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Dear Editors: 

 

We are submitting herewith a manuscript entitled "Neuronal Adaptations to Environmental 

Change: Recalibration of the Red-Green Color Opponent System" to be considered for 

publication as a Research Article in Neuron.  The manuscript is co-authored with my colleague 

Venkata Posina.  Our manuscript addresses the general question of the extent to which sensory 

neuronal responses are shaped by history of stimulation.  Specifically, we examined how 

responses of neurons in primary visual cortex (V1) adapt to long-term changes in the chromatic 

properties of the observer’s environment.  To the best of our knowledge, our manuscript is the 

first report detailing V1 receptive field properties for monkeys housed for extended periods in 

each of three distinct chromatic environments (green, white, and red light). 

 

Our comparison of receptive field properties across the three chromatic environments led us to 

identify four prominent features of long-term chromatic adaptation: (1) Neuronal adaptations 

take the form of changes in the relative weights of red (long-wavelength sensitive) vs. green 

(mid-wavelength sensitive) cones and are inversely correlated with cone-excitations.  (2) 

Adaptive changes are specific to the red-green color-opponent pathway, with the cone-weights of 

non-opponent luminance cells remaining stable across illuminant changes.  (3) Adaptive changes 

can be characterized as recalibration of the color-opponent system to minimize output in 

response to the average chromaticity of the new environment.  (4) The observed shifts of cone-

weights for color-opponent neurons mirror perceptual shifts observed under similar experimental 

conditions (Neitz et al., Neuron, 35: 783, 2002). 

 

In sum, our experimental findings enrich understanding of color perception and the phenomenon 

of long-term adaptation.  They also suggest specific hypotheses regarding the neuronal circuitry 

responsible for these effects.  We are confidant that our findings will inspire experimentalists and 

theoreticians to probe further into the mechanisms of color vision and long-term adaptation at 

molecular, cellular, and synaptic scales.   

 

The data presented in this manuscript have not been previously published nor has the manuscript 

been submitted elsewhere for review.  The research itself has been reviewed and approved by the 

Salk Institute Animal Care and Use Committee and is in compliance with all U.S.  Department of 

Agriculture and Public Health Service regulations and recommendations regarding the humane 

care and use of laboratory animals. 

 

We thank you for your consideration of our manuscript and we look forward to your reply. 

 

Sincerely, 

 
Thomas D. Albright 

 

Cover Letter
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Summary 

Sensory systems face a dilemma: On the one hand it is imperative that sensory information be 

represented with high fidelity.  On the other hand the brain has limited representational 

resources.  The typical compromise is enhanced neuronal representation of frequently 

encountered stimuli.  This enhancement may reflect calibration based on statistics of the sensory 

environment.  We studied calibration as it applies to chromatic processing in the primate visual 

system.  We examined two populations of neurons in primary visual cortex: red-green color-

opponent neurons and non-opponent luminance cells.  We found that color-opponent neurons, 

which provide outputs that finely distinguish colors varying around the mean chromaticity of the 

environment, undergo recalibrations of cone-specific inputs in response to long-term chromatic 

biases.  By contrast, cone inputs to non-opponent neurons, which play no role in chromatic 

discrimination, remained unchanged.  Our findings indicate that recalibration based on 

environmental statistics is an effective strategy to optimize encoding of sensory information. 
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Introduction 

Sensory systems are optimized to maximize gain of information.  This optimization is often 

achieved by allocation of sensory resources to conditions that are frequently encountered in the 

world, resulting in higher discriminatory power for those stimuli likely to be of greater 

behavioral significance (Attneave, 1954; Barlow, 1961; Simoncelli, 2003).  It naturally follows 

that if the statistics of the sensory world change – if rare stimuli become more frequent or vice 

versa – sensory systems should re-distribute their stimulus sensitivities accordingly (Laughlin, 

1989; Kaas et al., 1990; Gepshtein et al., 2007), and with an intransience that reflects the 

duration of the new environmental conditions. 

