labeling of axons and putative presynaptic terminals was detected in the lateral portion of the facial nucleus (FN), in close proximity to motor neurons identified morphologically and by axonal back-labeling from the whisker follicles. The VMC projections were detected bilaterally, with threefold larger density of labeling in the contralateral FN. Next, multiple VMC injections were used to label a large portion of VMC axons, resulting in overall denser but still laterally restricted FN labeling. Ultrastructural analysis of the GFP-labeled VMC axons confirmed the existence of synaptic contacts onto dendrites and somata of FN motor neurons. These findings provide anatomical demonstration of monosynaptic VMC-to-FN pathway in the rat and show that lentivirus-based expression of GFP and GFP-tagged presynaptic proteins can be used as a high-resolution neuroanatomical tracing method.
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      Introduction

      Active positioning of sensors is characteristic of virtually all sensory systems, and such exploratory movements are thought to play a crucial role in the vibrissal system of rodents (Welker, 1964; Lee and Woolsey, 1975; Wineski, 1985; Carvell and Simons, 1990; Brecht et al., 1997). Some rodents (e.g., rats, hamsters, and mice) generate rhythmic high-speed whisker movements called “whisking.” Although such movements are typically synchronous, small divergent movements of adjacent whiskers have been described in rats (Sachdev et al., 2002). Whisker protractions are mediated by intrinsic whisker muscles forming a sling around the base of each whisker (Dörfl, 1982), whereas whisker retractions are driven by extrinsic whisker muscles running underneath the skin (Wineski, 1985; Berg and Kleinfeld, 2003). These muscles are highly specialized in the whisking rodents, with a predominance of fast-contracting, fast-fatigable, type 2B muscle fibers (Jin et al., 2004).

      Given the great behavioral significance of whiskers, it is not surprising that a large cortical motor field, the vibrissa motor cortex (VMC), is devoted to controlling these movements (Fig. 1A) (Hall and Lindholm, 1974). The VMC area takes up ∼45% of the entire rat primary motor cortex (M1) and ∼4.5% of the total volume of the rat neocortex and allocortex (Wree et al., 1992; Brecht et al., 2004b). Notably, extracellular microstimulation of the VMC can evoke movements restricted to one or two whiskers (Izraeli and Porter, 1995; Brecht et al., 2004b), indicating a functional link between a focal VMC activation and movements of individual whiskers. However, somewhat counter-intuitively to this evidence, two previous anatomical studies described only indirect connections from the VMC to facial motor neurons (Miyashita et al., 1994; Hattox et al., 2002).

      Anatomical, developmental, and comparative studies in humans and monkeys indicate that direct motor cortex projections onto spinal cord motor neurons have evolved to allow a high degree of control over contractions of orofacial, tongue, and finger muscles (Kuypers, 1982; Porter and Lemon, 1995). Intrigued by the findings that rodents can actively position their individual whiskers (Sachdev et al., 2002, 2003) and that individual whisker movements can be evoked by intracortical microstimulation (Izraeli and Porter, 1995; Brecht et al., 2004b), we reexamined the possibility that the VMC projects directly to facial nucleus (FN) motor neurons innervating large facial whiskers in the rat. Using lentivirus-based GFP expression as a novel tool for axonal tracing, we demonstrate, both at the light and electron microscopy level, the existence of monosynaptic VMC-to-FN motor neuron connections. This corticomotoneuronal pathway is likely to contribute to VMC control of whisker movements, which, until now, were believed to be regulated solely via oligosynaptic VMC pathways, activity of the brainstem central pattern generator (CPG) neurons, and brainstem trigeminal sensorimotor loop (Hattox et al., 2002, 2003).

    

      Materials and Methods

      Production of recombinant lentiviruses. Production of lentiviruses was performed as described previously (Dittgen et al., 2004). Pyramidal neuron-specific expression of GFP was achieved from 1.3 kb mouse α-calcium/calmodulin-dependent protein kinase II (α-CaMKII) promoter construct Flip/CaMKII promoter of 1.3 kb/GFP/woodchuck post-transcriptional regulatory element [FCK(1.3)GW] (Dittgen et al., 2004). The synaptophysin-green fluorescent protein (GFP) coding sequence was subcloned under the control of the α-CaMKII promoter, creating a construct FCK(1.3)GsynphyW.

