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Abstract

If the relative phase of red and green modulated lights is changed, at low temporal frequencies the response of cells
of the magnocellular (MC) pathway has been found to be minimal not to counterphase, chromatic modulation (as
expected of a luminance mechanism) but shifted to some phase intermediate between luminance and chromatic
modulation. The results could only be modeled by assuming interaction between achromatic and chromatic inputs to
MC cells. The ‘phase shift' resembled that seen with psychophysical threshold measurements using the same
stimuli. Psychophysical results also showed that the phase shift is dependent on the chromaticity of a background.
The results reported here show that the direction of the phase shift in MC cells is reversed by changing the
background from long to short wavelengths and is consistent with psychophysical observations. Cell behavior was
again modeled by assuming vector summation of achromatic and chromatic inputs. The reversal of phase-shift
direction requires a reversal in polarity of the chromatic input. The underlying physiological mechanism may

involve summation of chromatic signals of opposite polarity; if the relative size of these signals depends on the
background, this may determine the direction of phase shift.
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Introduction effect seen in MC cells closely mirrors psychophysical detection

There is substantial evidence that cells of the magnocellular (Mcrerformance of such stimuli as a function of the relative phase of

pathway form the physiological substrate of a psychophysmaeﬁect become much smaller if small spot stimuli, restricted to the

luminance channel (Lee et al., 1988; Kaiser et al., 1990), but thesé ST . . .
L S . -“receptive-field center, are used. However, experiments with annuli
cells also show indications of chromatic input. This was noted in

show that both effects are restricted to a surround region-edlp

one of the first systematic studies of macaque lateral geniCUIat(ﬁmes the center diameter; there also exists a larger, achromatic
nucleus neurons (Wiesel & Hubel, 1966), in which it was reported : ger,

that MC-cells’ firing was inhibited by “flooding the surround with sur_rl%l;ndh(L;glf ilzjar’ofio?nS)(;thEieg ér\lrjsn?aF)tFi)ce?r: llljrlkt(i)dMC cells
red light.” A further manifestation of a chromatic response is a phy g g P

frequency-doubled response to red—green chromatic modulatiornemams uncertain. In an attempt to further define this input, we

(Lee et al.,, 1988), which appears to be a rectification of a an_alyze here the_ effect of chromatic backgrounds on the p.hase

o . . . shift. Earlier studies used a long-wavelength mean chromaticity.
chromatic signal, rather than a nonlinearity of middle- (M) and Use of a short-wavelength adapting background has been shown to
long-wavelength (L) cone summation (Lee & Sun, 2003). Another 9 PANg 9

indication of chromatic input is seen on changing the relativereverse the direction of the psychophysical phase shift (Swanson

phase of red and green sinusoidally modulated lights. The minifEt al., 1988, Stromeyer et al., 1997), that is, minimum sensitivity

o . is found in the “green-leads-red” rather than the “red-leads-green”
mum response of a MC cell to this stimulus is not to counterphas g g

e . .
chromatic modulation£180 deg) but shifted to some intermediate phasg quadrant (see _below). we te_st_ here if the same reversal is

. . .~ seen in MC cells, and if the chromatic input model can account for
phase. This could only be modeled by assuming that there is

chromatic input to the cell (Smith et al., 1992). This “phase shift” this resu.

