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Abstract

C)ne s t r i k ing  t rans format ion  in  response proper l ies  tha t  occurs  in  the  gen icu lo -cor t i ca l  pa thway is  the
appearancc  o f 'a  h igh  degree o f  o r ien ta t ion  se lec t iv i t y  in  the  cor tex .  Th is  p ropcr ty  may be  conce ived as
ar is ing  pure ly  f ronr  the  exc i ta to ry  inputs  to  the  ce l l ,  as  be ing  s t ruc tu red  la rge ly  by  the  inh ib i t ion  a  cor t i ca l
ce l l  rece ives  or  cou ld  be  due to  a  combina t ion  o f  the  two.  We have s tud ied  the  cont r ibu t ions  o f  exc i ta to ry
and inh ib i to ry  inputs  to  cor t i ca l  ce l l s 'o r icn ta t ion  se lec t iv i t y  by  ana lyz ing  thc  pos tsynapt ic  po ten t ia ls  evoked
in cat str iate neuroncs by f lashing st imuli  ol dif t-erent orientat ions. We made these recordings using the
in vivo whole-cel l  technique (Xing Pei et al. ,  l99l),  which provides more stable and rel iable results than
classical intracel lular recording methods. Our results show that the cat str iate cortex exhibits a variety of
mechanisms to achieve orientat ion selectivi ty. Orientat ion selectivi ty ol '  a part icular cel l  can be created by
exc i ta to ry ,  by  inh ib i to ry ,  o r  by  a  combina t ion  o f  bo th  mechan isms.
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lntroduction

A number of dif ferent hypotheses regarding the neural basis ol '
the  or ien ta t ion  se lec t iv i t y  o l ' v isua l  cor t i ca l  ce l l s  have been
advanced (Hubel & Wiesel, 1962; Benevento et al. ,  l9 '72i Creutz-
ieldt et al. ,  1914; Shevelev et al. ,  1974; Si l l i to, 1975; Morrone
et  a l . ,  1982;  V idyasagar  &  He ide ,  1984;  l -eventha l ,  1985;
Vidyasagar, 1987; Eysel et al. ,  1990; Wcirgcit tcr & Koch, l99l).
Even though each of them is based on substantial experimen-
tal evidence, they can be assigned into three dif lerent groups

according to the role proposed f 'or excitat ion and inhibit ion:
relying exclusively on excitatory mechanisms, or on inhibitory
mechanisms, or on a combination of the two. The model of
excitatory convergence of the afferents ol a number of dorsal
lateral geniculate nucleus cel ls on to a single cort ical cel l  (Hubel

& Wiesel, 1962, 1965; Ferster, 1986; Ferster & .lagadeesh, 1992;
Chapman et al. ,  l99l) fal ls in the f irst category. The second
attr ibutes the selectivi ty to intracort ical inhibit ion acting on a
general ly orientat ion nonspecif ic excitatory input (Benevento

et al. ,  19'72; Creutzfeldt et al. ,  1974; Shevelev et al. ,  1974; Si l-
l i to ,  1975,  1984;  Mor rone e t  a l . ,  1982) .  The th i rd  g roup o f
schemes incorporates both an orientat ion bias in the excitatory
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i npu t  to  v isua l  cor t i ca l  ce l l s  as  we l l  as  in t racor t i ca l  inh ib i t ion
(Vidyasagar& Urbas, 1982; Levcnthal, 1985; Vidyasagar, 1987,
1992;  Fers te r  &  Koch,  1987;  Eyse l  e t  a l . ,  1990;  Worgc i t te r  &
Koch,  l99 l ) .  Each group o f  hypotheses  makes de f in i te  p red ic -
t ions regarding the postsynaptic potentials evoked in cort ical
cel ls when oriented st imuli  are f lashed on the receptive f ield.
To test these predict ions, we have done intracel lular recordings
from neurones in cat area l7 using in vivo whole-cel l  recording
techniques (Sakmann & Neher, 1983; Xing Pei et al. ,  1991) and
studied the orientat ion tuning of excitatory and inhibitory post-
synaptic potentials. Our results indicate that the orientat ion
selectivi ty in cat str iate cortex does not exclusively depend on
any one mechanism, but i l lustrat ive examples can be found for
al l  of the three groups of schemes. These data have been re-
ported in a prel iminary form (Volgushev et al. ,  1992b).

