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A linear model fails to predict orientation selectivity of cells in
the cat visual cortex
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Postsynaptic potentials (PSPs) evoked by visual stimulation in simple cells in the cat visual

cortex were recorded using in vive whole-cell technique, Responses to small spots of” light

presented at different positions over the receptive ficld and vesponses to clongated bars of
different orientations centred on the receptive field were recorded.

2. To test whether a linear model can account tor orientation sclectivity of” cortical nearones,
rexponses to elongated bars were compared with responses predicted by alinear model trom
the receptive field map obtained tfrom flashing spots.

3. The linear model faithfully predicted the preferred orientation, but not the degree of

orientation selectivity or the sharpness of orientation tuning. The ratio of” optimal to non-

optimal responses was always underestimated by the imodel

4. Thus non-lincar mechanisms, which can include suppression of” non-optimal responses

and/or amplification of” optimal responses, are involved in the generation of orientation
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selectivity in the primary visual cortex.

Intormation processing in the cerebral cortex eritically
depends on the way excitatory and inhibitory synaptic
inputs are summed by single neurones to provide their
outpuls as action potentiads. Debate in this arca has tocused
on the operation of the simple cells of the manimalian visual
cortex. One fundamental question has been whether their
functional properties, such as orientation, direction and
spatial frequency selectivitios (Hubel & Wiesel, 1962 Ovban,
1984; Henry, Michalski, Wimborne & McCart, 1994), can he
adequately explained as the result of a linear summation of
their synaptic inputs (Movshon, Thompson & Tolhurst,
1978; Palmer, Jones & Stepnoski, 19915 DeAngelis, Ohzawa
& Freeman, 1993), or whether more complicated non-linear
processing takes place in the claborate dendritic tree (Dean,
Tolhurst & Wather, 1932; Reid, Soodak & Shapley, 1991
Tolhurst & Dean, 1991). However, these studies have been
based on extracellular vecordings of action potentials, and
thus did not directly address the nature of integration of
the subthreshold changes in membrane potential. The
introduction of the {1 vivo whole-cell recording technique

(Pei, Volgushev, Vidyasagar & Creutzieldt, 1991) has greatly
frcilitated  the study of postsynaptic potentials (PSPs)
evoked by visual stimulic [t has been demonstrated that
dircetion scleetivity can he explained by inear mechanisms
(Jagadeesh, Wheat & Ferster, 1993). In whole-cell recordings
tfrom cat primary visual cortex, we tound that the orientation
selectivity of the PSP responses to flashed bars could not be
predicted from the PRP responses to Hashed spots by a
lincar model. We propose that non-linear summation of
PSPy is essential for cortical orientation selectivity.

METHODS
PSPs from nearones in the primary visual cortex of adult cats were
vecorded using the i vieo whole-cell technique described in detail
clsewhere (Pei el al 19915 Volaushev, Peir Vidvasagar &
Creutzteldt, 1993 Pei, Vidvasagir, Volgushev & Creutzteldt,
1994), Briefly, adult eats bred in the animal house of the Max-
Planck-Institute for Biophysical Chemistry in Gittingen  were
anacsthetized  with  sodium  pentobarbitone  (35—40 my kg™
Nembutal e Sanoti, Ceva, Germany) or with ketamine hydro-
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chloride (25 mg ke™ Retanest 1. Parke-Davis, Berlin). Adequacy
of analgesia was tested by squeezing of the toes and pinching of the
pinna. During early stages of anaesthesia these noxious stimuli
produced retraction of the paw and noticeable changes in heart rate.
Surgery was started after these reactions disappeared and stable
anaesthesia was achieved. Sometimes this vequired additional doses
of the anacsthetic. After tracheal and venous cannulations and
bilateral cervieal sympathectomy, the animals were placed in o
stereotaxic trame, the <kull was exposed and a craniotomy (5 mm
diameter) was done over area 17 of the visual cortex centred at
P4/ (Horsley-Cluk). A brass-evlinder (diameter, 200mm) was
cemented over the opening. The hvdrwlically deiven micero-
clectrode holder (David Kopt” Instruments, Tajunga, CA; USA) was
mounted divectly onto the skull with serews and dental cement. Al
wound edees and pressare points were treated  with a loeal
anacsthetic (xvlocaine). Musdle relaxation with callumine -
cthiodide (Flaxedil; Davis & Geek, Pewrl River, XY, USNAY and
artificial respiration were started cither at this point, or carlier
during the sureery, when there were indications ol respiratory
depression which might be due to additional doses ol anaestheties.
Thereadter adequate anaesthesia was maintained by 1y sodium
(I-2mgke"hY) with a0 gas mixture of
NLO: O, 0, (T0:20-2:0:8) or with sodium
(34 me ke "h ) without

