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Abstract. The primary visual cortex (area V1) encodes visual attributes such as direction of motion, orientation, and position through the activity of populations of neurons. We asked how this activity is affected by different combinations of these attributes. We measured population responses by imaging voltagesensitive dye fluorescence in area V1 of anesthetized cats with dye RH-1692 in response to stimuli that are both oriented and localized in space. We tested whether the resulting activation could be explained by a simple rule of combination that assumes the activation is a point-by-point multiplication of the map of orientation preference with a blurred prediction of the stimulus’ footprint in cortex derived from a map of retinotopy. This simple rule of combination provided good fits of the responses and implies that the effects of stimulus orientation and position on population responses are independent. Keywords: Visual Cortex, Retinotopy, Orientation.



1 Introduction The visual cortex represents stimuli through the activity of neuronal populations, and is organized according to maps of selectivity. These maps of selectivity concern stimulus attributes such as position, orientation, and direction. It is of interest to know how these maps combine to determine the overall population response. This question has been recently investigated for the maps of orientation preference and direction preference. Basole et al. [1] showed that the population response to a moving, oriented stimulus can not be simply predicted based on selectivity for stimulus orientation and stimulus direction measured independently. Specifically, they showed that the population response to a set of drifting oriented bars was not simply the product of a map of orientation preference and a map of direction preference. This result could be explained, by a simple energy model of neuronal responses [2]. According to this model, neurons in visual cortex derive their selectivity from a receptive field that operates in space and time. The responses of such a receptive field depend jointly on stimulus orientation, direction, and speed, and thus the population response to stimuli that simultaneously vary in these stimulus properties will be a conflation of these joint dependencies. The energy model, however, makes a different prediction for the effects of changing stimulus position; in this case the energy model predicts that the population F. Mele et al. (Eds.): BVAI 2007, LNCS 4729, pp. 30–41, 2007. © Springer-Verlag Berlin Heidelberg 2007
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response can be determined from independent combinations of a map of retinotopy and a map of orientation preference. Neurons in the primary visual cortex have relatively small receptive fields, so they perform computations over a finite, localized region. Thus the model would predict that the response at a single location in the cortex to a localized, oriented stimulus should be predictable from independent measures of the retinotopic preference and orientation selectivity of that location. Specifically, it predicts that the response is the product of a function of orientation (determined by the map of orientation preference) and a function of position (determined by the map of retinotopy). We sought to evaluate this prediction of the model by measuring the population response of primary visual cortex to stimuli that are both oriented and localized in space. We imaged population responses in area V1 by staining the cortex with a voltagesensitive dye (VSD). VSD imaging delivers parallel recording from tens of square millimeters [3] with a resolution of ~100 μm in space (limited by light scatter in tissue) and few ms in time (limited by photon noise). This method targets the superficial layers , which provide the main output to the rest of the cortex [4]. The dye fluoresces in proportion to membrane potential and thus provides a measure of neural activity elicited by the stimulus in a population of cortical neurons. Stimuli that are both oriented and localized in space, such as oriented bars or gratings windowed by elongated apertures, will activate regions of cortex that are both broad and patchy [5]. The center of the activity will depend upon the retinotopic position of the stimulus and the patchiness of the activity will depend upon the stimulus orientation. The width of the activated region, in turn, will depend upon the point spread function of the cortex. That is, the width of the activated region depends on what the cortical representation of a single retinotopic location is. Microelectrode studies suggest that the point spread function of cat primary visual cortex is approximately 2.6 mm [6]. We consider whether it is possible to describe the broad but patchy activation of the cortex with a simple rule that combination. The rule posits that, for any point on the cortex, the activation resulting from a localized, oriented stimulus should be simply predictable from maps of retinotopic and orientation preference, taking into account the point spread function of the cortex.