      VMC microstimulation, video-monitoring of whisker movements, and viral delivery. All animal experiments were performed according to the animal welfare guidelines of the Max Planck Society. We used standard surgical and electrophysiological techniques (Brecht et al., 2004a). Animals were anesthetized with ketamine hydrochloride (90 mg/kg, i.p.)/xylazine (5 mg/kg, i.p.) for surgical anesthesia. All pressure points and the skin incision were infused with lindocain. During M1 stimulation, animals received supplemental doses of ketamine (20 mg/kg) and acepromazine (0.02 mg/kg, i.m.) as needed. Vibrissa motor cortex [anterior (A) 1.0 to A2.5, lateral (L) 1.0 to L2.5 mm relative to bregma] was exposed, and extracellular intracortical microstimulation (ICMS) was applied. ICMS was only effective in evoking whisker movements when the animals were lightly anesthetized and displayed at least some minimal level of spontaneous whisker movements with amplitudes >0.5°. The stimulation consisted of 100 0.3-ms-long monophasic cathodal pulses applied at a frequency of 333 Hz, resulting in a 300-ms-stimulation train. Current was delivered through a stimulus isolator connected to an extracellular stimulation pipette (tip resistance, 0.5–1 MΩ) at a depth of 1500 μm below the pial surface at a rate of 0.1 or 0.2 Hz. The usual coordinates for stimulation sites in this study were 1.5 mm anterior and 1.5 mm lateral from bregma. In all cases, stimulation at these coordinates with high-frequency stimulation trains (333 Hz pulse repetition rate) led to backward whisker movements, indicating that we were targeting the large “retraction area” of VMC (Haiss and Schwarz, 2005). At four sites, we also tested stimulation frequencies of 10, 20, 50, and 100 Hz. Consistent with previous observations (Brecht et al., 2004b), at three sites, we noted a reversal of movement direction at low frequencies (i.e., slow forward movements were evoked at 10 and/or 20 Hz). We videotaped whisker movements from the top, and whiskers of interest were labeled with reflex foil; the angular movements of whiskers of interest were quantified by a video-tracking system (Whiskerwatcher; Arrington Research, Scottsdale, AZ).

      Single viral injections (<100 nl per injection; total of nine animals) were made using the stereotaxic coordinates determined by the VMC microstimulation via a sharp glass capillary in a stereotaxic frame for small animals (David Kopf Instruments, Tujunga, CA) (Dittgen et al., 2004). Multiple injections (<100 nl per injection; total of two animals) were made bilaterally using coordinates A1.2, A1.5, and A2.2 and L1.5 mm relative to bregma (depth, 1.5 and 1.2 mm for each site; six injections per hemisphere in total). In all cases, the GFP intrinsic signal was enhanced by staining with anti-GFP antibody (Molecular Probes, Eugene, OR). In three pilot experiments, the secondary horseradish peroxidase (HRP)-conjugated antibody was developed by the diaminobenzidine (DAB) reaction (Vector Laboratories, Burlingame, CA). In all three animals, sparse labeled projections were detected in the lateral FN identified by Nissl staining (data not shown). To enhance the signal-to-noise ratio, we then switched to secondary FITC-conjugated antibody, which allowed us to analyze the labeling by confocal microscopy (see below). Four animals with GFP expression and two animals with synaptophysin-GFP were processed this way. All light microscopy results presented here refer to the FITC-based experiments.