pentobarbitone

pentobarbitone
nitrous oxide. Wound  edges were
repeatedly (every 528 W) treated with xvlocaine. Kvery 223 h
adequacy of the anacsthesia was tested by looking tor changes in
heart rate, blood pressure or KEG while applying noxious stimuli.
Any oceasional changes sueh as desynehronized KRG were
inmiediately conntered by administering an additional bolus of
pentobarbitone (12 me ke ' v Y and by introducing nitrous oxide
in the gas mixture in the few instances when the cat was heing
maintained only on pentobarbitone, Paralysis was maintained by

o .
~h ) in Ringer

v infusion of callamine tricthiodide (8 my
solution. Fluid veplacenient was achioved by the intravenous
administration ol approximately 4 mlh ' o Ringer solation
containing 5% glucose, End-tidal CO, was adjusted to 3:5 40 %;
body temperature was maintained around 37 38°C Both these
parameters were continuously monitored . The KEG was recorded
using chlorided silver wires placed on the duara through small skull
openings and cemented. Blood pressure was measared regularly
using a non-invasive TPC monitor that amplificd photoclectrical v
detected tail pulses. The experiments usually fasted tor 20 4 days,
At the end of the experiment, the animals were Killed with an

overdose of sodium pentobarbitone,

The clectrodes used were made ona L/M-3P-A puller (List
Electronic, Darmstadt, Germany), and filled with a conventional
patch pipette solution: 130 mar potassium gluconate, & mar Nat ],
Oy EGTA, 10 my Hepes, Tt ATP, Ty Cally, 2 mw
MeClys pH 74 (KOH). They had a0 resistance of 27 ML,
Membrane potentials of recorded cotls were =30 to =60 m\V, with
imput resistances of =200 M Visual stimuali were presented on a
screen positioned ST e oin front of the animal, whose eves were
focused on the =creen using appropriate contact lenses. The
receptive feld was irst localized with 2 hand-held projector and
then receptive ield structure and  orientation tuning  were
investigated with computer-controlled stimuli. Test stimuli were
presented for O:0-1-5 5 with an interval of” 15 35 between
consequent stimuli. For receptive fiekd plots; we used squane Tight
stimuli that were -3 deg X 0-3 deg to 1:0 deg x 10 deg size, For
orientation tuning tests, bars of 0-3= 10 deg width and 1+5-8 deg

o

length were used. Backeround illumination was 05 10 ¢ m
. . C S . o
Unattenuated Juminance of light stimuli was 30 ¢d m™, but
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stimulus intensity was usually veduced 2—10 times. The matrix for
the receptive field plot (usually & x &, 25 pixels, with spot matching
the pixel size) was oriented to match the optimal orientation of the
cell. For testing ovientation tuning, the stimulus was usually
centred on the ‘on® excitatory zone. We use the terminology of "on’
and “oft” responses to mean PSP changes evoked by turning the
hight stimulus on and off] respectively. Excitatory responses are
depolarizations of the membrane potential and inhibitory responses
are hy perpolarizations of the membrane potential. An ‘o’ region
can show either excitation or inhibition, depending on whether
depolarization or by perpolarization was evoked by the stimulus at a
certain position. Similaly, an Coft” region can exhibit either
excitation or inhibition. Stimult ot different ortentations (or
locations) were presented in a semi-random order. Receptive fields
were classitied according to conventional eviteria (Orban, 1984). For
some cells ordinal position (presence or absence of a monosynaptic
thalamic inpit) was estimated according {o the lateney of response
to electrical stimutation in the lateral genmculate nueleus (Bullier &
Henry, 1979). Response strength was estimated as the integral area
of averaged PSPs within a window ol 20--50 ms that diflered from
the mean resting membrane potential by more than one standard
deviation. We were interested mainly in the early, short latency
responses, because these carly PRPs are most relevant for studying
the origin of” orientation selectivity, while later responses can he
moxstly due to intracorticad inputs, which are already orientation
selective (Douglas & Marting 1991 Nelson, Toth, Sheth & Sur,
1994: Douglas, Koch, Machowadd, Martin & Suarez, 1995). To
minimize the possible influence of intracortical recurrent inputs, a
window for measurements was usually positioned over the rising
phase of averaged PSP responses, partially covering the peak. In
some cells carly inhibitory responses could he distinguished and
measured  with an appropriately positioned  window. Ninee
cadeulated responses usually had Tonger latencies than measured
PSPs