2 Methods 2.1 Physiology The methods described here are similar to those described in Benucci et al. . Young adult cats (2-4 Kg) were anesthetized first with Ketamine (22 mg/kg i/m) and Xylazine (1.1 mg/kg i/m) and then with Sodium Penthotal (0.5-2 mg/kg/hr i/v) and Fentanyl (typically 10 μg/kg/hr i/v), supplemented with inhalation of N2O (typically 70:30 with O2). A 1 cm craniotomy was performed over area V1 (usually area 18, occasionally area 17), centered on the midline. The eyes were treated with topical atropine and phenylephrine, and protected with contact lenses. A neuromuscular blocker was given to prevent eye movements (pancuronium bromide, 0.15 mg/kg/hr, i.v.). The animal was
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artificially respirated, and received periodic doses of an antibiotic (Cephazolin, 20 mg/kg IM, twice daily), of an anti-edematic steroid (Dexamethasone, 0.4 mg/kg daily), and of an anticholinergic agent (atropine sulfate, 0.05 mg/kg, i/m, daily). Fluid balance was maintained by intravenous infusion. The level of anesthesia was monitored through the EEG. Additional physiological parameters that were monitored include temperature, heart rate, end-tidal CO2, and lung pressure. Experiments typically lasted 48-72 hours. Procedures were approved by the Institutional Animal Care and Use Committee. 2.2 Stimuli Stimuli were square gratings, presented monocularly on a CRT monitor (Sony Trinitron 500PS, refresh rate 125 Hz, mean luminance 32 cd/m2), modulating sinusoidally in contrast. The dominant spatial frequency was 0.2-0.4 cpd, depending on the area imaged, and contrast was 50%. The windows were square (40x40 deg) for orientation experiments, and rectangular (typically 6X40 deg) for retinotopy experiments. Stimuli were preceded by ~2 s of uniform gray, typically lasted 1-2 s, and were presented in random order in blocks that were typically presented 10-20 times. To examine the effects of context on the response to localized stimuli we also presented small patches (2 degree square) of square wave grating whose contrast was reversed according to a binary m-sequence. In one condition only a single patch was presented. In a second condition the same patch (modulating with the same temporal sequence) was surrounded by other patches whose contrast reversed in a temporally uncorrelated fashion (specifically by using a time shifted version of the same msequence [7]). The response of the cortex was defined as the average VSD response following a contrast reversal in the center patch (regardless of whether it was presented alone or in the context of other patches). 2.3 Imaging Method Methods for VSD imaging were described by Grinvald and collaborators [3, 8, 9]. We stained the cortex with the VSD RH-1692 and imaged its fluorescence in 15-30 mm2 of V1. The dye was circulated in a chamber over the cortex for 3 hours, and washed out with saline. We acquired images with a CMOS digital camera (1M60 Dalsa, Waterloo, Ontario), as part of the Imager 3001 setup (Optical Imaging Inc, Rehovot, Israel). Images were acquired at a frame rate of 110 Hz, with spatial resolution of 28 μm per pixel. Additional spatial filtering was performed offline (bandpass, 0.2-2.2 cycles/mm). Frame acquisition was synchronized with the respirator. Illumination from a 100 W halogen light was delivered through two optic fibers. The excitation filter was bandpass at 630 ± 10 nm, and the emission filter was highpass, with cutoff at 665 nm. 2.4 Fourier Analysis The amplitude spectrum of each pixel was computed from their temporal traces. To compute a single Fourier component (for the current study the 2nd harmonic of the stimulating frequency) we usually multiplied the traces by the appropriate complex
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exponential. Maps of the amplitude of the complex response, as a function of stimulus and position and orientation, were used to evaluate the performance the model of retinotopy. 2.5 Predictive Model The four parameters of the mapping function, and the one parameter of the point spread function (the standard deviation σ), were found by carrying out a forward prediction of the data and minimizing the deviation between prediction and measurement. The predictive model of responses was defined as follows. Consider a localized, oriented stimulus (Fig. 2A). Let θ be the stimulus orientation, and let the position and shape of the stimulus be defined by the distribution of contrast C(w), which is 1 inside the rectangle and 0 outside. Step 1 is to compute the cortical representation of the -1 stimulus locations (Fig. 2B,D): r1(z) = C(f (z)), where f is the retinotopy mapping. The result of the computation (Fig. 2E) is the “footprint” of the stimulus on cortex, assuming a point-to-point mapping between the stimulus and the cortical representation. Step 2 is to blur by convolving with the point spread function (Fig. 2F), r2(z) = [r1*Gσ](z), with Gσ a Gaussian with standard deviation σ. The result of this computation (Fig. 2G) is a blurred “footprint” that takes into account that a single point on the stimulus is processed by a population of neurons. Step 3 is to multiply pointwise the result by the map of orientation preference (Fig. 2H) r3(z) = r2(z)rθ(z), where rθ(z) is the response of pixel z to a full-field stimulus with orientation θ. The result of this computation (Fig. 2I) is the model’s prediction of the cortical response to the stimulus.



