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Temporal properties of surround suppression in cat primary visual cortex
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Abstract The responses of neurons in primary visual cortex ~V1! are suppressed by stimuli presented in the region surrounding the receptive field. There is debate as to whether this surround suppression is due to intracortical inhibition, is inherited from lateral geniculate nucleus ~LGN!, or is due to a combination of these factors. The mechanisms involved in surround suppression may differ from those involved in suppression within the receptive field, which is called cross-orientation suppression. To compare surround suppression to cross-orientation suppression, and to help elucidate its underlying mechanisms, we studied its temporal properties in anesthetized and paralyzed cats. We first measured the temporal resolution of suppression. While cat LGN neurons respond vigorously to drift rates up to 30 Hz, most cat V1 neurons stop responding above 10–15 Hz. If suppression originated in cortical responses, therefore, it should disappear above such drift rates. In a majority of cells, surround suppression decreased substantially when surround drift rate was above ;15 Hz, but some neurons demonstrated suppression with surround drift rates as high as 21 Hz. We then measured the susceptibility of suppression to contrast adaptation. Contrast adaptation reduces responses of cortical neurons much more than those of LGN neurons. If suppression originated in cortical responses, therefore, it should be reduced by adaptation. Consistent with this hypothesis, we found that prolonged exposure to the surround stimulus decreased the strength of surround suppression. The results of both experiments differ markedly from those previously obtained in a study of cross-orientation suppression, whose temporal properties were found to resemble those of LGN neurons. Our results provide further evidence that these two forms of suppression are due to different mechanisms. Surround suppression can be explained by a mixture of thalamic and cortical influences. It could also arise entirely from intracortical inhibition, but only if inhibitory neurons respond to somewhat higher drift rates than most cortical cells. Keywords: Primary visual cortex, Lateral geniculate nucleus, Suppression, Temporal frequency, Adaptation



the test centered on the receptive field ~Blakemore & Tobin, 1972; Maffei & Fiorentini, 1976!. This effect is known as “surround suppression” and has also been called “end-stopping,” “size tuning,” and “hypercomplexity” ~Fitzpatrick, 2000!. Surround suppression is highly selective for orientation, being strongest when the mask is at the cell’s preferred orientation ~DeAngelis et al., 1994; Sengpiel et al., 1997!. In the earliest explanation, these two suppression phenomena result from inhibition between cortical neurons ~Hubel & Wiesel, 1965; Morrone et al., 1982!. According to this explanation, crossorientation suppression would originate from a pool of cortical neurons selective for a broad range of orientations, whose receptive fields would overlap with that of the recorded neuron ~Fig. 1A!. Similarly, surround suppression would originate from cortical neurons selective for the same orientation as the recorded neuron with receptive fields covering a broader region of visual space ~Fig. 1B!. Inhibition could operate within V1 ~Hubel & Wiesel, 1965; Blakemore & Tobin, 1972!, or involve feedback from higher cortical areas ~Allison et al., 2001; Angelucci et al., 2002; Cavanaugh et al., 2002a; Levitt & Lund, 2002; Angelucci & Bullier, 2003; Angelucci & Bressloff, 2006!.



Introduction The response of a neuron in primary visual cortex to test stimuli in its receptive field can be suppressed by adding mask stimuli that evoke little response when presented alone. Two broad classes of visual suppression have been distinguished. The first is observed by superimposing a mask onto the test, within the receptive field ~Morrone et al., 1982; Bonds, 1989; DeAngelis et al., 1992!. This form of suppression can be obtained with masks of all orientations, including the orientation orthogonal to the preferred orientation of the cell. It is known as “cross-orientation suppression,” and has also been called “cross-orientation inhibition.” The second form of suppression is found when adding a mask in the area surrounding
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Fig. 1. Stimuli used to probe suppression, and interpretation of results based on the intracortical hypothesis. ~A! Cross orientation suppression. Stimuli are composed of a test grating and an orthogonal mask grating. The intracortical hypothesis ~top! ascribes cross-orientation suppression to inhibition between cortical cells with overlapping receptive fields and different orientation preferences. ~B! Surround suppression. Stimuli are composed of a test grating and a surrounding mask grating with the same orientation. The intracortical hypothesis ~top! ascribes surround suppression to inhibition between neighboring cortical cells with similar receptive fields.



S. Durand et al. some surround suppression is seen already seen in the responses of LGN neurons ~Solomon et al., 2002; Ozeki et al., 2004; Webb et al., 2005b!, where it might be caused by mechanisms of contrast gain control that originate as early as in retina ~Bonin et al., 2005!. It seems increasingly likely that surround suppression is due to a combination of factors ~see Discussion!: inheritance of suppression from the LGN inputs, local inhibitory circuits within V1, and feedback from higher visual areas. To further elucidate the sources of surround suppression and the differences between surround suppression and cross-orientation suppression, we made a side-by-side comparison between the two forms of suppression. We made these measurements in cat, which is the species where suppression has been most thoroughly investigated. First, we measured the ability of masks of different temporal frequencies to cause suppression. We thus estimated the temporal resolution of surround suppression and compared it with that of cross-orientation suppression on one hand, and with that of LGN and V1 neurons on the other. Then, we asked if we could reduce surround suppression through prolonged adaptation to annulus stimuli. These experiments yielded radically different outcomes for the two forms of suppression, and emphasize their different mechanisms and sources. Partial analyses of these data have appeared in conference presentations ~Durand et al., 2001, 2002! and in a related paper ~Freeman et al., 2002!.