difference, without changing their width. In some cases spikes were

, meastring windows were shitted to correet for the lateney
removed by software from individual traces betore averaging. The
computer algorithm searched for the spikes, then removed them
from the beginning to the end, and finally tinearly interpolated the
continuous signal trom the membrane potential betore and after the
spike. For o details of experimental protocol and caleulation of
predictions of the linear model, see Figs 1 and 2 and the related

text.

RESULTS
Our experimental approach is illustrated in Figs 1 and 2.
First, we plotted the receptive field with small spots of
light, tlashed at different positions within a region which
covered the receptive field. In the simple fivst-order cell
shown in Fig. 1,
(05 deg x 0-5 deg) flashed at the central pisels of” the
matrix (Mg, 14). No significant carly responses could be

EPSPs were evoked by small stimuli

evoked outside this region. The resulting receptive tield map
of this cell consisted of a single elongated excitatory region
{(Fig. 14). Second, we recorded the PSPs evoked by flashing
hars of ditferent orientations (Fig. 15). The bars were
usually centred on the excitatory zone of the receptive field.
Ax quantitative parameters of’ orientation selectivity, we
estimated the seleetivity index and tuning width. The
orientation selectivity index, £, was caleulated as the ratio
ol the difference hetween responses to the optimal and non-
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optimal orientations divided by their sum:
k = (optimal — non-optimal)/(optimal 4+ non-optimal).

The selectivity index can vary from 0 (no selectivity) to |
(maximal selectivity). For evaluation of the tuning width,
response amplitudes were plotted against stimulus orien-
tation and the halt-width of the curve at halt-height was
estimated. The responses and parameters of their tuning
mentioned so far will be referred to as ‘measured’. Third,
from the receptive ficld map we estimated responses of” the
cell to ortented bars, as predicted in a linear model that
assumes that the response to a tlashing bar can be obtained
trom the sum ot the responses to individual segments that
make up the bar (Fig. 2). Bars ot optimal and non-optimal
oricntations were composed of” five pixels positioned along
the respective receptive field axis (Fig. 24 and B). In the
more general case, to caleulate the predicted response at any
given orientation, a bar with the same dimensions as used in
the orientation tuning test was projected onto the 3 x5
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matrix and the measured responses to spots from positions
which were covered by the bar were multiplied by
corresponding coeflicients and summed (Fig. 2C'). Each
cocticient was the portion of the particular pixel of the
matrix that was covered by the bar (Fig. 2('). Responses to
all orientations tested were caleulated in this way. Then the
orientation  selectivity index and tuning width were
estimated for these responses. These responses and their
tuning will be referred to as ‘caleulated” or ‘predicted’.

The first-order simple cell in Fig. 3 had an elongated
receptive field (Fig. 34), and PSP responses evoked in this
cell by flashing bars showed marked dependenee on stimulus
oricntation (Fig. 35, continuous lines). Predicted responses
(Fig. 385, dashed lines) usually had a longer latency and a
At

measured FeSpPoONses

different time course than the measured responses.

optimal orientation (Iig. 35, 140 deg),

had almost returned to the baseline atter the first KPSP
hump, which lasted about 50 ms atter the lateney, while
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Figure 1. Experimental approach: stimulation protocols

The data e from atirst-order simple cell. A, receptive field plot. Responses evoked by a spot of light

(5 deg x 0-5 deg) lashed at each pixel of a 5 x & matrix were recorded. Averaged responses (v = 5)

evoked from central pixels; marked by asterisks in the inset, are shown. At the bottom is the receptive field

map. Response strength is coded by the density of the covering elements, B, measurement of” orientation

tuning. Postsynaptic potentials evoked by a flashed har (5 deg x 04 deg) of different orientations (inset)

were recorded. Averaged responses (n=3) to the optimal and non-optimal orientations are shown.