3 Results We have shown previously that VSD imaging in area V1 reflects the responses of complex cells, as opposed to simple cells, and that high-resolution functional maps can be obtained with stimuli that reverse in contrast sinusoidally . Complex cells respond to such a stimulus with an oscillation at twice the frequency of the reversal. These 2nd harmonic responses stand clear of the noise, and result in functional maps with high signal/noise ratios. Based upon these findings we used contrast reversing gratings, modulating sinusoidally at 5 Hz (and thus giving strong stimulus responses at 10 Hz), to obtain functional maps of orientation preference and retinotopy. To measure maps of orientation preference, we imaged the 2nd harmonic responses to large, oriented square-wave gratings (Fig. 1A-D, inset). Stimuli of different orientations elicited the profiles of activity typical of cat V1 , with orthogonal orientations yielding complementary maps (Fig. 1A-D). These profiles of activity could be combined to produce a map of orientation preference (Fig. 1E). To measure maps of retinotopy, we imaged the 2nd harmonic responses to squarewave gratings windowed in narrow rectangular apertures, whose orientation was parallel to the orientation of the aperture (Fig. 1F-I, inset). Changing the stimulus elevation from high to low caused the resulting activity to move from posterior to anterior (Fig. 1F-I). These profiles of activity could be combined (in conjunction with those obtained using stimuli at various horizontal positions, not shown) to produce a map of retinotopic preference (Fig. 1J).
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Fig. 1. Maps of orientation and position preference obtained from 2nd harmonic responses (AD) Amplitude of the 2nd harmonic responses to standing gratings with different orientations, whose contrast reversed at 5 Hz. For graphical purposes, these maps were corrected by subtracting the average response to 8 orientations (“cocktail correction”), and ignoring negative responses. Experiment 50-2-3. (E) Map of orientation selectivity obtained from these responses (plus other 4 that are not shown). Each line is an iso-orientation contour. (F-I) For stimulus position, stimuli were gratings windowed in narrow rectangles. Cortical responses to stimuli of different position are shown. As the stimulus moves downward on the CRT monitor the cortical response moves more anterior. (J) Map of retinotopic preference. Each solid line shows an iso-elevation contour and each dotted line shows an iso-azimuth contour. Experiments 67-2-1 and 67-2-2.



The function underlying our maps of retinotopy is very simple. This mapping function relates a point in visual space to a point in cortex. It is linear and is specified by only 4 parameters: the two Cartesian coordinates of the area centralis in cortex, the angle of rotation, and the magnification factor. The function can be described most succinctly in the complex domain. It maps a point w = u+iv in the visual field to a point z = x+iy in cortex. This point is given by z = f(w) = Uexp(i I) w + z0,



