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SUMMAAY

L The visual system has been modelled as a set of independent linear channels each
tuned to a limited band of spatial frequencv with the &verage bandwidth being
approximately I octave. A great deal ofpsychophysical and physiological evidence
supports this basic notion. However, Henning, Hertz & Broadbent (1975) have shown
rcciprocal masking between a fundamental fiequency (lF) and a complex grating
compoeed of higher harmonics several oct&ves removed ((4+5+6)F) ; their results
clearly indicate a lack of independenee.

2. We recorded the activity of cells in the striat€ cortex of monkeys and cats using
stimuli similar to those of Henning el a/" to make comparisons with their ps_vchophvsical
dsta and to test speeific physiological predictions.

3. We found that cells tuned to the fundamental frequencv did not produce an
excitatory nesponse to the (4+5+6)F pattern. However, the response of such cells
to lF eould be redueed by simultaneous presentation of (4*5+6)F. Similarlv. the
r€sponse of cells tuned to high frequencies, when presented with (4*5*6)F, was
rcduced by simultaneous presentation of lF. However, this reciprocal inhibition could
be pmduced between single harmonics (e.g. lF and 4F) and was not dependent upon
a special relationship between lF and (4+5+6)F.

4. When cells tuned to high frequencies weFe pnesented with the (4+b+6)F
pattern they generated predictable responses in the higher harmonics (4, b, 6) but
they also generated an unexpected, non-linear. response at the fundamental frequencv,
lF, even though no such low frequency component was pr€sent in the stimulus. This
effect is due to the response rectification which striate cells show.

5. In support of the linear independent spatial frequencv channel model. we find
(a) striate cells provide an excitatory nesponse to only a limited range of frequencies.
(6) they do not provide such rcsponses to the 'apparent' yet 'missing' fundamental
in the (4 * 5 * 6)F beating pattern. and (c) the response wave form to complex stimuli
like (4+5+6)F is reasonably predictable (at least for simple cells) from the model.
Against the model we find that (a) frequencies outside the excitatorv bandpass can
produce inhibition and (6) the reetification of the response wave form introduces
harmonics not present in the stimulus.
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INTRODt-CTIOIi

Campbell & Robson (1968) first proposed that the visual svstem could be modelled
as a set of independent spatial frequenev tuned channels. Since then. considerabie
evidence has accumulated which supports this basic nobion (for genera! reviews see:
Sekuiar .  1974;Robson.  1975:  Braddick.  Canpbel l  & Atk inson.  tg78;De Valo is  & De
\:alois, 1980). For example. Blakemore & Oampbell (1969) have shown psychophvs-
icalll' that prolonged adaptation to a single spatial frequencl'grating pattern c&uses
a loss in serrsitivity to only a limited range of spatial frequencies centr€d around the
adaptation frequency. Physiological stuciies have shown that single eells in the striate
cortex of both monkeys (Schil ler, Finlay & Volman. 1976; De Valois, Albrecht &
Thorell, 1977, 1978;Albrecht, 1978;Albreeht. De Valois & Thorell. 1980) and eats
(Campbell. Cooper & Enroth-Cugeil. 1969: Maffei & Fiorentini. 1973: Ikeda & Wright.
1975;Albrech'". 1978: Mo', 'shcn. Thompson & Toihurst, l9i8a, D) respond to onlv a
limited range of spatial frequencies within a given loceolized retinal erea. These
studies. and others. indieate that the visual svstem up throrrgh the striate cortex
may be performing a patch-*'ise spatial fiequency filtering of the visual information.
segregating the visual stimulus into a set of quasi-linear independent channels.

However. several ps1'chophl'sical studies have now demonstrat€d that under some
cireumstances the spatially seleetive channels in the human visual system ar€ not
totalf-v independent. Henning et al. (1975) have shown that the detection of a low
frequencl' grating pettern can be masked b.v simultaneous presentation of a specific
set of harmonicallv reiated frequencies more than two octaves removed and vice
versa. Tolhurst (1972) and Nachmias. Sansbury & Vassilev (1973) have shown that
adaptation to a square wave grating does not produce the appropriate loss in
sensitivitv at the third harmonic *'hich would be expected from totall;' independent
channels. Other psychophysical studies (De Valois, 1977 ; 1978a; Tolhurst & Barfield,
1978) have shown that detection of a single spatial frequency can be enhanced by
prior adaptation to a grating pattern several octaves removed. This t1'pe of evidence
imposes elear limitations on the generality of the independent channel hlpothesis.

