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Abstract

We eva lua ted  the  dynamic  aspec ts  o { '  the  or ien ta t ion  tun ing  o f '  the  input  to  ca t  v isua l  cor t i ca l  neurons  by
ana lyz ing  the  pos tsynapt ic  po ten t ia ls  (PSPs)  evokcd by  f lash ing  bars  o l ' l i gh t .  The PSPs were  recorded us ing
in  v iv t . t  who le-ce l l  techn ique,  and we ana lyzed the  or icn ta l ion  lun ing  dur ing  subsequent  tempora l  rv indows
af te r  s t in ru lus  onset  and o l ' l ' sc t .  C)ur  resu l ts  shorv  tha t  the  ampl i tudes  o l -  thc  pos lsyua l r t i c  po ten t ia l  a rc
re l iab ly  tuned to  o r ien t : r t ion  and match ing  tha t  o l ' the  sp ike  responscs  on l l ' dur ing  ccr ta in  tempora l
w indows.  Dur ing  the  l i r s t  100 ms a f te r  s t imu lus  nrc 'sen ta t i ( )n ,  o r ien ta t ion  tun ing  o f  the  membranc  po ten t ia l
underwent  regu la r  changes.  Wi th in  par t i c r . r la r  in tc rva ls ,  o r ien ta t ion  tun ing  o f  the  input  was  muc l t  sharpcr
than tha t  es t imated  accord ing  to  the  who lc  rcsponse.  In  most  cc l l s ,  op t ima l  o r icn ta t ion  was usua l ly  s tab le
ovcr  the  who le  per iod .  In  severa l  cc l l s  wh ich  had a  sccond hur r rp  o l 'EPSPs in  lhe  responsc ,  th is  sccond
hump was tuned tc ' r  the  sanrc  o r ien ta t ion  as  thc  l ' i r s l  one,  bu t  a l ,uvays  showed shary rc r  tun ing .  Es t i r ra t ion  o f '
the  in tegra t ion  t ime revea led  su l ' t ' i c ien t  de lay  bc lu 'cen  thc  appt -a rancc  o l 'EPSPs ar rd  sp ikes ,  to  le t  inh i t r i t ion
in f ' lucnce sp ike  gent ' ra t ion .  Thcsc  rcsu l ts  show tha t  o r icn ta t i t ' rn  sc lec t i v i t y  o l ' the  input  to  cor t i c . r l  ce l l s  i s : r
dynamic  {unc t ion ,  and a lso  ind ica te  thc  poss ib i l i t y  o l ' t cnrpora l  cod ing  in  thc  v is r , ra l  sys tem.

Keyw<rrds: Cat visual cortex, In vivo wholc-cel l  recording, (Jr icntat ion selectivi ty, Ternporal coding

In t roduc t ion

Single cel ls in the primary visual cortex arc prcsumed to oper-
ate as feature detectors, I 'or instance as dctcctors of the orien-
ta t ion  o f  the  contours  o f  ob jec ts .  The main  coc l ing  pr inc ip lc  in
such a  sys tcm wou ld  be  a  pos i t iona l  coc le ,  rvhen cc l l  f  i r ing  s ig -
na ls  the  presence o f  an  ob jec t  w i th  par t i cu la r  p roper t ies  w i th in
the  recept ive  f ie ld .  In t roduc t ion  o f  the  te rnpora l  parameters  o f
the response as an addit ional variable would al low a signif icant
increase of the capacity of the coding systcm. There are indeed
indications for the possibi l i ty of exploit ing a spatio-temporal
coding process from studies of the temporal organization of the
spatial response profi les of cel ls. I t  has been shown that recep-
t ive-f ield structure (Palmer & Davis, l98l;  Shevelev et al. ,  1982,
1992) and orientation selectivity (Shevelev & Sharaev, 1981; Best
et al. ,  1989; Shevelev et al. ,  1993; Celebrini et al. ,  1993) of visual
cortical neurons are not fixed and stable over time, but undergo
regular and consistent changes during the development of the
response, in the range of tens of mil l iseconds. These reports on
the dynamics of orientat ion tuning and receptive-f ield structure