he lights. Both the frequency-doubled response and the phase

Materials and methods
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intramuscular injection of ketamine (10 rigy) followed by thio- Response phase plots usually show a rapid change close to the
pental (10 mgkg). Anesthesia was maintained with inhaled iso- response amplitude minimum. The shape of the phase curves are
flurane (0.2-2%) in a 70:30 JXD—O, mixture. Local anesthetic dependent on background, typically becoming shallower with
was applied to points of surgical intervention. Electroencephaloshort-wavelength backgrounds. This reflects in increase in the
gram (EEG) and electrocardiogram (ECG) were monitored conselative L/M cone weighting, and is analyzed in more detail in a
tinuously to ensure animal health and adequate depth of anesthesliater section.
Muscle relaxation was maintained by a constant infusion of gal- The stimulus phase of minimum response was determined for
lamine triethiodide (5 mgkg/h i.v.) with accompanying dextrose each condition by fitting each set of amplitude data points with a
Ringer solution (5 mih). Body temperature was kept close to cosine template (Swanson et al., 1987). Mean-MC cell data for the
37.5C. End tidal CQ was adjusted to close to 4% by adjusting the three chromatic conditions are shown in Fig. 2A; error bars
rate of respiration. All procedures were approved by the SUNYindicate 95% confidence limits of the mean and are large, reflect-
Animal Care Committee and conform to ARVO guidelines for ing intercell variability. The direction of the phase shift reverses on
ethical care of animals. the short-wavelength backgrounds. Also shown are mean data
The details of the preparation and cell-identification techniquedrom Smith et al. (1992). These data show a somewhat larger phase
can be found elsewhere (Lee et al., 1BgVisual stimuli were  shift than in the current experiments. This may be due to differ-
generated using a light emitting diode (LED) based Maxwellian-ences in adaptation conditions but may also reflect the consider-
view system (Lee et al., 1990). Three LED sources with dominantble degree of intercell variability. The two examples in Fig. 1
wavelengths of 470 nm, 554 nm, and 638 nm were used. The 554epresent extremes of behavior in the cell sample, which appeared
and 638-nm LEDs were each modulated with an amplitude of 50@o0 form a continuous distribution. In our previous work (Smith
td, at either 1.22, 4.88, or 19.52 Hz. This modulated stimulus wa®t al., 1992) there was no difference, on average, between on- and
superimposed on 1000-td backgrounds of 470, 554, and 638 nnoff-center cells in such plots as in Fig. 2. The two examples in
Relative phase of the LEDs was varied in 22.5-deg steps. A4.7-deBig. 1 are of on- and off-center cells, but there was no obvious
diameter stimulus was used, which encompassed both center adifference in phase-shift effects over these two groups and their
surround. Approximatgl 6 s of activity was recorded in each data are treated together.
condition. First-harmonic amplitudes and phases were extracted by Comparison 2000-td psychophysical data replotted from Swan-
Fourier analysis. son et al. (1988) are shown in Fig. 2B. Thresholds for the detection
of sinusoidal modulation were measured as a function of the
relative phase of red and green LEDs and the relative phase of
lowest sensitivity (highest threshold) determined at different tem-
poral frequencies. The details of the adaptation conditions in the
two sets of experiments were not identical, but nevertheless the
two sets of data resemble one another. Similar results to those of
Data sets were obtained from 14 MC cells (10 &4 off-center). ~ Swanson et al. were reported by Stromeyer et al. (1997), who used
The effects of mean chromaticity on response amplitude and phase different psychophysical protocol involving minimum motion.
are shown in Fig. 1 for examples of on- and off-center cells, withWe suggest that the comparison in Fig. 2 supports the idea that the
three different chromatic backgrounds and at three different temMC pathway underlies the phase-shift effects seen psychophysically.
poral frequencies. The two cells were chosen to show the range of We tested if a smaller phase shift on the 638-nm background
intercell variability. The curves in the plots were derived from a (i.e. closer ta=180 deg) was correlated with a larger reverse phase
model described in a later section. For the on-center cell with theshift on a 470-nm background. This appeared to be the (@ase
638-nm background, at 1.22 H#) the response minimum is not 0.565;t = 2.36,n = 14, P < 0.05). However, intercell variability
at =180 deg (as expected of an achromatic mechanism) but neavas considerable.
~45 deg, that is, it is shifted toward 0-deg phase shift. This phase
shift can be described as being in the “red-leads-green” quadral
since the 638-nm LED leads the 554-nm LED. The shift become
less at the higher temporal frequencies, moving rightward in thdn Smith et al. (1992), data were modeled based on vector sum-
plot toward+180 deg phase shift (4.88 Hza+ 19.5 Hz—1). On mation of achromatic and chromatic inputs to the cell. The chro-
the shorter wavelength backgrounds there is much less phase shifhatic input became insignificant above 10 Hz and cell responses
The off-center cell showed a small phase shift on the 638-nntesembled those expected of an achromatic, luminance mecha-
background (although still in the “red-leads-green” quadrant), buinism. Simpler models, which were based, for example, on cone-
on the shorter wavelength backgrounds the phase shift is reversedgighting differences, were unsatisfactory. The results presented
that is, to the “green-leads-red” quadrant. [i40 deg at 1.22 Hz  here with a 638-nm background resemble those of Smith et al. We
and decreases with increasing temporal frequency, moving lefthow consider if this model can account for our data with short-
ward toward+180 deg £75 deg at 4.88 Hz ane170 deg at wavelength backgrounds. In the following, it is important to
19.5 Hz). In summary, under all conditions, the response minimundistinguishstimulus phasewhich refers to the relative phase of the
can be seen to move toward180 deg as temporal frequency LEDs, andresponse phasef the cell, which is expressed relative
increases and to be dependent on mean chromaticity, tending to modulation of the 638-nm LED.
move throught 180 deg from the “red-leads-green” to the “green-  The first step in this approach is to calculate M- and L-cone
leads-red” quadrant with short-wavelength backgrounds. Twelvexcitation amplitude and phase as a function of stimulus phase.
of 14 cells showed a change in this direction, the other two cellsThese relationships were shown in Fig. 11 of Smith et al. (1992).
not showing a change in phase of least response as a function @hromatic backgrounds do not change these curves’ amplitude or
background chromaticity. Both these cells showed response mirshape but shift the amplitude curves vertically. An achromatic
ima near+180 deg. mechanism sums, and the chromatic mechanism subtracts, M- and