A particularly interesting model for the study of this hypothesized “long-term adaptive 

plasticity” is the Red-Green (R-G) color-opponent mechanism in the primate visual system.  R-G 

opponent neurons, which are found at post-receptoral levels ranging from the retina up through 

primary visual cortex (area V1), receive inputs from both long- (L) and mid-wavelength (M) 

sensitive cones, but those inputs are of opposite sign (e.g. L–M or –L+M) (De Valois et al., 

1958; for review see Lennie and D’Zmura, 1988).  The consequence of this arrangement is a 

neuronal detector for deviations from a specific mixture of red and green lights – a mixture 

dictated by the relative weights of the inputs from L and M cones.  To maximize information 

gain, these weights should balance the inputs – thus silencing the color-opponent mechanism – 

under mean environmental conditions, thereby allocating greatest sensitivity to colors that 

deviate from the mean (Pokorny and Smith, 1987; Mollon and Jordon, 1997). 

The adaptive plasticity hypothesis argues that the weights of L- and M-cone inputs to 

opponent neurons are recalibrated throughout life to offset changes in the space-time averaged 

cone excitations (Neitz et al., 2002), as might result from changes in habitat or age-related 

changes in the ocular media.  We tested this recalibration hypothesis by evaluating the weights of 

http://dictionary.reference.com/search?q=significance
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cone inputs to V1 neurons of rhesus monkeys (Macaca mulatta) that had been housed for 

extended periods in three different chromatic environments – white, red, and green – that were 

created by varying the spectral content of the illuminant.  We predicted that L- and M-cone 

weights would shift relative to one another in a manner inversely proportional to the average 

cone excitations experienced under these conditions. 

It is generally difficult to define precisely the spectral content of light reaching the eye 

under a given set of illuminant conditions, as those statistics reflect complex products of surface 

reflectances and directions of gaze.  Because the surfaces in our animal housing room are limited 

in number, constant and broadly reflective, however, we were able to approximate the average 

chromatic conditions from the spectral power distributions (SPDs) of the corresponding 

illuminants (Figure 1A).  We, furthermore, estimated the average L- and M-cone excitations (EL, 

EM) for the three chromatic environments as the products of the respective SPDs and the 

corresponding cone fundamentals (Stockman, Macleod and Johnson, 1993).  A measure of the 

contrast between estimated cone excitations [CELM = (EL-EM)/(EL+EM)] is plotted for each 

adaptation room in Figure 1B.  The ordinal relationships amongst these measures reinforce 

intuition: EL vs. EM contrast is smallest for the green room, intermediate for the white room and 

greatest for the red room.  We used the additive inverse of the cone excitation contrast measure 

(i.e., -CELM) for each room as a simple prediction of relative (but not absolute) L- vs. M-cone 

weights for R-G opponent neurons (Figure 1C). 

 

Results 

Actual L- and M-cone weights onto V1 neurons were quantified electrophysiologically by 

assessing spatiotemporal sensitivity to cone-isolating stimuli, which activated each cone type 

independently to varying degrees (see Methods).  These measurements were obtained as subjects 
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fixated a central target, using “checkerboard” stimuli presented to the receptive field (RF) of 

each neuron and the method of reverse-correlation (see Horwitz, Chichilnisky, and Albright, 

2005).  This procedure yielded a spike-triggered average (STA) stimulus present in the RF for a 

given delay prior to the occurrence of an action potential.  The STA thus provides a 

spatiotemporal map of cone sensitivities for the neuron under study.  These sensitivities were 

assessed from populations of R-G opponent (L–M–S and –L+M+S) and non-opponent 

(+L+M+S) “luminance” neurons for each of the three adaptation conditions, in the temporal 

order: white, red, green. 

A trichromatic STA from a typical R-G opponent V1 neuron, recorded following white 

light adaptation, is shown in Figure 2A.  This neuron manifested excitation by L cones.  To 

further clarify the spatiotemporal chromatic tuning, we decomposed the trichromatic STA into 

separate L-, M- and S-cone STAs (Figure 2B).  From these plots we can see that the probability 

of a spike is both increased (67 ms later) by stimuli that activate L cones and decreased by 

stimuli that activate M cones (with an insignificant contribution from S cones).  For each cell, we 

used the sensitivity profiles yielded by cone-specific STAs to determine the weight of influence 

that each cone type had on the occurrence of a spike.  In practice, these cone weights were 

calculated by first identifying the checkerboard location, spike-time delay and cone-type 

modulation that led to the maximum change in the probability of a spike.  The three cone weights 

were recorded for that “peak” spatiotemporal pixel (highlighted for the example neuron in Figure 

2B) and normalized by the sum of all cone weights for the same pixel (see Methods). 