Materials and methods However, there is now substantial evidence that inhibition is not the correct explanation for cross-orientation suppression. This evidence derives from a comparison between the visual properties of cross-orientation suppression and that of cortical neurons. Crossorientation suppression is observed at substantially higher drift rates than those eliciting responses in most neurons in area 17 or 18 ~Allison et al., 2001; Freeman et al., 2002; Li et al., 2005; Sengpiel & Vorobyov, 2005!. In fact, the temporal resolution of cross-orientation suppression resembles more that of afferents from lateral geniculate nucleus ~LGN!, which typically respond to drift rates of 20 Hz and higher ~Orban et al., 1985; Saul & Humphrey, 1990!. In addition, cross-orientation suppression is largely immune to adaptation, the marked and selective reduction in cortical responsiveness that follows prolonged visual stimulation ~Maffei et al., 1973; Albrecht et al., 1984; Ohzawa et al., 1985; Carandini & Ferster, 1997; Sanchez-Vives et al., 2000!. If the suppressive signals originated in cortex, presenting a mask stimulus for a long period of time should reduce the cells’ subsequent response to it and consequently the suppression that it provides. Cross-orientation suppression, instead, is immune to adaptation ~Freeman et al., 2002; Li et al., 2005; Sengpiel & Vorobyov, 2005!. These properties suggest that cross-orientation suppression originates from LGN signals ~Freeman et al., 2002!. It may be due to saturation in LGN responses ~Li et al., 2006; Priebe & Ferster, 2006!, with a possible contribution of depression at the thalamocortical synapse ~Freeman et al., 2002!. There is also some evidence that the inhibition hypothesis may not be the correct explanation to surround suppression. For example, in primates surround suppression can be seen with stimuli of very low spatial frequency, which are ineffective in driving visual cortex ~Webb et al., 2005a!. Moreover, pharmacological manipulations that reduce the strength of GABA inhibition do not affect the impact of surround suppression ~Ozeki et al., 2004!. In fact,



Methods for the physiological preparation are standard in our laboratory ~Freeman et al., 2002!. Briefly, adult cats were initially anesthetized with ketamine Hcl ~20 mg0kg! and acepromazine ~0.1 mg0kg!, and premedicated with atropine sulfate ~0.05 mg0kg!. Anesthesia was subsequently maintained throughout the course of the experiment by a continuous IV infusion of sodium Penthotal ~1– 4 mg0kg0h!. Paralysis was induced with pancuronium bromide ~0.15 mg0kg0h! and artificial respiration maintained with a mixture of N2O and O2 ~commonly 2:1!. The corneas were protected by contact lenses and appropriate corrective lenses were set in front of each eye. EEG, ECG, temperature and end-tidal CO2 were monitored continuously. A craniotomy was performed centered around Horsley-Clarke coordinates 2.5 mm lateral and 7 mm posterior. V1 neurons were in area 17 or at the 17018 border, with receptive fields usually within ;58 of eccentricity. Extracellular signals were recorded using glass-coated tungsten microelectrodes or quartz-coated Platinum0Tungsten microelectrodes, sampled at 12 kHz, and stored for offline spike discrimination. The veterinary office of Canton Zurich approved all procedures. Visual stimuli were drifting sinusoidal gratings enclosed in circular patches and annuli, displayed monocularly using the Psychophysics Toolbox ~Matlab environment! ~Brainard, 1997; Pelli, 1997! on a calibrated monitor ~Sony Multiscan G-500, mean luminance 39 cd0m 2, refresh rate 120–160 Hz!. In a set of standard measurements, we established optimal orientation, spatial frequency, drift rate, position and size of drifting gratings at 50% contrast. The optimum size of the patch for subsequent experiments was decided after presenting stimuli of increasing sizes in random orders and finding the size that gave the maximal response. We classified V1 cells as simple or complex based on the “relative modulation index” ~F10F0! measured at the optimal spatial frequency ~Skottun et al., 1991!. Stimuli lasted for 1–5 s and were



Surround suppression



3



randomly interleaved within each block to minimize the effects of adaptation. Usually we repeated each block three times. We then measured the strength of suppression. These measurements involved two gratings, a test, and a mask. The test drifted in the cell’s preferred direction and drift rate, and was windowed by a disk of optimal size. For measurements of cross-orientation suppression, the mask was superimposed on the test, and drifted in an orthogonal direction. The mask had one of 6–8 drift rates between 0.2 and 24 Hz. For measurements of surround suppression, the mask was enclosed in an annulus surrounding the test, and drifted in the same direction as the test. The dimensions of the annulus were determined by a preliminary experiment where single annuli were presented with different inner diameters. We chose the inner diameter of the annulus so that the annulus alone would elicit minimal responses ~generally less than 10% of the maximal response!. This inner diameter was always larger than the diameter of the test patch and we held the gap between annulus and patch at the mean luminance of the screen. The mask had one of 6–8 drift rates between 1 and 21 Hz. In both experiments, the test contrast took one of 5 or 6 values between 0 and 100%, and the mask contrast was either 0% or 50%. Blocks where we measured cross-orientation suppression and blocks where we measured surround suppression were separate. The control condition ~test alone!, was measured twice, and intermixed with both blocks. For adaptation experiments, the contrast of each grating was varied independently, producing a total of 26 stimuli. Stimuli lasted 2– 4 s and were presented in randomized order. Adaptation stimuli were presented initially for 30 s and then for 3– 6 s prior to the presentation of each probe stimulus. Neurons were first adapted to a blank screen ~a control experiment!, then to the annulus stimulus displayed at 50% contrast. In a few neurons, this experimental order was reversed. Adaptation experiments were not performed on the same cells as measurements of temporal preferences of suppression. We describe the effects of suppression by fitting a model to the responses ~Freeman et al., 2002!. The first stage of the model is linear in contrast, whereas the second stage incorporates a divisive suppressive signal. The response of the first stage to a grating is a constant B plus a sinusoid with amplitude A and phase P at the frequency v of the stimulus, multiplied by stimulus contrast c. For test and mask gratings, thus, these responses are L test ~t ! ⫽ ctest @Btest ⫹ A test sin~2pvtest t ⫹ Ptest !# L mask ~t ! ⫽ cmask @Bmask ⫹ A mask sin~2pvmask t ⫹ Pmask !# . The output of the full model to the superposition of test and mask is given by: R~t ! ⫽



@L test ~t ! ⫹ L mask ~t !# n 1 ⫹ ~dtest ctest ! n ⫹ ~dmask cmask ! n



,



~1!



where the exponent n approximates the nonlinear effects of the encoding of membrane potential into firing rate, and dtest and dmask indicate the effectiveness of test and mask in suppressing the responses. The model can be applied to both simple cells ~where A test ⬎ Btest ! and to complex cells ~where Btest ⱖ A test !. For a typical experiment, the mask does not elicit much of a response by itself ~L mask ⬇ 0!. In this case, the model responses averaged over time can be approximated by a simple expression of test contrast ctest , a hyperbolic ratio:



R~c O test ! ⬇ R max



n ctest n c50



n ⫹ ctest



,



where R max is maximal response and c50 is semi-saturation contrast, at which the responses to test alone reach half of the asymptotic value ~Albrecht & Hamilton, 1982!. The model predicts suppression because the semi-saturation contrast grows with mask contrast: n c50 ⫽



n n cmask ! ~1 ⫹ dmask n dtest



.