      Electron microscopy. Rats were transcardially perfused under ketamine–xylazine anesthesia with paraformaldehyde (PFA) fixative at variable pH levels (4% PFA in 2% sodium acetate, pH 6.5, followed by 4% PFA in 0.1 m sodium carbonate–sodium bicarbonate buffer with glutaraldehyde 0.02%, pH 11) (Berod et al., 1981). After perfusion, the brains were dissected and brainstem blocks containing the FN were postfixed for 2–3 h in fixative solution without glutaraldehyde at room temperature (RT), washed in PBS, and sectioned coronally at 50 μm. For electron microscopy (EM) immunohistochemistry, selected sections containing the FN were extensively rinsed in PBS and preincubated in 5% normal goat serum (NGS; Sigma, St. Louis, MO) in PBS for 2 h at RT. Next, the sections were incubated with polyclonal rabbit anti-GFP primary antibody (rabbit anti-GFP, 1:10.000; Molecular Probes) in PBS with 0.04% Triton X-100 and 1% NGS for 72 h at 4°C with light agitation, followed by 6 × 10 min washes in PBS and incubation with biotinylated secondary antibody (goat anti-rabbit IgG 1:500; Vector Laboratories) overnight at 4°C. After washing in PBS (6 × 10 min), the sections were incubated in ABC complex (Vector Laboratories) for 2–3 h at RT. Immunolabeling was revealed by the glucose oxidase (GOD)-DAB method (Zaborszky and Heimer, 1989). Intensification of the immunoreaction product was performed using nickel-intensification (Liposits et al., 1986; Zaborszky and Heimer, 1989) of the GOD-DAB reaction product. Sections containing FN were treated with osmium tetroxide (1% in 0.1 m PBS) for 1 h at RT, washed for 15 min in bidistilled water, and dehydrated in a series of increasing concentrations of ethanol and then propylene oxide. After epon-propylene oxide (1:1) overnight infiltration, the sections were flat embedded in epon and cured at 60°C for 48 h. Next, the lateral portions of the FN were cut out from the flat-embedded sections and reembedded onto epon blocks. First semithin (0.5–1 μm) and then ultrathin sections (∼60 nm) were cut from the blocks. Serial ultrathin sections were cut with a Reichert-Jung ultramicrotome, collected on Pioloform-coated single-slot cooper grids and contrasted with uranyl acetate and lead citrate (Reynolds, 1963), and examined with a Zeiss EM 10C electron microscope (Zeiss, Thornwood, NY). In total, >50 ultrathin sections were analyzed. On average, one to four immunopositive axonal terminals were detected in synaptic contacts with proximal dendrite/cell body of FN neurons per single ultrathin section, and the majority of recognized synaptic appositions could be traced through consecutive serial sections. More detailed quantitative analysis of the immunopositive profiles was not performed, because our study was restricted to an ultrastructural confirmation of the presence of synaptic contacts between GFP-immunopositive terminals and their postsynaptic sites in the FN.

      Back-labeling of facial motor neurons. Small skin incisions were made in front of the “best whisker” (the whisker that showed the largest movements evoked by cortical microstimulation) in ketamine–xylazine-anesthetized animals to expose the whisker follicle. Care was taken to open the access enough to inject the dye to the bottom of the follicle, next to an exposed intrinsic muscle without causing injury. Using glass capillaries, 3–5 μl of 3% suspension of diamidino yellow (DY) or true blue (TB) (Sigma) was slowly injected bilaterally into follicles of the following whiskers: D1 (DY), D3 (DY), and B3 (TB) as described previously (Klein and Rhoades, 1985). Five days later, rats were killed by an overdose of halothane and were transcardially perfused with PBS followed by 4% paraformaldehyde in PBS, pH 7.4. Brains were removed and postfixed overnight at 4C°, washed in PBS (1 h; RT), and embedded in 4% agarose.

      Immunohistochemistry, confocal microscopy, and quantitation of the FN labeling. Serial frontal sections (100 μm) of whole brains were cut on a vibratome (Leica, Nussloch, Germany) and collected in PBS. Floating sections were preincubated at RT in preblock solution (PBS, pH 7.4, 1% Triton X-100, 5% NGS), followed by overnight incubation with rabbit anti-GFP antibody (diluted 1:10,000; Molecular Probes) and mouse anti-neuron-specific nuclear protein (NeuN) (diluted 1:1000; Chemicon, Temecula, CA) in PBS containing 0.5% Triton X-100 and 1% NGS. The next day, sections were washed with PBS (three times for 10 min) and incubated for 1 h at RT with FITC- and Texas Red-conjugated anti-rabbit and anti-mouse IgG antibodies (Jackson ImmunoResearch, West Grove, PA) diluted 1:200 in PBS containing 0.5% Triton X-100 and 1% NGS. Sections were then washed in PBS (three times for 10 min), affixed onto slides, and coverslipped with Mowiol (Sigma). All images were acquired on a confocal microscope Leica TCS NT microscope; digitized images were analyzed using Adobe Photoshop (Adobe Systems, Mountain View, CA). For quantitations, the FN area of each section was outlined on images of anti-NeuN staining, which visualized the large soma motor neuron morphology. Next, this outline was overlaid on corresponding images of anti-GFP labeling, and individual fibers that were detected within the FN outline were counted and measured. Adobe Photoshop (Adobe Systems) was used for FN selection and overlays; ImageJ was used for fiber length measurements. Because the count of the axonal fibers was done from a large number of sections (130 sections in total; from four animals with single injections and one with multiple injections), we performed the analysis from images collected on an epifluorescent rather than confocal microscope, with 10× objective and digital 2× magnification. By this approach, we were able to straightforwardly analyze data from each section in one image; however, because of the thickness of the sections (100 μm), some fibers were too far out of focus to be reliably traced. This resulted in some underestimation of the actual values for the total length of the fibers, but it did not influence the ipsilateral and contralateral ratios given in the Results. The sums of the total fiber length from both hemispheres were 161, 123, 3787, and 3103 μm for each animal with a single injection site and 9322 μm for one multiply injected animal (a second animal with the same multiple injections was used for the EM analysis).