Reprint  requests to:  M.Volgushev,  Max-Planck- lnst i tute for  Brain
Research,  Deutschordenstr .  46,  60528 Frankfur t /M.,  Cermany.

were based on evaluations of '  c-xtracel lularly recorded spike
responses ,  wh ich  are  a  r l casure  o f  the  ou tpu t  o f ' the  ce l l .  Any
spat io - tcmpora l  o rgan iza t ion  o f  the  rcsponse occur r ing  a t  the
lcvel of the nterrbrane potential prior to reaching the action
potential threshold cannot be tappecl by'extracel lular recordings.

ln the prcscnt study, we have investigated the dynaniic prop-
er t ies  o f  the  or ien ta t ion  tun ing  o f  the  inputs  to  v isua l  cor t i ca l
ncurons. We recorded visual ly evoked postsynaptic potentials
us ing  an  in  v ivo  who le-ce l l  techn ique (Pe i  e t  a l . ,  l99 la )  and
applied to these responses a temporal sl ice analysis (Shevelev
& Sharaev ,  198 l ) .  We ana lyzed lhe  or ien ta t ion  tun ing  dur ing
subscquent  tempora l  rv indows a f te r  s t imu lus  onset  and o l fse t .
Our results show that the an"rpl i tudes of the postsynaptic poten-
t ial  is rel iably tuned to orientat ion and matching that of the spike
responses only transiently. During most of the early 100 ms after
st imulus presentation, orientat ion tuning of the membrane
potential underrvent regular changes.

These results have important inrpl icat ions for the neuronal
mechanism of orientat ion selectivi ty as rvel l  as for .spatio-
temporal coding of sensory information. A brief account of
these dynamic changes was included in our earl ier paper on the
receptive-f ield structure of postsynaptic potentials (Pei et al. ,
1994).
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Methods

Experimental procedures were the same as previously described
(Pei et al. ,  l99la; Volgushev et al. ,  1993; Pei et al. ,  1994). Exper-
iments were done on adult cats (2.0-4.5 kg) bred in the animal
house of the Max-Planck-Inst i tute for Biophysical Chemistry.
Anesthes ia  was induced w i th  Ketamine hydroch lo r ide  i .m.
(Ketanes t ,  Parke-Dav is ,  Ber l in ,  25  nrg ,zkg  i .m. )  o r  w i th  Nem-
buta l  (Sanof i ,  Ceva,  35-40  mg/kg  i .p . ) ,  and main ta ined w i th
i .v .  in fus ion  o f  3 -4  mg, /kg , /h  pentobarb i tone (Nembuta l )  w i th -
out nitrous oxide or with I  2 rng,/kg,zh Nembutal and :r gas mix-
tu re  o f  70Vo N2O p lus  29 .20 lo  O2 and 0 .80 /o  COz.  Musc le
re laxa t ion  was induced and nra in ta ined w i th  ga l lamine t r ie th -
iod ide  (F laxed i l ,  Dav is  &  Ceck ,  Pear l  R iver ,  NY) .  End- t ida l
CO2, body temperature and electrocardiogrant were continu-
al ly monitored. The adequacy o1'the anesthesia was attested by
the stable heart rate and synchronized EEC'i waves at thc doscs
rve  used.  Thc  gener : r l  s ta te  o l ' th r -  an ima l ,  the  eyes ,  and thc  cor -
le \  were  in  good cond i t ion  l 'o r '2 -3  c lays .  Pos tsynapt ic  po tcn-