The only factor in the model that causes suppression is the parameter dmask . If dmask were zero, there would be no suppression. We could not estimate dmask directly because it trades with other parameters ~in particular, one can divide Eq. ~1! by the factor dtest and obtain the same results!. We could, however, estimate measures that are proportional to dmask and are not corrupted by the choice of other parameters. In experiments where we measured the temporal resolution of suppression, we only tested two values of cmask , 0, and 50%, but we could safely assume that the parameter dtest was constant. We therefore used the following suppression index, the ratio of c50 in the presence of the annulus and in the absence of the annulus: S ⫽ c50 @disk ⫹ annulus#0c50 @disk#. This index of suppression is an intuitive value; it is the factor by which disk contrast should be multiplied in the presence of the annulus to obtain the same response as when the disk is alone. Its expression is proportional to dmask , because, at 50% mask contrast, n it equals ~1 ⫹ dmask 0.5 n !10n . For experiments where we measured the susceptibility of suppression to adaptation, instead, we did test multiple values of cmask but we could not assume that R max , dtest or any other parameter stayed constant across adaptation conditions. What matters here is the degree to which dmask is changed relative to dtest . For these experiments, therefore, we used a more robust but less intuitive measure of suppression ~Freeman et al., 2002!, the suppression index k ⫽ dmask 0dtest . Crucially, though we used different measures of suppression in our two sets of experiments, we used the very same measures when comparing one form of suppression to the other. We performed the fits by minimizing the mean square error between model prediction and cell firing rate. Firing rate was obtained by low-pass filtering the spike trains with a Gaussian running window ~s ⫽ 25 ms! and by averaging across block repeats. We assessed fit quality by considering the percentage in the variance of the mean responses that was explained by the model. If m j and rj are the predicted response and the mean of the responses to the j-th stimulus, and r0 is the overall mean of the responses, the percentage of the variance explained by the model is V ⫽ 100@1 ⫺ S j ~m j ⫺ rj ! 20S j ~rj ⫺ r0 ! 2 # .
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Fig. 2. Surround suppression in two V1 neurons. ~A! Visual stimuli were drifting gratings enclosed in a disk window, in the absence ~top! and in the presence ~bottom! of a grating in a surrounding annulus. Disk contrast was varied randomly, from 0 ~left! to 50% ~right!. ~B! Responses of a complex cell ~unit 32.4.3, expt. 15.11!. Histograms indicate average response to the passage of a bar of the disk grating. Curves represent fits by the gain control model described in Methods. ~C! Same, for a simple cell ~unit 16.2.9, expt. 21.25!.



To describe the dependence of various quantities on drift rate, v, we fit the measurements with a simple descriptive function: the sum of two truncated Gaussians ~Freeman et al., 2002!. The truncated Gaussians meet at the preferred frequency vtop . The Gaussian has standard deviation s ⫽ slow for frequencies v ⬍ vtop , and s ⫽ shigh for frequencies v ⬎ vtop . Because a Gaussian reaches half of its maximal amplitude at ln~2!102 s, the ~50% high! cutoff frequency is vtop ⫹ ln~2!102 shigh .



can be observed by plotting the mean response as a function of contrast. This is done in Fig. 3A for the complex cell and in Fig. 3B for the simple cell. When the disk is presented alone, the mean responses increase sigmoidally with disk contrast. Increases



Results Surround suppression is readily demonstrated by putting an annulus stimulus around an optimal grating presented in the receptive field ~Fig. 2!. V1 neurons give robust responses to gratings enclosed in an optimally sized disk centered on their receptive field ~Figs. 2B, top and 2C, top!. In the presence of a grating in a surrounding annulus, however, these responses are suppressed ~Fig. 2B, bottom and Fig. 2C, bottom!. To analyze these responses, we fit them with a descriptive model, a function of disk and annulus contrast ~see Materials and methods!. This model is formally identical to one we have employed to describe suppression within the receptive field ~Freeman et al., 2002!. The model is divisive, with a numerator growing linearly with contrast, and a denominator that exerts suppression. The numerator varies in time, and is the sum of a sinusoid that modulates at the frequency of the stimulus ~to account for simple cell responses to gratings! and a constant ~to account for complex cell responses!. The denominator is constant in time, and is essentially a weighted sum of disk and annulus contrast. Divisive models of this kind have been shown to provide good fits to responses to gratings in the receptive field ~Carandini et al., 1997; Freeman et al., 2002! and in the surrounding regions ~Chen et al., 2001; Cavanaugh et al., 2002a!. Indeed, the model does a good job at describing responses both in the presence and in the absence of the annulus ~Figs. 2B, 2C, thick curves!. On average it explained 87.9 6 9.0 % ~s.d., N ⫽ 56! of the variance in the mean responses. This percentage was ⬍70% in only 3056 cells, ⬍80% in 11056 cells. In the following, we concentrated on the majority of cells ~53056! in which the model explained ⬎70% of the variance. In these cells the model can be safely used to describe the responses and the effect of surround suppression. Surround suppression constitutes an arithmetical division ~Carandini et al., 1997; Sengpiel et al., 1998; Chen et al., 2001; Sceniak et al., 2001; Cavanaugh et al., 2002a; Carandini, 2004!. This effect



Fig. 3. Effect of surround suppression on contrast responses. Mean responses of the two cells seen in Fig. 2, as a function of disk contrast. Rows correspond to a different annulus drift rates. Clear symbols are responses to disk alone ~reported only on top row to reduce clutter!. Dark symbols are responses in the presence of the annulus. Curves are fits of the model. ~A! Responses of the example complex cell. Data of Fig. 2B appears in A4 Disk drift rate was 5 Hz. ~B! Responses of the example simple cell. Data of Fig. 2C appears in B3 . Disk drift rate was 6 Hz. Both examples show a rightward shift of the response curve when the annulus is added to the disk, consistent with a divisive effect of surround suppression. This suppression is reduced at high annulus drift rates.