(1)



where ρ is the magnification factor (in mm/deg), φ in the rotation angle (in radians), and z0 = x0+iy0 are the cortical coordinates of the area centralis (the point w = 0). This simple mapping function has a number of limitations, but it suffices for the job at hand. The first limitation is that, because the mapping function is one-to-one, it is only appropriate when our window on the cortex views a single visual area (i.e.,
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area 17 or area 18, but not a region that spans the two). This limitation is of minor concern, because our images mostly centered on one area. A second limitation of our mapping function is that it is linear, which is only appropriate for local regions of cortex over the full extent of V1 the magnification factor shows great variation [10, 11]. A more realistic logarithmic mapping function , however, was not found to improve our fits despite the additional parameters. We can use the model described above to test the prediction that the population response to a localized, oriented stimulus is determinable from independent measures (maps) of orientation and retinotopic preference. If the population response is a conflation of stimulus orientation and position (i.e., the response depends on the specific combination of position and orientation), then the model will be a poor characterization of the population responses. This is because the model assumes that the population response can be determined from independent measures of position and orientation preference. A key factor influencing the response of the cortex to a focal stimulus is the point spread function of the cortex. This function describes the extent of cortex that is activated by a pointwise visual stimulus, and can be calculated from arguments based on the cortical magnification factor and receptive field size [12]. In cat V1, the width of the point spread function averages 2.6 mm, regardless of eccentricity [6]. The structure of orientation preference maps is finer than the scale of the point spread function and thus a small oriented stimulus activates a region of cortex that is extended (because of the point spread function), but not uniform (because of the map of orientation preference, [5]. Therefore the pattern of activity elicited by a localized, oriented stimulus must depend on the interplay of at least three factors, (1) the map of retinotopy; (2) the point spread function; and (3) the map of orientation preference. We investigated the rules of combination for these three factors. Because our stimuli are both localized in space (they are framed by narrow windows) and oriented (the gratings are parallel to the window) they are well suited for addressing this interplay. We found that these stimuli activate regions that are patchy (Fig. 1C,D). The patchiness results from the functional organization of orientation preference. When the combined responses to horizontal bars are subtracted from the combined responses to vertical bars, the result is a clear map of (horizontal vs. vertical) orientation preference (Fig. 2H). We tested a simple rule of combination. First, we predicted the representation of the envelope of our stimulus in cortex based on the map of retinotopy (Fig. 1J). The result is a tight region of activation with sharp borders (Fig. 2E). Second, we blurred this region of activation by convolving it with the point spread function that was modeled as a 2-dimensional Gaussian profile (Fig. 2F). The result is a broad region of activation with blurred borders (Fig. 2G). Finally, we multiplied this region of activation point by point with the map of preferred orientation, i.e. with the profile of activation expected for a large oriented stimulus (Fig. 2H). The final result is a broad but patchy activation (Fig. 2I). This rule of combination provided good fits of the responses. The maps of activation predicted by the model (Fig. 3C) resemble the actual responses (Fig. 3B). The model explained 78 % of the variance for the data in our example experiment, and 74 ± 8 % of the variance on average (s.d., n = 7). From the model fit we can estimate the point spread function of area V1. The standard deviation of the
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Fig. 2. Model of retinotopy (A) The gray square depicts the CRT monitor on which is presented a grating stimulus viewed through an elongated aperture. (B) The black region represents the projection of the imaged region of cortex on the CRT monitor. (C) A picture of the region of cortex being imaged using the voltage sensitive dye method. (D) The solid lines overlaid on the picture of imaged cortex correspond to iso-elevation contours and dotted lines correspond to iso-asimuth contours. The white dot represents the Area Centralis. (E) The white region is the point-to-point mapping (or “footprint”) of the stimulus on the CRT monitor to the corresponding part of cortex. (F) the point spread function of the cortex (the region of cortex activated by a pointwise stimulus) is modeled as a two dimensional Gaussian. (G) The result of convolving the point-spread function with the “footprint” of the stimulus shown in Figure 1E. (H) A map of the difference between the responses to vertical stimuli and horizontal stimuli (vertical preferring regions shown in white, horizontal preferring regions shown in black). (I) The prediction of the response to an oriented, localized stimulus is given by multiplying, pointby-point, the map shown in G with the map of activation to a horizontal stimulus.