t ials l}om neurons in the prinrary'  r ' isuit l  cortex werc recorded
us ing  ln  v ivo  who le-cc l l  techn ique (Pe i  c t  a l . ,  1991,  1994;  Vo l -
gushev  e t  a l . ,  l99 la ,  1993;  Fers te r  &  Jagadeesh,  1992) .  We used
e lec t rodes  s imi la r  to  those used to r  s ing le -channe l  record ing
(Sakmann & Neher, 1983), rvi th a t ip diameter ol- l -3 pm, pul lcd

wi th  a  pa tch-c lamp p ipe t te  pu l l c r  L /M-3P-A (Dav id  Kopt '
lns t ruments ,  Tu jun ja ,  CA) .  Thc i r  res is tance was 2  7  MO when
I ' i l l cd  w i th  a  convent iona l  pa tch  p ipe t te  so lu t ion  (Edwards  e t  a l . ,
1989) :  130 mM K-g luconate ;  5  rnN ' l  NaCl ;  l0  mM ECTA;  l0  mN4
HEPES;  I  mM ATP;  I  n rM CaCls ;  and 2  mM MgCl . ;  pH 7 . ; l
(KOH) .  An c lcc t rodc  ho lder  th lough rvh ich  pos i t i vc  o r  ncga-
l i ve  p ressurcs  cou ld  be  app l iec l  (Hanr i l l  e t  a l . ,  198 l )  was  con
ncc tcd  to  a  hydrau l i c  n r ic rodr ivc  (Dav id  Kop l  lns t ru rnents ,
Tu jun ja ,  CA)  tha t  was  rnounted  on  (hc  sku l l .  On ga in ing  accc 'ss
to  the  in tc r io r -o l -a  ce l l ,  s tab lc  rccord ings  cou ld  bc  rna in ta ined
over  scve  ra l  hours  w i th  mcr t ib rane po ten t ia ls  o l 'usua l l y  30  to
-60  rnV and ce l l  inpu t  res is tanccs  o l  40-200 MO.  On ly  occa-
sional ly were membrane potcntials more ncg:rt ive than 60 mV.
Thesc  va lues  are  genera l l y  w i th in  the  rangc  repor ted  l -o r  v isLra l
cor t i ca l  ce l l s  in  u lv r . r  by  o thers  (C ' rcu tz l 'e ld t  e t  a l . ,  1974;  Doug-
las  e t  a l . ,  l99 l ;  Fcrs tc r  &  Jagadeesh.  1992;  Ne lson c t  a l . ,  1994) .
Fur ther  de ta i l s  o f  the  cxper imenta l  p rocedure  and d iscuss ion
of  our  record ing  s i tua t ion  are  puh l i shed c lsewhere  (Pe i  e t  a l . ,
l 9 9 l a . 1 9 9 4 ) .

V isua l  s t imu l i  ( l igh t  bars )  l ' rom a  pro jec to r  were  prcsentcd

tusing a computer (PC 386) on a screen posit ioned 57 cm in lront
of the animal, whose eyes were focussed on the sereett using
appropriate hard contact lenses. Pupils were di lated by atro-
pine and art i f  ic ial pupi ls (4 Inm in diameter) were used.

To minimize spurious results due to response variabi l i ty,

st imuli  of dif ferent orientat ions and posit ions on the screen wele
interleaved in a pseudo-randonr order. Receptive f ields were

classi i ied according to conventional cr i ter ia (Henry, 1977). This
uas  done f i l s t  n , i th  the  a id  o l  a  hand-he ld  p ro jec to r  and then
the classif icat ion was checked during off- l ine analysis front the
data col lected with conlputer-control led visual st imuli .  For test-
ing orientat ion tuning, the st imulus was centered usually orr the
ON-excitatory zone.