Surround suppression in annulus contrast shift the sigmoid to the right. Because the scale in the abscissa is logarithmic, it is as if the annulus had divided the test contrast seen by the cell. A similar effect is seen with crossorientation suppression ~e.g., Carandini et al., 1997; Sengpiel et al., 1998; Freeman et al., 2002!. The model provides a good summary of the effects of surround suppression ~Fig. 3, curves!. For a typical experiment, in which the annulus hardly elicits any response by itself, model responses are approximated by a simple function of disk contrast cdisk , the hyperbolic ratio. This is the function that is commonly fitted to contrast responses ~Albrecht & Hamilton, 1982!. Its key parameter is semi-saturation contrast c50 , the contrast at which responses reach half of their asymptotic value. In our model, semi-saturation contrast depends on stimulus configuration ~Materials and methods!, being larger in the presence than in the absence of the annulus. The model captures the effect of surround suppression through an increase in the semi-saturation contrast c50 ~Heeger, 1992; Freeman et al., 2002!. For example, for the complex cell in Fig. 3A4 semi-saturation contrast c50 goes from 43% in the absence of the annulus, to 69% in the presence of the annulus. Similarly, for the simple cell in Fig. 3B4 , semi-saturation contrast c50 is 20% for the disk alone, and 69% in the presence of the annulus. Incidentally, all these values of semi-saturation contrast are larger than those reported in earlier studies ~Albrecht & Hamilton, 1982!, most likely because of the small size of our disk stimuli. Because V1 neurons are more selective for stimulus size at high contrast than at low contrast ~Jagadeesh & Ferster, 1990; Kapadia et al., 1999; Sceniak et al., 1999, 2001; Cavanaugh et al., 2002a!, their responses saturate at higher contrasts for small stimuli than for large stimuli. Suppression with fast gratings To investigate the temporal resolution of surround suppression, we recorded from 68 V1 neurons. Results reported here concern 56 of these cells, which fulfilled the following requirements: ~1! the maximum average response to disk alone was greater than 5 spikes0s ~7068 cells excluded!; ~2! the ratio of the responses to annulus alone and disk alone was ⬍0.25 ~5061 cells excluded!. We imposed the first requirement because we study reductions in response, so we need somewhat sizeable responses to begin with. We imposed the second requirement because our data are more easily understood if the annulus is far enough from the receptive field center so as not to cause much response by itself. As mentioned before, we also remove three other cells where the model was not describing the data in a satisfactory way. The strength of suppression depends on the drift rate of the grating in the annulus. As explained in Materials and methods, for these experiments we measured the strength of suppression by estimating the degree to which the mask increases the semisaturation contrast c50 . For our example complex cell ~Figs. 3A1 to A6 !, semi-saturation contrast is low ~c50 ⫽ 43%! when annulus drift rate is low ~1 Hz, Fig. 3A1 !, maximal ~c50 ⫽ 69%! when annulus drift rate is 8 Hz ~Fig. 3A4 !, and low again ~c50 ⫽ 39%! at high annulus drift rate ~21 Hz! ~Fig. 3A6 !. Similarly, for the simple cell, c50 is low ~39%! when the annulus drifts slowly ~Fig. 3B1 !, maximal ~c50 ⫽ 69%! for an annulus drift rate of 8 Hz ~Fig. 3B4 !, and becomes low again ~c50 ⫽ 36%! when the annulus drift rate is 21 Hz ~Fig. 3B6 !. The dependence of the strength of suppression on annulus drift rate is illustrated in Fig 4. For the example complex cell ~Fig. 4A!, suppression is maximal ~S ⫽ 1.9! when the drift rate of the annulus
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Fig. 4. Temporal tuning of suppression. Data shows the strength of suppression for the cells seen in Figs. 2 and 3, as a function of annulus drift rate. Symbols are indexes of suppression S. Curves are fits with a simple descriptive function ~see Materials and methods!. ~A! Tuning of suppression for the example complex cell. The arrow indicates the high drift rate cutoff: 14.4 Hz. ~B! Tuning of suppression for the example simple cell. High drift rate cutoff is 19.1 Hz. In both cases ~A and B!, the curves reach their maximum for an annulus drift rate of 8 Hz and decrease at higher values.



~2 Hz or 8 Hz! is near the preferred rate of the cell ~5 Hz! and diminishes dramatically ~S ⫽ 1.1! for annulus drift rate of 21 Hz. The same observation is made for our example simple cell ~Fig. 4B!. The maximum suppression ~S ⫽ 3.4! is seen when the annulus drifts at 8 Hz, whereas when it drifts at 21 Hz, suppression drops substantially ~S ⫽ 1.8!. To summarize these temporal frequency profiles, we fitted them with a simple descriptive function ~Fig. 4, curves!. We concentrated on 46053 cells that showed clear surround suppression ~maximal index of suppression S ⬎ 1.3!, and found that the descriptive function is appropriate for the task. The function explained 83.7 6 2.4% of the variance ~s.d., N ⫽ 46!. For comparison, the function explained 84% of the variance for the example complex cell ~Fig. 4A!, and 99% of the variance for the example simple cell ~Fig. 4B!. Because we intend to describe data using the function, we excluded from further analysis a few cells ~5046! where the descriptive function accounted for ⬍50% of the variance in the data. We defined the high drift rate cutoff of these tuning curves as the drift rate of the annulus for which suppression is 50% of its maximum. For our two example cells in Figs 4A and 4B, cutoff is 14.4 Hz and 19.1 Hz ~Fig. 4, arrows!. These cutoffs are lower than the fastest annulus that we tested ~21 Hz!. Most of the cells had high drift rate cutoffs situated around these values ~Fig. 5F!. The majority of cells showed cutoffs between 6 and 20 Hz ~29041 cells!. Only 9041 cell displayed cutoffs that were higher than 20 Hz. All cutoffs above 21 Hz were conservatively set to this value since it is the fastest surround drift rate used in the experiment. The mean of cutoffs for the complete population of cells is 15.5 6 7.0 Hz, with a median at 15.5 Hz.