Methods

Experiments were done on adult cats (2.0-4.5 kg) bred in the
animal house of the Mar-Planck lnstitute for Biophysical Chem-
istry. Anesthesia was induced with ketamine hydrochloride i.m.
(Ketanest, Parke-Davis, Berl in, 25 mg,/kg i .m.) or with Nem-
butal (Sanofi ,  Ceva, 35-40 mglkg i .p.),  and maintained with
i.v. infusion of 3-4 mg/kg,/h pentobarbitone (Nembutal) with-
out nitrous oxide or with 1-2 mg/kg/h Nembutal and a gas
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mixture of 70Vo N2O plus 29.2V0 02 and 0.890 CO2. Muscle
relaxation was induced and maintained with gallamine trieth-
iodide (Flaxedil ,  Davis & Ceck, Pearl River, NY). End{idal
CO2, body temperature, and EKG were continually monitored.
The adequacy of the anesthesia was attested by the stable heart
rate and synchronized EEG waves at the doses we used.Ani-
mals and the cortex were in good condit ion f or 2-3 days. Appli-
cation of the techniques used for patch-clamp recordings in vitro
(Sakmann & Neher, 1983; Edwards et al. ,  1989) helped us to
achieve stable and reliable recordings of postsynaptic potentials
(PSPs) from neurones in the primary visual cortex in vivo. \Ne

used electrodes similar to those used for single-channel record-
ing  (Sakmann & Neher ,  1983) ,  w i th  a  t ip  d iameter  o f  l -3  pm,
pul led with a Patch-Clamp Pipette Puller L,zM-3P-A (David
Kopf ) .  The i r  res is tance was2- '7  MO when f i l l ed  w i th  a  conven-
t ional patch pipette solut ion (Edrvards et al. ,  1989): 130 mM
K-g luconate ;  5  mM NaCl ;  l0  mM EGTA;  l0  mM HEPES;
I  mM ATP;  I  mM CaCl2 ;  2  mM MgCl2 ;  pH 7 .4  (KOH)  (a l t
drugs: Sigma C-hemie GmbH, Deisenhofen). An electrode holder
through which posit ive or negative pressures could be applied
(Hami l l  e t  a l . ,  I98 l )  was  connected  to  n  hydrau l i c  mic rodr iver
(Dav id  Kopf )  tha t  was  mounted on  the  sku l l .  On ga in ing  access
to  the  in te r io r  o f  a  ce l l  ( lo r  de ta i l s  see  X ing  Pe i  e t  a l . ,  l99 l ) ,
stable recordings could be maintained over several hours with
membrane potentials of usually -30 to -60 mV and cel l  resis-
tances of 40-200 MO. Only occasional ly were membrane poten-
t ials more negative than -60 mV. These values are in the range
reported for visual cortical cells in vlvo (Creutzfeldt et al., 1974;.
Douglas et al. ,  l99l;  Ferster & Jagadeesh, 1992). Further detai ls
of the experimental procedure and discussion of our recording
s i tua t ion  are  pub l i shed e lsewhere  (X ing  Pe i  e t  a l . ,  l99 l ) .

Visual st intul i  from a projector werc presented using a conr-
puter (PC 386) on a screen posit ioned 57 cm in front of the ani-
mal, whose eyes were focused on the scrccn using appropl iate
hard contact lenses. Pupils were di lated by atropine and art i f i -
cial pupi ls (3 mm in diameter) were used. Orientat ion of the
stimuli  or their posit ion on the screen was changed in pseudo-
random order. Receptive f ields were classif ied according to
convent iona l  c r i te r ia .  Th is  was done l i rs t  w i th  the  he lp  o l '  a
hand-held projector and then the classif icat ion rvas checked dur-
ing off- l ine analysis from the data col lected with computer-
control led visual st imuli .  Receptive-f ield prof i les were plotted
from responses to an optimally oriented bar f lashed at I  l  posi-

t ions along the receptive f ield, or to a small  spot (0.5 x 0.5 deg
or  l  x  1  deg)  f lashed in  25  pos i t ions  o f  a5  x  5  mat r ix .  ON and
OFF zones were estimated as areas, where a postsynaptic poten-
t ial  was evoked by st imulus onset or of lset. For test ing orien-
ta t ion  tun ing ,  the  s t imu lus  was centered  on  the  ON-exc i ta to ry
zone. Ir-r some cases, responses to visual st imuli  were recorded
during the application of hyperpolarizing or depolarizing in-
t race l lu la r  cur ren ts  (0 .1 -1 .3  nA) .  Ord ina l  pos i t ion  o f  the  ce l l
was estimated according to the latency of response to electr ical
st imulat ion of the lateral geniculate nucleus (LCN) (0.1 ms,
0.3-3.0 mA). Cells with latencies shorter than 2.0 ms were taken
to be monosynaptical ly act ivated from the LGN (Bull ier &
Henry ,  1979) .