 Our hypothesis predicts that the population distributions of cone weights, so measured, 

should differ systematically following each of the three long-term adaptation conditions.  The 

means and standard deviations of L- and M-cone weights for samples of R-G opponent V1 

neurons recorded following the green, white and red conditions are illustrated in Figure 3A.  The 
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relative weights of the two cone inputs are clearly different across the three adaptation conditions 

– a state achieved by progressive decreases in average L-cone weights and corresponding 

increases in average M-cone weights when contrasting green to white to red adaptation 

conditions. 

In Figure 3B we have replotted predicted L- vs. M-cone weight contrasts derived from 

room illumination for the three conditions (see above and Figure 1C).  These predictions exhibit 

an M-cone weight bias for all adaptation conditions (reflecting greater L-cone excitation under 

all conditions) but that bias is naturally smallest for green, intermediate for white and greatest for 

red adaptation.  Figure 3B also illustrates the observed cone weight contrasts [CWLM = (WL-

WM)/(WL+WM)] derived from the neuronal population data in Figure 3A.  As expected from 

these data, observed cone weight contrasts vary considerably (differing significantly for the red 

vs. green conditions, p<0.05, t-test).  Moreover, the ordinal ranking of observed contrasts is 

identical to our prediction. 

One question raised by these findings is whether adaptive cone weight plasticity is unique 

to color opponent neurons, or whether it can also be elicited in non-opponent neurons that 

receive both L and M cone inputs.   The uniqueness hypothesis is favored by functional 

considerations: the L- vs. M-cone weight shift in color opponent neurons effectively nulls the 

output for the prevailing chromatic conditions and thus recalibrates sensitivity to deviations from 

average chromaticity.  The same logic does not hold for non-opponent neurons, as any tradeoff 

between L- and M-cone sensitivity is lost in the summation of their inputs.  To test the 

uniqueness hypothesis, we examined the sensitivities of populations of non-opponent V1 neurons 

that were recorded in parallel with the color opponent data described above. 

Cone-specific STAs for a typical non-opponent V1 neuron, shown in Figure 4A, reveal 

characteristic same-signed weighting for all three cone types.  Means and standard deviations of 
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L- and M-cone weights (calculated as for color-opponent neurons) for samples of non-opponent 

V1 neurons recorded following the green, white and red conditions are illustrated in Figure 4B.  

The relative weights of the two cone inputs were virtually identical across the three adaptation 

conditions (p>0.05, t-test).  The cone weight contrast values derived from these data were 

correspondingly static (Figure 4C), indicating that cone inputs to non-opponent neurons are not 

influenced by marked long-term changes in the chromatic properties of the environment. 

 

Discussion 

Long-term exposure to an environment with chromatic properties that differ from the previous 

environment initiates an adaptive recalibration process.  This process is characterized in part by 

systematic changes in the sensitivity of cortical Red-Green opponent neurons to specific cone 

activations.  Such recalibration has the effect of centering the dynamic range of neuronal 

sensitivity on the chromatic properties of the new environment and optimizes chromatic 

sensitivity within that environment.  These adaptive neuronal changes do not occur for all cell 

types that receive altered drive in the new environment.  Rather, they are strictly limited to those 

cell types – color opponent – that stand to gain functional optimization from the change. 

We have argued that the observed neuronal changes are products of long-term exposure, 

but it is well known that brief chromatic adaptation can also significantly alter chromatic 

appearance and responses of visual neurons (von Kries, 1902/1970; Webster, 1996).  Short-term 

adaptation occurs routinely under natural conditions and contributes to the stability of color 

perception under changing illumination.  The perceptual/neuronal effects of short-term 

adaptation exhibit a decay time-constant on the order of seconds (Fairchild and Reniff, 1995; 

Webster, 1996) and thus seem unlikely to account for our data, in which V1 recordings were 

made each day 2-5 hrs after removal of the subject from the chromatic housing room (see 
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Methods).  On the contrary, the effects we have seen are presumed to reflect extensive sampling 

of the new chromatic environment – with acquisition/decay times on the order of hours or days – 

as needed to obtain low-noise estimates of environmental statistics.  That said, because our 

experiments relied on comparisons of data from large neuronal populations (each typically 

collected over a period of many days or weeks), there is little we can report about the minimum 

chromatic adaptation time required to elicit the observed changes in cone weights. 

