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    Abstract

Sensory information acquired via the large facial whiskers is processed and relayed in the whisker-to-barrel pathway, which shows multiple somatotopic maps of the receptor periphery. These maps consist of individual structural modules, the development of which may require intact cortical lamination. In the present study we examined the whisker-to-barrel pathway in the reeler mouse and thus used a model with disturbed cortical organization. A combination of histological (fluorescent Nissl and cytochrome oxidase staining) as well as molecular methods (c-Fos and laminar markers Rgs8, RORB, and ER81 expression) revealed wild type-equivalent modules in reeler. At the neocortical level, however, we found extensive alterations in the layout of the individual modules of the map. Nevertheless, they showed a columnar organization that included compartments equivalent to those of their wild-type counterparts. Moreover, all examined modules showed distinct activation as a consequence of behavioral whisker stimulation. Analysis of the magnitude of the cortical lamination defect surprisingly revealed an extensive disorganization, rather than an inversion, as assumed previously. Striking developmental plasticity of thalamic innervation, as suggested by vGluT2 immunohistochemistry, seems to ensure the proper formation of columnar modules and topological maps even under highly disorganized conditions.


Introduction

Using their whiskers, rodents are able to screen their habitat and perform complex orientation and discrimination tasks (Hutson and Masterton, 1986; Guić-Robles et al., 1989; Brecht et al., 1997; Diamond et al., 2008). Tactile information is relayed to primary somatosensory cortex via defined pathways after being processed in brainstem and thalamus. This somatotopically ordered whisker-to-barrel pathway is well characterized (Waite, 2004; Petersen, 2007; Schubert et al., 2007). It contains maps of the sensory periphery at all processing stations consisting of individual modules: (1) “barrelettes” in the trigeminal brainstem nuclei (Belford and Killackey, 1979; Ma, 1991); (2) “barreloids” in the ventral posteromedial thalamic nucleus (VPM) (Van der Loos, 1976); and (3) “barrels” in the somatosensory cortex (Woolsey and Van der Loos, 1970). Each barrel structurally and functionally represents one contralateral whisker and its receptor array (Welker, 1971; Simons, 1978).

Barrel development depends on the interaction of genetically determined molecular signals as well as activity-dependent mechanisms (Erzurumlu and Kind, 2001; Lopez-Bendito and Molnar, 2003). Not readily explained by these molecular developmental insights is another fundamental neurobiological question: is there a necessity for cortical lamination in the process of map formation and functional utilization? The mouse mutant reeler provides a suitable model to approach this question.

Reeler mice show an ataxic phenotype. Structural correlates are disturbed laminated structures such as the cerebellar and cerebral cortices (Falconer, 1951; Hamburgh, 1963; Caviness et al., 1988). The defect is based on a homozygous loss-of-function of the reelin gene. In the embryonic cortex, Cajal–Retzius cells secrete reelin as a key regulator of cortical development (D'Arcangelo et al., 1995; Frotscher, 1997; Hack et al., 2007; Cooper, 2008). In the reeler brain, all anatomical structures are present and in correct spatial positions (Caviness and Rakic, 1978; Goffinet, 1984). At the neocortical level, however, a disturbance in the normal inside-out patterning has been observed, described as inversion of cortical layering (Caviness and Sidman, 1973).

Previous studies on the reeler brain also included the whisker-to-barrel pathway (Cragg, 1975; Caviness et al., 1976; Welt and Steindler, 1977). However, the possible formation of barrels and barrel-related columns, somatotopic order, or functional aspects of such modules in the reeler cortex remained controversial.

Laminar markers are novel tools that allow us to determine the degree of laminar defects in the reeler cortex (Hevner et al., 2003; Lein et al., 2007; Molyneaux et al., 2007). Immediate early genes are established molecular tools for structural and functional examination of activated neuronal networks (Sagar et al., 1988; Staiger et al., 2000; Barth, 2007).

The goal of the present study was to determine whether the development of columnar modules and their organization into somatotopic maps requires intact cortical lamination. We suggest that an intact thalamic input enables the formation of functional columnar modules in a disorganized cortex and that these modules are able to reproduce an orderly somatotopic map. Moreover, behavioral activation of distinct neuronal ensembles is possible inside these maps. Interestingly, the examination of the reeler layering defect revealed that the mutant cortex is not “inverted” but rather “extensively disorganized.”



Materials and Methods






Animals and stimulation procedure.

Forty-seven male and female mice (24 B6C3Fe wild-type and 23 B6C3Fe rl−/− mice (reeler); minimal age, 3 months) from the breeding facility of the University of Freiburg (Freiburg, Germany) were used in the present study. All experimental protocols were in accordance with the German law on animal research.

Animals were transferred to our laboratory in the evening and anesthetized by intraperitoneal injection of ketamine (0.1 mg/g bodyweight) to clip certain sets of whiskers. Regularly, the whiskers C1–3 remained intact on the right, whereas B1–3 and D1–3 remained intact on the left side of the snout. Furthermore, we performed several experiments to show the specificity of the c-Fos induction being related to the exploration of the novel environment with the unclipped whiskers, in agreement with previous studies in rats (Staiger et al., 2000). In the morning, single animals were placed in a large box (60 × 40 × 40 cm) containing an enriched environment of various natural and non-natural materials. Water and food were freely accessible. The mice explored the enriched environment for 2 h in the dark. Thereafter, the animals were reanesthetized and perfused.