Henning et al. (1975) used a specific set of harmonically related grating patterns
which has an interesting pereeptual property. A stimulus consisi;ing of the 4th, Sth
and 6th harmonics of a partieular fundamental has an 'appa,rent' periodicity at that
fundamental frequency even though there is no'ph1'sical'energy present at the
fundamental. They showed that this 4F+5F+6F stimulus increased the deteetion
threshold of the fundamental harmonic component (1F). Reciprocally, the funda-
mental harmonic component increased the detection threshold ofthe eomplex pabtern.
This led Henning et aI. to propose that low spatial frequency channels might be

sensitive to this apparent low frequency periodicity. that is, that low frequencv
ehe"nnels might somehow respond to a periodic contra,st modulation of a high
frequeney grating.

In the pr€sent studv we asked how single cells in the striat€ cortex behave *'hen
presented with the stimuli used by Henning et al. (1975\. Specifically', we first asked
whether cells tuned to low spatial frequencies would respond to a combination of the

4th. 5th and 6th harmonics (of the eell's eharacteristic frequencv) alone. even though

no low spatial frequency components were present in the stimulus. Secondlv, we asked
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how cells tuned to high frequencies would respond to the complex pattern when the
4th. 5th and 6th harmonics all fell within the cell 's bandpass. Thirdly, *'e asked
whether the response of a low frequencv cell to its best frequency. lF. is perhaps

enhanced or inhibited by the simultaneous presentaiion of 4F + 5F + 6F. Finallv. we
asked whether the low frequenc-v beat is actuall,v- the necessarv condition for
producing interactions. or whether perhaps individual harmonics bv themselves are
sufficient.

The predictions one would make from a linear spatial lilter model are quite

straightforward. After measuring the response of a particular cell to single spatial

frequeney sine waves &cross the entire range of spatial and temp<lral frequencies. one

should have a good estimate of the 'bandpass characteristic' of that cell (which

frequencies excite the cell and what their weighting factors are). If the spatial
frequencies present in a particular stimulus fall within the bandpass of the eell. then
the-v should excite the eell b1'predictable amountsl if the frequencies present in a
stimulus fall oui;side cf the cell 's bandpass. then the,"- shorrld produee no response.
Thus. for example. a cell tuned to frequenel' lF should not respond to a pattern
composed of 4F+5F+6F if these frequencies arc all outside of the excitatorv
bandpass of the cell. These linear predietions are quite contrarv to the explanation
of Henning et al. .(19i5) of their psychophysical findings.

ilETHODS

Pre'pa.ration. The apparatus and general recortiing procedures are similar to those more fulll'
described elsewhene (Albrecht. 1978r De Valois. I)e falois & \"und. 19791 Brief lr ' .  m&caque
monkel"s (llarar.a fascicularisl and. domestie ca.ts werc prepared for ehronic experiments some ds.vs
beforc the first neurophl'siological reeording: under deep barbiturate anaesthesia a iigid plastic
pedestal containing a recording ehamber $'&s cemented to the animal's skull. The actual expreriments
ran for about l2hr ( l  hr preparation. thr r.eeording. 2hr reeovery).

On the dav of an experiment. the animal was anaesthetized with a short-act ing barbiturate
(thiaml"lal sodium) and maintained throughout the experiment on 75os NrO/25oo Or analgesia.
Since no eer. eye. or mouth bars were used. diseomfort x'as minimal" The animals sho*'ed no
increa^ged aversion to the experimentem or the experimental room as a result of this treatment:
those previously tamed remained friendlv" During the recording session. the animal rested on a
foam-rubber pad with its head held bp'a pletescrewed into the pedestal. It was respirated through
an endo-tracheal throat tube. with the respired (,'O, treing maintained at +'5oo. Temperature was
maintained *'ithin normal limits b1'rneans of a thermostaticallv controlled heating pad: the heart
rat€ w&s monitored throughout the experiment.

The e1"es were covered with eontact lenses: aceomodation was paralvsed and the natural pupil
dileted by epplying cvlopentolate hydrochloride (Cyclogl'l HCI). The animal was refracted tr1'
streak retinoscopy, corrective lenses u'ere used to focus the stimuli on the retina. and an artifieial
pupi l  was introduced (3mm for monkel ' .4mm for cat).  The eves $'ere immobil ized bv eontinuous
infusion of gallamine triethiodiode. Action potentials werp reeorded from area l7 neurones using
glass eoatcd pletinum-iridium micro-electrodes. The action potentials were amplified and converted
bv a window discriminator to standard pulses which werc fed into and anall'seri b1' an on-line \O\".{
1220 computer.

