

[image: image1]
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One leading hypothesis on the nature of visual callosal connections (CC) is that they replicate features of intrahemispheric lateral connections. However, CC act also in the central part of the binocular visual field. In agreement, early experiments in cats indicated that they provide the ipsilateral eye part of binocular receptive fields (RFs) at the vertical midline (Berlucchi and Rizzolatti, 1968), and play a key role in stereoscopic function. But until today callosal inputs to receptive fields activated by one or both eyes were never compared simultaneously, because callosal function has been often studied by cutting or lesioning either corpus callosum or optic chiasm not allowing such a comparison. To investigate the functional contribution of CC in the intact cat visual system we recorded both monocular and binocular neuronal spiking responses and receptive fields in the 17/18 transition zone during reversible deactivation of the contralateral hemisphere. Unexpectedly from many of the previous reports, we observe no change in ocular dominance during CC deactivation. Throughout the transition zone, a majority of RFs shrink, but several also increase in size. RFs are significantly more affected for ipsi- as opposed to contralateral stimulation, but changes are also observed with binocular stimulation. Noteworthy, RF shrinkages are tiny and not correlated to the profound decreases of monocular and binocular firing rates. They depend more on orientation and direction preference than on eccentricity or ocular dominance of the receiving neuron's RF. Our findings confirm that in binocularly viewing mammals, binocular RFs near the midline are constructed via the direct geniculo-cortical pathway. They also support the idea that input from the two eyes complement each other through CC: Rather than linking parts of RFs separated by the vertical meridian, CC convey a modulatory influence, reflecting the feature selectivity of lateral circuits, with a strong cardinal bias.
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INTRODUCTION

It has been proposed that visual callosal connections (CC) perpetuate the function of intrahemispheric lateral connections across the two visual hemifields. In agreement, earlier results support the view of an integration of the cortical representation at the vertical midline (VM) (Choudhury et al., 1965; Hubel and Wiesel, 1967; Payne et al., 1991; Makarov et al., 2008; Schmidt et al., 2010).

Due to their specific localization in the brain‘s topography, CC act close to the VM of the binocular visual field of binocular viewing mammals. Accordingly, a role of the corpus callosum in coarse stereoscopic function was suggested for humans (Blakemore, 1970; Mitchell and Blakemore, 1970) and animals with disparity selective neurons (Blakemore, 1969; Lepore and Guillemot, 1982; Gardner and Cynader, 1987).

CC were described to provide the ipsilateral eye part of binocular RFs at the VM (Berlucchi and Rizzolatti, 1968). Early experiments sectioning the corpus callosum or lesioning the contralateral cortex claimed that CC contribute a major part to the binocularity of callosal neurons in cats (striate: Dreher and Cottee, 1975; Payne et al., 1980, 1984; Blakemore et al., 1983; Yinon et al., 1988; extrastriate: Marzi et al., 1980). This result was not confirmed by other studies (Zeki and Fries, 1980; Lepore et al., 1983; Minciacchi and Antonini, 1984; Gardner and Cynader, 1987). Interestingly, anatomical data support the hypothesis that CC preferentially link cortical loci innervated by the temporal retina of the same eye, implying that these fibers do not necessarily contribute to cortical binocularity (Olavarria, 2001).

Most of the studies describing profound RF changes in the absence of callosal input used irreversible sections of the chiasm and/or the corpus callosum. More recent studies of callosal function using reversible deactivation suggested that CC serve to scale responses in a mainly multiplicative manner (Wunderle et al., 2013) acting both directly, changing the receiving neurons' sensitivity to specific features (Schmidt et al., 2010; Altavini et al., 2017), and indirectly, by unspecifically modulating the gain of the receiving neuron (Wunderle et al., 2015). From this type of interaction, CC would be expected to only moderately influence RF size. Further, CC in cats do not interconnect selectively neurons of same or different eye dominance (see also Olavarria, 2001), but of similar orientation (Schmidt et al., 1997; Rochefort et al., 2009), direction (Peiker et al., 2013), and axial selectivity (Rochefort et al., 2009; Schmidt, 2016). Thus, RF properties contributed by callosal input should be observed for both monocularly and binocularly driven responses and reflect the feature selectivity of the anatomical connection.

In order to investigate the functional contribution of callosal connections to monocularly and binocularly activated receptive fields and binocular mechanisms in an intact system we studied spiking responses in the receiving 17/18 transition zone (TZ) during reversible deactivation of the sending hemisphere in cats.

MATERIALS AND METHODS

Preparation and Surgical Procedures

Experiments were carried out in five adult cats bred at the Max Planck Institute's colony and in two animals bred at the colony of Brain Institute of the Federal University of Rio Grande do Norte (UFRN). This study was carried out in accordance with the recommendations of the Society for Neuroscience and with the German Law for the Protection of Animals (Tierschutzgesetz) and the Brazilian Law for the Protection of Animals. The protocol for the first 5 animals was approved by the Regierungspräsidium Darmstadt (Dezernat V54). The protocol for the last two animals was approved by the Ethical Committee for the Use of Animals of the University of Rio Grande do Norte in Natal (CEUA), Centro de Biociencias, UFRN.

Parts of the binocular electrophysiology data were included in a previous study (Peiker et al., 2013).

Anesthesia was induced by an intramuscular injection of ketamine hydrochloride (10 mg/kg Ketamin® 10%, CP-Pharma Partner HGmbH, Burgdorf, Germany), xylazine hydrochloride (1 mg/kg Rompun® 2%, Bayer AG, Leverkusen, Germany) and atropine sulfate (0.1 mg/kg, Atropin®, B. Braun Melsungen AG, Melsungen, Germany). After tracheotomy, we maintained anesthesia with halothane (0.6% for recording, 1.1% for surgery) and a mixture of N2O/O2 (70/30%). Temperature, heart rate, exhaled CO2 level and respiration pressure were monitored continuously.

We performed two rectangular craniotomies of about 8 × 6 mm2 centered on Horsley-Clarke coordinates AP 0 to −2, ML +2 symmetrically on both hemispheres, leaving the bone above the superior sagittal sinus intact. On the left hemisphere, the 17/18 border was determined by optical imaging of intrinsic signals after implantation of a titanium recording chamber, applying two different grating stimuli optimized to either the properties of either area 17 (drifting with 0.5 cyc/deg at 4°/s) or area 18 (drifting with 0.15 cyc/deg at 16°/s). The sum of images obtained with stimulation optimal for area 17 was divided by the sum of images obtained with stimulation optimal for area 18. For practical purposes, a zone, which extended 500 μm from the response equality line into either area 17 or 18, was functionally defined as TZ. Electrodes placed within that zone usually recorded from neurons that had RFs within 10° from the VM. This definition corresponds to the definition of the callosal projection zone given by Blakemore et al. (1983), but it should be noted that also neurons beyond that region, especially in area 18, receive callosal input (Segraves and Rosenquist, 1982).

On the right hemisphere, a cryoloop was positioned onto the topographically corresponding region (Figure 1, see Cooling Deactivation). At the end of the experiment animals received a lethal dose of pentobarbital sodium (Narcoren, Merial, Germany).
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FIGURE 1. Schematic summary of the direct geniculo-cortical and indirect callosal circuits affected by binocular and monocular stimulation during contralateral cooling deactivation. (A) Intact circuit of all direct geniculo-cortical and indirect callosal pathways during binocular stimulation. Red thicker lines indicate pathways crossing in the chiasm to emphasize that this portion of retino-geniculate fibers is larger than the non-chiasm-crossing portion (green). VM: vertical meridian, LGN, lateral geniculate nucleus, A17, area 17, A18, area 18. (B) The same circuit for different monocular and binocular stimulations before (left) and during cooling deactivation (right) of the right hemisphere. Cryoloop indicated by a light blue star positioned over the right hemisphere. For binocular stimulation, cooling deactivates both chiasm-crossing and non-chiasm-crossing inputs from the right hemisphere representing the left hemifield. For ipsilateral eye stimulation, cooling deactivates only the larger portion of chiasm-crossing (red) input passing through the corpus callosum. For contralateral stimulation, cooling deactivates only the smaller portion of non-chiasm crossing (green) input passing through the corpus callosum.