Results

We obtained rel iable and stable whole-cel l  voltage recordings
from72 cel ls in area l '7. Twenty of these were tested by f lash-
ing bars of dif ferent orientat ions on the center of the receptive
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field and in all but one significant PSPs could be evoked by these
stimuli .

Forty-five percent of the cells (9/20; five simple, three com-
plex, and one simple-like hypercomplex cell) exhibited excitatory
postsynaptic potentials (EPSPs) that were already well  tuned
to the optimum orientation shown by the spike discharges. There
were  no  s ign i f i can t  inh ib i to ry  pos tsynapt ic  po ten t ia ls  ( IPSPs)
in the nonoptimum orientat ion. EPSPs were either not seen or
weak in the nonoptimum orientat ion. As "nonoptimal" we con-
sidered the orientat ion which evoked the weakest excitat ion, i f
any, and dif fered from the optimal by 90 deg or 67 deg.

The two complex cel ls in Fig. l  both show sharply tuned
EPSPs. A cel l  shown in Figs. lA-lC responded rvel l  to an opti-
mally oriented st imuli ,  sometimes even with a burst of spikes
(F ig .  lA ,  upper ) .  Nonopt in ra l l y  o r ien ted  bar  f lashed in  the
receptive-f ield center of this cel l  fai led to evoke any response
(Fig. lA, lower). Excitatory input to this cell was already sharply
tuned to orientation (Fig. I B), and was much sharper than could
be expected from the geometry of i ts excitatory receptive-f ield
profi le (Fig. lC). However, this is not surprising as this cel l  was
not monosynaptical ly driven from the LCN. The other cel l  had
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l ig .  l .  Or ientat ion sensi t iv i ty  der ived largely f rom exci tatory inputs.
Two complex cel ls ,  wi th (D-F) and wi thout  (A C) d i rect  input  f rom
the  LGN a rc  shown .  A ,D :  PSPs  evoked  by  a  ba r  f l a shed  ( l  s  ON,2  s
OFF) on the reccpt ive- f ie ld center  in opt imal  (upper)  and nonopt imal
( lower)  or ientat ions.  In A,  responses for  f ive presentat ions are super-
imposed. In D, averaged responscs (N: 5)  o l 'another cel l  are shown
l i r r  opt imal  (upper)  ant i  nonopt imal  ( lower)  or ientat ions.  The t ime scale
(absc i ssa )  s t a r t s  w i t h  s t imu lus  on .  t s , 8 :  O r i en ta t i on  t un ing  o f  PSPs .
Abscissa: Orientaticrn ol flashed bar. Ordinate: Response strength, nor-
mal ized to maximurr i .  For th is and l 'o l lowing tuning curves,  response

strength was est imated wi th in a certa in temporal  interval  (window) as
the integral  area of  averaged PSP which di f fered f rom the mean rest-
ing membrane potent ia l  by more than one standard deviat ion.  Read-
ings made just  before cach st imulus were used to calculate mean rest ing
potent ia l  and i ts  standard deviat ion.  Window for  measur ing response
strength in A was 35-75 nrs and in B was 45-65 ms. Rest ing potent ia ls

were -50 + 2.6 mV (A,  dot ted l ine and arrowheads) and -30 + I .65
mV (D, dot ted t ine).  C,F:  ON region of  recept ive f ie ld g iv ing exci tator l ,
responses when plot ted wi th a 0.5 x 0.5-deg spot .  Opr imal  or ientat ion
is shown by the l ine through the recept ive f ie ld.  OFF region was over-
lapping the ON region for both cells. Latencies to LGN stimulation were
5.8 ms (cel l  A-C) and 1.8 ms (cel l  D-F).
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Orientation selectivity oJ postsynaptic potentials

a latency of 1.8 ms to LGN stimulat ion and thus driven mono-
synaptical ly (Hoffmann & Stone, 1971; Bul l ier & Henry, 1979).
Strongest responses were evoked in this cel l  by st imuli  whose
orientation coincided with the long axis of the excitatory recep-
t ive f ield. Other orientat ions evoked weaker, but clearly dist in-
guishable responses. We also recorded from a monosynaptically
driven simple cel l  which showed PSP responses l ike those in
Fig. l  Fi l teen percent of cel ls (3,/20) rvere monosynaptical ly
dr iven ,  and be longed to  th is  g roup.