Fixation and tissue processing.

The perfusion was done transcardially with 15 ml of physiological saline, followed by 150 ml of 4% paraformaldehyde in 0.1 m phosphate buffer (PB), pH 7.4. The brain was dissected out of the skull and postfixed for 2 h.

Forebrain blocks for immunostaining were sectioned on a vibratome (Microm) at 50 μm thickness. They were cut either in the coronal plane or flattened between glass slides and cut in the tangential plane (Welker and Woolsey, 1974). Brains for in situ hybridization or the combination of immunostaining and in situ hybridization underwent cryoprotection and were coronally sectioned with a cryostat (Leica) at 40 μm thickness.

To visualize the barreloids in the thalamus, brains were cut in a special plane perpendicular to the long axis of the barreloids (Woolsey et al., 1979; Haidarliu and Ahissar, 2001). The forebrain blocks of these brains were sectioned with a vibratome at 50 μm thickness. All hindbrain blocks containing the trigeminal nuclei underwent cryoprotection and were sectioned in the coronal plane with a cryostat at 50 μm thickness.




Immunohistochemistry and cytochrome oxidase staining.

The sections were rinsed in PB, 0.05 m Tris-buffered saline, pH 7.6 (TBS), TBS containing 0.4% Triton X-100 (TBST; 20 min each), pH 7.6, and blocked with 10% normal goat serum (in TBST) for 45 min.

Between the first three steps, sections were rinsed in TBST (4×, 15 min each). Step 1 consisted of incubation for 60 h at 6°C in a polyclonal antiserum against c-Fos (raised in rabbit; Santa Cruz Biotechnology), diluted 1:5000 in TBST. In step 2 incubation was conducted for 2 h at room temperature in a biotinylated goat anti-rabbit serum (Vector Laboratories), diluted 1:200 in TBST. Step 3 involved incubation for 2 h at room temperature in a solution that contained peroxidase coupled to an avidin-biotin complex (Vector Laboratories), diluted 1:200 in TBST. After that, the rinsing was done with TBST (1× 15 min; pH 7.6), TBS (1×, 15 min; pH 7.6), and 0.05 m Tris buffer (TB; 2×, 15 min each; pH 8.2). In step 4, chromogen solution consisting of 0.015% 3,3′-diaminobenzidine (DAB; Sigma) and 0.4% ammonium nickel sulfate (Fluka) was added to the tissue. The staining reaction was started by adding hydrogen peroxide to a final concentration of 0.006%, controlled by microscopic inspection and stopped by rinsing with TB, pH 8.2.

The immunostaining was followed by cytochrome oxidase (CO) enzyme histochemistry as described by Wong-Riley and Welt (1980).




Single immunofluorescence combined with fluorescent Nissl-staining and double immunofluorescence.

The immunofluorescence was performed first. The c-Fos antibody was diluted 1:1000 in TBST. Incubation and rinsing were as described above. The c-Fos antibody was detected using an Alexa 488-conjugated secondary antibody (Invitrogen) diluted 1:400 in TBST for 2 h at room temperature. After rinsing in TBS, TB and PB, the NeuroTrace (530/615) staining was performed according to the manufacturer's protocol (Invitrogen).

To map the distribution of thalamic boutons across layers, double immunofluorescence was performed with a mixture of antibodies against vGluT2 (guinea pig, 1:10.000; Millipore) and c-Fos (as above). They were visualized by simultaneous incubation with donkey anti-guinea pig-Alexa 488 and donkey anti-rabbit-Alexa 594 (both 1:500; Invitrogen).




In situ hybridization.

In situ hybridization (ISH) for the layer-specific markers Rgs8, RORB (also known as ROR-BETA), and ER81 (also known as Etv1) was performed with digoxigenin (DIG)-labeled cRNA probes. The cRNA probes were generated from appropriate plasmids (German Resource Center for Genome Research primary database) containing cDNA inserts specific for the respective laminar marker: Rgs8 (Entrez Gene identifier 67792), RORB (Entrez Gene identifier 6096), and ER81 (Entrez Gene identifier 14009).

The sections were rinsed three times with 2× standard saline citrate (1× SSC = 0.15 m NaCl, 0.015 m sodium citrate, pH 7.0) and pretreated for 15 min in hybridization buffer (HB; 50% formamide, 4× SSC, 250 μg/ml denaturated salmon sperm DNA, 100 μg/ml tRNA, 5% dextransulfate and 1% Denhardt‘s solution) diluted 1:1 in 2× SSC. One hour of prehybridization at 55°C in pure HB followed. DIG-labeled probes (50 ng/ml) for Rgs8 or ER81 or a probe (100 ng/ml) for RORB were hybridized overnight at 55°C. Afterward, the tissue was rinsed in 2× SSC (2×, 15 min each, at room temperature), 2× SSC containing 50% formamide (15 min, at 65°C), 0.1× SSC containing 50% formamide (15 min, at 65°C), and finally with 0.1× SSC (2×, 15 min, at 65°C). The probes were detected by anti-DIG Fab fragments conjugated to alkaline phosphatase (raised in sheep; Roche) diluted 1:1500 in blocking agent containing 0.01 m TBS, pH 7.5, overnight. The Fab fragments were visualized by staining with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (Roche).