Eye Alignment

For surgical procedures and between recording sessions, the cat's nictitating membranes were closed to prevent the eyes of drying. For recording, pupils were dilated by topical application of atropine sulfate (1%, Atropine-POS, Ursapharm, Germany) and diluted phenylephrin (5% Neosynephrin, Ursapharm, Germany). In order to prevent eye movements, animals were paralyzed by pancuronium bromide (0.3 mg/h, i.v., Pancuronium®, Delta Select GmbH, Pfullingen, Germany) after the surgical preparation steps had been accomplished. Eyes were refracted for a 57 cm viewing distance using correcting contact lenses painted black with a 3 mm artificial pupil. After having defined the left eye's monocular receptive field on the screen, we exactly superimposed the right eye's monocular receptive field by using a prism (Oculus, Germany) in front of the right eye. An enhanced firing rate with binocular stimulation as opposed to the better of the two monocular stimulations confirmed correct superposition. In addition to manual confirmation, we used an automated mapping procedure (Fiorani et al., 2014) to exactly identify receptive field positions and firing rates, for each eye separately. Alignment and refraction were repeatedly checked throughout the experiment.

Electrophysiological Recording

After imaging, the silicon oil was removed and up to 3 Tungsten microelectrode arrays (4 × 4, spacing 250 or 400 mm; 1 M, Microprobes, Gaithersburg, USA) were lowered into the TZ as well as in adjacent central parts of area 17 and 18, for extracellular electrophysiological recordings. After having lowered them by about 800 μm into the cortex the craniotomy was covered with agar and bone wax. After 6 h stabilization time we started to record extra-cellular multi-unit activity and local field potentials using Plexon amplifiers (Plexon Inc., Dallas, 7TX, USA). For multi-unit activity, signals were amplified 1,000 fold, high pass filtered (0.7–6 kHz), thresholded manually around 4 standard deviations well above noise level, digitized with M-series acquisition boards (National Instruments, USA) and stored by a custom-made program (SPASS by Sergio Neuenschwander, in LabView, National Instruments, USA).

Visual Stimulation

Stimuli were presented on a 21″ CRT monitor positioned to cover the central 20° in each visual hemifield in the horizontal and 30° in the vertical.

We determined receptive field position, extent and preferred orientation of all recorded units by presenting whole-field bars moving in 16 different directions (22.5° steps) with a width of 1° and a speed of 20°/s for 2,000 ms as in Fiorani et al. (2014). One recording session consisted of 16 different stimuli, which were presented 20 times to the left, right, or both eyes (= 48 conditions) in a randomized manner using a computer-controlled eye-shutter.

Cooling Deactivation

On the right hemisphere, a surface cryoloop (Lomber et al., 1999) equipped with a temperature sensor touching the cortical surface was positioned above the 17/18 border (Horsley Clarke coordinates AP 0, L −3.5) including the adjacent parts of area 17 and area 18 (Figure 1). We implanted the right hemisphere in all animals with the same probe (5 × 3 mm2) for the practical reason of comparability between animals. The probe was covered with clear agar (Agarose type XI, Sigma, Germany) to allow for visual inspection of the cortical surface beneath the probe, and the area was regularly rinsed with saline throughout the experiment. During cooling, chilled methanol (−65°C) was pumped through the cryoploop and the temperature at the sensor was stabilized at 2 ± 1.5°C by regulating the pump velocity. Because cells stop firing at a temperature around 20°C (Lomber et al., 1999), and the temperature gradient is between 10 and 15°/mm (Payne et al., 1991; Lomber et al., 1999, 2002), the fully deactivated cortical region at this temperature is about 8 × 6 mm2. Thus, the deactivated area in the contralateral hemisphere did most likely cover not only the TZ, but also a region corresponding in size and extension to the area we are recording from on the ipsilateral hemisphere. This area includes TZ and adjacent parts of area 17 and area 18, spanning 3 mm in medio-lateral direction of the border and 8 mm in AP extent. Comparing to Figure 1 in Olavarria, 2001, the callosally connected region should be largely included in this directly deactivated cortical region.

Recordings were executed before, during and after thermal deactivation (baseline-cooling-recovery). Recording during cooling started after the cryoloop had reached a stable temperature of 2 ± 1.5°C for 5 min. Before recording of the recovery period, a re-warming phase of 20 min was allowed for full recovery of the right hemisphere to baseline temperature and activity level. Units were tested in several cooling cycles with different protocols. Repeated automated mappings of the RFs confirmed their stability and the eye alignment over several protocols. Then, electrodes were moved down, and another recording session started after new units had stabilized.

Data Analysis

In order to obtain single units, we applied WaveClus, a spike sorting toolbox developed to determine the spiking times of single units within multi-unit activity. The toolbox calculates a set of parameters based on wavelet decomposition of spike waveforms, followed by a super-paramagnetic clustering (for details see Quiroga et al., 2004).

Single-units had to fulfill the following inclusion criteria: (i) they had to have significantly higher spiking activity to the stimulus than during pre-stimulus time (Wilcoxon rank sum test, p < 0.05); (ii) the direction or orientation tuning of the channel reached a certain threshold. We therefore calculated a direction (DSI) and orientation (OSI) selectivity index defined as 1 min the circular variance of the direction or orientation tuning curve, respectively (Swindale, 1998). Those indices range from zero (totally unselective) to one (perfectly selective). Only cells with a DSI or OSI of >0.2 were considered for further analysis; (iii) neurons were classified to belong to the TZ or adjacent area 18 or area 17 according to intrinsic signal imaging prior to electrode implantation (for an example, see Supplementary Figure 3 in Wunderle et al., 2013). This included cells up to eccentricities of 15°; (iv) multi-units produced a circumscribed receptive field for all three mapping procedures, ipsilateral only, contralateral only and binocular; (v) spike rates showed recovery after rewarming.

Ocular Dominance Index and Contralateral Bias Index

Based on the single-units' average preferred rate during monocular RF mapping, we calculated an ocular dominance index (ODI) describing each eye's contribution to visually induced neuronal activity during baseline, cooling and recovery:
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Where FRcontra and FRispi stand for the firing rate with contra-and ipsilateral stimulation, respectively. Subsequently, neurons were grouped into five different classes of ocular dominance (simplified from Hubel and Wiesel, 1962). Neurons with an ODI of 1 are driven only by stimulation of the contralateral eye, whereas neurons of ODI class 5 are activated only by stimulation of the ipsilateral eye. ODI class 3 describes neurons that are equally activated by both eyes. Neurons of ODI classes 2 and 4 are preferentially driven by one eye.

We further calculated the contralateral bias index (CBI) modified from Caleo et al. (2007):
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Where NODi stands for the number of neurons in the i-th class. This index describes the bias of the overall ODI distribution toward one eye.

Receptive Field Area

A peri-stimulus time histogram (PSTH) of the spiking response to the drifting bar was created (width = 1°, length = 30°, speed = 20°/s) using a Gaussian smoothing kernel with a SD of 12.7 ms for each of the 16 mapping directions. Then, each PSTH was normalized to its maximum height in order to weight each stimulus direction equally. Subsequently, PSTHs for a certain channel were projected to the visual mapping field and summed across stimulus directions. The resulting response density maps were additionally low pass filtered (2D Gaussian smoothing with a SD of 5.88°) and the receptive field was defined as the area above 70% of the maximal response. This was done separately for ipsilateral, contralateral and binocular stimulation.