Temporal resolution of LGN and V1 neurons The difference in temporal resolution between cross-orientation suppression and surround suppression reminds of the difference in temporal resolution between geniculate and cortical neurons ~Orban et al., 1985!. In cats, V1 neurons barely respond to drift rates above 10–15 Hz ~Ikeda & Wright, 1975; Movshon et al., 1978;
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Fig. 5. Distributions of preferred and cutoff drift rate for two forms of suppression and for the responses of V1 and LGN neurons. Suppression was measured from the index of suppression S. Responses were measured from mean firing rate in response to drifting gratings. ~A! Preferred drift rate for cross-orientation suppression ~n ⫽ 35!. ~B! Preferred drift rate for surround suppression measurements ~n ⫽ 41!. ~C! Preferred drift rate for the responses of V1 neurons ~n ⫽ 294!. ~D! Preferred drift rate for the responses of LGN neurons ~n ⫽ 86!. For A, B values above 20 Hz are grouped in the last bin of each histogram. For C, D values above 30 Hz are grouped in the last bin of each histogram. White bars indicate values that were extrapolated. ~E–H! Similar measurements for cutoff drift rate.



Saul & Humphrey, 1992!, whereas LGN neurons give strong responses to these frequencies ~Lehmkuhle et al., 1980; Orban et al., 1985; Saul & Humphrey, 1990!. To facilitate a comparison between suppression and responses, we measured the preferred drift rate of V1 and LGN cells ~Figs. 5C and 5D!. Our sample included 86 LGN and 294 V1 neurons. LGN and V1 cells were mostly recorded from different animals. Stimuli were high contrast gratings varying in drift rate. We then fitted responses with the same descriptive function as in Fig. 4, and used them to derive preferred and cutoff drift rates. As expected, the difference in preferred drift rate between V1 and LGN cells is substantial ~Saul & Humphrey, 1990, 1992!. The average preferred drift rate for V1 cells ~Fig. 5C! is 4.1 6 4.0 Hz, much lower than that for LGN cells ~Fig. 5D!, which is 14.9 6 9.5 Hz ~14.8 6 9.7 Hz excluding extrapolated values shown in white!. A similar difference between LGN and V1 is observed in the cutoff drift rate, which is much lower in V1 than in LGN ~Figs. 5G



and 5H!. The analysis of the above population reveals that the cutoff drift rate of V1 neurons lies between 1 and 20 Hz ~Fig. 5G!, being on average 9.0 6 8.4 Hz ~7.7 6 3.3 Hz, without extrapolation!. The median cutoff was 7.5 Hz ~7.3 Hz, without extrapolation!. Only 3 cells out of 294 had cutoffs higher than 30 Hz, and 9 out of 294 had cutoffs above 20 Hz. LGN cells have higher cutoff drift rates ~Freeman et al., 2002; Li et al., 2005!: The majority of LGN neurons have a cutoff drift rate above 15–20 Hz ~Fig. 5H!. Cutoffs were higher than 30 Hz in 41086 cells and higher than 20 Hz in 58086 cells. The average cutoff for LGN cells responses was 27.6 6 12.1 Hz ~23.5 6 10.5 Hz, without extrapolation!, with a median at 29.4 Hz ~23.5 Hz, without extrapolation!. Comparison of temporal preferences We can now compare the temporal resolution of cross-orientation and surround suppression with that of LGN and V1 neurons. This



Surround suppression comparison can shed light on the origin of the suppressive signals. Indeed, recent studies of cross-orientation suppression have revealed that the suppressive signals are responsive to high temporal frequencies ~Allison et al., 2001; Freeman et al., 2002; Li et al., 2005!, leading to the suggestion that they originate in LGN responses. It is of interest to follow the same approach for surround suppression and to contrast the results obtained in the two forms of suppression. As expected from previous studies ~Freeman et al., 2002; Li et al., 2005!, the temporal preferences of cross-orientation suppression resemble those of LGN responses more than those of V1 responses. Indeed, the distribution of preferred drift rates ~Fig. 5A! resembles that observed for LGN responses ~Fig. 5D! more than that observed for V1 responses ~Fig. 5C!. Indeed, the average preferred drift rate was 11.1 Hz for cross-orientation suppression, 14.9 Hz for LGN responses, and only 4.1 Hz for V1 responses. A similar argument can be made for the cutoff drift rate, the highest frequency that gives rise to 50% of maximal response or maximal suppression. As observed in earlier studies ~Allison et al., 2001; Freeman et al., 2002; Li et al., 2005!, the distribution of cutoff drift rates for cross-orientation suppression ~Fig. 5E! resembles that observed for LGN responses ~Fig. 5H! more than that observed for V1 responses ~Fig. 5G!. For instance, the average cutoff drift rate was 21.7 Hz for cross-orientation suppression, 27.6 Hz for LGN responses, and only 9.0 Hz for V1 responses. In summary, at high drift rates cross-orientation suppression and LGN responses are strong, but responses in V1 are weak. The temporal preferences of surround suppression, instead, are not radically different from those of V1 neurons; they seem to be intermediate between those of LGN neurons and those of V1 neurons. Indeed, the distribution of preferred drift rates for surround suppression ~Fig. 5B! contains higher values than those seen in V1 responses ~Fig. 5C! but somewhat lower values than those seen in LGN responses ~Fig. 5D!. The average preferred drift rate for surround suppression was 7.2 Hz, midway between 4.1 Hz for V1 responses, and 14.9 Hz for LGN responses. Likewise, the distribution of cutoff drift rates for surround suppression ~Fig. 5F! is intermediate between those observed for V1 responses ~Fig. 5G! and for LGN responses ~Fig. 5H!. The average cutoff drift rate for surround suppression was 15.5 Hz, midway between 9.0 Hz for V1 responses, and 27.6 Hz for LGN responses. The temporal properties of suppression by the annulus stimuli did not depend on whether the annulus alone could elicit a response. Indeed, if we restrict the analysis to the 36 cells in which the annulus elicited ⬍10% of the maximal response ~instead of ⬍25%!, we find that surround suppression had a mean preferred drift rates of 6.8Hz ~instead of 7.2 Hz! and a mean cutoff drift rates of 14.7 Hz ~instead of 15.5! Hz. We confirmed that the temporal properties of cross-orientation suppression resemble those of LGN responses by comparing the median values of the distributions and assessing the significance of their deviations with bootstrap tests ~Efron & Tibshirani, 1993!. We could not reject the hypothesis that the signals causing crossorientation suppression are the same that cause LGN responses: the probability that the two distributions are the same is p ⫽ 0.08 based on the high-frequency cutoffs, and p ⫽ 0.52 based on the preferred temporal frequencies. Conversely, we could reject identity ~at the p ⫽ 0.01 level! for all other compared pairs of distributions seen in Fig. 5. These results resemble those obtained recently in primates ~Webb et al., 2005a!, and are consistent with an entirely cortical