Orientation tuning curve tor this cell is shown at the bottom, Calibration is common for all traces in 4

and . In this and the following figures, the dotted line shows mean resting membrane potential (=43 mV

for this cell): the traces are averages of & sweeps and begin with stimulus *on', unless stated otherwise.
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predicted  responses staved well above the baseline. At
orientations other than optimal, measured responses had a
fast initial rise, and were rapidly attenuated within
5-10 ms after the lateney. In contrast, predicted responses
did not show clear attenuation and lasted for several tens of
millisceonds (Fig. 38). It was typical that both predicted
responses and measured PNPs had the same optimal
orientation, which corresponded to the long axis of the
receptive field. Further, the overall shape of the orientation
tuning curve was similar in both cases (Fie. 307, However,
caleulated responses were less selective than measured PSPs:
normalizing the aniplitudes of” caleulated  and measured
responses to the optimal orientation revealed an almost
twotold difference in responses to the non-optimal rangee of’
orientations. In accordance, the seleetivity index was higher
tor the measured responses (0463 rersus 0-45). Further, the
ealenlated tuning curve s clearly wider than the measured
curve (Kg. 307,

The receptive ficld ot the other first-order simple cell
consisted ot two elongated  exeitatory and inhibitory
regions, positioned one beside the other (IFig. 4.0). For the

A B

Optimai
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orientation tuning test, the bars were centred over the
excitatory region. The excitatory region was only mildly
clongated, but responses were clearly orientation selective,
and the optimal orientation for both measured and
ealenlated vesponses corresponded to the long receptive field
axis (55 deg for this cell; Fig. 4). As in the previous example,
responses predicted trom the receptive field map were much
less selective than measured PSPs. Caleulated responses
were shightly underestimated (v a factor of 1-4) at the
optimal - orientation ([Fig 48, 55 deg) and  signiticantly
overestimated  (by a factor oft 3-5) at the non-optimal
orientation  (Ifig. 473,
inhibitory response component, especially pronoanced at

145 deg). This cell had a clear

non-optimal orientations. The inhibitory responses of this cell
could he reasonably predieted by the model (Fig. 45 and (),

In wome cells, however, predicted  responses  differed
dramatically from those measured. The first-order simple
cell shown in Fig. 5 had only inhibitory off” responses o
the har stimuli, but the receptive field exhibited  hath
excitatory and inhibitory regions with small stimuli. In this

experiment. the stimuli tor the orientation tuning test were
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Figure 2. Experimental approach: calculation of the predicted responses

Ihsets show a bar superimposed on the matrix which was used for the receptive tield plot. Responses from

the pixels which were covered by the bar are shown, together with their co-ordinates within the matrix (to

the lett of each trace) and their coeflicients, which e portions of the pixel covered by the bar (to the right

ol each trace). These responses were multiplied by corvesponding coetlicients and summed to obtain the

predicted response, which is shown at the bottom, Optimally and non-optimally oriented bars are

composed of only 5 respective pixels cach (4 and B). Bars of other orientations are composed of a complex

mosaic of parts of many pixels (C). The data are fron the same cell as in Fig. 1.
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centred on the inhibitory zone. Inhibitory responses were
clearly underestimated in this cell by a linear model. The
measured inhibition was stronger and it could be evoked
over a wider range of orientations than was predicted from
the receptive field map (Fig. 58 and ('), In contrast
excitatory responses were greatly overestimated. Strong

)

excitation was predicted by the linear model at some
orientations, but no significant excitatory responses were
recorded at any orientation (Fig. 58 and (). The most
plausible explanation is that inhibition, which was apparent
only as moderate membrane hy perpolarization during the
receptive field plot, was, however, strong enough to eancel
excitatory responses to the har stimulation.