Parallels between our findings and the results of human psychophysical experiments 

(Eisner and Enoch, 1982; Neitz et al., 2002; Belmore and Shevell, 2008) both reinforce our 

conclusions and shed some light on the question of minimum adaptation duration.  These 

experiments exploit the phenomenon of “unique yellow” (UY) – a yellow light that appears to 

have no tint of red or green (Hering, 1920/1964).  Judgments of UY are highly consistent within 

and between human subjects with normal color vision (Valberg, 1971; Neitz et al., 2002), and 

are believed to reflect stimulus conditions under which L- and M-cone inputs to color opponent 

neurons are balanced (Jameson and Hurvich, 1955; Larimer, 1974).  As we have shown, long-

term exposure to a new chromatic environment elicits a compensatory change in the strength of 

L- vs. M-cone inputs, resulting in a new balance point.  The perceptual consequence of this 

change should be a shift in the chromatic conditions for UY.  The studies cited above all reported 

that UY values stabilized at a new point within a few days of extended chromatic (red or green) 

adaptation.  Neitz et al. found that the UY shift could be accounted for by a ~10% change in the 

ratio of L- to M-cone weights.  Our V1 data are consistent with a 10% change.  Although the 

magnitude of these effects surely depends upon the details of the adaptation and test conditions 

(see Belmore and Shevell, 2008), the close correspondence between perceptual and neuronal 

shifts supports the conclusion that they are causally linked. 
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 The neuronal mechanisms that underlie the observed shifts in cone weights are unknown.  

One possibility is that they simply reflect a gain reduction in the response of the relevant 

photoreceptors (von Kries, 1902/1970).  Our finding that the effects are limited to color opponent 

neurons argues strongly against this interpretation, however, as does interocular transfer of UY 

shifts (Neitz et al, 2002), and dependence of UY shift magnitude upon test light intensity 

(Belmore and Shevell, 2008; see also Eisner and Enoch, 1982).  We thus favor the possibility 

that the shift reflects differential modulation of the efficacy of L- vs. M-cone synapses onto color 

opponent neurons.  Moreover, the fact that the output of the color opponent system seeks a null 

point under average environmental conditions (empirically and per functional arguments above) 

suggests a computational strategy in which the efficacies of cone-specific synapses are tuned in 

the presence of sustained neuronal output, in order to minimize that output on average.  In other 

words, the equilibration of cone signals provides a natural reference point for functional 

recalibration. 

 The chromatic adaptation conditions of our experiment are extreme, but there are 

numerous natural conditions that might be similarly normalized by long-term adaptive plasticity 

in the color opponent system.  It has, for example, been suggested that the consistency of 

chromatic experience across the normal human population reflects an adaptive cone-weight 

compensation for huge natural variations in L:M cone ratios (Brainard et al., 2000).  Similar 

adaptive processes may enable compensation for age-related changes in the ocular media, which 

progressively alter the proportions of photons reaching each cone type.  Significant chromatic 

habitat changes, such as a move from the desert to the rainforest, may also elicit the adaptive 

neuronal changes we have described.  All such adaptive changes promote the stability of 

perceptual experience, which is of supreme value for survival. 
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Methods 

Subjects 

Two adult rhesus monkeys (Macaca mulatta) served as subjects in these experiments.  

Subjects had normal color vision and no significant refractive error (as assessed in our previous 

experiments; Horwitz, Chichilnisky, and Albright, 2005).  Experimental protocols were approved 

by the Salk IACUC and conform to USDA regulations and to the NIH guidelines for the humane 

care and use of laboratory animals. 

 

Animal preparation 

Procedures for surgical preparation were routine and similar to those described 

previously (Dobkins and Albright, 1994).  Briefly, each monkey was implanted with a stainless 

steel post for head restraint, a steel recording cylinder and a monocular scleral search coil for 

monitoring eye movements.  A craniotomy made at the base of the recording cylinder provided 

access to the dorsal operculum of the occipital lobe, from which single units were isolated. 