Immunohistochemistry combined with in situ hybridization.

The immunostaining was performed as described above using RNase-free buffers. The pH of all solutions was 7.4 and the chromogen solution consisted of DAB only. The subsequent ISH was performed as described above.




Analysis, quantification, and statistics.

Reconstructions at each level of the whisker-to-barrel pathway were done in five wild-type and five reeler brains (see Table 1), laminar marker analysis (see Fig. 3C,D) and colocalization analysis of laminar markers with c-Fos (see Fig. 4) were performed in six brains of each genotype, and quantification of thalamic innervation of activated columns (see Fig. 6C,D) was carried out in three brains of each genotype. All data were acquired in at least two independent sections of each brain, the numbers of which were averaged before statistical testing. All quantitative data from Neurolucida were exported via Neuroexplorer (both from MBF Biosciences) and processed with Excel 2007 (Microsoft) and MyStat (Systat). The data are presented as mean ± SD, unless otherwise noted.




Reconstruction of individual modules of the whisker-to-barrel pathway.

To achieve comparability of structures reconstructed with Neurolucida in the wild-type and the hypotrophic reeler brains, we first compared the respective size of the whisker-to-barrel pathway components in coronal sections of four wild type and three reeler brains. Because the neocortex of reeler animals was significantly smaller, its correction factor was calculated to be 1.33. As an indicator of the symmetry of these structures, we chose the form factor (4π × area/perimeter2; Neuroexplorer). It considers the relationship between an area and its perimeter as well as the complexity of an object.




Quantification of cortical layering.

The distribution of individual cells, labeled for laminar markers, was analyzed by marking their position within the activated column reconstructed with Neurolucida. After normalization of cortical thickness, the data were analyzed with respect to the distance of each marker to the pia mater and binned in groups, each spanning 50 μm.




Layer-compartmental analysis of activated columns and columnar equivalents.

The data concerning c-Fos induction, the numeric comparison of the laminar markers, and the colocalization analyses were obtained from Neurolucida-reconstructed, activated columns. Statistical significance was tested either with t tests or Bonferroni corrected t tests as appropriate. Data are presented as box plots.

For measuring c-Fos expression, we distinguished between granular (GR), supragranular (SG) and infragranular (IG) compartments based on cytoarchitectonical features. Also, the specificity of the laminar markers for their native compartment was tested in wild-type columns; 71% of Rgs8-labeled cells were found in SG, 78% of RORB-labeled cells in GR, and 87% of ER81-labeled cells in IG. Nevertheless, including all cells labeled for each laminar marker into our colocalization analysis (which we had to do to achieve comparability with reeler data) did not influence statistical significances in the wild-type column. Comparison of the colocalization rates of all cells labeled with one of the laminar markers to the colocalization rates of just the cells of the marker in its native compartment showed no significant differences (data not shown).




Quantification of vGluT2-immunoreactive bouton distribution.

Stimulated columns were identified by c-Fos immunocytochemistry. The vGluT2 boutons of these columns were photographed, processed, and analyzed as 8-bit gray scale images in NIH ImageJ. Fifty micrometer-large gapless regions of interest (ROI) were selected, and the overall number was adjusted to the width of the cortical column. After normalization of the cortical thickness, the integrated density of each ROI was measured. The intensity differences between sections were also normalized (0, darkest pixel; 1, brightest pixel).









Results


Trigeminal nuclei barrelettes show precise somatotopic activation in wild type and reeler

In wild-type brains, CO staining of coronal sections revealed a clear-cut barrelette pattern in the principal trigeminal nucleus, Pr5 (Fig. 1A) (for nomenclature in this article, see Paxinos and Franklin, 2001). Individual barrelettes became visible by pronounced CO activity. They were separated by narrow but distinct septa and displayed an oval to rectangular shape. The entire set of barrelettes formed a complete somatotopic map of the sensory receptor periphery.
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Figure 1. 
Subcortical components of the whisker-to-barrel pathway. Anatomy and induction of c-Fos after exploration of an enriched environment (spared whiskers, B1–3 and D1–3). A, B, Wild-type (wt) (A) and reeler (rl−/−) (B) nucleus principalis nervi trigemini (Pr5). Coronal section through the left brainstem (−5.30 mm from bregma). The topography of the barrelettes is revealed by CO (brown; rows lettered according to standard nomenclature). Stimulated barrelettes are visualized by c-Fos staining (black) and are marked by stars. Other structures identified for orientation are as follows: P5DM, principal sensory trigeminal nucleus (P5) dorsomedial part; P5VL, P5 ventrolateral part; Mo5, motor trigeminal nucleus, s5, sensory root of the trigeminal nerve. C, D, Wild-type (C) and reeler (D) VPM of the thalamus. Oblique section through the left VPM (30° and 50° counterclockwise to the sagittal plane when viewed dorsally and caudally, respectively) stained for CO and c-Fos. Activated barreloids are marked by stars. Other identified structures: LDVL, laterodorsal thalamic nucleus, ventrolateral part; c, caudal; vm, ventromedial. All scale bars, 250 μm.