2-dimensional Gaussian was 0.7 mm for the example experiment, and 1.1 ± 0.4 mm across experiments (s.d., n = 7). The overall width of the estimated point spread function (~2.2 mm at two standard deviations) is consistent with the value of ~2.6 mm estimated with electrodes [6]. We further validated the model, by testing its performance on a new data set. This data set was not used to obtain the model’s parameters, but also consists of localized, oriented stimuli. We first obtained the model parameters from an experiment like the one described above (Fig. 1). We then fixed the parameters at those values and asked whether the model could predict responses to a second experiment. In this second experiment, we measured cortical responses to flashed elongated grating patches of various orientations and positions (Fig. 4A,D). Responses to the new stimulus were patchy and extended (measured at the peak of the associated response), similar to
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Fig. 3. (A) Stimuli are the same as Fig. 1, varying in vertical and horizontal position. (B) Amplitude of 2nd harmonic responses (similar to the data shown in Fig. 1F-I). Experiments 672-1 and 67-2-2. (C) Predictions of the model for the amplitude of 2nd harmonic responses. Gray scale as in B .



those observed in Figure 3 (Fig. 4B,C) This experiment included gratings presented not only in horizontal and vertical windows (Fig. 4A), but also in diagonal windows (Fig. 4B). Reassuringly, the predictions of the model resembled the actual data in all stimulus conditions (Figure 4c,f), including diagonal stimulus conditions that were not used to determine the parameters of model that describe the mapping function.



4 Discussion It has long been clear that the profile of activation elicited in V1 by a stimulus that is localized and oriented depends on the map of retinotopy, on the point spread function, and on the map of orientation preference [6, 12]. It was not known, however, how these factors interact to yield the response to a given visual stimulus. We described a simple rule of interaction that we found to be highly effective (Fig. 2). This rule involves three steps, each of which can be interpreted in terms of anatomical connections and physiological mechanisms. We can think of the map of retinotopy as a map of projections from the visual field (through the lateral geniculate nucleus) to the cortex. The projection, however, is not from one point to another point, but rather from one point to a whole cloud of points: the center of the cloud is specified by the mapping function (step 1, Fig. 2D), and the width of the cloud is specified by the point spread function (step 2, Fig. 2F). A stimulus of a given orientation, in turn, will not excite all points in cortex, but only those whose preferred orientation matches the stimulus (step 3, Fig. 2H). This could be because the cloud of connections is patchy [13], or because V1 neurons do not integrate inputs from regions of the visual field that are inconsistent with their orientation selectivity [14].
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Fig. 4. Application of the retinotopy model to a novel stimulus. (A) Horizontal and vertical gratings were flashed on the CRT monitor (B). The responses to the flashed grating (measured at the peak of the flash response). (C) The prediction of the model, whose parameters were determined from a separate experiment like the one shown in Fig. 1. (D) Oblique gratings were also flashed on the CRT monitor. (E) The responses to the oblique gratings (also measured at the peak of the flash response). (F) The prediction of the model to the oblique stimuli. Note that oblique stimuli are novel for the model. Experiment 70-3-8.