To compare varions  parameters of  the measured  and
predicted orientation tuning across the sample, we plotted
sealter diagrams, where cach cell ix represented by an
individual  point  with  the abseissa and  the  ordinate
corresponding to the predicted and the measured values,
respectively. Tn the seatter diagram for optimal orientation,

all points exeept one are located on the main diagonal
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(Fig. 64), which indicates that optimal orientation could be
predicted well by a linear model. However, the model could
predict neither the selectivity index nor the tuning width.
The selectivity index was svstematically underestimated:
almost all points in Fig. 65 are located above the main
diagonal, which indicates that predicted values were lower
than the actual values. Statistical comparison made for
cleven simple cells showed that this difference is highly
significant (12 < 0-001; ¢ test value, 3-87). This discrepancey
hetween measured and caleulated values arises largely from
the overestimation of responses to stimuli of non-optimal
orientations. A potential query in our estimation of the
selectivity index is the relatively fow density of sampling
during the receptive field plot. It the receptive field is
markedly non-homogencous within the central pixel (say,
occeupying only a tiny strip through the pixel centre), which
ix included in both optimally and non-optimally oriented
bars, then in cases when the bar width is less than a single
pixel, predicted responses Lo the optimal orientation could
be underestimated. To correct tor this potential error,

10 mV

50 ms

Figure 3. Comparison of measured responses and orientation tuning of a first-order simple cell
to the responses and tuning predicted from the receptive field map

A, receptive tield map. The test matriy was oriented 140 deg to the horizontal, Response strength is coded
, u 1 g

by the density of covering. Test stimuli were (45 deg x 005 deg spots Dashed for 1. B, superposition of’

2

teasured (continuous line) and predicted (dashed line) responses. Stimulus orientation is indicated at the

beginning of each pair of” traces. Test stimuli were 5 deg x 04 deg bars flashed for 1 s () orientation
tuning curves tor measured excitatory responses (O—0) and predicted excitatory responses (00- -[7).
Measwred and predicted tuning curves are sealed to facilitate the comparison.
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selectivity indices were recaleulated for all those cases (6 out
of 11) where bar width was 60-80% of the pixel size. The
weight of the central pixel (pixel coeflicient; see Fig. 2 and
related text) was set to 1 for the optimal orientation.
However, this procedure did not change the outcome:
recalculated selectivity indices were still lower than the
measured ones, and the difference  remained  highly
significant (£ << 0-005; ¢ test value, 3-33).

The tuning width was consistently overestimated by the
linear model: most of the pointsin Fig. 6" are located below
the main diagonal, indicating that the predicted value was
greater than the measweed one.

Additional experiments were pertormed to test whether a
lincar model overestimates non-optimal responses only in
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the receptive field centre or in other positions also.
Optimally or non-optimally oriented bars were flashed at
several positions along the two receptive field axes. The
receptive field was also plotted with small spots (as shown in
Fig. 14), and responses to the optimal and non-optimal
stimuli at the different positions were calculated as
explained carlier. The dimensions of” the receptive field
along both the optimal and non-optimal axes could be well
predicted (Fig, 74-1), as has been shown with extracellular
recordings. However, the linear prediction overestimated
the responses to non-optimal orientations at all locations,
leading to an underestimation of” the orientation selectivity.
This was true even when maximal responses to the optimal
and non-optimal orientations were considered irrespective of
position: in Fig. 75, most points are above the diagonal.

10 deg

100 deg

5 mV

50 ms

Figure 4. Comparison of measured and predicted responses in a first-order simple cell with a

pronounced inhibitory zone in the receptive field

Bars for orientation tuning test were cetitred on the exeitatory zone. A, receptive field map. The test matrix

was oriented 55 deg to the horizontal. The excitatory zone is shown with plus symbols (4); the inhibitory

zone s shown with minus symbols (=), Response strength is coded by the density of” the svmbols, Test

stimuli weve 045 deg x 005 deg spots lashed for 1s. B, superposition ol measured (continuous line) and

predicted (dashed line) responses. Stimulus orientation is indicated at the beginning of each pair of traces.