Fig. 2 shows a cel l  rvhose EPSPs were very broadly tuned
to orientat ion, and whose selectivi ty was largely due to i ts inhib-
i tory input. This cel l  had a simple receptive f ield and was mono-
synaptical ly driven from the LGN (latency 2.0). Optimally
oriented st imuli  evoked in the cel l  a strong excitatory response
always leading to a burst of spikes. With nonoptimal orienta-
t ion, some init ial  excitat ion can also be dist inguished, but i t  was
sharply cutoff and did not evoke spikes. This suggests that inhi-
b i t ion  may be  ac t iva ted  by  nonopt ima l ly  o r ien ted  s t imu l i .
Indeed, on applying a hyperpolarizing current that suppresses
spikes and reduces or removes the ef lects of the IPSPs, there
is  l i t t le  d i l fe rence be t rveen the  l i r s t  burs t  o l 'EPSPs cvokcd by
the  op t ima l  and nonopt i rna l  o r ien ta t ions  (F ig .  2B) .  There fore .
both optimal and nonoptimal orientat ions produced nearly thc
same excitatory input to the cel l ,  but inhibit ion seems to pre-
vent the development of excitatory response to nonoptimally
or ien ted  s t imu l i .  l t  shou ld  be  no ted  here  tha t  some inh ib i t ion
might  be  present  a lso  be tween the  two burs ts  evokcd by  op t i -
ma l ly  o r ien ted  s t imu l i .  Bu t  th is  i s  l i ke ly  to  be  la rge ly  recur ren t
inh ib i t ion  s ince  i t  was  s t ronger  when the  number  o f  d ischarges
in  the  f i rs t  burs t  was  grca tc r  and thus  cont r ibu t ing  l i t t le  to  the
orientat ion selectivi ty of the f irst bulsl.  Anolher interesting point
to note is that the sccond excitatory component of the response
(around 120-150 ms) ,  rvh ich  was no t  a f fec ted  by  the  hyperpo-
larization and although of :r  cort ical origin, had the sarne ori-
cntat ion prel 'erence as the f irst excitatory burst.
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Ten percent of the cells (2/20; one simple and one com-
plex, both monosynaptically driven from the LGN) had an excit-
atory input that was either nonoriented or only poorly tuned
to orientat ion but with a tuned inhibitory input. Cells of this
type support the inhibitory scheme of orientat ion selectivi ty
(Benevento et al., 1972: Creutzfeldt et al., 1974:' Shevelev et al.,
1974;  S i l l i to ,  1975,  1984) .

Fig. 3 provides an example of a cel l  in which both excitatory
and inhibitory inputs were responsible tbr the f inal orientat ion
selectivi ty. In this simple cel l  with a direct monosynaptic drive
from the LCN, EPSP ampli tudes are highest at the optimal ori-
entat ion. Primary IPSP ampli tudes (defined as those occurring
within 75 ms) appear to be weakest at this orientat ion and at
the orthogonal orientat ion they are most pronounced. The late
inhibit ion, measured after 100 ms, however, could be strong
even at the optimal orientation. But excitation and primary inhi-
bit ion are tuned to quite dif ferent, almost orthogonal, orienta-
t ions. From this data, i t  is not possible to assess with certainty
the  tun ing  o f  EPSPs,  wh ich  migh t  in  fac t  be  much broader  i l
the  s t rong c ross-or ien ta t ion  inh ib i t ion  can be  e l im ina ted .

Forty percent of the cel ls (8/20, f ive simple, one complex,
and two simple-l ike hypercomplex; four of these cel ls were f irst
order) exhibited primary inhibit ion, which was tuned to an ori-
entat ion quite dif ferent frorn the optimum orientat ion oi the
EPSPs.  Th is  g roup o f  ce l l s  suppor ts  the  scheme where  bo th
excitatory and inhibitory inputs contr ibute to the f inal orienta-
t ion selectivi ty of '  the cort ical cel l  (Vidyasagar, 1987, 1992; Fer-
s tc r&Koch,  1987;  Eyse l  e ta l . ,  1990;  Wc i rgo t te r&Koch,  l99 l ) .