Asplay. Visual stimuli were displayed on a Tektronix 654 oscilloscope and werc digitallr'
generated line-by-line from a NOV.{ l20O computer. A table of luminanees to specifi"each pattern
was stored in the computer and sent to the D/A controlling scope luminance one line at a time.
synchronized to the rsst€r scan ofthe monitor. The pattern u'as drifted across the scope bl changing
the st&rting position in the stimulus array on each suecessive frame. To rotate the petterns. we
pleced the scope in a 56cm diameter steel drum which rested on rvheels. and rotated the u'hole
unit. The scope face was viewed through a circular eperturc in a large white screen maintained at
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Fig. l .  . .{  shows the distr ibution of luminance produced b1'summing the three harmonics
4F. 5F and 6F in eosine phase at amplitudes of 0.25. 0.5 and 0.25 respectively. The
modulation of the pattern varies periodicalll' (beats) *'ith a period equal to that of the
fundamental.  lF. as can be seen b1'comparing i t  $' i th I  which shows the luminance
distribution of the fundamental. lF.

roughly the same mean luminance level (2i'a cdlm'\.The aperture subtended I 8 degrees at the 57 cm
viewing distance used for cats. and 6 degrees for monkevs st & viewing distance of l72cm.

Ezperimental pruedure. Once the response of e oingle cell was.cleerly isolated. its receptive field
*'as located and centred on the displav scope. Its preferred orient&tion, direction of movement,
spatial frequencv, and temporal frequencv were approximately determined by listening to the spike
trains while van'ing these parameters. Bar stimuli werc then used to classifl' the cell as simple or
complex according to the criteria of Hubel & Wiesel (1962). On the basis of these preliminary
measunements. the responses of the cell to various spetial and temporal frequencies were
quantitativelv aseessed with the orientation and direetion of motion held constant at the optimum.
These measur€s provided us with the cell's spatial and temporal frequencv contrast sensitivitl'
function.

Upon completion of these preliminary experiments, we presented varying combinations of lF.
4F. 5F. and 6F to each of the fifty-three c.ells studied. Except for the relative locug on the spatial
frequencl' axis. we observed no clear differences between the somples of cells recorded fmm the
cst (thirt)'cells) and monke-v (twentv-three cells); we thus grouped them together. For cells tuned
to low spatial frequencies (twentv-four eells), the spatial harmonics werr chosen such that 1F was
near the peak of the spatial bandpass and the temporal harmonics were chosen such that thev all
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fell within the temporal bandpass. For cells tuned to high frequencies (t*'ent.r--nine cells). the spatial

harmonics were chosen such ihat .{F. 5F and 6F u'ere centred near the peak ofthe spatial bandpass

and the temporal harmonics all fell within the temporal bandpass" In general. each cell was tested

with the foltowing patterns presented in random orcier: (a) t F. (6 ) 4F. (c) 5F. (d) 6F' (e ) 4F + 5F + 6F'

l f )  tF+4F+bf ib f " (g )  lF+aF, ( i r )  IF+5F.There la t i veampl i tudesof th -e ind iv idua lcomponents
ir,'G p"tt"-s (€) to i/r1 inclusive were &s follows: (e) 0'25" 0'50. 0'25,_(/) 6"5. 0'12' o'25.0"12' (g

and n)'0.5, OS. Tire harmonics were added together in cosine pha^se. The various patterns were

eech presented at several contrast levels ranging from 2 to 20 oo where contts,st (for each individual

harmonic) is defined as (max - min)/(max + min).
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Fig. 2. :{ shows the spatial frequencl' tuning function for a cat striate simple eell as well

as"the locetion and relat ive "-pl i tud"" of the harmonics (1F. {F. 5F.6F) of the st imulus

us€d to test the cell in Experiment l. As can be seen. the eell has a bandpass eharacteristic

of sbout I octave and is tuned to relativelv low spatial frequencies' Since onll' the

fundamental firquencv component of the stimulus lies within the tuning curve of the cell'

iinear filter theory would predict that the cell should respond onll' to the fundamental

frequency. I sho\r's the temporal frequencl' tuning of the same cell as well as the location

and relative amplitudes of tire stimulus frequencies. Since the cell has a relativelv flat low

pass temporal tuning curve, alt of the temporal frequencl'components of the stimulus are

passed with little att€nustion.