    

      Results

      
        Targeted infection of deep-layer pyramidal neurons of the vibrissa motor cortex

        Targeted GFP-based labeling of pyramidal neurons in layer 5 of the VMC was achieved in two steps. First, VMC was identified by electrical microstimulation and video-monitoring of the movements of the whiskers (Fig. 1A). Second, a small volume (<100 nl) of lentivirus-expressing GFP under the control of the pyramidal neuron-specific α-CaMKII promoter construct FCK(1.3)GW (Dittgen et al., 2004) was injected into the VMC using stereotaxic coordinates determined by microstimulation. As analyzed 4 weeks after the viral injection, the VMC region containing the somata of infected neurons was mainly in layer 5 of the agranular medial area (AGm) (Fig. 1B); AGm is the cytoarchitectonic subdivision of M1 corresponding to the VMC (Brecht et al., 2004b). The infected area was limited to an approximately spherical region, with a diameter of ∼500 μm (see Discussion for the determinants of the size of the infected region). The morphology of the labeled neurons was normal without any signs of cellular degeneration. This observation agrees with numerous previous studies documenting that long-term expression of GFP from lentiviral vectors does not alter the morphology or physiology of the infected neurons (Naldini et al., 1996; Lois et al., 2002; Dittgen et al., 2004).

      

      
        VMC pyramidal neurons project to the lateral part of the facial nucleus, near whisker-innervating motor neurons

        For the initial analysis of putative VMC-to-FN projections, the location of the FN was determined by morphological identification of facial motor neurons stained with antibodies against the neuronal marker NeuN (Fig. 2B) (note that somata of facial motor neurons are ∼30 μm in diameter, whereas the cells in the surrounding perifacial nucleus region are of considerable smaller size, 10–15 μm). Appreciably, GFP-positive fibers were located in close proximity to the large NeuN-positive motor neurons in the lateral portion of the FN (Fig. 2B,C), the FN subnucleus, which contains motor neurons innervating facial whisker muscles (Klein and Rhoades, 1985; Semba and Egger, 1986; Hattox et al., 2002). GFP labeling was detected in the lateral FN contralaterally as well as ipsilaterally to the injection site, with denser projections on the contralateral side. In the four animals with GFP-labeled VMC projections, including the three animals with retrograde labeling of motor neurons described below, the number as well as the total length of fibers in the contralateral FN was approximately threefold higher compared with the ipsilateral side: the contralateral-to-ipsilateral ratio of the total number of fibers detected was 3.5 ± 1.6, and that of the total fiber length was 3.1 ± 1.2 (mean ± SD) (see Materials and Methods). In addition, in agreement with previous reports (Miyashita et al., 1994; Hattox et al., 2002), dense axonal projections were found in the brainstem reticular formation, a region that contains numerous premotor neurons projecting onto the facial motor neurons (Fig. 2D–F).
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              Figure 1.
             