l ) iscussion

Two main conclusions nrzry be drawn from our data. First,  both
exc i ta to ry  and pr i rnary  inh ib i to ry  input  to  the  ce l l  can  be  or i -
cntat ion selective. Second, i l 'both of ' them are orientat ion selec-
t ive, then they have dif f 'erent "preferred" orientat ions. Marirnal
cxcitat ion and strongest inhibit ion are most often evoked by
stimuli  of di l ferent orientat ions. Therefore, orientat ion selec-
t ivi ty of a part icular cel l  might be created by excitatory mecha-
nisms, by inhibitory mechanisms, or by a combination of both.
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Fig.3.  Or ientat ion sensi t iv i ty  der ived f rom both exci tatory and in-
hib i tory inputs in a s imple cel l .  A:  Averaged PSPs evoked in the cel l
by st imul i  of  opt imal  (upper) ,  45 deg to opt imal  (middle)  and non-
opt imal  ( lower)  or ientat ions.  Rest ing membrane potent ia l  of  th is cel l
was -30 + 0.83 mV. B:  Prof i le of  ON region of  recept ive f ie ld.  C:  Or i -
entation tuning of excitatory (circles) and primary inhibitory (asterisks)

PSPs, both measured wi th in a window 50-75 ms. Convent ions are as
i n  F i g .  l .

A no current B :'ffi-"tlrff c,4
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l ' ig .  2.  Or ientat ion sensi t iv i ty  der ived largely f rom inhib i tory inputs in
a s i rnple cel l .  A:  PSPs evoked in the cel l  by st imul i  of  opt imal  (upper

l races) and nonopt imal  (middle t races) or ientat ions.  Traces at  the bot-
tonl  are averaged responses in the opt imurn (sol id l ine)  and nonopr i -
mum (broken line) orientations. Resting membrane potential of this cell
was -35 + 1.2 mV. B:  Responses to the same st imul i  as in A,  but  rv i th
0.3 nA of hyperpolarizing current. Strength of the current was adjusted
to the threshold value when no more hyperpolarization could be evoked
by stimulating the inhibitory zone of the receptive field. Under these
condi t ions,  the PSPs evoked in the two or ientat ions are very s imi lar .
C:  Prof i le of  ON region of  the recept ive f ie ld.  D:  Or ientat ion tuning
of  the PSPs, measured wirh in a window 25-70 ms. Latency to LCN
st imulat ion was 2.0 ms. Convent ions are as in Pie.  1.
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We estimated orientation selectivity from the early, primary

components of a cel l 's response. Thus, we considered as "pri-
mary," events occurring within a latency comparable to that of
the spike response (within 5-10 ms), with some of them obvi-
ously affecting the spikes. Other excitatory and inhibitory influ-
ences, occurring after another 30-50 ms or later, were not
considered here. They might contr ibute, for example, to direc-
t ional select ivi ty of a cel l .

The majori ty ol neurones in our sample have orientat ion-
dependent excitatory inputs, as can be concluded from orien-
tat ion dependence of excitatory PSPs. The tuned excitatory
input is l ikely to be due to excitatory convergence as proposed

by Hubel and Wiesel (1962, 1965) and/or due to a biased genic-

u la te  input  (V idyasagar  &  Urbas ,  1982;  Leventha l ,  1985;
Vidyasagar, 1987, 1992). l t  provides a major framework for the
orientat ion selectivi ty in the visual cortex and evidence for the
excitatory models of orientat ion selectivi ty. However, a pure

excitatory mechanism, without part icipation of inhibit ion, seems
to be more characterist ic of the second-order than of the f irst-
order cel ls. At least al l  cel ls with a disynaptic or polysynaptic

input from the LGN belonged to this category. Among second-
order cel ls, therefore, orientat ion selectivi ty was achieved by an
exc i ta to ry  input  tuned to  o r ien ta t ion ,  w i th  inh ib i t ion  p lay ing

no par t .  On the  o ther  hand,  in  on ly  a  minor i ty  o f  f i r s t -o rder
ce l l s  ( la tency  o f '2 .0  ms or  less) ,  we fa i l  to  see inh ib i to ry  po ten-