Modulation Index (MI)

For quantification of cooling associated changes, of the variables ODI, CBI, receptive field size and preferred spike rate we calculated a modulation index between cooling and baseline:
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Where VarC/R and VarB stands for a given variable measured during cooling or recovery and baseline recording sessions respectively. Resulting values < 0 refer to smaller values of the variable compared to baseline and values >0 indicate higher values as in the baseline.

RESULTS

For the analysis of changes in ocular dominance and receptive field size, we considered 141 single units from 5 cats with RFs for both monocular and binocular stimulation during baseline, cooling and recovery, 76 from matrix electrodes placed in the TZ, and, for comparison, 42 from electrodes within the area 17 adjacent to the TZ and 23 from electrodes placed into area 18 adjacent to the TZ. It is important to note that in the cat–though the TZ is the most densely interconnected region-supposedly all these regions receive CC (e.g., Boyd and Matsubara, 1994).

Ocular Dominance Distribution

In contrast to previous reports, the ocular dominance (OD) distribution of the investigated cells did not change significantly in the absence of callosal input. We calculated an ocular dominance index (see Methods) ranging from −1 to 1, where +1 stands for contralateral only and −1 for ipsilateral only response. As expected for cat primary visual cortex, the distribution took an inverted U shape with a peak around 0 pointing toward a majority of binocularly driven cells. For illustration, we categorized neurons into five ocular dominance classes (simplified from Hubel and Wiesel, 1962, see Methods) with class 1 including neurons driven by the contralateral eye only, class 2 with neurons dominated by the contralateral eye, class 3 with neurons binocularly driven, class 4 with neurons dominated by the ipsilateral eye, and class 5 including neurons driven by the ipsilateral eye only (Figure 2A).
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FIGURE 2. Changes in the ocular dominance distribution. (A) Classical ocular dominance response classes adapted from Hubel and Wiesel (1962) based on 5 equidistant intervals of the ocular dominance index. Class 1, contralateral eye only; class 2, dominated by the contralateral eye; class 3, binocularly driven; class 4, dominated by the ipsilateral eye; class 5, ipsilateral eye only. (B) original ocular dominance indices during baseline and reversible deactivation of CC. Note that the distributions do not change with absent visual callosal input.



During deactivation of the contralateral TZ, neurons continued to be driven binocularly and their ocular dominance indices during cooling did not differ significantly from the baseline indices (Figure 2B, Wilcoxon signed rank, p = 0.93, n = 141). Ocular dominance changes continued to be not significant when separating the indices into the three areas we recorded from, i.e., area 17, TZ or area 18.

Still, there appeared to be a tiny trend of ODs to increase, i.e., enhancing the overall contralateral bias. Therefore, we calculated the contralateral bias index (CBI) per data set, which denotes the bias of the OD distribution toward the contralateral eye in a defined area, a measure commonly used in mice who do not have ocular dominance columns (Caleo et al., 2007). A CBI of 1 stands for total activation of the investigated area through the contralateral eye, whereas a CBI of 0 denotes activity induced by the ipsilateral eye only. The index ranged from 0.1 to 0.9 throughout the six data sets and three different areas, depending on the absolute number of neurons in those zones. The CBI did not change significantly during cooling (n = 16, 4 data sets for area 17, 7 for TZ, 5 for area 18, Mann-Whitney U, p > 0.5). In conclusion, deactivation of interhemispheric input did not significantly alter the overall ocular dominance distribution in the receiving hemisphere.

Area Size

In accordance with the lack of OD change during cooling of the contralateral visual cortex, we also could not reproduce the previously described distinct loss of ipsilateral “halfs” of RFs. Throughout our sample, changes were moderate and affected almost all receptive field locations, not only those close to the VM representation. Out of all 147 RFs, only few fields (n = 6) got completely lost during cooling. Although these RFs stem from the subset of TZ neurons, their position was not systematically related to the VM. Among the remaining 141 RFs within the transcallosally interconnected regions and fulfilling our criteria we observed mainly shrinkages, predominantly for the ipsilaterally driven RF part (Figure 3, black filled circles). Shrinkage, in the absence of CC, means lack of facilitation. Also, occasional increases occurred during cooling deactivation of the callosal input, frequently for the contralaterally driven RF part (Figure 3, gray filled circles). Increase, in the absence of CC, means release from inhibition.
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FIGURE 3. Changes of RF size during deactivation of CC. Receptive field sizes estimated during cooling vs. baseline recordings for binocular (open circles), contralateral (light gray cricles) and ipsilateral (black circles) stimulation. Note that both increases and decreases occur for all three stimulation conditions. RF shrinkage is more frequent with ipsilateral stimulation.



Shrinkage was homogeneous, because it did not affect a particular part of the RF, but occurred in all investigated regions and depended only on the stimulation. Consistent with previous reports it affected more strongly the part of the response that was driven by the ipsilateral eye, especially in the TZ. The example in Figure 4 demonstrates cooling induced changes for an example unit in the TZ situated on the area 18 side of the border during the binocular, ipsilateral and contralateral stimulation (Figure 4, C19Ch13). The ipsilaterally driven RF (middle row) clearly shrinks, whereas the contralaterally driven part even slightly increases (lower row) during cooling.


[image: image]

FIGURE 4. Example receptive field of a TZ unit during CC deactivation for binocular and both monocular stimulations. (A) Upper left, intrinsic signal difference image to identify the 17/18 border (see Methods). Dark, optimal activation for area 18; light, optimal activation for area 17; dotted line, estimated area 17/18 border. Upper right, photograph of the recorded area on the left with matrix electrodes in position. Lower left, difference image for orthogonal (horizontal vs. vertical) stimulations. Lower right, vessel image with schematic drawing of the recording sites. (B) Receptive field extent of an example unit from the matrix on the area 18 side of the border. Left column, baseline recording, middle column, during cooling deactivation of CC, right column, recovery recording. Rows for the binocular and monocular stimulations as indicated by the symbols. Upper right: Polar plot of the mean firing rate of the unit for 16 different directions.



On average, the decrease in RF size was significant for the condition ipsilateral only (p = 0.0015, n = 141, Wilcoxon Signed Rank) and for the condition binocular (p = 0.008, Wilcoxon Signed Rank), but not for the condition contralateral only (p = 0.33, Wilcoxon Signed Rank). At a closer look, it turned out that for ipsilateral stimulation, RFs changed only in the TZ (p < 0.0001, n = 76, Wilcoxon Signed Rank), whereas for binocular stimulation weaker though still significant changes occurred in both area 17 (p = 0.0003, n = 42, Wilcoxon Signed Rank) and TZ (p = 0.024, n = 76, Wilcoxon Signed Rank; see Figure 5A, stars).
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FIGURE 5. Mean modulation indices for RF size (MIsize, A) and firing rate (MIrate, B) during CC deactivation. Values are separated for the recorded sub-areas 17, transition zone and 18 (color code on the right) and different eye stimulation (indicated below). Significant decreases (paired t-test, see Results) are indicated by stars. Note that units in the transition zone decrease in RF size in particular during ipsilateral stimulation. In contrast, firing rates decrease significantly in all zones and for all stimulations.



In order to normalize for the initial size of the receptive field, we used the modulation index as introduced in previous studies for describing the effect of cooling (Wunderle et al., 2013). Accordingly, the average MI (see Methods) for RF size of all 141 units during ipsilateral stimulation was −0.1 ± 0.02 (SEM, standard error of the mean), during binocular stimulation −0.068 ± 0.017 (SEM) and during contralateral stimulation −0.018 ± 0.024 (SEM), indicating only a moderate influence of callosal input on receptive field size as compared to the accompanying rate change. Figure 5 demonstrates the MIs for both RF size (Figure 5A, MIsize) and firing rate with bar stimulation (Figure 5B, MIrate) separated by area and stimulated eye.