              Lentivirus-based GFP labeling of VMC layer 5 pyramidal neurons. A, Top, Flat map of rat primary motor cortex (M1); colors delineate body parts that are represented in different cytoarchitectonic subregions: blue, cingulate area 1 (Cg1) represents periocular, eye, and nose movements; red, agranular medial field (AGm) represents vibrissa movements; yellow, agranular lateral field (AGl) represents head, limb, and body movements [modified from the study by Brecht et al. (2004b)]. Bottom, Schema of microstimulation and virus delivery into the AGm region. The M1 map is overlaid on the surface of a rat cortical hemisphere. B, Confocal image of the injection area (4 weeks after lentivirus injection) showing GFP-expressing pyramidal neurons in the AGm area, mainly in layer 5. The GFP signal was enhanced with anti-GFP followed by FITC-conjugated secondary antibodies; neuronal somata were stained with anti-NeuN followed by Texas Red-conjugated secondary antibodies. The image is a maximal projection stack of four confocal sections, separated by 1 μm. The neighboring Cg1 and AGl regions are shown overlaid with the same color coding as that used in the M1 map in A.

            



        Next, we examined the topographic specificity of the VMC projections within FN, with respect to whisker-innervating motor neurons. First, injections of the GFP-expressing lentivirus were targeted to VMC sites mapped by intracortical microstimulations. Four weeks later, a retrograde axonal tracer, either TB or DY, was injected next to the follicle of the whisker that showed the largest movements during the microstimulation (termed the best whisker), as well as to the same ipsilateral whisker. Three to 5 d later, the animals were killed and analyzed. As reported previously (Klein and Rhoades, 1985), TB-positive (Fig. 3A) or DY-positive (Fig. 3D) motor neurons were located in the lateral FN. GFP-positive axons of the VMC were found near the retrogradely labeled whisker motor neurons and often showed branching in the vicinity of the labeled somata (Fig. 3B,E). The lengths of facial motor neuron dendrites were estimated to be 250–500 μm (Friauf, 1986), and thus the presence of GFP-labeled fibers within a 250 μm radius suggests that the motor neuron may be innervated by the VMC axons. In two of the three animals analyzed, almost all of the back-labeled motor neurons contained VMC fibers in the 250-μm-radius area, in both contralateral and ipsilateral FN (in total, 105 cells labeled; 90% of cells colocalized with fibers). In the third animal, the VMC projections in the FN were sparser, and, on average, 40% of the back-labeled facial motor neurons (33 cells labeled) had nearby GFP-labeled fibers.
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              Figure 2.
             
              VMC axonal fibers in the lateral FN and reticular formation. A, Topography of GFP-positive fibers (green asterisk) in the lateral FN [schema adapted from the study by Paxinos and Watson (1998); coronal diagram 64; bregma, –11.00 mm]. B, Distribution of GFP-positive fibers in the lateral FN. The FN area (outlined by a white line) was determined based on morphological identification of facial motor neurons stained with anti-NeuN antibodies. C, GFP-positive fibers in the FN at high magnification. The image is an enlargement from the area marked by a square outline in B. GFP-positive fibers were found in close apposition to large NeuN-positive facial motor neurons (arrows). D, Topography of GFP-positive fibers in the intermediate and parvocellular reticular formation (RtF; schema as in A; coronal diagram 67; bregma, –11.80 mm; three asterisks indicate dense labeling) (Paxinos and Watson, 1998). E, GFP-positive axons make a dense plexus surrounding NeuN-positive neurons in the parvocellular reticular nucleus. F, High magnification of the fibers within the area marked by a square outline in E. In B–E, brainstem sections were stained by immunohistochemistry with anti-GFP and anti-NeuN antibodies, followed by FITC and Texas Red-conjugated secondary antibodies. The images are maximal projection stacks of 102, 31, 68, and 20 confocal sections separated by 0.48, 1.0, 1.0, and 1.0 μm in B, C, E, and F, respectively.

            



      

      
        VMC axons form synapses on the lateral FN motor neurons

        GFP-labeled VMC axons showed numerous bouton-like varicosities within the lateral FN, suggesting that the axons form synapses on facial motor neurons (Fig. 3C,F). Furthermore, lentivirus-based expression of GFP-tagged synaptophysin, a presynaptic protein abundantly present at the synaptic vesicles (Wiedenmann and Franke, 1985) from electrophysiologically mapped VMC, resulted in GFP-positive puncta-like labeling exclusively in the lateral part of the FN, in close proximity to NeuN-immunoreactive motor neurons (Fig. 4C–E). Because synaptophysin-GFP is well targeted to synaptic vesicles, effectively acting as a presynaptic terminal marker (Nakata et al., 1998; De Paola et al., 2003; Wimmer et al., 2004), the presence of such labeling in the lateral FN provides additional evidence for direct VMC innervation of facial motor neurons controlling whisker movements.