In reeler brains, CO staining of this region revealed a somatotopic map consisting of barrelettes that were similar in shape and size to their wild-type counterparts (Fig. 1B). This finding was supported by quantitative reconstructions of the entire Pr5 and individual barrelettes (Table 1).
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Table 1. 
Quantification of different modules or groups of modules in the components of the whisker-to-barrel pathway in wild-type and reeler mice




We also examined functional aspects of behavioral whisker experience and chose c-Fos as a marker of experience-dependent neuronal activity. To reach distinct activation of circumscribed modules in the whisker-to-barrel pathway, we used an acute clipping paradigm that was mirrored in the activation of barrelettes B1–3 and D1–3 in the Pr5 (Fig. 1A). These barrelettes corresponded to the ipsilateral spared whiskers that were used during exploration. There was little or no c-Fos induction in the barrelettes of deprived whiskers. Thus, the c-Fos staining correlates with the physiological activation of stimulated whisker-specific neuronal networks in wild-type mice. Compared to those, reeler mutants showed similar levels and patterns of c-Fos induction in activated barrelettes (Fig. 1B). They seemed to activate physiologically comparable neuronal networks.

In summary, the reeler Pr5 did not show any obvious difference in the structural organization or immediate early gene expression in response to behavioral stimulation as compared to wild type. This was also true for the spinal trigeminal nucleus (supplemental Fig. 1).




Activated thalamic barreloids show no differences between wild type and reeler

The visualization of barreloids in the VPM needed application of special sectioning planes to obtain a visible modular pattern. In wild types, the barreloids were clearly distinguishable by consecutive c-Fos and CO staining (Fig. 1C). Barreloid rows mainly became visible by the c-Fos signal of the activated modules, whereas CO visualized the whole barreloid-containing part of the VPM. The complete pattern in the VPM resulted in the formation of a somatotopic map of the receptor periphery, as read out by activated barreloids.

The reeler VPM presented the same orderly spatial organization (Fig. 1D). The rows revealed an equivalent somatotopic arrangement. Shape and size of the VPM as well as individual barreloids were indistinguishable from those of wild type. This impression was confirmed by Neurolucida reconstructions to determine the area sizes delineated by the different structures (Table 1).

In both genotypes the restriction of the c-Fos signal to activated barreloids suggests the recruitment of distinct thalamic networks in response to behavioral stimulation (Fig. 1C,D). A normal structural organization of the VPM in reeler, together with the finding of a comparable functional activation, led us to conclude that an intact lemniscal thalamic input into the reeler barrel cortex can be assumed.




Despite a severe neocortical lamination defect, reeler shows activated columns and precise somatotopy in the barrel cortex


Structure and activation of the wild-type neocortex

In coronal sections of the primary somatosensory cortex (S1BF) from wild-type animals, barrels were visualized as neuronal aggregates in layer IV by both fluorescent Nissl-staining (NeuroTrace) and CO (Fig. 2A; supplemental Fig. 2A). Tangential sections through layer IV revealed that these aggregates represented a correct somatotopic map of the sensory periphery (Fig. 2C; supplemental Fig. 2C). Columns corresponding to unclipped whiskers showed considerable de novo induction of c-Fos, especially in layer IV but also in the supragranular and infragranular layers. The increase in c-Fos-immunoreactive nuclei was statistically significant when compared to deprived neighboring columns (supplemental Fig. 3). Home cage controls of both wild type and reeler showed no statistically significant difference to deprived columns (data not shown). The c-Fos pattern in tangential sections strictly conformed to the applied clipping and stimulation paradigm (Fig. 2C; supplemental Fig. 2C).
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Figure 2. 
Whisker representation in the primary somatosensory barrel cortex, S1BF. The micrographs demonstrate the induction of c-Fos as well as its topography after exploration of an enriched environment (spared whiskers, B1-3 and D1-3; brown staining, CO; black staining, c-Fos). A, Micrograph of three barrel-related columns in the coronally sectioned wild-type (wt) brain. Barrels are revealed by CO (marked by arrows at the layer IV/Va border), and the stimulated B row column is revealed by c-Fos. B, The corresponding area in reeler (rl−/−). CO patches reveal column-like structures consisting of several barrel equivalents that are smeared through the whole cortex (arrows point at single barrel equivalents). The stimulation-induced expression of c-Fos visualizes the module of a barrel equivalent-containing column corresponding to a B row whisker. C, Tangential (tang.) section through layer IV in the wild-type barrel cortex. The topography of the barrel field (labeled according to standard nomenclature) is revealed by CO. The c-Fos staining shows the activated barrels corresponding to the spared and stimulated contralateral vibrissae (B1–3 and D1–3). D, Tangential section through the reeler barrel cortex. The section has the same distance to pia as the wild-type section. Note that the barrel equivalents of different columns are less regular in shape and are separated by bigger septa compared to wild-type barrels. c-Fos visualizes activated barrel equivalents (B1–3 and D1–3). Roman numerals indicate cortical layers. Scale bars: A, B, 250 μm; C, D, 500 μm.