 

Adaptation environment 

Subjects were housed in an environment in which we could alter average chromaticity 

using controlled illumination.  Illuminant spectral power distributions for our three adaptation 

conditions are plotted in Figure 1A: White was achieved using standard broad-band fluorescent 

lighting (ambient luminance intensity = 1325 lx).  Green and Red were achieved using six 400 W 

tungsten incandescent bulbs filtered through Roscolux polymer dye filters #90 and #26, 

respectively.  (Ambient intensity Green = 137 lx; Red = 100 lx.)  Each adaptation condition 

consisted of housing in one of these environments (12/12 hr light/dark cycle), for a minimum of 

two weeks before electrophysiological recording began.  Once recording began for each 
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condition, chromatic housing remained unchanged but animals were removed daily (~6 hrs/day, 

5 days/week) to the electrophysiological testing room, where the illuminant consisted of dim 

broad-spectrum incandescent light (ambient intensity = 100 lx).  This routine continued until the 

start of the next adaptation condition. 

 

Calculation of average cone excitations during adaptation 

To approximate the average excitations of L and M cones for each adaptation condition, 

we first calculated the products of cone sensitivity functions (Stockman, Macleod and Johnson, 

1993) and spectral power distributions of the illuminants (see Figure 1A).  The ocular 

transmittance of long-wavelength photons exceeds that of mid-wavelength photons by a ratio of 

approximately 1:0.7 (Boettner and Wolter, 1962) and we scaled M-cone excitation accordingly.  

This scaling introduces a linear shift of predicted and observed cone excitation contrast values 

towards L cones, but relative contrasts across different experimental conditions remain 

unchanged. 

 

Electrophysiological recording 

Single units were recorded with transdurally inserted platinum-iridium electrodes 

(Fredrick Haer) with impedances of 1–3 M

spikes were sorted by template matching algorithms. 

 

Visual display device 

Stimuli were generated using an 8-bit graphics card controlled by PC software, and were 

displayed on a 19-in CRT refreshed at 100 Hz (or 60 Hz in some experiments).  Phosphor 

emission spectra were measured in 4-nm bins using a spectraradiometer (PR-650, 
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Photoresearch).  The intensity of each phosphor was measured at 35 levels spanning its dynamic 

range, and all of our stimuli were constructed to compensate for the nonlinear voltage-intensity 

relationship.  All visual stimuli were presented binocularly in a darkened room (<0.5 cd/m
2
) 

following a 5 min adaptation period. 

 

Behavioral Procedures 

Monkeys viewed visual stimuli on a 60 cm distant display.  Eye position was monitored 

continuously using the magnetic search coil technique (Robinson, 1963).  Each trial began with 

the appearance of a fixation target.  Monkeys were trained to maintain eye position within +/- 

0.5° of the target.  600 ms after fixation, a dynamic, colorful stimulus appeared within the 

neuronal RF.  Stimulus presentation persisted until the monkey broke fixation or until 10 s had 

elapsed.  Liquid rewards were provided on a random schedule during periods of stable fixation. 

 

Receptive field characterization 

223 neurons were recorded from area V1 of two monkeys.  RF centers of recorded 

neurons were within the central 5°.  The spatiotemporal chromatic sensitivity of each RF was 

assessed using a 2° square checkerboard stimulus (Figure 2).  During periods of stable fixation, 

the color of each 0.25° pixel in the checkerboard changed randomly and independently on every 

screen refresh.  Pixel colors were modulated across space and time and cone-isolating 

dimensions.  Corresponding red, green, and blue CRT gun values were calculated from 2° cone 

fundamentals of Stockman, Macleod and Johnson (1993) and monitor phosphor emission 

spectra.  The space-time averaged intensity of each phosphor was equal to its contribution to the 

background, which was metameric with an equal-energy white at 65 cd/m
2
. 
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Two stimulus types were used: (1) All three cones were modulated simultaneously.  This 

procedure yielded cone contrasts: L, 5%; M, 5%; S, 23%.  (2) One cone was modulated on a 

given trial, with the three cone-isolating trials randomly interleaved.  This procedure yielded 

slightly greater cone contrasts: L, 11%; M, 12%; S, 57%.  Post-hoc analyses revealed that linear 

decomposition of the cone data from the first method was equivalent to data obtained using the 

second method, and we report the results interchangeably.   

 

Reverse-correlation analysis of neuronal sensitivity 

Stimulus movies were reconstructed as cone excitations at each frame and pixel.  

Recorded spike trains were temporally aligned with the stimulus reconstruction so that each 

spike served as a pointer to a stimulus frame with a given latency.  Receptive field maps were 

obtained by averaging all stimulus frames that preceded spikes by a given latency.  The result 

was the spike-triggered average (STA).  STAs were calculated for a variety of latencies (10-200 

ms) for each recorded neuron. 