        Finally, we performed EM of GFP-labeled VMC projections in the lateral FN to establish unequivocal anatomical evidence for a monosynaptic corticomotoneuronal pathway. To increase the level of FN labeling, GFP-expressing lentiviruses were injected bilaterally at three VMC sites (see Materials and Methods). As shown in Figure 5, a larger infection of VMC neurons resulted in denser projections in the lateral FN, with a threefold to ninefold increase in the total length of fibers detected in the FN compared with the single VMC injections (see Materials and Methods). For the EM analysis, after dissection of the lateral FN subnucleus, FN motor neurons were further identified by a round nucleus enriched with heterochromatin and containing one nucleolus, large accumulations of granular endoplasmatic reticulum, closely packed cisterns of the Golgi apparatus, and numerous mitochondria and multivesicular bodies (Senba and Tohyama, 1983; Mogoseanu et al., 1994) (Fig. 6A). Importantly, GFP-positive axon terminals containing spherical vesicles were readily found synapsing onto perikarya (Fig. 6A,B) and dendrites (Fig. 6C,D) of FN motor neurons.

      

    

      Discussion

      Our study documents the existence of a monosynaptic VMC-to-FN pathway in a rat. This conclusion rests on the following observations: (1) the presence of GFP-labeled axons in the lateral FN after spatially restricted GFP expression at physiologically identified VMC sites; (2) the topographic specificity of the axonal projections, targeting lateral FN-containing back-labeled motor neurons representing the best whisker of the VMC site; (3) the presence of VMC axonal varicosities (boutons) and GFP-synaptophysin labeling, both strongly suggesting presynaptic terminals, in the lateral FN; and (4) the demonstration of VMC GFP-labeled synaptic contacts onto motor neurons in the lateral portion of the FN by electron microscopy. We reason that confocal microscopy-based analysis of GFP-labeled axonal projections and GFP-synaptophysin-labeled putative axonal terminals can serve as a highly specific method for detection of presynaptic terminals, providing a less-demanding alternative to EM.

      
        The use of lentiviral vectors for axonal tracing

        Lentiviruses infect postmitotic cells, such as mammalian neurons, and stably integrate into the host cell genome (Kay et al., 2001; Kootstra and Verma, 2003). Because the extracellular space (ECS) in the vertebrate CNS has been estimated to be <40 nm (Van Harreveld, 1972; Hrabetova and Nicholson, 2002) and the human immunodeficiency virus-1 particles [both wild-type and vesicular stomatitis virus glycoprotein-G (VSV-G) pseudotyped] are >100 nm in diameter (International Committee on Taxonomy of Viruses database; www.ncbi.nlm.nih.gov/ICTVdb) (Desmaris et al., 2001), the large size of the viral particles should strongly limit their diffusion in the brain ECS. This is likely the reason for the observed, uniformly restricted size of the infected cortical region (<500 μm sphere) after a single viral injection, even when using high-viral titers (Fig. 1). Furthermore, we did not observe any infected neurons in brain regions that project to the VMC, indicating that axonal uptake and/or retrograde transport is very rare for VSV-G-coated lentiviruses [a similar observation was described by Blömer et al. (1997)]. Together, this shows that targeted injection of lentiviruses into a brain region of choice in living animals can be used for transgenic labeling of the infected neurons with high-spatial control.

        Within the infected area, additional control over the cell specificity of the transgenic expression is given by the selection of an internal polymerase II promoter, which drives expression of the gene of interest in the lentiviral vector. We recently introduced a 1.3 kb fragment of the α-CaMKII promoter into the self-inactivating vector to achieve efficient expression in cortical pyramidal neurons (Dittgen et al., 2004). Here, the use of this vector, in combination with intracortical microstimulation to identify the VMC area, allowed us to transgenically label anatomically and functionally defined population of cortical pyramidal neurons and to trace their axonal projections at a distance of >1.5 cm from the injection site after 4 weeks of GFP expression [note that closer projections may be analyzed after shorter time intervals, because the onset of GFP expression is quite rapid with strong labeling of dendritic arbors and axon collaterals already at 1 week after infection (Dittgen et al., 2004)]. Clearly, lentivirus-based axonal tracing can be applied to other brain regions and/or other cell types by stereotaxic targeting and selection of an appropriate cell-specific recombinant promoter.
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              Figure 3.
             