7 origin of surround suppression only if the neurons providing suppression respond to drift rates somewhat higher than the majority of V1 neurons. The results are also consistent with a mixed source of suppressive signals, which might partly originate in V1 and partly be inherited from LGN. We performed a similar analysis ~not shown! for the low cutoff drift rate, the lowest mask drift rate at which suppression is half of its maximum. The results of this analysis were hardly informative: Stimuli drifting slowly tend to elicit sizeable responses both in LGN and in V1, and to cause both cross-orientation suppression and surround suppression. We did not observe a difference between the distributions of low cutoff drift rates for cross-orientation; surround suppression, V1 responses and LGN responses. Finally, we asked whether the temporal preferences of suppression exhibited by a V1 cell are related to the cell’s preferences for test stimuli. We compared on a cell-by-cell basis the preferred and cutoff drift rates for responses to test gratings with the preferred and cutoff drift rates for suppression by mask gratings ~Fig. 6!. The results of this analysis provide another distinction between crossorientation suppression and surround suppression. The temporal preferences of cross-orientation suppression correlate with those of the V1 neuron in which it is measured. We found a mild correlation ~R ⫽ 0.19 6 0.18, s.d., bootstrap estimate! between the preferred drift rate for responses to test gratings and the preferred drift rate for cross-orientation suppression by mask gratings ~Fig. 6A!. We discovered a stronger and more significant correlation ~R ⫽ 0.45 6 0.11! between cutoff drift rates ~Fig. 6C!. For a given cell, thus, the mask drift rates eliciting crossorientation suppression can to some extent be predicted from the test drift rates evoking responses. For surround suppression, instead, we found no clear correlation between preferred and cutoff drift rates of suppression and those of responses to test gratings. The correlation between preferred drift rates is at chance levels, R ⫽ 0.03 6 0.13 ~Fig. 6B!. The correlation between cutoff drift rates is only slightly higher and still not significant, R ⫽ 0.07 6 0.16 ~Fig. 6D!. As a result, the temporal properties of surround suppression received by a given cell seem independent of those of the same cell’s response. To summarize, the temporal preferences of individual V1 neurons are related to those of the signals mediating cross-orientation suppression, but not to the signals mediating surround suppression. This result reinforces the view that signals mediating the two form of suppression have different sources. For cross-orientation suppression, but not for surround suppression, it is likely that the signals causing suppression correspond to those that drive the responses ~consistent with an origin in LGN signals!. Suppression following cortical adaptation To measure the susceptibility to contrast adaptation of suppression, we recorded from 44 V1 neurons. We report here on 29 of these cells ~19 simple and 10 complex!, which fulfilled the following requirements: ~1! the maximum average response was greater than 5 spikes0s ~four cells excluded!; ~2! the cells were tuned for orientation ~three cells excluded! and ~3! the model used to summarize the data accounted for ⬎70% of the variance in the responses ~one cell excluded!. Finally, those cells whose index of suppression was less than 0.1 were not considered in the analysis of the model parameter values ~seven cells excluded!. The effects of suppression can be observed quantitatively by plotting the responses as a function of disk contrast, for different annulus contrasts ~Fig. 7A!. The responses grow sigmoidally with
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Fig. 6. Comparison of temporal properties of responses to test gratings and of suppression by mask gratings for individual V1 neurons. ~A! Preferred drift rate for response to test gratings against preferred mask drift rate for cross-orientation suppression R ⫽ 0.196 0.18 ~n ⫽ 33!. ~B! Same, for surround suppression, R ⫽ 0.03 6 0.13 ~n ⫽ 39!. ~C! Cutoff drift rate for response to test gratings against cutoff mask drift rate for cross-orientation suppression, R ⫽ 0.45 6 0.11 ~n ⫽ 33!. ~D! Same, for surround suppression, R ⫽ 0.07 6 0.16 ~n ⫽ 39!. Lines in A and C indicate linear regression ~with correlation R as indicated!.



disk contrast, and decrease with annulus contrast. This decrease corresponds mostly to a rightward shift along the contrast axis, illustrating a divisive effect ~DeAngelis et al., 1994!, as seen previously. Similar results can be observed for two other neurons ~Figs. 7E, 7G!. To consider the effects of surround suppression across different neurons, we fitted our data with the model used in the previous experiments. This model expresses responses as a function of test contrast ctest and mask contrast cmask . For experiments measuring surround suppression, test and mask are disk and annulus. To measure the strength of suppression in this model, we used a suppression index ~see Materials methods!. The model captures the effects of increasing annulus contrast ~Fig. 7!. It explains 95% of the variance for the data in Fig. 7A, and 87% and 96% of the variance for the data in Figs. 7E and 7G. Indeed, divisive models of this kind are known to do a good job at summarizing the responses to disk and annulus stimuli, as we have seen in Fig. 3 and has been demonstrated in other preparations ~Sceniak et al., 2001; Cavanaugh et al., 2002a!. We now turn to the effects of adaptation to the surrounding mask. Responses to disks alone and with 50% contrast annulus seen in Figs. 7A and 7B are replotted in Figs. 7C and 7D for clarity. For the cell in Fig. 7C, adaptation to the mask seemed to increase the response to the test alone ~Fig. 7D, open circles!. Indeed, while the maximal response R max was largely unchanged ~from 43 to 40