Structure and activation of the reeler neocortex

Fluorescent Nissl staining of coronal sections revealed a patchy cellular distribution that replicated the disturbed layering of the cortex without, however, any clear barrels at any depth of the cortex (supplemental Fig. 2B). Also in tangential sections, NeuroTrace did not delineate barrel-like structures (supplemental Fig. 2D). CO staining procedures alone resulted in reproducible patterns of patches, although their organization and symmetry was not comparable to those of the barrels of wild-type animals (Fig. 2B,D). In coronal sections, the CO patches of different shape, size and location were broadly distributed over large parts of the cortical depth (Fig. 2B). About 2–4 of these diffuse CO patches together were reminiscent of a columnar module. In tangential sections they vaguely resembled wild-type barrels and formed a somatotopic map of the sensory periphery (Fig. 2D). Thus, they revealed a barrel field-like structure at its accustomed place within S1.

In contrast to both the obvious lack of structural modules in NeuroTrace-stained reeler cortices and the indistinct pattern of CO-stained reeler sections, costaining with c-Fos visualized activated modules. In coronal sections these modules consisted of columnarly arranged c-Fos stained nuclei (Fig. 2B; supplemental Fig. 2B) that formed several distinct c-Fos clusters, which were largely congruent with the CO patches (Fig. 2B). c-Fos staining of tangential sections also revealed activated modules that largely corresponded to the shape of CO spots (Fig. 2D). Since the strongest c-Fos and CO colocalization in stimulated wild-type columns was found in layer IV barrels, the entirety of the respective clusters within individual reeler modules should be considered as one barrel equivalent.

Reconstruction of barrels or barrel equivalents in tangential slices, visualized by c-Fos and/or CO, enabled us to compare their structural features. Because of the known hypotrophy of the reeler brain, we calculated a correction factor for the reeler data (see Material and Methods). In the corrected data, single-barrel equivalents occupied an area that was not statistically different in size to that of wild-type barrels (Table 1). Nevertheless, the quantification of the barrel-like pattern in reeler showed obvious differences to its wild-type counterpart. The form factor confirmed significantly less symmetry in reeler barrel equivalents. Moreover, the distances between the barrel equivalent-containing columns, and thus a putative septum-equivalent area, were significantly larger. As a consequence of larger septum and comparable barrel sizes, the whole barrel field-equivalent in reeler was significantly larger than the wild-type barrel field. However, this was a relative increase in size after correction for brain size differences.

We also compared the activation of columns and column equivalents by measuring the strength of the c-Fos induction as stained nuclei per square millimeter (mm2). Despite of the described structural differences, the two genotypes did not show any difference in their activation in consequence to behavioral whisker stimulation (supplemental Fig. 3A).

The detection of barrel-equivalent and column-equivalent structures in the disorganized reeler cortex, their preserved somatotopic organization, and their behavioral activation led us to assume that comparable cortical neuronal networks were activated as a consequence of sensory stimulation. However, this had to be confirmed at the individual cellular level.




Laminar marker analysis

The degree of cellular or laminar disorganization in the adult reeler cortex is a controversial issue. Initial birth-dating experiments suggested an inversion of laminar positions (Caviness and Sidman, 1973). However, the broad vertical distortion of the barrel equivalents was not in accordance with a simple inversion, even when considering strong additional smearing of laminar borders. The discovery of laminar markers (cf. Lein et al., 2007) allows us to clarify the actual cellular composition of reeler S1BF by defining “laminar fates” of cells.

We performed in situ hybridization for appropriate laminar markers, namely Rgs8 for the supragranular layers II/III (Gold et al., 1997), RORB for the granular layer (Schaeren-Wiemers et al., 1997), and ER81 for the infragranular layer V (Yoneshima et al., 2006; Watakabe et al., 2007). The labeling revealed the well ordered lamination and the areal composition of wild-type cortex (Fig. 3A; supplemental Fig. 4A). By contrast, an inversion of the reeler cortex was not found. Here, across the entire S1 and the neighboring areas, the neocortex appeared as a randomly distributed collection of marker-labeled cells (Fig. 3B; supplemental Fig. 4B).
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Figure 3. 
Layering of the adult primary somatosensory cortex. Higher magnification of the area indicated by the frame in supplemental Figure 4. A, B, Wild-type (wt) cortex (A) shows an obvious layering of the laminar markers in accordance with their assumed position, whereas the reeler (rl−/−) cortex (B) obviously does not possess any comparable layering. Note the clustering of some of the RORB cells in the reeler cortex that are likely to be barrel equivalents. C, D, The diagrams display the quantified distribution of the laminar markers in the wild-type cortex (C) and the reeler cortex (D). Contrary to previous assumptions, the curves from the reeler cortex do not indicate an inversion of relative neuron positions. Scale bars, 250 μm.