t ia ls  assoc ia ted  w i th  s t imu l i  o f 'nonopt ima l  o r ien ta t ion .  The i r
excitatory inputs may be tuned either due to an excitatory con-
vergence from LGN afferents (Hubel & Wicsel, 1962, 1965;
Chapman e t  a l . ,  l99 l )  o r  due to  inputs  l ' rom an LCiN f ie ld
already biased for orientat ion (Vidyasagar, 1987). However, i f
the inputs were only biased for orientat ion l ike single LCN cel ls,
then the sharp orientat ion tuning and highly elongated recep-
t ive f ields can be explained only by assuming an inhibitory input
tha t  i s  o fa  shunt ing  na ture  (Koch & Pogg io ,  1985)  and no t  v is -

ib le  in  soma record ings  as  IPSPs (V idyasagar ,  1987) .  l f  indeed
shunting inhibit ion does not operate in the cat str iate cortex as
it  has been suggested in some papers (Douglas et al. ,  1988, l99l;
Berman e t  a l . ,  l99 l ;  Fers te r  & . lagadeesh,  1992) ,  then ce l l s  such
as these provide support for an excitatory convergence of the
type proposed by  Hube l  and Wiese l  (1962,  1965) .

Or ien ta t ion  se lec t iv i t y  o f  the  inh ib i to ry  input  to  a  number
of '  cel ls in our sample and the cross-orientat ion nature of pri-

mary inhibit ion support the schemes thal rely on inhibitory
mechanisms of orientat ion selectivi ty (Benevento et al. ,  1972;
Creutzfeldt et al. ,  l9 '74; Shevelev et al. ,  1914; Si l l i to, 1975, 1984;
Mor rone e t  a l . ,  1982;  V idyasagar  &  He ide ,  1984;  Koch & Pog-
gio, 1985; Eysel et al. ,  1990), showing that inhibit ion often shar-
pens, and sometimes even creates, the orientat ion selectivi ty ol
the cel l .  For example, the excitatory input the cel l  in Fig. 2
receives is almost equal during st imulat ion by st imuli  of either
optimal or nonoptimal orientat ion, as seen in the similari ty of
evoked responses when effects of inhibit ion on the membrane
potential were removed by hyperpolarization of the cel l .  There-
fore, orientat ion selectivi ty of this cel l  in the normal, nonpolar-
ized state could have been created only by inhibit ion, that
prevents the development of excitatory response to nonoptimal
st imuli ,  leading to spikes. However, such a situation, where the
excitatory input to the cel l  was not tuned to orientat ion at al l ,
was not very common in our sample. More often, excitat ion
and inhibition complemented one another, with inhibition shar-
pening orientation selectivity already present in the excitatory
inout. In such a case. inhibit ion and excitat ion would be tuned
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to (i.e. maximal at) different orientations. We did indeed find
that primary inhibit ion, when apparent, was tuned to orienta-
tion different by 45-90 deg from the optimal for excitation.

The dif ference in the effects of removal of GABAergic inhi-
bition on orientation selectivity of simple and complex cells (Sil-
l i to, 1975, 1984) suggests that inhibitory mechanisms may be
more important for orientat ion selectivi ty of simple cel ls. But
we found no significant correlation between the presence of pri-

mary orientat ion-selective inhibit ion and receptive-f ield type,
as was also found in another study (Eysel et al. ,  1990).

Contrary to recent reports based on responses to moving
stimuli  (Ferster, 1986; Douglas et al. ,  1988; Ferster & Jagadeesh,
l992), we have found primary inhibit ion contr ibuting to orien-
tat ion selectivi ty in at least half  of the cel ls in cortex, and among
first-order cel ls, the percentage is even higher (6/9 cel ls, 6690).
This discrepancy is l ikely to be related to our use of f lashing
stimuli, which avoids the successive activation of different zones
of the receptive f ield as well  as intracort ical interactions induced
by moving st imuli .  Flashing st imuli  permit the analysis of indi-
vidual temporal components of responses evoked from a specific
region ol the receptive f ield.

In conclusion, orientat ion selectivi ty of str iate cort ical neu-
rons primari ly arises from the balance of excitatory and inhibi-
tory inf luences on the cel l ,  and can be enhanced by ampli f icat ion
of the resultant excitat ion by intracort ical circuitry (Douglas

et al.  ,  I  99 I )  or by the involvement of voltage-dependent chan-
nels (Volgushev et al. ,  1992a). Thus, the cat str iate cortex exhib-
i ts a variety of mechanisms to achieve orientat ion selectivi ty.
ln a part icular cel l ,  or ientat ion selectivi ty can be generated by
purely excitatory mechanisms, largely by inhibitory mechanisms,
or  by  a  combina t ion  o f  the  two.
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