 

Calculation of cone weights 

For each neuron, STA responses were thus obtained for 64 pixel locations, 20 time 

points, and 3 cone components.  Cone weights were obtained by first identifying the spatial-

temporal-chromatic pixel that yielded the peak STA.  The three recorded cone components at the 

peak space-time point were then adjusted for the different cone contrasts of the stimuli and each 

was normalized by the sum of absolute values of the three components.  The resulting values 

constituted the cone-weights. 

 

Neuronal classification 
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Following traditional criteria, neurons were classified into color opponent and non-

opponent based on the signs of the three cone weights derived from STAs.  Neurons that 

exhibited weights (increments or decrements) of opposing signs for L vs. M cone types and with 

M and S cone weights having the same sign (e.g. L-M-S, see Figure 2) were classified as 

opponent type.  Neurons that exhibited weights of the same sign (e.g. –L–M–S, see Figure 4A) 

for all three cone types were classified as non-opponent type. 
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Figure Legends 

 

Figure 1:  Chromatic adaptation conditions and derivation of predicted cone weights.  (A) 

Spectral power distributions (SPDs) of illuminants for three different housing conditions are 

plotted along with normalized L-cone (red curve) and M-cone (green curve) sensitivity 

functions.  Top, Middle, and Bottom Panels plot SPDs for GREEN (light-green curve), WHITE 

(gray curve), and RED (dark-red curve) adaptation conditions.  (B)  Approximate states of 

relative L and M cone excitation for each of the three adaptation conditions (in order 

corresponding to panels in A).  Excitation for each cone was estimated as product of SPD and 

cone sensitivity function (with weighting for L vs. M ocular photon transmission).  Relative 

excitations are plotted as excitation contrasts.  Values near zero indicate equal L and M cone 

excitation.  (C) Predicted L vs. M cone weights, plotted as cone weight contrasts, are inversely 

proportional to estimated cone excitation contrasts. 

  

Figure 2:   Measurement of chromatic sensitivity profile and derivation of cone weights for 

representative R-G color opponent neuron in area V1.  (A) Trichromatic spike-triggered average 

(STA) stimulus derived using method of reverse correlation and plotted for the stimulus-spike 

delay (67 ms) that manifested the strongest signal.  The neuron was excited by stimuli that 

activate L cones.  (B) Cone-specific STAs were derived from A by linear decomposition 

according to cone-specific excitation.  These data confirm that the neuron was excited by L-cone 

activation, and reveal that it was also inhibited to a corresponding degree by M-cone activation 

(i.e. it was R-G color opponent), and marginally inhibited by S cone activation.  Cone weights 

were derived for the recorded neuron using the relative L, M and S cone activations for the pixel 

(highlighted) yielding the greatest overall activation (see Methods). 
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Figure 3:  Presence of long-term chromatic adaptation for R-G color-opponent V1 neurons.  (A) 

L and M cone weights averaged separately for neurons recorded after GREEN (top panel), 

WHITE (middle panel), and RED (bottom panel) adaptation.  Error bars indicate standard 

deviation.  (B) Predicted and observed cone weight contrasts for each adaptation condition.  

Predicted contrasts are replotted from Figure 1C.  Observed contrasts (depicted as blue bars) 

were calculated from cone weights shown in panel A.  Cone weight contrasts became 

increasingly negative (i.e. M-cone biased) as mean chromaticity of environment moved from M-

cone bias (GREEN) to L-cone bias (RED).  Predictions account for these ordinal relationships. 

 

Figure 4:  Absence of long-term chromatic adaptation for non-opponent V1 neurons.  (A) Cone-

specific STAs for representative non-opponent V1 neuron.  The neuron was excited by activation 

of all three cone types at one spatial location and inhibited at an adjacent location.  (B) L and M 

cone weights averaged separately for neurons recorded after GREEN (top panel), WHITE 

(middle panel), and RED (bottom panel) adaptation.  (C) Observed cone weight contrasts for 

each adaptation condition are plotted (as yellow bars) along with adaptation predictions.  

Contrary to adaptation predictions and behavior of color opponent neurons (blue bars); cone 

weight contrasts for non-opponent neurons remained unchanged as mean chromaticity of 

environment moved from M-cone bias (GREEN) to L-cone bias (RED). 
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