To evaluate dynamic propert ies of the input to cort ical cel ls,
a modif icat ion of the method of temporal sl ices (Shevelev &
Sharaev, 1981) was used. We adapted this method for the anal-
ysis of PSPs. Response strength was estimated as the inlegral
area of averaged PSP which dif fered from the mean restir lg
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membrane potential by more than one standard deviation within
successive temporal intervals (temporal windows) of a given

duration (for example: 30-35 ms, 35-40 ms, 40-45 ms, and so
on) usually in steps of 2 to 20 ms. Responses to each orienta-
t ion presented were processed in this way. The reading made
just before presentation of 'each st imulus was used as the base-
l ine resting potential to calculate the mean resting potential and
its standard deviat ion. These values were calculated across al l
or ientat ions and repeti t ions and hence represent mean mem-
brane po ten t ia l  and i t s  var iab i l i t y  dur ing  the  rvho le  per iod  o f
orientat ion tuning test. In some cases, spikes were truncated in
each single sweep before averaging with the use of a conlputer
algori thm based on the detection of peak-shaped events with
a very fast r ise and fal l .  Orientat ion tuning curves were plotted

for each temporal window using the values of response strength
obtained from responses to dif l 'erent orientat ions. Examples of
some o f  these tun ing  curves  are  shown in  F ig .  lB ,  where  the
s tar t ing  po in t  o l ' the  tempora l  w indow is  marked on  lhe  upper
lel-t .  For those sl ices in which nraximal response for an orienta-
t ion rvas at least 100/o ol ' the absolute maximum across al l  sl ices,
the  ha l t ' -w id th  a t  ha l f -he igh t  and the  op t ima l  o r ien ta t ion  we le
cs t imated and p lo t ted  : rga ins t  t ime (F igs .  lC  and lD ,  respec-
t i ve ly ) .  We wou ld  re f 'e r  to  th is  as  a  "d i f fe ren t ia l "  es t imat ion  o f
r h e  d y n a m i c s  o l '  o r i e r r t a t i o n  t u n i n g .

A cumula t ivc  ( " in tegra l " )  es t imat ion  was ob ta ined us ing  the
same proccdurc ,  bu t  in  th is  case the  dura t ion  o f  the  te rnpora l
window was sequential ly increased by a given step, while i ts ini-
t ia l  po in t  was  the  same l 'o r  a l l  the  w indows ( i . c .  30-35  ms;  30
40 ms;  30  45  n ts ,  and so  on) .

Rcsu l ts

We madc intracel lul:rr recordings f ' rom neurons in the primary

v isua l  cor tex  (a rca  l7 )  o l ' thc  ca t  us ing  the  in  v i t 'o  who le-ce l l

rccord ing  techn ique (Pe i  e t  a l . ,  l99 la ) .  E igh teen ce l l s  in  wh ich

signi l ' icant postsynaptic potentials were evoked by bars f lashed

in the receptive-f ield centcr and at least eight di l ' ferent orienta-
t ions were tested, were sclccted lbr analysis in the present study.
Orientat ion tr"rning ol '  sorrc of these cel ls est imated lrorr the
whole responsc and receptive-- l ' ic ld prof i les ol '  their excitatory
and inh ib i to ry  reg ions  werc  eva lua ted  in  car l ie r  papers  (Vo l -
gus l rc 'v  c t  a l . ,  1993;  Pe i  e t  a l . ,  1994) .

Here  wc arc  repor t ing  thc  de ta i led  dynarn ic  aspec ts  o f  o r i -
cntat ion selectivi ty ot the inputs to visual cort ical neurons, eval-
uated by means of the temporal sl ices technique.

The orientat ion tuning ol ' the input a cort ical neuron receives
was not constant, but was dynamical ly changing in a regular
manner during the development of the response. Orientat ion
tuning width underwent the most pronounced and legular
changes. The earl iest response was usually a weak response in
the  op t imum or ien ta t ion .  However ,  very  soon,  w i th  the  rap id
deve lopment  o f  the  EPSP response to  a l l  o r ien ta t ions ,  tun in ,e
was seen to be very broad. Thereafler at a certain period lronr
the beginning of the response, which dif fered betrveen cel ls any-
where between 5 and 70 ms, the orientat ion tuning started to
get sharper. After another 30-100 ms, responses were usually
gett ing weaker and their orientat ion tuning could not be evalu-
ated any more. In most cells, optimal orientation was stable over
the whole period. Only in some cel ls (3/18) did i t  change con-
sistently during the response.