spikes0s!, the half-maximal contrast c50 decreased from 24% to 13%. An increase in responsiveness has been reported to follow adaptation of the surround in conditions that are similar to ours ~Pettet & Gilbert, 1992; DeAngelis et al., 1995!. We observed it in a few other cells. Adaptation also increased the responses measured in the presence of the mask, whose suppressive effect was decreased. Indeed, suppression prior to adaptation ~Fig. 7D, dashed curves, suppression index k ⫽ 10.3! appears stronger than following adaptation ~Fig. 7D, continuous curves, k ⫽ 2.0!. Similar effects can be observed for the cell in Figs. 7E and 7F, where adaptation reduced the suppression index k by 70%, and for the cell in Figs. 7G, 7H, where adaptation reduced k by 61%. The decrease in strength of suppression following adaptation to the annulus was observed in most of our cells. Adaptation markedly decreased the index of suppression k in 22029 cells ~Fig. 8A!. The strong tendency for the points to lie below the diagonal line indicates a consistent decrease in the strength of suppression. Error bars indicate 61 standard deviation estimated using the bootstrap method. This decrease is reflected in the histogram of the ratio of the parameter k prior to and following adaptation ~Fig. 8A, insert!. For most cells, this ratio is below one. On average, the suppression index k decreased from 2.49 6 0.55 ~s.e.! in the control measurement to 1.33 6 0.30 following adaptation to the annulus. These results are consistent with observations in primates, where pro-
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Fig. 7. Effects of adaptation on surround suppression in three example neurons. ~A! Mean firing rate responses of unit 19.1.14, 0.4 cycles0deg, disk 48, annulus 48-208, as a function of disk contrast, for five annulus contrasts between 0 and 50%. Responses were obtained in the control condition, following adaptation to the blank screen. Error bars are two standard errors of the mean ~N ⫽ 3!. Curves are fits of the model described in Methods. ~B! Responses obtained following adaptation to the annulus. ~C–D! Same unit as in A and B, we only replot the responses to disks alone and to disks with 50% contrast annulus for clarity. In D, the full line is the response after adaptation to an annulus. To facilitate comparison, we replotted the response after adaptation to the blank control screen form C ~dashed line!. ~E–F! Results from a second neuron. Unit 10.2.4, 1.2 cycles0deg, disk 2.48, annulus 3.08–8.08 (H–G! Results from a third neuron. Unit 19.4.4, 0.8 cycles0deg, disk 2.08, annulus 2.18–12.08. Dashed curves are replotted from A.



longed stimulation in the surrounding region of the receptive field was shown to reduce suppression originating from this region ~Cavanaugh et al., 2002b; Webb et al., 2005a!. By contrast, adaptation did not have a significant effect on the parameters describing the responses to the test alone. Maximal response Rmax was not substantially affected, with a mean value of 36.0 6 7.7 spikes0s in the control condition and 29.3 6 3.4 spikes0s following adaptation to the annulus ~Fig. 8B!. Halfmaximal contrast c50 was slightly decreased, from 21.1% 6 2.3% to 19.3% 6 1.6% ~Fig. 8C!, indicating a small increase in responsiveness. None of these effects are significant. Indeed the distributions of the ratios for these parameters ~Figs. 8B, 8C, inserts! are centered on 1, indicating an overall immunity to adaptation. These results confirm that the reduction in suppression index k was the main effect of adaptation. The marked effects of adaptation on the strength of surround suppression ~replotted in Fig. 9A! should be contrasted with the immunity to adaptation that we demonstrated for cross-orientation suppression ~Freeman et al., 2002! which is replotted in Fig. 9B. In that study we followed the same adaptation protocol described in the present study, only replacing the mask annulus with an orthogonal mask superimposed on the test. We defined an index of cross-orientation suppression, analogous to the index of surround suppression used here, and found this index to be unaffected by adaptation to the mask ~Fig. 9B!. A bootstrap analysis ~Efron & Tibshirani, 1993! of the distributions observed in Figs. 9A and 9B confirms that they are significantly different ~ p ⫽ 0.002!. Crossorientation suppression is thus immune to selective adaptation of those cortical neurons that respond to the mask, suggesting it does not rely on intracortical inhibition. Surround suppression, instead, does show on average a reduction following adaptation ~Fig. 9A!, indicating that its origins are at least partially cortical.



Discussion We measured the temporal preferences of signals underlying crossorientation and surround suppression. Cross-orientation suppression can be obtained with mask gratings drifting rather rapidly, whereas surround suppression has lower temporal resolution. We then compared the temporal properties of suppression to those of V1 and LGN responses. The temporal properties of cross-orientation suppression resemble those of LGN neurons, whereas the temporal properties of surround suppression are intermediate between those of LGN neurons and V1 neurons. We have found as well that the strength of surround suppression is reduced following adaptation to the annulus. The strength of cross-orientation suppression, instead, is unaffected by adaptation to the mask stimulus. Again, therefore, the properties of cross-orientation suppression resemble more those of LGN responses than those of V1 responses. Indeed, cat LGN neurons show little adaptation to stimuli drifting at the temporal frequencies that we tested ~Shou et al., 1996; Solomon et al., 2004! whereas V1 neurons are highly adaptable to these low frequencies. Conversely, the properties of surround suppression are more similar to those of V1 neurons. Our observation that surround suppression is observed preferentially with masks with drift rates similar or higher than those preferred by V1 neurons is consistent with an earlier report ~Li & Li, 1994!. These authors noted in passing a similarity in preferences for drift rate between signals mediating surround suppression and signals determining the cell’s response. Further, they showed that the bandwidth of suppression was larger than the bandwidth of responses. We confirmed and extended these results by considering a larger population, and by measuring the effects of surround suppression at different test contrasts. As with crossorientation suppression, these measurements confirm that suppres-
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Fig. 9. Comparison of surround suppression and cross-orientation suppression. ~A! Change in the index of surround suppression following adaptation to the mask annulus, replotted from the inset in A. Abscissa is the ratio of the index measured following adaptation to a blank stimulus and following adaptation to the mask annulus ~29 cells!. ~B! Results replotted from a similar study that probed the sources of cross-orientation suppression ~Freeman et al., 2002!. The cells that contribute to the distributions in A and B were generally different. Experimental design and data analysis were similar to the present study, with the annulus replaced by a mask placed over the center of the receptive field with an orientation orthogonal to the preferred. Abscissa reports the change in index of cross-orientation suppression following adaptation to the mask ~29 cells!. The distribution peaks at 1, which indicates no change.