To exclude that the pattern of RF changes was a mere consequence of the known firing rate changes when removing callosal input we correlated the MIsize with the MIrate. However, there was no significant correlation between changes in firing rate and the changes in RF size. Overall, firing rate decreased much more than RF size and, therefore, MIs were lower. With the same bar stimulus applied to examine the RF sizes, average firing rate MIs in the investigated neuron population were −0.23 ± 0.23 for ipsilateral (31.8 ± 34% firing rate change), −0.2 ± 0.19 (29.2 ± 27.5%) for binocular and −0.22 ± 0.22 (30.3 ± 35.2%) for contralateral stimulation showing no difference between different stimulations (Figure 5B).

In area 17, the effect on binocular RFs was quite strong as compared to the individual monocular fields (see Figure 5A). In agreement, the sum of the two monocular effects (MIipsi + MIcontra) was significantly smaller than the MIsize for binocular stimulation, though with weak effect size (paired t-test, p = 0.041, n = 42). In all other subgroups, effects on the binocularly driven field size were not significantly different from the sum of the monocular effects.

So far, we have observed a significant relationship of the RF shrinkage during removal of callosal input with the stimulation, i.e., ipsilaterally and binocularly driven geniculocortical input, and with the area where the receiving neuron is situated, i.e., TZ. This is in agreement with Olavarria (2001) suggesting that in particular ipsilaterally dominated neurons—from TZ adjacent areas 17 and 18, which are included in the deactivated region in our experiment—project to the other transition zone. This author had also proposed that, in the TZ, in particular, contralaterally dominated neurons receive callosal input-from ipsilateral domains outside the TZ. Thus, in a next step, we wanted to explore whether the RF size changes were related to the ocular dominance of the callosal input receiving neurons in the TZ. To this end, we correlated their RF size changes, quantified by the MI values, with their baseline ocular dominance index (n = 76 neurons, Figure 6). It seems that neurons dominated by the contralateral eye (positive OI indices) are slightly more affected by ipsilateral (Figure 6, left panel) than by binocular (middle panel) or contralateral input (right panel), which would be predicted by the anatomical data of Olavarria (2001). However, overall, the two measures, MI and OI, were not significantly correlated. Neurons dominated by the contralateral eye (positive OD indices) in the TZ are not affected significantly more than those, which are equally driven by both eyes (around OD index 0) or by the ipsilateral eye only (negative OD indices).
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FIGURE 6. RF changes for binocular and the two monocular stimulations during CC deactivation (MIsize) are not significantly correlated with the OD index of the callosal input receiving neuron.



Influence of the Neuron's Orientation on Receptive Field Changes-Cardinal Bias

For the following analyses, we focused first on the strongly affected population of neurons receiving callosal input in the TZ. Previously, we had observed that orientation and direction selectivity of these neurons play a role in the strength of the modulatory influence, i.e., that CC act in an orientation- and direction-selective manner (Peiker et al., 2013). As neurons preferring cardinal contours have been shown previously to be more susceptible to visual callosal input (Schmidt et al., 2011; Altavini et al., 2017) we split all RFs under investigation into three categories according to the orientation preference of the neurons (vertical, horizontal, oblique ± 22.5 degrees; Figure 7). We observe that when stimulated ipsilaterally, RFs of neurons preferring either horizontal or vertical (i.e., cardinal), but not to oblique contours shrink significantly during CC deactivation (ncardinal = 37, Wilcoxon signed rank, p = 0.0002; noblique = 39, p = 0.06). There is a “cardinal shrinking bias” in the group of ipsilaterally driven RFs, but not among the binocularly or contralaterally driven RFs (data not shown). Accordingly, the MIsize of ipsilaterally driven RFs are significantly different between the two groups (Figure 7; 37 cardinal vs. 39 oblique, Mann-Whitney-U, pipsilateral = 0.02; pbinocular = 0.33; pcontralateral = 0.63).


[image: image]

FIGURE 7. Cardinal bias in the influence of CC on receptive field size in the TZ. Mean modulation indices for RF decrease during ipsilateral stimulation separated by the receiving neuron's orientation preference. Note, that receptive fields of either horizontally or vertically preferring neurons shrink significantly more than those of obliquely preferring neurons when CC are deactivated. Stars indicate significant difference (see Results).



Directional Bias in the TZ

Since we had observed a strong influence of the direction of motion across the vertical meridian and its relation to the side of cooling before (Peiker et al., 2013), we took a closer look on the fields of neurons preferring contours moving across the VM. Figure 8 demonstrates that TZ neurons preferring horizontal contours moving up and down (Figure 8, chs 11 and 24) and vertical contours moving out of the cooled hemifield toward right (Figure 8, ch 13) show shrinkage of their receptive field during removal of callosal input when stimulated ipsilaterally. These fields have in common that the feature preferred by the neuron potentially belongs to either a shape or movement trajectory crossing the vertical meridian from the perspective out of the cooled left hemifield. In contrast, a field of a neuron preferring vertical contours moving into the cooled hemifield is not affected (Ch 18). This is in agreement with the previous results on optimally driven binocular spiking of cardinally preferring neurons (Peiker et al., 2013).
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FIGURE 8. Example receptive fields obtained during ipsilateral stimulation during removal of callosal input (light blue) for neurons preferring movement into (upper left) and out of (upper right) the cooled hemifield, as well as up and down movement (lower left and right). Vessel image and conventions as in Figure 4. Note that the neuron preferring the out of movement is particularly affected. Neurons preferring horizontal contours decrease RF size independent of their preferred direction of motion and position.



To quantify whether this tendency holds for our entire sample including also obliquely preferring neurons we split neurons into two groups, according to their preferred direction of movement (out of : 0 ± 60 degrees, into: 180 ± 60 degrees). The relationships of the two directions to the recorded hemisphere and the stimulated hemifields are illustrated schematically in Figure 9A. Figure 9B shows the MIsize for the two direction groups when stimulated ipsilaterally, binocularly or contralaterally.
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FIGURE 9. Directional bias in the impact of CC input on receptive field size in the TZ. (A) Schematic illustration of the pathways activated through the ipsi (in green)-and contralateral (in red) eye during cooling of the two groups of neurons preferring either the direction of movement out of (black arrow) or into (gray arrow) the cooled hemifield (in blue). Cooled hemisphere indicated in blue. (B) Mean modulation indices for RF decrease separated by the receiving neuron's direction preference and stimulation of different eyes. Neurons from the two groups preferring either the direction of movement out of (black arrow, 0 ± 60 degrees) or into (gray arrow, 180 ± 60 degrees) the cooled hemifield are depicted. Stars indicate significant difference between ipsi–and contralateral stimulation (Mann-Whitney-U-test, see Results), and baseline and cooling recording (Wilcoxon Signed Rank test, see Results).



Under ipsilateral stimulation, RFs of neurons that prefer direction of movements into the cooled hemifield (toward right) are not significantly affected by cooling (n = 22, green, left, Wilcoxon signed rank between baseline and cooling, p = 0.8), but those of neurons preferring out of the cooled hemifield directions (toward left) are (n = 28, orange, left, Wilcoxon signed rank between baseline and cooling, p = 0.017) as expected. Most interestingly, when stimulating the contralateral eye, this finding reverses. The subgroup of RFs preferring into directions decreased significantly in size (n = 22, green, right, Wilcoxon signed rank between baseline and cooling, p = 0.017) whereas the RFs preferring out of directions remain unchanged (n = 28, orange, right, Wilcoxon signed rank between baseline and cooling, p = 0.46).

Accordingly, the effects on MIsize with either ipsilateral or contralateral stimulation are also significantly different between the two directions of motion (Mann-Whitney U, n = 50, pipsilateral = 0.04, pcontralateral = 0.03). This directional difference did not at all appear for binocularly driven RFs (Figure 9, middle). Apparently, opposite monocular cooling effects on RFs complement each other with binocular stimulation.