The simple cel l  in Fig. I  f i red only when optimally oriented
stimuli  (140 deg) were f lashed on the receptive-f ield center.



Dynamics of orientation tuning of PSPs

Occur rence o l ' sp ikes  is  ind ica ted  by  shor t  ver t i ca l  bars  a t  the
basc l ine. Some spikes appeirred during the I ' i rst EPSP hump
at  30-60  nrs  (F ig .  IA) ,  and r rany  more  were  genera ted  rv i th  the
second burst at 120 160 ms (not shown). Only a lew spikes werc
evoked occas iona l l y  by  s t in ru l i  o f '  near  op t ima l  o r ien ta t ions .
St imu l i  o l 'o ther  o r ien ta t ions  I 'a i lec l  to  evoke any  sp ikes .  How-
ever, pronounced EPSPS were evoked by every orientat ion
(averaged PSPs are  shown in  F ig .  lA) .  Responses  to  the  op t i -
ma l  o r ien ta t ion  had s l igh t ly  shor te r  la tency ,  and there fore  jus t
al ' ter this latency, tuning of the weak init ial  response was sharp
(F ig .  1B,  tun ing  a t  34  ms) .  But ,  due to  a  rap id  and near ly  equa l
deve lopment  o f  responses  to  a l l  o r ien ta t ions  dur ing  the  sub-
sequent several mil l iseconds, orientat ion tuning of the input wid-
ened and selectivi ty virtual ly disappeared: half-width of the
tun ing  around 38  nrs  in  F ig .  lB  i s  90  deg.  A f te r  tha t ,  response
to the optimal orientat ion developed further, leading to spikes,
while other responses diminished. This resulted in sharpening
of the orientat ion tuning, which remained sharp during the next
20-40 ms (Fig. lC). During this period, spikes could be evoked
only in a narrow range of orientat ions. The input to this cel l ,
as estimated from the evoked postsynaptic polentials, was best
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l ' ig .  l .  1)yrunr ics o l  or icnlat i r t r t  sc lcct iv i ly  o l  l )Sl )s in a v isual  cortcx ccl l .  A:  Avcragecl  postsynapt ic potent ia ls ( t  = 5)  evokcd
in thc cel l  by st imul i  o l  d i l ' l 'ererr t  or icntat ions,  which werc I ' lashcd ovcr thc reccpt ive- l ie ld ccntcr .  In lh is and l 'o l lowing I ' igures,
l hc  do t t cd  l i ne  shows  t ncau  r cs l i ng  r nen tb ra r r c  po len t i a l  (  43  rnV  f o r  I h i s  cc l l )  c l L r r i ng  t he  who le  o r i cn ta l i on  t un ing  t cs t .  Sho r t
r c r ( i ca l  ba r s  a t  t he  basc l i ne  i nc l i ca t c  l l t c  t t ecu r rencc  o l  sp i kes .  O r i cn ta t i on  o l  t he  s t i n t t r l i  i s  shown  a t  t hc  beg inn ing  o l  cach  t r acc .
Timc scalc s lar ts rv i th st i r ru lus ON. I l :  Or icntat ior)  tuning at  d i l ' l 'crent  temporal  windows (s l iccs) .  Lach s l ice rcprcsents or ienta
l i on  t un ing  o l ' t hc  PS I ' s  w i t h i n  a  2  ms  i n t e r va l ,  w i r h  t he  s ta r l i ng  po in t  n r r r ked  i n  t hc  uppe r  l c . l l  co rne r  (ms  l ' r om  s t imu lus  ON) .
S t r cng th  o l  r c s l . r o t t s cs  w i t h i n  a  g i vcn  2 ' t ns  i n t c r v i t l  * ' a s  cva l r r a ted ,  r r o r rna l i z cc l  ovc r  a l l  t i l r r e  i n t c r va l s  and  o r i en ta t i ons ,  and  p l< l t
t ed  aga ins t  o r i en t . i l i on .  ( ' :  D i l l c r cn t i a l  es t i r na t i on  t t l  d yna r r i es  o l  o r i en l a t i ou  t un ing  w id th ,  measu rcd  as  t he  ha l f  w id th  o l  t he
l un ing  cu rv r ' a t  ha l l ' - hc i gh t .  No le  t he  i n i t i i r l  i r r c r case  o l ' t he  l un i ng  w id th  and  i t s  subsequcn t  sha rpen ing .  T i r ne  sca le  i s  comnor . r
l o r  C ' - [  an ( l  s l a r t s
l a t i v c )  cs t i l na t i on  o l  t hc  t un ing  w id t l r .  No t c  t he  s r r r oo (he r  changcs  i n  t un ing  w i c l t h  co rnpa rec l  t o  t hc  d i l i c r en t i a l  es t i n ra t i on  i n  C .
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tuned to  o r icn ta t ions  around 52  rns  a f te r  s t imu lus  presenta t ion
( l i ig .  lB ,  tun ing  w id th  a t  52  ms:  25  deg) .  Opt ima l  o r ien tar ion
was stable cluring the whole period of dynanric changes in tun-
ing width (Fig. I  D). When cumulative estimates of the response
strength were used to calculate the orientat ion tuning within dif-
fe ren t  l c -mpora l  rv indows,  the  dynamics  o l ' the  input  were  gen-
eral ly the same, but with smoother and less dramatic changes
in  tun ing  w id th  (F ig .  lE) .