To test for a more subtle laminar organization in the reeler S1BF, we quantified the location of the laminar marker-labeled cells in this area in terms of their distance to the pia. The cytoarchitectonically established lamination pattern of the wild-type cortex was reproduced with the laminar markers (Fig. 3C), whereas no inversion of the reeler cortex could be established (Fig. 3D). In reeler brains, in situ hybridization for Rgs8 as a layer II/III marker showed the most random distribution of all tested molecular markers. Rgs8-expressing cells were distributed through the entire mutant cortex. RORB-expressing cells, representing lamina IV, displayed several shallow peaks from 200 to 800 μm below the pia, whereas they were found in relatively low numbers above and below this zone. ER81-expressing neurons, representing a layer V subpopulation, showed two peaks of increased density, one close to the pia and the other close to the subcortical white matter, which thus flanked the zone of high RORB expression. We conclude that in the adult reeler cortex neurons with normally clearly restricted laminar positions can be found throughout the entire thickness of the cortex.

Because rates of neuron production and migration are closely related developmental processes, it became important to examine the numeral equivalence of cell populations with identified ”laminar fates“ in the two genotypes. RORB and ER81 each visualized similar numbers of cells in wild-type and reeler brains (Fig. 4B,C). Thus, the generation of correct cell numbers within these populations did not seem to be affected. In contrast, the later generated layer II/III cell population, marked by Rgs8, showed significantly higher cell numbers in reeler than in wild-type animals (Fig. 4A). This finding is in agreement with previous results from birth-dating experiments that also showed an increase in the number of late generated cells (Polleux et al., 1998). The total number of cells within a radial column, however, has been shown to be statistically similar in the two genotypes (Goffinet, 1984; Polleux et al., 1998).
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Figure 4. 
Laminar marker cell group sizes and colocalization of the markers with c-Fos [comparison of wild type (wt) and reeler (rl−/−)]. A–C, Density of Rgs8-, RORB-, and Er81-expressing cells, shown as box plots. The late generated layer II/III cell population exclusively showed statistically significant differences between the genotypes. The different y-axis scaling in C is necessary because of a relatively smaller laminar V marker cell population. D–F Percentage of activated (i.e., c-Fos expressing) cells in the different laminar fate marker cell populations. Bottom and top of the boxes are the 25th and 75th percentiles, respectively; the bar in the box is the median. The ends of the whiskers represent the minimum or maximum respectively. Colored asterisks symbolize suspected outliers.









Colocalization of c-Fos and laminar markers

We determined the actual “laminar fates” of cells that showed c-Fos induction. Sections containing activated columns were stained for c-Fos followed by in situ hybridization for one of the laminar markers (Fig. 5). Layer IV cells of sensory areas receive the densest lemniscal thalamic input (see Fig. 6). This input is thought to induce c-Fos expression; thus, a comparison of layer IV wild-type and layer IV-fated reeler cells was a reasonable first step (Fig. 5B,E vs H,K). Surprisingly, compared to layer IV-located and RORB-expressing wild-type cells, no significant difference in colocalization rates of c-Fos in reeler RORB-expressing cells was found (Fig. 4E). The wild-type layer IV and layer IV-fated reeler cells showed similar proportions of de novo c-Fos expression. Thus, in both genotypes this cell population seemed to comparably contribute to the assembly of functional columnar networks. Because of their frequent colocalization, the reeler column showed an extensive spatial overlap of RORB and c-Fos cell clusters, as in wild-type barrels. This finding further supports the hypothesis that dense c-Fos spots, at least partly, represent barrel equivalents. Conclusions about the reeler columnar equivalent, as a whole, are possible despite the absence of layers as a readout of compartmentalization. Forty-five percent of the c-Fos cells in an activated wild-type column were located in the granular compartment, with the remaining 55% in the supragranular and infragranular compartments (supplemental Fig. 3B). RORB-labeled cells belonging to the granular compartment showed comparable c-Fos induction in wild-type and reeler animals (Fig. 5E). Taking into account that the total c-Fos induction in wild-type and reeler columns did not differ significantly (supplemental Fig. 3A), we assume that columnar activation takes place in granular as well as in supragranular and infragranular compartments or their respective equivalents.
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Figure 5. 
Colocalization of individual laminar markers and c-Fos in wild-type (wt) and reeler (rl−/−) animals. A–L, Stimulated and unstimulated columns in the wild-type cortex (A–F) and reeler cortex (G–L) sectioned in the standard coronal plane, immunostained for c-Fos (brown) and in situ hybridized for different laminar fate markers (purple). The center of the micrographs (A–C) show stimulated barrel-related columns. Activated barrels are marked by stars, and unstimulated barrels are marked by arrowheads at the lamina IV/Va border. Micrographs (G–I) show the corresponding area in reeler with the same labeling conventions. D–F and J–K show higher magnifications of the area indicated by the frames in the micrographs above. Arrows indicate cells that show colocalization of an individual laminar marker and c-Fos. Arrowheads indicate cells singly positive for one of the laminar markers. Scale bars: A–C, G–I, 250 μm; D–F, J–L, 20 μm.