The above classification leaves out neurons preferring horizontal contours moving up or down (n = 26, 90 ± 30 degrees, 270 ± 30 degrees), as horizontally preferring neurons are strongly affected independent of their direction of motion (Peiker et al., 2013). Noteworthy, the results in Figure 9B do not change when including this group of neurons into the out of group (orange), along the line that horizontal contours potentially cross the VM.

DISCUSSION

When deactivating visual interhemispheric input, we observed no significant change of the ocular dominance distribution in the TZ and adjacent area 17 and 18. Homogeneous receptive field decreases (and increases) occurred throughout the TZ, especially for ipsilateral stimulation and, to a weaker extent, in nearby area 17 for binocular stimulation, independently of the ocular dominance of the receiving neuron.

Proportionally, RF changes were tiny in comparison to profound firing rate decreases and not related to those. They depended on the orientation and direction preference of the neurons, not on the exact RF positions. In particular, neurons preferring horizontal orientations and movements potentially crossing the VM had their RFs affected.

Callosal Contribution to the Ocular Dominance Distribution in cats

In the absence of callosal input, we observed no significant decay of binocularity in all three subzones investigated. We thus also cannot confirm previous experiments reporting a significant decrease of binocularly driven neurons in the TZ after acute or chronic transection of the corpus callosum, lesion of the contralateral cortex or contralateral cooling.

These early experiments had suggested that callosal afferents contribute the input of the non-chiasm-crossing ipsilateral eye fibers directly to construct binocular neurons close to the VM representation in cats (Berlucchi and Rizzolatti, 1968; Dreher and Cottee, 1975; Payne et al., 1980, 1984; Blakemore et al., 1983; Yinon et al., 1988). Our results are in agreement with tracing data in cats demonstrating that callosal connections link cortical territories innervated by the temporal retina of the same eye (Olavarria, 1996). From this organization, it follows that callosal connections would not contribute to the production of binocular cells in the TZ (Olavarria, 2001). Laing et al. (2015) reported a similar organization for pigmented Long Evans rats, and callosal transection did not affect the binocularity in their striate cortex.

Already Payne et al. (1980) cast doubts on the callosal action on cat binocularity because the loss of binocularity after callosal sectioning was not clearly related to the position of the vertical meridian, and, unexpectedly, the increase in monocularity could be observed until up to 20 degrees eccentricity. Since most of our units were localized around the VM and all within that greater area of Payne et al. (1980), we expected at least some of them to exhibit altered ocular dominance. In contrast, cooling did not lower the incidence of binocularly driven units and neither did it raise the contralateral bias index. Some authors have reported an increase of the post-section binocularity loss with time (Yinon et al., 1988), or concluded that part of it was a result of the surgery-induced trauma (Lepore et al., 1983) together with anesthesia (Minciacchi and Antonini, 1984). This allows the interpretation that ocular dominance changes resulted from long- or short-term plasticity rather than from an immediate and direct loss of transcallosal ipsilateral eye inputs to neurons receiving only direct thalamocortical input from the other contralateral eye. In contrast to the previously used invasive interventions, thermal deactivation only blocks synaptic transmission so that activity within the connective fibers is not affected for a long time (Lomber et al., 1999). Short cooling deactivation of callosal afferents would fall within a window of reversible and unspecific actions, which do not “yet” cause an ocular dominance shift.

It was observed only slightly later that the loss of binocularity was more severe when the animals were younger at transection (Elberger and Smith, 1985) indicating a critical period for ocular dominance plasticity induced via the corpus callosum (see also Elberger, 1984). It was also speculated that the increase in monocularity in animals receiving callosal section could have been caused by them becoming strabismic (Elberger, 1979; see also Minciacchi and Antonini, 1984). The strabismus would result from disturbed binocular interaction executed normally by callosal fibers in the central visual field, not from an immediate loss of ipsilateral eye input caused by intersecting those fibers. As a consequence, strabismus would eventually raise the number of monocular neurons at the expense of binocular ones, especially when intersecting the callosum during the postnatal critical period (Elberger and Smith, 1985).

This interpretation is supported by our result. On the one hand, we see no significant effect on adult ocular dominance distribution with cooling deactivation, but, on the other hand, a pronounced alteration of firing rates evoked by binocular and ipsilateral stimulation. This indicates an interference with binocular and monocular mechanisms acting through CC.

Callosal Contribution to Receptive Fields

Although a few RFs got completely lost during cooling deactivation, we could not confirm the early reports of receptive fields split in two eye-specific halves at the cortical representation of the vertical meridian (Berlucchi and Rizzolatti, 1968; see Choudhury et al., 1965). Rather than the ipsilateral eye input being literally conveyed via the corpus callosum we observe that callosal fibers exert a facilitating (and sometimes suppressing) effect uniformly increasing (or diminishing) RFs when stimulated through the ipsilateral eye only. This effect could not be explained by the relatively large firing rate decrease (~30% of baseline firing) observed with the mapping stimulus at the same time. First, our calculation of the RF area corrects for rate decrease and, second, RF area and rate changes were not correlated at all. RF shrinkage was also not correlated to initial RF size, but the feature specific effects described above were more pronounced with larger RFs.

There was not a clear relationship to eccentricity, but the effect on RFs driven by ipsilateral eye input dominated in the TZ and adjacent area 17. Interestingly, area 17 fields were affected only when stimulating them through both eyes, pointing toward an input from contralateral binocular neurons.

As already observed with spike rates and cortical maps (Schmidt et al., 2010; Altavini et al., 2017), contralateral thermal deactivation dominantly affected the RFs of neurons preferring cardinally, especially horizontally oriented contours. A closer look revealed cooling induced direction-selective changes among neurons preferring directions crossing the VM. With ipsilateral eye only stimulation, receptive field changes occurred significantly more for neurons preferring the direction of the cooling manipulation (affecting connections from the left to the right hemisphere). This is in agreement with the previously reported ongoing rate decrease of binocularly driven neurons (Peiker et al., 2013), which prefer the direction out of the cooled hemifield as if anticipating movement across the midline originating from that hemifield (Figure 9A). Interestingly, the situation almost reversed when stimulating the contralateral eye. Receptive field changes occurred now in the opposite direction of movement as if they would compliment the ipsilateral responses. This makes sense when assuming that also the peripheral monocular segment of the visual field (outermost, not colored 30 degree of the hemifields in Figure 9A) contributes indirectly to the extent of direction-selective RFs close to the midline via the corpus callosum. It would exert this influence by callosal fibers from neurons, which receive direction-selective input from these chiasm-crossing regions of the retina intrahemispherically within the contralateral hemisphere. This input would re-echo indirectly in the RFs affected by callosal input from that hemisphere. As the part of the visual field representation receiving chiasm-crossing input is larger than the part receiving non-chiasm-crossing input, complimentary effects of cooling on RFs stimulated by either eye were to be expected.

Binocular Mechanism Mediated Through the Corpus Callosum

In rodents, the majority of retinal fibers cross at the chiasm and each eye dominates in the respective contralateral visual cortex. Here, CC are known to contribute significantly to binocular representations (e.g., Diao et al., 1983; Cerri et al., 2010; but see Laing et al., 2015) and their development (Restani et al., 2009; Pietrasanta et al., 2012).

The functional contribution of CC to binocular mechanisms in carnivores and other animals with frontal eyes remains controversial. Ever since it has been speculated that crossed disparities would have to involve a commissure like the corpus callosum (Mitchell and Blakemore, 1970). At the exact midline of the visual field, farther or closer points to the focal plane fall on either temporal or nasal corresponding retina parts, which get inevitably represented, in different hemispheres. However, early on it was assumed that part of the problem could be solved by the bilaterally represented midline representation (e.g., Tusa et al., 1978; Payne, 1990; White et al., 1999) due to crossed retinal inputs in many frontal-eyed animals (Stone, 1966; Sanderson and Sherman, 1971; Stone et al., 1973; Kirk et al., 1976; Terao et al., 1982). In cats, fine stereopsis in a narrow range of disparities could be easily established by thalamocortical input (Bishop and Henry, 1971; Harvey, 1980).