Results
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Fig. 1. Response amplitude and phase of an MC on-center (A) and off-center cell as a function of the relative phag&38trasdmodulated lights, for three chromatic background conditions. Data for three
frequencies are shown (1. 22 H#+4.88 Hz—a; 19.5 Hz—£1). The abscissa represents the phase of the 638-nm LED relative to the 554-nm LED; positive values are termed the “red-leads-green” quadrant
and negative values the “green-leads-red” quadrant. The curves near the data points indicate model fits. Note that the relative LED phase ofspomniseigepends on the chromatic background. Meaa\,
illuminance 2000 td, 4.7-deg field, response amplitude, and phase was derived from Fourier analysis of averaged histograms deri§eddctinity. =
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A phase, as sketched in Fig. 3B. This represents a response phase
space in which the amplitude and phase of the achromatic and
270 7 $-638 nm bgd chromatic mechanisms are drawn. Amplitude is represented by the
length of the vector (normalized to unity in this sketch) and phase

554 nm bgd of the vector angle relative to modulation of the 638-nm LED,

—=— 470 nm bgd which is the abscissa. The cell response is the sum of the two
vectors, as shown. The minimum cell response can then show a
—&— Smith et al. phase shift in terms of stimulus phase, as sketched in Fig. 3C. The

equations describing the model are set out in Smith et al. (1992).
For fitting the model to cell data, there are four free parameters: the
weights of the achromatic relative to the chromatic mechanisms,
achromatic phase (the intrinsic phase of the achromatic input),
chromatic phase (the intrinsic phase of the chromatic input), and an
amplitude scalar.

There is an additional complication in the current experiments
due to changes in cone weighting depending on the chromatic
background, which requires a modification of the Smith et al.
(1992) model. The templates of the achromatic and chromatic
a0 . . . . . mechanisms depend on the relative weights of their L- and M-cone

0 5 10 15 20 o5 inputs. In the previous description (Smith et al., 1992), the differ-

ent mechanisms were assigned specific cone weights. The weights

Frequency (Hz) for the achromatic mechanism were set at (L 0.62: M 0.38; i.e.
L+M = 1) as expected of a Judd observer. The weights for the
chromatic mechanism were set at (L 0.35: M 0.65), which were the
mean weights derived for M and L opponent parvocellular (PC)
cell measurements under identical adaptation conditions. In the
—4— 650 nm bgd current experiments, chromatic backgrounds are likely to change
these weightings. The response amplitude and phase of the achro-
matic and chromatic mechanisms as a function of stimulus phase
depend on these weightings, as sketched in Figs. 3D and 3E. The
shape of the response amplitude and phase curves is seen to be
180 A dependent on weighting, especially in the case of the chromatic
mechanism.

We estimated M- and L-cone weighting for the different adap-
tation conditions as follows. For the achromatic mechanism, it can
be seen in Fig. 3D that the slope of the relation between response
phase and stimulus phase is dependent on relative L- and M-cone
weighting. At 19.5 Hz, the chromatic mechanism provides little
input, and each cell's 19.5-Hz data were used to estimate the

90 T T ' T ! weighting. For each cell and each background, we fitted the five

0 5 10 15 20 25 19.5-Hz data points from-45 deg to+45 deg with a straight line
Frequency (Hz) and used this to estimate cone weight for the achromatic mecha-
nism for that particular cell and condition.