(", ovientation tuning curves for measured excitatory responses (O—0), measured nhibitory responses

(k—x), predicted excitatory responses {({0- -0) and predicted  inhibitory responses (- -X). Stronger

inhibitory responges are more negative. Measured and predicted tuning curves for excitatory responses are

sealed to facilitate the comparison. Test stimuli were 3 deg x -4 deg bars flashed for 1 s,
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Figure 5. Comparison of measured and predicted responses in a first-order simple cell evoked

with bars centred on the inhibitory zone of the receptive field

Conventions as in Fig. 4, but test matrix was oriented (4 deg to the horizontal, “oft” veceptive field and

responses are shown, and the tuning curves in (" are not scealed. Test stimuli were 025 deg x 0-5 deg spots

and O deg x 04 deg hars,
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Figure 6. Comparison of parameters of measured and predicted orientation tuning across the

sample

Measured values (ordinate) are plotted against values predicted by a linear receptive fleld maodel (abseissa).

A, optimal orientation. 3, selectivity index, caleulated as the ditterence between aptimal and non-optimal
responses divided Dy their sum. ¢ tuning width, caleulated as half-width at half-height of the tuning

curve. Data for 8 ‘on” and 3 ofl” responses of 9 simple cells (@) are shown. For comparison, data trom 2

>

complex Con®and *ofl” for both) and a simple-like hy percomples cell are also shown (¥).
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DISCUSSION
In our test of spatial summation of visually evoked PRPsin
cortical neurones, a lincar model ot the receptive field tailed
to predict two aspeets ot the responses: the shape of
mdividual responses and the sharpness of” the orientation
tuning.

Predicted responses never matched the measured ones in
amplitude and time course. A potential - eriticism in
predicting responses to ahar from: the veceptive tield map
obtained with small spots is that the receptive ficld may not
be homogencous within cach single pixel and the response
evoked by astimulus which covers acpart of the pixel may
not he proportional to the covered area. This could indeed

M Volgusher, T R. Vidyasagar and X. Pei
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be a problem for prediction of responses to oblique
orenfations, when a stimulus s composed  of  complex
mosale of” parts of many pixels. But this criticism is not
valid for optimal and non-optimal orientations since they
correspond to the axes of the matrix used for the receptive
ficld plot. However, the inability of a lincar model to predict
the shape of individual responses is not necessarily a
retlection of non-linearity of” spatial summation in the
cortex, but could be due to non-linear summation at mput
cells, for example, to centre—surround antagonism  in
receptive tields of lateral geniculate neurones. Tt should also
be noted that in some cases caleulated responses could he
fitted to the recorded PSPy by o combination of linear
transtormations (shitting along the time axis and amplitude
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Figure 7. Comparison of measured and predicted responses to bars of optimal and non-optimal
orientations at different locations within the receptive field

Aand B vepresent responses i the optinum orientation and (" and D in the non-optinim orientation.

Averazed (continnons line) and caleulated (dashed line) PSP responses of asimple cell to an optimally

orviented har (15 deg > 0-3 deg) Mashed at different positions. ) same as in o4, but for hars parallel to the

non-optimal axis. Lovation ol the test bar relativee to the veceptive field centre s indicated hetween 4 and €

Receptive field dimensions tor bars paaallel to the optimal and non-optimal orientations are shown in £
{optimal) and D (non-optimal), respectively. The measured (©- @) and predicted (O- -00) responses along

cach anis are shown normalized to the maximuam response among the two curves. K, seatter plat of

neasured selectivity indes agninsC that predicted by the Tinear receptive lield model. Selectivity mdex was

calenlated ax the difference between maximal vesponses to optimal and non-optimal orientations divided by

their sun. Maximal rexponses were taken irrespective of” the exact position ol the stimulus within the

receptive field. Data for 8 simple cells (3 on” and 6 ofl” responses, ™), one complex (fon” and “otf?

responses, &) and one simple-like by percomplex cell (£) are shown,
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scaling). But predicted responses to different orientations
alwavs required ditterent transtormations to it the data.
Theretore, the synaptic inputs are summed differenthy along
the optimal and non-optimal axes ot the receptive field.