In agreement with stereopsis being processed in the overlapping representation, it has been noted that callosal section in cats has little effect on stereopsis, but that disparity selective neurons rather depend critically on the retino-geniculo-cortical loop (Lepore et al., 1986). Stereoptic depth perception is preserved in cats that underwent callosal section early, suggesting that although the corpus callosum may be a sufficient pathway for the maintenance of stereopsis in cats, it is not necessary (Timney et al., 1985).

Accordingly, the effects of cooling on binocular RFs could be readily predicted from the sum of the monocular changes for most of the larger RFs close to the VM. However, in particular, for smaller binocular RFs in nearby area 17, the effect of cooling was significantly more pronounced than expected from the sum of the monocular findings alone. This points toward a direct contribution from binocular callosal neurons to those RFs. It is in line with the notion that the transcallosal projection is not eye-specific (Schmidt et al., 1997; Olavarria, 2001), but of equal size for neurons of monocular and binocular eye dominance (McCourt et al., 1990).

Cardinal Bias in Callosal Connections

Our data indicate that in particular neurons preferring vertical and horizontal contours present diminished RFs in the absence of callosal input. Firstly, this result confirms the anatomical observations that, in cats, CC selectively link neurons preferring iso-orientations (Schmidt et al., 1997; Rochefort et al., 2009). Secondly, it is line with a dominance of cardinal contours that was previously observed in cortical structures and mirrored in the response strength of V1 neurons (cats: Pettigrew et al., 1968; Frégnac and Imbert, 1978; Orban et al., 1981; Leventhal and Schall, 1983; monkeys: Mansfield and Ronner, 1978; Blakemore et al., 1981), the number of neurons (Li et al., 2003), the cortical column size (Chapman and Bonhoeffer, 1998; Coppola et al., 1998; Dragoi et al., 2001; Wang et al., 2003; Yacoub et al., 2008), as well as in the maps of ongoing activity (Kenet et al., 2003). Our present finding confirms our previous studies supporting that the interhemispheric network exhibits a cardinal bias in its ongoing (Altavini et al., 2017) and stimulus-driven actions (Schmidt et al., 2010). Here, we extend this action to the construction of RFs in the area receiving callosal input. For the first time, we describe a cardinal bias for the contribution of lateral connectivity to RFs. Interestingly, the influence on the RFs was not correlated with the overall strength of excitatory input reflected in the loss of firing rate during cooling and smaller in its relative impact, and thus not explained by it. Previously, the firing rate loss was shown to consist mainly in a multiplicative scaling of the response, which can occur in a mixture with a smaller additive component of different size (Wunderle et al., 2013). As the RF size estimate largely corrects for overall firing rate changes we assume that the larger multiplicative component contributes less to RF shrinkage. Moreover, RF changes were not equally expressed in all neurons, which were affected in their spike rate. Therefore, we consider the possibility that these changes were related to the smaller additive contribution of callosal input. The latter component supposedly subtracts a certain number of spikes from all responses, is not correlated with the size of the multiplicative component, and its impact varied between neurons and stimulations.

Westheimer (2003) proposed the oblique effect as an innate organizational feature in the visual system facilitating visual processing along vertical and horizontal lines. Our results fortify this notion because the receptive field is a neuronal feature emergent from geniculo-cortical input and intracortical circuits.

In concordance with the effects observed on ongoing activity (Peiker et al., 2013), RF changes mirrored the direction of the cooling procedure (for left to right) affecting monocular responses in a direction-selective way. This led us conclude that lateral interhemispheric—and probably also intracortical connections—implement priors into the cortical network for anticipating cardinal contours and movements which are likely to cross the VM. These priors become more obvious especially when sensory input is less salient (Patten et al., 2017), namely in the responses to the ipsilateral eye and in ongoing activity.

AUTHOR CONTRIBUTIONS

KS designed the experiment, conducted the research, analyzed the data and wrote the manuscript. SC-O conducted the research, analyzed the data, and wrote the manuscript. CJ designed the experiment and conducted the research. TW and DE conducted the research and provided analysis tools, SN provided analysis tools, acquisition tools and experimental setup. All authors contributed to the manuscript.

FUNDING

The present work was supported by the Max-Planck-Institute for Brain Research and the CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Superior).

REFERENCES

 Altavini, T. S., Conde-Ocazionez, S. A., Eriksson, D., Wunderle, T., and Schmidt, K. E. (2017). Selective interhemispheric circuits account for a cardinal bias in spontaneous activity within early visual areas. Neuroimage 146, 971–982. doi: 10.1016/j.neuroimage.2016.09.048

 Berlucchi, G., and Rizzolatti, G. (1968). Binocularly driven neurons in visual cortex of split-chiasm cats. Science 159, 308–310. doi: 10.1126/science.159.3812.308

 Bishop, P. O., and Henry, G. H. (1971). Spatial vision. Annu. Rev. Psychol. 22, 119–160. doi: 10.1146/annurev.ps.22.020171.001003

 Blakemore, C. (1969). Binocular depth discrimination and the nasotemporal division. J. Physiol. 205, 471–497.

 Blakemore, C. (1970). Binocular depth perception and the optic chiasm. Vis. Res. 10, 43–47. doi: 10.1016/0042-6989(70)90060-X

 Blakemore, C. B., Garey, L. J., and Vital-Durand, F. (1981). Orientation preferences in the monkeys visual cortex. J. Physiol. 319, 78.

 Blakemore, C., Diao, Y. C., Pu, M. L., Wang, Y. K., and Xiao, Y. M. (1983). Possible functions of the interhemispheric connexions between visual cortical areas in the cat. J. Physiol. 337, 331–349. doi: 10.1113/jphysiol.1983.sp014627

 Boyd, J., and Matsubara, J. (1994). Tangential organization of callosal connectivity in the cat's visual cortex. J. Comp. Neurol. 347, 197–210.

 Caleo, M., Restani, L., Gianfranceschi, L., Costantin, L., Rossi, C., Rossetto, O., et al. (2007). Transient synaptic silencing of developing striate cortex has persistent effects on visual function and plasticity. J. Neurosci. 27, 4530–4540. doi: 10.1523/JNEUROSCI.0772-07.2007

 Cerri, C., Restani, L., and Caleo, M. (2010). Callosal contribution to ocular dominance in rat primary visual cortex. Eur. J. Neurosci. 32, 1163–1169. doi: 10.1111/j.1460-9568.2010.07363.x

 Chapman, B., and Bonhoeffer, T. (1998). Overrepresentation of horizontal and vertical orientation preferences in developing ferret area 17. Proc. Natl. Acad. Sci. U.S.A. 95, 2609–2614. doi: 10.1073/pnas.95.5.2609

 Choudhury, B. P., Whitteridge, D., and Wilson, M. E. (1965). The function of the callosal connections of the visual cortex. Q. J. Exp. Physiol. Cogn. Med. Sci. 50, 214–219. doi: 10.1113/expphysiol.1965.sp001783

 Coppola, D. M., White, L. E., Fitzpatrick, D., and Purves, D. (1998). Unequal representation of cardinal and oblique contours in ferret visual cortex. Proc. Natl. Acad. Sci. U.S.A. 95, 2621–2623. doi: 10.1073/pnas.95.5.2621

 Diao, Y. C., Wand, Y. K., and Pu, M. L. (1983). Binocular responses of cortical cells and the callsoal projection in the albino rat. Exp. Brain Res. 49, 410–418. doi: 10.1007/BF00238782

 Dragoi, V., Turcu, C. M., and Sur, M. (2001). Stability of cortical responses and the statistics of natural scenes. Neuron 32, 1181–1192. doi: 10.1016/S0896-6273(01)00540-2

 Dreher, B., and Cottee, L. J. (1975). Visual receptive-field properties of cells in area 18 of cat's cerebral cortex before and after acute lesions in area 17. J. Neurophysiol. 38, 735–750.