The dynamics of the ol ientat ion tuning ol the l i rst-order sim-
ple cel l  in Fig. 2 were similar to those of the cel l  described above.
The orientat ion tuning width of the input to this cel l  rapidly
became sharper during the development of the response (com-
pare tunings at 30 and 40 ms in Fig. 28; note that the t ime scale
for A and C dif fers from Fig. l) .  In this cel l ,  inhibit ion could
be dist inguished during the sharpening of orientat ion tuning and
this inhibition appeared first at nonoptimal orientations (see tun-
ing of inhibit ion at 60 ms shown with asrerisks in Fig. 28 and
the  dynamics  o f  inh ib i t ion  in  F ig .2C) .  I t  shou ld  be  no ted  here
that the inhibit ion we have plotted is the hyperpolarization that
can be detected when the inhibit ion has overcome the excita-
t ion. l t  is l ikely that inhibit ion actual ly begins much earl ier. In
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F i g . 2 .  D l , n a r n i c s o f  t h c o r i c n l a t i o n t u n i n g o l ' c x c i t a t o r y a n d i n h i b i t o r y l ) S I ) s i n a s i m p l c c c l l . A : A v c r a g c d r e s p o n s e s ( r = 5 )
ol ' the cel l  to st inrul i  l lashccl  at  d i l ' l 'crenl  or icr) t : r t ions.  Mcan rcst ing rrcnrt r r i lnc potent ia l  was 35 mV. l ] :  Tcrnporal  s l iccs ol '
c l r i en l a t i o t t t un i ngo l . c xc i t a1 t l l ' v ( c i r c l c s )and i l r l r r b i t o r y
t i o n t t t n i r r g w i d l | r o l . e r c i t a t o r y ( c i r e i c s ) a n c i i n | r i b i t t r r l ( a s t c r i s k s ) [ , S [ , s . c l i l . | c r c n (
t i ons  i n  A  (  a r c  as  i n  l r i g .  l . ' l - hc  g raphs  i n  ( ' a r c  i n t c r r up t cd  ( l ' o r  exa rnp l c ,  a round  t lO  rns  f i r r  c xc i t a t i on )  when  t he  n ra r ima l
responsc wi th in a s l icc was less than 100/o ol ' the absolutc nraxirnum across al l  s l iccs.  D- l ; :  Or icntat ion tuning of  thc samc ccl l ,
cst i r r lated as thc t tuntber o l 'c l ischargcs in rcs l . ronscs to d i l ' l 'crent  or icntal ions.  Thc sanre rcsponscs shown in A werc used to
coun t  t he  numbc r  o l  sp i kcs .  l ) :  I ' o r  t he  f  i r s l  bu r s t  ( 20 -70  n r s ) l  l r :  l ' o r  t he  second  bu rs t  ( l  l 0 -160  ms ) ;  and  I i :  I b r  t he  I ' i r s t  ( c i r c l c s )
and  l ' o r ' l h c -  second  ( c rosscs )  b r r r s l s ,  no r t t r a l i zec l  and  supc l i n rposcd .  No t c  sha r ; r e r  t un i ng  o l  t l r c  sccond  b t r r s l .
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f ' ac t ,  the  sharp  dec l ine  o l ' thc  menrbrane po ten t ia l  scen in  the
non-opt ima l  o r ien ta t ion  a f te r  the  in i t ia l  dcpo la r iza t ion  is  sug-
gestive of the inhibit ion start ing much earl icr than the t ime rvhen
hyperpolarization becomes visible.