Nevertheless, differences were found in c-Fos induction, and thus activation, of the examined supragranular and infragranular layers. Layer II/III-fated reeler cells showed significantly lower colocalization rates than the corresponding cells of the wild-type layers (Figs. 4D; 5A,D vs G,J). However, the examined populations were heterogeneous between the two genotypes because of higher total numbers of Rgs8-expressing cells within the reeler columnar equivalent. As a population, these cells showed reduced activation as a consequence of behavioral stimulation, but the inverse correlation of Rgs8-expressing cell numbers and their colocalization with c-Fos might indicate that the additionally generated layer II/III-fated cells in reeler are not recruited proportionately (supplemental Fig. 5).

Layer V-fated reeler cells also showed significantly lower colocalization rates compared to wild-type equivalents (Figs. 4F; 5C, F vs I,L). In this case, however, the examined populations were numerically within the same range. Behavioral stimulation, therefore, seems to generate a lower level of activation within this compartment.




Mapping of lemniscal thalamic boutons shows meaningful remodeling of terminal fields in reeler barrel cortex

We took advantage of the recently shown specificity of vGluT2-antibodies to reveal the distribution of lemniscal thalamic boutons in the sensory neocortex (Graziano et al., 2008). In wild type, the clear modular pattern of termination in layer IV was reminiscent of barrels, which receive the densest innervation from the VPM (Fig. 6A). Also a strong band-like labeling in layer VI, and to a lesser extent in layer I, was clearly visible. By contrast, in reeler barrel cortex neither a layer-specific terminal pattern nor an inverted tier of terminals, as reported previously (Caviness and Frost, 1983), could be observed. Instead, multiple bands of terminal boutons that were aligned with c-Fos-expressing columns (data not shown) spanned much of the cortical thickness and were focally enlarged in a patchy fashion (Fig. 6B). The quantification of the optical density showed that the two modes of termination did not resemble each other in any way (Fig. 6C,D) but were similar in shape to the respective RORB curves (cf. Fig. 3C,D).
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Figure 6. 
Mapping of thalamic bouton distribution across layers. A, In wild-type (wt) animals vGluT2 immunoreactivity faithfully reflected the distribution of terminal fields of lemniscal thalamic projections to the barrel cortex. A highly dense, modular termination pattern in layer IV and two other dense but band-like termination patterns in layer I and VI could be appreciated. B, In reeler (rl−/−) a completely different mode of termination became obvious. Here, bands of terminal boutons, which merged and separated again, spanned much of the cortical thickness. At several depths some larger patches were included in these bands. C, D, Quantification of the optical density of thalamic boutons immunoreactive for vGluT2. Note that the two curves are very different from each other and bear a high similarity in shape to the respective RORB ones (Fig. 3C,D). Roman numerals indicate cortical layers. Scale bars, 250 μm.








Discussion

This study demonstrates a whisker-to-barrel pathway in reeler mice that is virtually indistinguishable in its examined structural and functional properties from that in wild-type mice at subcortical levels. At the cortical level, we characterized a major laminar disorganization in reeler. Nevertheless, behavioral stimulation of defined whiskers led to corresponding activation of defined columnar modules that were arranged in correct somatotopic order. To date, it has been believed that intact laminar organization of the cortex is necessary to enable a correct wiring with long-distance target sites (Jones, 1984). Our results suggest that although laminar organization in reeler barrel cortex is almost completely lost, thalamic neurons find their proper target cells in the cortex no matter where these are located within the cortical depth. This is in keeping with previous reeler studies showing intact targeting of cortical projections to distant areas (Polleux et al., 1998; Yamamoto et al., 2003). Furthermore, cortical microcircuits that adhere to the general layout of the canonical microcircuit (Schubert et al., 2007) seemed to be formed and functional in reeler, although with some limitations. Thus, a developmental plasticity mechanism based on molecular tags of the neurons to be connected according to their laminar fate (Lopez-Bendito and Molnar, 2003) can be postulated. This seems to ensure the building of the basic cortical module, i.e., the column (Mountcastle, 1997; Douglas and Martin, 2007; Petersen, 2007). Part of this developmental plasticity could be mediated by the proper interaction of early thalamic axons with subplate neurons (Higashi et al., 2005).

Nevertheless, for the understanding of the precise mechanisms of the described findings, future studies will have to analyze whether individual thalamocortical axons arborize within columnar domains. Tract tracing and single fiber reconstruction seem to be adequate methods toward this aim. Spatially restricted projections could explain the clearly delineated modules we detected with c-Fos labeling. However, their major target, the spiny stellate neurons, could also contribute to that phenomenon with their columnarly restricted axonal arbors (Lübke et al., 2000; Staiger et al., 2004). In vivo electrophysiological recordings will further help to understand the functional architecture of the reeler columnar modules.


Highly similar structural and functional layout of trigeminal and thalamic nuclei organization suggests a preserved lemniscal input to the somatosensory (barrel) cortex

The hallmark of reeler brain pathology is the disorganization and hypotrophy of laminated structures, in particular the cerebellar and cerebral cortices (Tissir and Goffinet, 2003; D'Arcangelo, 2005; Förster et al., 2006). Much less is known about unlaminated nuclei of the brain to which the subcortical components of the whisker-to-barrel pathway belong. Thus, to argue for a normally organized thalamic input to the cortex, we had to examine the structural layout and the functional activation of these components. Both the Pr5 and the VPM present a characteristic cytoarchitecture and contain modules that are arranged in a somatotopic map reflecting the organization of the whiskers on the snout (Van der Loos, 1976; Belford and Killackey, 1979; Ma, 1991). Using anatomical and molecular methods, we could convincingly demonstrate a cellular, modular, and functional map in both structures that is nearly identical in reeler and wild-type controls.