The success of pointwise multiplication indicates that, for each pixel, the selectivity for stimulus position was independent of stimulus orientation and the selectivity for stimulus orientation was independent of stimulus position. This independence in the effects of two stimulus attributes may seem to contradict the conflation of maps that has been recently reported [1]. The two results, however, are complementary, and both follow from the widely accepted model of V1 selectivity based on local spatiotemporal receptive fields. Basole et al. [1] imaged the responses to an oriented stimulus that was also moving, and found that they could not simply predict those responses by multiplying the relevant maps: the one of orientation preference and the one of direction selectivity. This is precisely the result that would be expected if the selectivity of V1 neurons were due to a local spatiotemporal
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receptive field, as in such a mechanism the effects of orientation and direction are not independent [2]. We, in turn, imaged responses to an oriented stimulus that was also localized in space, and found that we could indeed predict those responses by multiplying the relevant maps: the one of orientation preference and the one of retinotopy. Again, this is the result that might arguably be expected if selectivity of V1 neurons were due to a local spatiotemporal receptive field: changing stimulus position would scale the responses of the receptive field with little effect on its selectivity for orientation. One open question concerns the degree to which the maps of orientation preference and retinotopy might influence or distort the other, perhaps in the interest of coverage [12, 15, 16]. An early study reported a strong dependence between the two maps [17], but later studies argued otherwise [5, 18], and recent anatomical results suggest that the map of retinotopy is in fact remarkably free from local distortions [19, 20]. Our methods lack the spatial resolution to address this question; we hope it will be put to rest through two-photon microscopy . 4.1 Limitations of the Model We have demonstrated that a simple model that assumes that the orientation and retinotopic preferences of a single location on the cortex are independent does a good job of describing the VSD response of the cortex to a localized, oriented stimulus. The model has limitations in its current form. The model assumes a linear transformation from degrees of visual angle to millimeters of cortex. As we have noted above, such a transformation is inconsistent with the wealth of anatomical and physiological data that shows that the transformation is nonlinear. A more realistic model would take into account this approximately logarithmic transformation. Under the conditions of the current study, however, the logarithmic version of the model did not notably improve the quality of the fits despite having an extra parameter. Presumably if our window on the cortex were larger, the logarithmic version of the model would outperform the linear version. In this experiment we did not systematically vary the contrast of the stimulus. Varying the contrast of the stimulus changes the magnitude of the VSD responses, but it might also change the extent of cortex that is activated. Examination of single units has provided evidence that higher contrast stimuli result in smaller receptive field sizes ([21]). Consequently, we might expect that higher contrast stimuli might activate smaller regions of the cortex or, in the terms of our model, reduce the point spread function. Alternatively, higher contrast stimuli might make the apparent region of activated cortex larger, as a larger portion of the cortex is activated above some baseline noise threshold. Further investigation will be necessary to determine the effect of stimulus contrast on these measurements. Finally, we note that our localized, oriented stimuli are extremely simplified, and the model should be tested with more complex spatial configurations. There is a great deal of physiological evidence to suggest that spatial context can impact the cortical response to an oriented stimulus [for a review see 22]. In fact, we have observed this impact using a white noise stimulus. In Fig. 5A we show a focal patch of squarewave grating whose contrast polarity is reversed according to a pseudorandom sequence.
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Fig. 5. The effect of spatial context on responses to a localized stimulus (A) The gray rectangle depicts the CRT monitor. The stimulus is 2 deg square patch of oriented square wave grating whose contrast reverses in time according to an m-sequence. The white dot represents the location of the Area Centralis. (B) The response of the cortex 100 ms after a contrast reversal of the patch. Scale bar is 1 mm (C) As in A except that the patch is surrounded by other contrast reversing patches whose locations are given by the grid of dotted lines. (D) The response of the cortex 100 ms after a contrast reversal of the center patch. (E) The time course of the response following a contrast reversal. Thesolid line is the response (in the neighborhood of the pixel shown in B with the white dot) to the patch presented in isolation. The dotted line is the response to the same patch presented in the context of additional patches.



We measured the 1st order response of the cortex to that patch using standard event related methods. The response 100 ms after a contrast reversal is shown in Fig. 5B. If we now present exactly the same patch, but while it is surrounded by spatiotemporally uncorrelated contrast modulating patches (Fig. 5C), we note that the response 100 ms after a contrast reversal (of the center patch) is greatly reduced (Fig. 5D). The time course of the 1st order response (following a contrast reversal) is shown in Fig. 5E; the solid curve shows the response when the patch is presented in isolation and the dotted curve shows the response when the patch is presented in the context of the surrounding patches. This suppression of the response we observe when the patch is presented in context may be related to the suppression observed with single unit methods [e.g, 22, 23]. In any case, the simple local model we have presented would fail to account for it. Additional studies that examine the effect of spatial configuration on the responses to localized, oriented stimuli may be able to address how and whether the principles of combining orientation and retinotopic preference depend on the spatial context in which stimuli are shown.
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