              VMC axons target whisker-innervating motor neurons identified by axonal back-labeling. A, Overview of FN (outlined by a white line) with neuronal somata and GFP labeling as in Figure 2, as well as back-labeling of facial motor neurons with true blue injected near the follicle of the best whisker B3. B, Enlarged view of the square region marked in the lateral FN in A. GFP-positive axons (arrowheads) are seen in close proximity to TB-positive facial motor neurons (arrows). C, Axonal varicosities (arrows) along GFP-positive fibers enlarged from B (images were changed to grayscale and inverted to enhance contrast). D–F, Same experimental setup and layout representation as in A–C, with diamidino yellow tracer injected near the follicle of the best whisker D3. The images are maximal projection stacks of 46, 37, 81, and 47 confocal sections separated by 1.0 μm in A, B, D, and E, respectively.
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              Figure 4.
             
              Synaptophysin-GFP labeling of presynaptic terminals in the VMC and FN. A, Synaptophysin-GFP labeling at VMC injection site 4 weeks after lentivirus injection. Note the diffuse labeling pattern representing axonal terminals compared with GFP-only labeling of the injection site shown in Figure 1. B, High-magnification view of GFP-positive bouton-like puncta in the VMC taken from layer 2 area. C, The lateral portion of the FN (outlined by a white line) with synaptophysin-GFP labeling in close proximity to facial motor neurons marked by arrows and arrowheads. D, E, Cells from C at high magnification, with corresponding arrows and arrowheads. Sections were stained as in Figure 2. The images are maximal projection stacks of 9, 17, 18, 18, and 18 confocal sections separated by 1.0 μm in A–E, respectively.
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              Figure 5.
             
              Dense infection of VMC results in a higher labeling of its projections in the FN. A, Confocal image of the injection area (4 weeks after lentivirus injection) showing dense GFP labeling in the AGm area (compare with Fig. 1 B showing only a single injection). The GFP signal was enhanced with anti-GFP followed by FITC-conjugated secondary antibodies; neuronal somata were stained with anti-NeuN followed by Texas Red-conjugated secondary antibodies. The image is a maximal projection stack of four confocal sections separated by 1 μm. B, Lateral portion of the FN (outlined by white line) with dense GFP labeling in close proximity to facial motor neurons. The image is a maximal projection stack of 18 confocal sections separated by 1.0 μm.

            



      

      
        Previous studies of VMC projections

        Two previous studies used anterograde tracing with Phaseolus vulgaris leucoagglutinin, wheat germ agglutinin, and biotinylated dextran amine to label and identify axonal projections from the rat VMC area (Miyashita et al., 1994; Hattox et al., 2002). Positive labeling in numerous premotor structures in the brainstem, metencephalon, and midbrain, together with the lack of labeling in the FN, led to a proposal that VMC regulates whisker movements only indirectly via oligosynaptic pathways (Miyashita et al., 1994; Hattox et al., 2002). We focused our analysis of VMC projections primarily on the brainstem. In agreement with the two previous studies, dense labeling was observed in the previously described areas, including the parvocellular, gigantocellular, and intermediate reticular formation. In our view, there are two main reasons why we were able to detect the VMC-to-FN pathway: (1) the lentivirus-driven long-term (4 week) expression was sufficient for diffusion of GFP or active transport of synaptophysin-GFP into distal axonal projections, and such genetic tracing may be more efficient in the labeling of fine distal braches compared with the classical anterograde tracers (see above); and (2) the antibody-based enhancement of the GFP signal coupled to FITC-based visualization allowed us to analyze the labeling by confocal microscopy, which provides higher sensitivity with better signal-to-noise ratio over light microscopy used with the traditional tracing methods. Furthermore, the combination of anti-GFP antibody followed by secondary HRP-conjugated antibody allowed us to verify the projections at the EM level.