Fig. 2. A: The phase of minimum response was determined by fitting each  There was a highly significant increase in relative L- to M-cone
MC-cell's response amplitude with a cosine template. Mean velnes  \weighting as background wavelength decreased (650-nm, L 0.48:M
14) are plotted as a function of temporal frequency for the three chromati¢y 5o\ 554-nm, L 0.67: M 0.33: 470-nm, L 0.79: M 0.21; ANOVA:
background conditions. Data from_ on- an_d loff—center cells have beerp _ 18.6,n = 14, P < 0.001). There was also significant intercell
combined. Er_ror ba_rs are 95% confidence limits of the mean. Also Showr{/ariability (F = 3.55,P < 0.01). The achromatic weights for each
are data obtained with a long-wavelength mean chromaticity replotted from

Smith et al. (1992). B: Psychophysical data (phase of minimum psycho_ceII and condition were inserted into the equations at all three

physical sensitivity) replotted from Swanson et al. (1988) for two chromatic-t€mporal frequencigs for the f‘_J” fitting pro_cedure.
adaptation conditions. For the chromatic mechanism, we estimated L- and M-cone

weighting in five PC cells measured under identical conditions,

using the model described in Smith et al. (1992). There was an
L-cone signals. Examples of achromatic and chromatic amplitudéncrease in relative L- to M-cone weight with decreasing wave-
templates are shown in Fig. 3A. The achromatic template shows kength of the background (650-nm, L 0.38: M 0.62; 554-nm, L
maximum at 0 deg and a minimum-4atl80 deg, andice versdor 0.62: M 0.38; 470-nm, L 0.69: M 0.31y = 5). These mean values
the chromatic template. The exact shape of achromatic and chravere used in the model fits.
matic amplitude and phase templates is dependent on the calcu- Data for each frequency for each background were fitted sep-
lated M- and L-cone phases, on the cone weighting (see belowgrately in the complex plane using a least-squares criterion. As can
and any phase lag intrinsic to a given mechanism. be seen from the solid curves in Fig. 1, the model provided a

The next step is to combine the achromatic and chromaticsatisfactory fit to the data. Model parameters behaved in an orderly

signals by vector summation to predict cell response amplitude anchanner. Of the four free parameters, under all adaptation condi-
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Fig. 3. A-C: Steps in modelling cell responses. Achromatic- and chromatic-mechanism have amplitude templates separated in the LED (stimulus) spageAshi@atic-

and chromatic-response components sum in a response phase space to give a resultant vector; phase of achromatic and chromatic componestishis clmteremicita-
tions and cone balance, as well as by a phase term intrinsic to the mechanism. The resultant output template can show a minimum at intermediete phdsenlvad amplitude
and phase templates of achromatic and chromatic mechanisms are influenced by the M- and L-cone balance of the inputs. Chromatic backgrouhdeneilbaféece, and
this must be incorporated in the model.
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tions achromatic phase showed a similar increase in phase lag witlhipe. We suggest that the frequency-doubled response arises through
frequency. Values were consistent with earlier measurements afonlinear summation of-L—M and +M-L signals. Such summa-
MC-cell response phase with luminance modulation (Lee et al.tion (for example, through a leaky rectifier) could give rise to both
1990). For a given chromatic background, the chromatic phasérst- and second-harmonic response components. The inversion of
parameter also showed an increase in phase lag with frequendje polarity of the chromatic input responsible for the phase shift
The weighting of the chromatic relative to the achromatic mech-may be due to a change in balance+of—-M and +M-L signal
anisms decreased with temporal frequency, that is, there was lesemponents on different backgrounds.
evidence of chromatic input, as expected since the phase shift There was considerable intercell variability in phase shift with
decreases as frequency increases. The most interesting aspectddferent backgrounds, but shifts were consistent in that for 12 of
the analysis was the effect on these parameters of different adafi4 cells they were in the same direction. The reason for this
tation conditions. We compared parameters for 1.22 Hz, where thitercell variability is unknown, but it suggests that this facet of
phase shifts and chromatic inputs were most marked. There was fdC-cell behavior might vary in prominence from observer to
significant effect of the different chromatic backgrounds on theobserver, as is the case for psychophysical performance (W.
achromatic phase parametéf = 2.85, P > 0.05) or on the Swanson, J. Pokorny, V.C. Smith, personal communication).
achromatigchromatic weighting parametéF = 3.1, P > 0.05).
However, there was a highly significant effect of background on
the chromatic phase parametdf = 56.1, P < 0.001). The
chromatic phase parameter frequently changed by more than 90 datis work was supported by NEI grant EY 13112.
(11 of 14 cells), that is, effectively a phase reversal. There was
significant intercell variability(F = 3.68,P < 0.01). It appeared
that cells in which there was a reverse in direction of the phas
shift showed the greatest change in this parameter. Kaiser, PK., LEg, B.B., MARTIN, PR. & VALBERG, A. (1990). The
The analysis suggests that the model summing achromatic and physiological basis of the minimally distinct border demonstrated in the
chromatic signals can account for our results. The basis of the 92nglion cells of the macaque retindournal of Physiology422,
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