Our data show that a lincar model of the receptive tield
(Hubel & Wiesel, 1962; Kerster, 1986; Chapman, Zahs &
Strvker, 1991) could predict only the optimum orientation
of a cortical simple cell, but not the degree of selectivity and
the sharpness ot tuning. The sclectivity was consistently
underestimated and the tuning width was overestimated.,
We have recently shown that the excitidory receptive field is
only mildly clongated (Pei e al. 1994), which might retlect
geniculate orientation biases (Vidvasagar & Urbas, 1982)
and /or convergence fron ashightly clongated row of fateral
eeniculate receptive fields. The tact that optimnm ortentation
could be consistentty predicted in the present experiment
indhicates that this mild elongation of the excitatory input s
indeed crucial in determining the optimum orientation of’
the cell. However, the dinad sharp tuning of PSPs; and
especially of spike discharges, clearly depends on some
additional mechanisms which introduce non-linearity in
spatial summation, either by suppressing non-optimal
responses and/or by amplitying the optimal. One important
tactor ix intra-cortical inhibition, which might be non-
spectfic (Vidyasagar, 19375 Bonds, 1939), or hiased towards
the orthogonal ortentation (Sillito, 1975; Morrone, Bure &
Madlel, 19827 Hegeelund & Moors, T983; Vidvasagar, 1987,
Voloushev ef af 1993 Pei el ol 1994). In either case it would
lead to the sharpening of tuning observed in striate eclls
(Vidyvasagar, 1937; Vidvasagar, Pei & Volgushey, 1996),
Non-linear effects of inhibition are hest ilustrated by those
vases where the inhibition that was seen only as o weak
hy perpolarization was nevertheless able to counteract a
strong excitatory drive (g, 5). Such non-linearity could
have two possible explanations. 1t could he either due to a
shunting inhibition or produced by an inhibitory cell {or
cells) with an optimal orientation orthogonal to that ot the
recorded nearone and requiring length summation for fiving.
Findings that suppression is often maximal at orientations
ditterent trom the optimal by 45 90 deg (Heggelund &
Moors, 1933, Volgushev ef al 1993 Pei ef af 1994) and that
summation of inhibitory inputs in rifro can he highly non-
linear (Hirseh, 1993) support this possibility.

A number of mechanisms may contribute to a positive
fredback that enhanees orientation scleetivity (Vidvasagar
ef al . 1996). Optimal responses may b enhaneed by voltage-
dependent channels that were shown to amplify KPSPs at
depolarized membiane potentials iv vitro (Huguenard,
Hamill & Prince. 1039), and mieht be responsible tor
increasing the amplitude of visuadly evoked responses with
depolarization  in

Creutzfeldt, 1992).
within an orientation column and between iso-orientation

vivo (Volgushev, Pei, Vidyasagar &
Intracortical excitatory  connections

columns could further amplity the responses to the optimal
orientation (Douglas & Martin, 19915 Nelson ef «l. 1994,

in orientation selectivity

605

Somers, Nelson & Sur, 1995; Douglas ¢f af. 1995). The same
effect could also be mediated by an excitatory cortico-
veniculate cireuitry (Sillito, Jones, Gerstein & West, 1994).

Thus, our experiments show that linear models that were
successful in predicting divection selectivity (Jagadeesh of afl.
1993) tail in the case of orientation selectivity. A possible
reason  for this diserepaney is that tests for direction
selectivity have compared responses to moving gratings
with those to stationary gratings (or long bars). In the intra-
cellular study ot Jagadeesh et ol (1993), the stimuli used
were different from ours in many respects, They were one-
dimensional in the space domain and narrow-band in the
temporal frequencey domain, while owr stimuli were two-
dimensional and wide-hand in the temporal frequeney
domain. Further, responses to moving stimuli depend a lot
on temporal summation,  which s not critical in - our
experimental situation. There s also the possibility thad
mechanisms contributing to orientation selectivity may
involve non-lincarities that may not he apparent when
testing directional selectivity to optimally ortented gratings.
It would be interesting to test whether the parameters of a
lincar model that need to be adjusted to prediet responses
to moving stimuli from responses to stationary stimuli e

the same for different orientations.

[o conclusion, our diveet test of a linear model Based on an
clongated excitatory receptive field (Hubel & Wiesel, 19625
Ferster, 19836; Chapman ef al 1991) showed that only the
optimum orientation of o cortical simple cell) but not the
degrec ol orientation selectivity and sharpness of tuning,
well. We that
mechanisms, such ax non-fineis suppression of” non-optinal

could  be  predicted Propose additional

responses and/or amplifieation ot optimal responses, are

involved in the generation of orientation selectivity in the
primary visual cortex.
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