Data analysis. Peristimulus time histograms (PSTH) averaged over twent)' to fortv repetitions

of eoch pe;odic stimulus were collected in 5msec time bins. From these averaged histograms an

on-line Fourier harmonic analysis was eomputed relstive to the fundamental temporal frequencl'

of the stimulus. The mean response rat€ (or DC) and the amplitudes and phases of the first six

harmonic components were printed out on-line.

RESULTS

The two primary stimulus conditions used in this study are shown in Fig. 1: l,

the sum of 4F+5F+6F (in eosine phase with relative amplitudes of 0'25,0'50 and

0'25), and B a single low spatial frcquency grating, 1F.
Experiment /. In the first experiment we asked whether cells tuned to low spatial

fiequencies would respond to the eomplex pattern composed of 4F, 5F and 6F (where

lF is the frequency to which that particular cell responded best). As shown in Fig.

1.4, the luminance profile of this pettern has an 'apparent' low frequency oscillation
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Fig. 3. rl shows the PSTH of the cell shown in Fig. 2 r'hen presented with the stimulus
sho*'n in Fig. 1.4 (that is.4F+5F+6F). As can be seen. the cel l  gives essential lv no
response to the high fiequencv harmonics even though the psttern has an 'apparent' Iow
fi.equencl' periodicitl' equal to the period of the cell's best spatial frcquencl'. I is a print-
out of the amplitude/phase of the first six harmonics of the response shown in .'1 sbove.
C shows the response of the same cell to the fundamental (lF) frequencl'. As is t1'pical
for simple eells. the cell produces a half-wave rectified discharge pattern which modulates
in s1'nchronl' with the input. The cell thus responds strongll'when presented with a 'real '

low frequency component within its bandpass. In D is the printout of response harmonics.
The lack of a maintained discharge prodgccs energ,r- in the higher harmonics a^s well as
in the fundamental.
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whose period is equal to the difference between the adjacent higher harmonies (in this

case the oscil lation is at the lowest common multiple. or 1F). The psvchophvsical

experiments of Henning e/ a/. suggested to them that lo*' frequenc\" channels in the

visual  system might  r ispond to the 'miss ing ' (vet 'perceptual iv  apparent ' )  lou '

frequenc;- periodicitv. If this were so. it would be a major (f irst order) non-linearit l '

of visual function: a linear spatial filter tuned to low frequencies would not be

expected to respond to this pattern. since it is composed of onlf iligh frequeneies

outside the bandpass of the filter.
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Fig.4. l .spatial frequency tuning function of a cat str iat€ simple eel l  in relat ion to the

rrlilrfu. fr"q"encies 1tF. if" Sf."Of't used to test the eell in Experiment 2 Since onll

It " t igir". ttrrmonics fall *'ithin the spatial bandpess" the]' alone should influence the cell's

;.p;;;. B. temporal frequencv tuning function for the .same cell and the location of the

stimulus fiequencies.

Fig" 2 shows the spatial frequeney tuning (21) and the temporal frequencl" tuning

(2-B) of a particular striate simple cell in cat which was tuned to lo*' spatial

frequencies. The location of the stimulus frequency components (l F, 4F. 5F. 6F)' I'ith

respect to the cell's sensitivitv range, are shown b1" the bars' Since the higher

harmonics (4. 5. 6) are all outside the spatial bandpass of this cell. linear filter theorl'

would predict that the cell would not respond to the pattern. The response (PSTH)

of this cell when presented with the high frequencv pa,tt€rn.4F+5F+6F is shown

in Fig" 3,{. As can be seen, this low frequency cell did not respond to the complex

periodic pattern composed only' of higher harmonics. Fourier analvsis of the eell's

response (shown in Fig. 3A) demonstrates that there were no responses at anv of the

higher harmonics (2F through 6F) nor did the cell show any response at the
'apparent'low frequency fundamental (lF). We tested a total of twentl'-four cells

tuned to low frequencies under similar conditions and found that not one cell

responded to this complex high freguencv grating pattern.

Fig. 3C shows the rcsponse (PSTH) of the same cell (described above) to a grating

of its best or cha,racteristic frequency (that is, 1F). The corresponding harmonic

analysis of the PSTH is shown in Fig. 3D. As can be seen from the responses in Fig'