      

      
        Corticomotoneuronal connectivity in primates and rodents

        Three corticomotoneuronal projections have been described in humans and in some nonhuman primates, each with a distinct motor function. Two direct pathways, one onto facial motor neurons innervating lower facial (especially perioral) muscles and the other onto hypoglossal motor neurons innervating tongue muscles, indicate a phylogenetic trend in the development of motor control over tongue and facial movements with respect to facial mimicry and (in humans) speech (Kuypers, 1958a,b; Jenny and Saper, 1987; Morecraft et al., 2001, 2004; Jürgens and Alipour, 2002). The third pathway, projecting onto spinal motor neurons innervating arm and hand muscles, is believed to enable relatively independent (fractionated) movements of fingers (Kuypers, 1982). For example, in two species of New World monkeys with similar hands with pseudo-opposable thumbs, cebus but not squirrel monkeys are capable of performing independent finger movements (Costello and Fragaszy, 1988), and cebus but not squirrel monkeys have abundant direct corticospinal projections onto hand-innervating ventral horn motor neurons (Bortoff and Strick, 1993).
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              Figure 6.
             
              Electron microscopy photographs showing axosomatic (A, B) and axodendritic (C, D) VMC synaptic contacts in the FN. A, Two GFP-positive axons (asterisk) are located near the soma of a motor neuron, with its typically abundant mitochondria (M), rough endoplasmatic reticulum (rER), Golgi apparatus (GA), and multivesicular bodies (MB). The inset represents the fragment of the nucleus (N) of the same cell enriched with heterochromatin and containing nucleolus (Nl). B, Enlarged image from A, showing a GFP-positive axonal terminal with spherical vesicles in synaptic contact with the motor neuron perikarya. C, Three GFP-positive axons (indicated by an asterisk) in synaptic contacts on a large dendrite containing prominent ER and numerous mitochondria. D, Enlarged image from C, showing a GFP-positive axonal terminal with spherical vesicles in a synaptic contact on the dendrite. Scale bars, 1 μm.

            



        Although the VMC-to-FN pathway in rodents was not described previously, there are reports of corticomotoneuronal innervation in the rat corticospinal system (Elger et al., 1977; Liang et al., 1991). However, this evidence has been disputed previously (Lemon et al., 1991; Yang and Lemon, 2003; Alstermark et al., 2004). The corticomotoneuronal pathway described here relates specifically to facial motor neurons innervating muscles of large facial whiskers in the rat. We reason that the projections are quite abundant, because of the following: (1) single-viral injections, which labeled only a fraction of VMC deep layer neurons, resulted in positive lateral FN labeling in all animals injected (seven animals with GFP and two animals with synaptophysin-GFP expression); and (2) multiple VMC injections allowed detection of numerous synaptic contacts, including three synapses onto one dendrite detected in a single cross-section (Fig. 6C), by electron microcopy. The description of the VMC-to-FN pathway thus adds to our understanding of the complex wiring diagram of neural control in the vibrissal system (Kleinfeld et al., 1999; Hattox et al., 2002, 2003). We speculate that the evolution of the VMC-to-FN projections is related to the rich repertoire of whisker movements in rodents, whereas simple synchronous movements of whiskers are observed during free whisking, rats do complex movements of subsets of whiskers when they are in object contact (Welker, 1964; Wineski, 1985; Carvell and Simons, 1990; Sachdev et al., 2002, 2003). Similar relatively independent whisker movements can also be evoked by intracortical microstimulation (Izraeli and Porter, 1995; Brecht et al., 2004a,b). Thus, one can speculate that the direct VMC-to-FN pathway plays a role in the generation of complex whisker movements during tactile exploration. Clearly, the elaborate control of whisker movements, comprising monosynaptic (our study) and oligosynaptic (Miyashita et al., 1994; Hattox et al., 2002) corticomotoneuronal projections, brainstem CPG inputs (Hattox et al., 2003), and brainstem trigeminal sensorimotor loop (Nguyen and Kleinfeld, 2005), is likely to contribute to the remarkable tactile acuity of rat active touch in whisker-based texture, shape, and/or distance discriminations (Guic-Robles et al., 1989; Carvell and Simons, 1990; Harvey et al., 2001; Krupa et al., 2001; Brecht et al., 2004b).
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