Laminar markers disclose a highly disorganized and not just inverted barrel cortex

Initially the concept was established that because of disturbances in radial migration, the normal inside-out development of the cortical layers is reversed, resulting in an inversion with layer VI-fated cells being found closest to the pia and layer II-fated cells closest to the white matter (Caviness and Sidman, 1973; Pinto-Lord et al., 1982; Hoffarth et al., 1995). Although several lines of evidence since then have suggested at least a substantial additional smearing of inverted layer borders caused by wrongly positioned cells, the concept of inversion is still frequently used to interpret findings in reeler (D'Arcangelo, 2005; Higashi et al., 2005; Strazielle et al., 2006).

The clearest evidence to date for a much stronger disorganization of the laminar pattern in reeler came from tracing studies showing that neurons projecting to long-distance target sites like the thalamus or the spinal cord are not to be found in layer-like tiers but, to the contrary, are spread out over much of the cortical depth (Cragg, 1975; Hoffarth et al., 1995; Polleux et al., 1998; Yamamoto et al., 2003). However, because rodent laminar specificity of many projection neurons is much less pronounced than in primates (Jones, 1984), these findings had to be interpreted with caution. Another hint was provided by a study that used the layer VI-specific transcription factor Tbr1 and indicated substantial disorganization, but again with the conclusion of an “overall inverted” cortex (Hevner et al., 2003). The complete mapping of the gene expression of the mouse genome led to a comprehensive description of specific markers for cortical layers (Lein et al., 2007). To be able to interpret our findings of a columnar de novo-expression of c-Fos (see below) on a layer-specific cellular level, we used these novel markers.

Although at closer examination the specificity of the markers was not as high as suggested by high-throughput methods (Lein et al., 2007) or diagrammatic reviews (Molyneaux et al., 2007), it was reasonably high to get a deeper understanding of the lamination defect in reeler. Our quantitative measures suggest that some populations of reeler cells with a common laminar fate take no ordered pattern at all (Rgs8), whereas others avoid the central portions of the cortex (ER81), which still others prefer (RORB); however, in all cases none of these cells reach a packing density that would justify the term “layer.” We observed a highly unordered placement of neurons as a consequence of disturbed migration due to the lack of reelin. This finding speaks against any “simplistic” function of reelin and may explain the variety of models about its action that propose reelin acts as a chemoattractant, a detachment signal for migrating neurons, or a stop signal (Gilmore and Herrup, 2000; Sanada et al., 2004; Hack et al., 2007). All the more astonishing are our results of the establishment of columnar modules in reeler. These columnar modules were detected by applying a behavioral stimulation paradigm to selected sets of whiskers.




Activated pathway mapping shows that despite massive laminar disorganization columnar and somatotopically ordered modules are formed

At the cortical level, the existence of barrel-related column equivalents in reeler animals was a controversial issue. Cell clustering obviously occurs in the reeler cortex. However, an interpretation was difficult without detailed knowledge of the lamination defect. Thus, previous studies postulated absence of barrels and barrel-field topography (Cragg, 1975), as well as partial (Welker, 1976) or even considerable preservation (Caviness et al., 1976; Welt and Steindler, 1977). The present data obtained by NeuroTrace staining, CO, c-Fos, and layer IV markers show the occurrence of barrel equivalents not as a distinct structure within an inverted layer IV equivalent but scattered through the cortical depth within a barrel equivalent-containing column.

Our method for mapping activated pathways by de novo expression of c-Fos uses the importance of whisker-derived tactile stimuli to guide the behavior of rodents (Brecht et al., 1997). The readout of the effect of exploring a novel enriched environment with a defined set of whiskers is enabled by the near lack of basal c-Fos expression in the entire whisker-to-barrel pathway (Bisler et al., 2002). Since salience and novelty of the stimulus is one of the prerequisites to induce c-Fos expression (Montag-Sallaz et al., 1999), as is spiking within synaptically driven networks (Luckman et al., 1994; Fields et al., 1997), it can be assumed that meaningful neuronal activity patterns led to c-Fos expression in our behavioral paradigm. This would imply that sensory stimulus-driven information processing is taking place not only in the structurally intact brainstem or thalamic components of the pathway, but also in the highly disorganized neocortex. One has to keep in mind that a final behavioral proof that reeler can use sensory information to guide behavior, for instance gap crossing (Hutson and Masterton, 1986) or sensory discrimination (Guić-Robles et al., 1989), is still lacking. However, previous conditioning experiments of other sensory modalities in reeler (Salinger et al., 2003) and our mapping at least suggest that the potential to do so exists. This may be because the activation of cortical neuronal ensembles takes place within relatively normally composed cortical columns that are positioned in correct topography to each other.
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