Fig. 8. Summary of the effects of adaptation on all cells in our sample. Panels illustrate three key parameters of the model of surround suppression, measured following adaptation to the mask annulus ~ordinate! and in the control condition ~abscissa!. Points that lie above or below the diagonal indicate an increase or a decrease in the parameter value following adaptation to the mask annulus. Error bars indicate 61 standard deviation estimated using the bootstrap method. Closed square, circle, and diamond indicate the three cells in inserts indicate the ratio of the parameter measured with adaptation to the surround and the parameter measured in the control condition ~A! Values for the suppression index k. ~B! Values for the maximal response Rmax . ~C! Values for the half maximal contrast c50 .



sion has not a subtractive effect but a divisive effect. It allow us thus to measure suppression at its strongest, at low test contrasts. The outcome of our study is also in good agreement with recent results obtained in primates, where the surround suppression is readily seen with stimuli drifting at high frequencies ~Webb et al. 2005a! and the strength of surround suppression is reduced after prolonged exposure to a surrounding stimulus ~Cavanaugh et al., 2002b; Webb et al., 2005a!. For cross-orientation suppression, our results contribute to a mounting challenge of the intracortical



hypothesis, and suggest that the source of suppression might lie in signals from LGN rather than from cortex. This view is in good agreement with the lack of orientation selectivity seen in signals causing cross-orientation suppression ~DeAngelis et al., 1992!, and with the rapid onset of cross-orientation suppression, which seems to have a latency as fast as the responses themselves ~Smith et al., 2006!. Indeed, a feedforward model of cross-orientation suppression based on LGN responses forms the basis of current views of this phenomenon ~Carandini et al., 2002; Freeman et al., 2002; Li et al., 2006; Priebe & Ferster, 2006!. While cross-orientation suppression is mostly monocular, some suppression can also be seen dichoptically ~Li et al., 2005; Sengpiel & Vorobyov, 2005!. This dichoptic cross-orientation suppression could in principle operate both at the level of the LGN ~which is inhibited by binocular signals from the thalamic reticular formation! or at the level of V1 ~where responses are frankly binocular!. The bulk of the evidence suggests the second explanation ~Sengpiel & Vorobyov, 2005!. Dichoptic cross-orientation suppression could be mediated by inhibitory circuitry within the visual cortex. For surround suppression, instead, our results would be better explained by a combination of mechanisms involving LGN inputs and cortical inhibition, perhaps as along the lines proposed by Webb



Surround suppression et al. ~2005a!. Surround suppression might also be explained entirely by intracortical inhibition, but only if the relevant inhibitory neurons respond to higher drift rates than the majority of V1 neurons. Surround suppression is selective for orientation ~Blakemore & Tobin, 1972; DeAngelis et al., 1994; Sengpiel et al., 1997! and its onset is relatively slow ~Bair et al., 2003; Smith et al., 2006!. Surround suppression could be provided by a subclass of V1 neurons that respond to faster drift rates than the majority of cortical neurons. These might be inhibitory interneurons in V1. In the somatosensory system interneurons are typical in their ability to follow high stimulus frequencies ~Simons, 1978; Swadlow, 1988, 1989!. However, the visual preferences of interneurons in V1 are only beginning to be investigated ~Azouz et al., 1997; Palmer & Contreras, 2001!; we don’t know if they can respond to fast stimuli and thus cannot yet designate these neurons as responsible for surround suppression. A contribution to surround suppression could also originate in feedback from higher cortical areas ~Angelucci et al., 2002; Cavanaugh et al., 2002a; Levitt & Lund, 2002; Angelucci & Bullier, 2003; Angelucci & Bressloff, 2006; Smith et al., 2006!. Surround suppression seems to originate from a mechanism that integrates over regions larger than the classical receptive field. Indeed, being anatomically limited to the classical receptive field, horizontal connections within V1 seem unsuited to account for surround suppression ~Angelucci et al., 2002; Levitt & Lund, 2002; Angelucci & Bullier, 2003; Angelucci & Bressloff, 2006!. In this context, the fact that temporal resolution of surround suppression is somewhat higher than that of responses in area 17 could be explained by the fact that neurons in area 18 respond to slightly higher temporal frequencies than neurons in area 17 ~Movshon et al., 1978!. Moreover, in macaque extrastriate cortex, neurons in areas such as V3 ~Gegenfurtner et al., 1997! or MT ~Newsome et al., 1983! respond to stimuli somewhat faster than those that elicit responses in the majority of neurons in area V1; this difference perhaps arises thanks to direct geniculate input to these areas ~Sincich et al., 2004!. Finally, surround suppression in area V1 is likely to be partially due to simple inheritance of response properties of LGN neurons. Indeed, LGN cells do exhibit a form of surround suppression ~Walker et al., 1999; Jones et al., 2000; Solomon et al., 2002; Ozeki et al., 2004; Bonin et al., 2005!. Moreover, Ozeki et al. ~2004! showed no change in surround suppression after microinjection of GABA antagonist in V1, thus challenging any implication of inhibitory neurons in building surround suppression. Nonetheless, suppression seen in LGN does not explain all properties of surround suppression present in V1, in particular its orientation selectivity and susceptibility to adaptation. In summary, our findings corroborate the view that different suppressive mechanisms co-exist within visual cortex ~e.g., Sengpiel et al., 1998!. Our results confirm a distinction between the suppressive effects mediated near the receptive field center and those evoked from the surrounding areas. This view seems also true in humans ~Petrov et al., 2005! where these phenomena were studied perceptually and found to have markedly different properties.
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