 Elberger, A. J. (1979). The role of the corpus callosum in the development of interocular eye alignment and the organization of the visual field in the cat. Exp. Brain Res. 36, 71–85. doi: 10.1007/BF00238468

 Elberger, A. J., and Smith, E. L. (1985). The critical period for corpus callosum section to affect cortical binocularity. Exp. Brain Res. 57, 213–223.

 Elberger, A. J. (1984). The existence of a separate, brief critical period for the corpus callosum to affect visual development. Behav. Brain Res. 11, 223–231. doi: 10.1016/0166-4328(84)90214-6

 Fiorani, M., Azzi, J. C., Soares, J. G., and Gattass, R. (2014). Automatic mapping of visual cortex receptive fields: a fast and precise algorithm. J. Neurosci. Methods 221, 112–126. doi: 10.1016/j.jneumeth.2013.09.012

 Frégnac, Y., and Imbert, M. (1978). Early development of visual cortical cells in normal and dark-reared kittens: relationship between orientation selectivity and ocular dominance. J. Physiol. 278, 27–44. doi: 10.1113/jphysiol.1978.sp012290

 Gardner, J. C., and Cynader, M. S. (1987). Mechanisms for binocular depth sensitivity along the vertical meridian of the visual field. Brain Res. 413, 60–74. doi: 10.1016/0006-8993(87)90154-5

 Harvey, A. R. (1980). A physiological analysis of subcortical and commissural projections of areas 17 and 18 of the cat. J. Physiol. 302, 507–534. doi: 10.1113/jphysiol.1980.sp013258

 Wiesel, T. N. (1962). Receptive fields, binocular interaction and functional architecture in the cat's visual cortex. J. Physiol. 160, 106–154.

 Hubel, D. H., and Wiesel, T. N. (1967). Cortical and callosal connections concerned with the vertical meridian of visual fields in the cat. J. Neurophysiol. 30, 1561–1573. doi: 10.1152/jn.1967.30.6.1561

 Kenet, T., Bibitchkov, D., Tsodyks, M., Grinvald, A., and Arieli, A. (2003). Spontaneously emerging cortical representations of visual attributes. Nature 425, 954–956. doi: 10.1038/nature02078

 Kirk, D. L., Levick, W. R., Cleland, B. G., and Waessle, H. (1976). Crossed and uncrossed representation of the viusal field by brisk-sustained and brisk-transient cat retinal ganglion cells. Vision Res. 16, 225–231.

 Laing, R. J., Turecek, J., Takahata, T., and Olavarria, J. F. (2015). Identification of eye-specific domains and their relation to callosal connections in primary visual cortex of Long Evans rats. Cereb. Cortex 24, 3314–3329. doi: 10.1093/cercor/bhu128

 Lepore, F., and Guillemot, J. P. (1982). Visual receptive field properties of cells innervated through the corpus callosum in the cat. Exp. Brain Res. 46, 413–424. doi: 10.1007/BF00238636

 Lepore, F., Ptito, M., and Lassonde, M. (1986). Stereoperception in cats following section of the corpus callosum and/or the optic chiasma. Exp. Brain Res. 61, 258–264. doi: 10.1007/BF00239515

 Lepore, F., Samson, A., and Molotchnikoff, S. (1983). Effects on binocular activation of cells in visual cortex of the cat following the transection of the optic tract. Exp. Brain Res. 50, 392–396. doi: 10.1007/BF00239205

 Leventhal, A. G., and Schall, J. D. (1983). Structural basis of orientation sensitivity of cat retinal ganglion cells. J. Comp. Neurol. 220, 465–475. doi: 10.1002/cne.902200408

 Li, B., Peterson, M. R., and Freeman, R. D. (2003). Oblique effect: a neural basis in the visual cortex. J. Neurophysiol. 90, 204–217. doi: 10.1152/jn.00954.2002

 Lomber, S. G., Payne, B. R., and Horel, J. (1999). The cryoloop: an adaptable reversible cooling deactivation method for behavioral or electrophysiological assessment of neural function. J. Neurosci. Methods 86, 179–194. doi: 10.1016/S0165-0270(98)00165-4

 Lomber, S. G., Payne, B. R., Hilgetag, C. C., and Rushmore, J. (2002). Restoration of visual orienting into a cortically blind hemifield by reversible deactivation of posterior parietal cortex of the superior colliculus. Exp. Brain Res. 142, 463–474. doi: 10.1007/s00221-001-0957-9

 Makarov, V. A., Schmidt, K. E., Castellanos, N. P., Lopez-Aguado, L., and Innocenti, G. M. (2008). Stimulus-dependent interaction between the visual areas 17 and 18 of the 2 hemispheres of the ferret (Mustela putorius). Cereb. Cortex 18, 1951–1960. doi: 10.1093/cercor/bhm222

 Mansfield, R. J. W., and Ronner, S. F. (1978). Orientation anisotropy in monkey visual cortex. Brain Res. 149, 229–234. doi: 10.1016/0006-8993(78)90603-0

 Marzi, C. A., Antonini, A., Di Stefano, M., and Legg, C. R. (1980). Callosum-dependent bincoular interactions in the latral suprasylvian area of Siamese cats which lack bincoular neurons in areas 17 and 18. Brain Res. 197, 230–235. doi: 10.1016/0006-8993(80)90450-3

 McCourt, M. E., Thalluri, J., and Henry, G. H. (1990). Properties of area 17/18 border neurons contributing to the visual transcallosal pathway in the cat. Vis. Neurosci. 5, 83–98. doi: 10.1017/S0952523800000092

 Minciacchi, D., and Antonini, A. (1984). Binocularity in the visual cortex of the adult cat does not depend on the integrity of the corpus callosum. Behav. Brain Res. 13, 183–192. doi: 10.1016/0166-4328(84)90148-7

 Mitchell, D. E., and Blakemore, C. (1970). Binocular depth perception and the corpus callosum. Vis. Res. 10, 49–54. doi: 10.1016/0042-6989(70)90061-1

 Olavarria, J. F. (1996). Non-mirror-symmetric patterns of callosal linkages in areas 17 and 18 in cat visual cortex. J. Comp. Neurol. 366, 643–655. doi: 10.1002/(SICI)1096-9861(19960318)366:4<643::AID-CNE6>3.0.CO;2-4

 Olavarria, J. F. (2001). Callosal connections correlate preferentially with ipsilateral cortical domains in cat areas 17 and 18, and with contralateral domains in the 17/18 transition zone. J. Comp. Neurol. 433, 441–457. doi: 10.1002/cne.1152

 Orban, G. A., Kennedy, H., and Maes, H. (1981). Response to movement of neurons in areas 17 and 18 of the cat: direction selectivity. J. Neurophysiol. 45, 1059–1073. doi: 10.1152/jn.1981.45.6.1059

 Patten, M. L., Mannion, D. J., and Clifford, C. W. G. (2017). Correlates of perceptual orientation biases in human primary visual cortex. J. Neurosci. 37, 4744–4750. doi: 10.1523/JNEUROSCI.3511-16.2017

 Payne, B. R., Elberger, A. J., Berman, N., and Murphy, E. H. (1980). Binocularity in the cat visual cortex is reduced by sectioning the corpus callosum. Science 207, 1097–1099. doi: 10.1126/science.7355278

 Payne, B. R., Pearson, H. E., and Berman, N. (1984) Role oft he corpus callosum in functional orgnaization of cat striate cortex. J. Neurophysiol. 52, 570–594. doi: 10.1152/jn.1984.52.3.570

 Payne, B. R. (1990). Function of the corpus callosum in the representation of the visual field in cat visual cortex. Vis. Neurosci. 5, 205–211. doi: 10.1017/S0952523800000225

 Payne, B. R., and Siwek, D. F. Lomber, S. G. (1991). Complex transcallosal interactions in visual cortex. Vis. Neurosci. 7, 201–219.

 Peiker, C., Wunderle, T., Eriksson, D., Schmidt, A., and Schmidt, K. E. (2013). An updated midline rule: visual callosal connections anticipate shape and motion in ongoing activity across the hemispheres. J. Neurosci. 33, 18036–18046. doi: 10.1523/JNEUROSCI.1181-13.2013

 Pettigrew, J. D., Nikara, T., and Bishop, P. O. (1968). Responses to moving slits by single units in cat striate cortex. Exp. Brain Res. 6, 373–390. doi: 10.1007/BF00233185

 Pietrasanta, M., Restani, L., and Caleo, M. (2012). The corpus callosum and the visual cortex: plasticity is a game for two. Neural Plast. 2012:838672. doi: 10.1155/2012/838672

 Quiroga, R. Q., Nadasdy, Z., and Ben-Shaul, Y. (2004). Unsupervised spike detection and sorting with wavelets and superparamagnetic clustering. Neural Comp. 16, 1661–1687. doi: 10.1162/089976604774201631

 Restani, L., Cerri, C., Pietrasanta, M., Gianfranceschi, L., Maffei, L., and Caleo, M. (2009). Functional masking of deprived eye responses by callosal input during ocular dominance plasticity. Neuron 64, 707–718. doi: 10.1016/j.neuron.2009.10.019

 Rochefort, N. L., Buzás, P., Quenech'du, N., Koza, A., Eysel, U. T., Milleret, C., et al. (2009). Functional selectivity of interhemispheric connections in cat visual cortex. Cereb. Cortex 19, 2451–2465. doi: 10.1093/cercor/bhp001

 Sanderson, K. J., and Sherman, S. M. (1971). Nasotemporal overlap in visual field projected to lateral geniculate nucleus in the cat. J. Neurophysiol. 34, 453–466, doi: 10.1152/jn.1971.34.3.453

 Schmidt, K. E. (2016). “Do Lateral Intrinsic and Callosal Axons Have Comparable Actions in Early Visual Areas?,” in Axons and Brain Architecture, ed K. Rockland (San Diego, CA: Academic Press), 159–82.

 Schmidt, K. E., Kim, D. S., Singer, W., Bonhoeffer, T., and Löwel, S. (1997). Functional specificity of long-range intrinsic and interhemispheric connections in the visual cortex of strabismic cats. J. Neurosci. 17, 5480–5492.

 Schmidt, K. E., Lomber, S. G., and Innocenti, G. M. (2010). Specificity of neuronal responses in primary visual cortex is modulated by interhemispheric corticocortical input. Cereb. Cortex 20, 2776–2786. doi: 10.1093/cercor/bhq024

 Schmidt, K. E., Lomber, S. G., Payne, B. R., and Galuske, R. A. (2011). Pattern motion representation in primary visual cortex is mediated by transcortical feedback. Neuroimage 54, 474–484. doi: 10.1016/j.neuroimage.2010.08.017

 Segraves, M. A., and Rosenquist, A. C. (1982). The afferent and efferent callosal connections of retinotopically defined areas in cat cortex. J. Neurosci. 2, 1090–1107. doi: 10.1523/JNEUROSCI.02-08-01090.1982

 Stone, J. (1966). The naso-temporal division of the cat's retina. J. Comp. Neurol. 126, 585–600.

 Stone, J., Leicester, J., and Sherman, S. M. (1973). The naso-temporal division of the monkey's retina. J. Comp. Neurol. 150, 333–348. doi: 10.1002/cne.901500306

 Swindale, N. V. (1998). Orientation tuning curves: empirical description and estimation of parameters. Biol. Cybern. 78, 45–56. doi: 10.1007/s004220050411

 Terao, N., Inatomi, A., and Maeda, T. (1982). Anatomical evidence for the overlapped distribution of ipsilaterally and contralaterally projecting ganglion cells to the lateral geniculate nucleus in the cat retina: a morphologic study with fluorescent tracers. Invest Ophthalmol. Vis. Sci. 23, 796–798.

 Timney, B., Elberger, A. J., and Vandewater, M. L. (1985). Binocular depth perception in the cat following early corpus callosum section. Exp. Brain Res. 60, 19–26. doi: 10.1007/BF00237014

 Tusa, R. J., Palmer, L. A., and Rosenquist, A. C. (1978). The retinotopic organization of area 17 (striate cortex) in the cat. J. Comp. Neurol. 177, 213–235. doi: 10.1002/cne.901770204

 Wang, G., Ding, S., and Yunokuchi, K. (2003). Difference in the representation of cardinal and oblique contours in cat visual cortex. Neurosci Lett. 338, 77–81. doi: 10.1016/S0304-3940(02)01355-1

 Westheimer, G. (2003). Meridional anisotropy in visual processing: implications for the neural site of the oblique effect. Vis. Res. 43, 2281–2289. doi: 10.1016/S0042-6989(03)00360-2

 White, L. E., Bosking, W. H., Williams, S. M., and Fitzpatrick, D. (1999). Maps of central visual space in ferret v1 and v2 lack matching inputs from the two eyes. J. Neurosci. 19, 7089–7099.

 Wunderle, T., Eriksson, D., Peiker, C., and Schmidt, K. E. (2015). Input and output gain modulation by the lateral interhemispheric network in early visual cortex. J. Neurosci. 35, 7682–7694. doi: 10.1523/JNEUROSCI.4154-14.2015

 Wunderle, T., Eriksson, D., and Schmidt, K. E. (2013). Multiplicative mechanism of lateral interactions revealed by controlling interhemispheric input. Cereb. Cortex 23, 900–912. doi: 10.1093/cercor/bhs081

 Yacoub, E., Harel, N., and Ugurbil, K. (2008). High-field fMRI unveils orientation columns in humans. Proc. Natl. Acad. Sci. U.S.A. 105, 10607–10612. doi: 10.1073/pnas.0804110105

 Yinon, U., Chen, M., Zamir, S., and Gelerstein, S. (1988). Corpus callosum transection reduces binocularity of cells in the visual cortex of adult cats. Neurosci Lett. 92, 280–284. doi: 10.1016/0304-3940(88)90603-9

 Zeki, S., and Fries, W. (1980). A function of the corpus callosum in the Siamese cat. Proc. R. Soc. Lond. B. Biol. Sci. 207, 249–258. doi: 10.1098/rspb.1980.0023

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Conde-Ocazionez, Jungen, Wunderle, Eriksson, Neuenschwander and Schmidt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnsys-12-00011-g005.gif





OPS/images/fnsys-12-00011-g006.gif





OPS/images/fnsys-12-00011-g003.gif





OPS/images/fnsys-12-00011-g004.gif





OPS/images/fnsys-12-00011-g009.gif
ot

Bt

b
REMENERE
o=
=





OPS/images/fnsys-12-00011-g007.gif





OPS/images/fnsys-12-00011-g008.gif





OPS/images/math_3.gif
Meys

Varyg —Vary
Vary, +Vary





OPS/images/fnsys-12-00011-g001.gif
<ﬁ§

S&zf 4





OPS/images/fnsys-12-00011-g002.gif





OPS/images/math_2.gif
1
W = Vops) * = (Noz = Mapg) + Npear
2% Ny

CBI =





OPS/images/math_1.gif
PR PRy opr ety
FRppe * PRy,

opi






OPS/images/cover.jpg
’ frontiers
in Systems Neuroscience

Callosal Influence on Visual
Receptive Fields Has an Ocular, an
Orientation-and Direction Bias









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Systems Neuroscience