Another  po in t  to  be  no ted  in  the  case o l ' th is  ce l l  i s  a  la te
component  in  the  response around the  op t i r la l  o r ien ta t ion ,
wh ich  appears  as  a  hump o f  EPSPs bc tween 100 and 140 r t rs
in lr ig. 24. These latc responses rvere weaker than the early ones,
but they were nlore selective fclr st imulus orientat ion (Fig. 2C,
see response at 20-50 ms for the carly component and 110-
130 rns  fo r  the  la te  one) .  Bet te r  o r ien ta t ion  tun ing  o f  the  la te
responses was also evident in spike discharges. Orientat ion tun-
ing estimated frorn the number ol spikes is broader for the early
response components (20-60 ms, Fig. 2D) than for the late corn-
ponents (100-140 ms, Fig. 2E). The dif ference is obvious in
Fig. 2F, where the same curves are normalized and super'-
imposed.

Fig. 3 is an example of the progressive sharpening of orien-
tat ion tuning of the input to a complex cel l  with several succes-
sive components of response. This complex cel l  shows at least
three humps of EPSPs, separated by troughs, presumably of
inhibitory origin, in response to an optimally oriented st imu-
lus (Fig. 3A, 170 deg). During the early component (around 40-

55 55
0 r i e n t a t i o n ,  d " g .
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70 ms) ,  o r ien ta t ion  f  un ing  o f  the  input  i s  very  poor  (F ig .  3B,
tun ings  a t  ;10 ,  50 ,  and 60  rns  and F ig .  3C) .  Opt ima l  o r ien ta t ion
changes marked ly ,  "scann ing"  o r ien ta t ions  over  a  w ide  range
l 'rom 102-57 deg (Fig. 3D, in the region ol 40-70 ms). During
the second excitatory component ol ' the response (Fig. 3,A., I  l0-
140 ms) ,  o r ien ta t ion  tun ing  o f  the  input  was  much sharper
(F ig .  3U,  tun ing  a t  130 ms and F ig .  3C)  and op t i rna l  o r ienra-
t ion rvas stable (Fig. 3D, region l  l0- 140 ms). Horvever, the sec-
ond hump of EPSPs is seen clearly also in the responses to
or ien ta t ions  near  the  op t imum (F ig .  3A) ,  bu t  dur ing  the  th i rd
excitatory component (Fig. 3A, 200-230 ms) orienration tun-
ing  o f  the  input  i s  aga in  very  much sharper  (F ig .  3B,  tun ing  a t
220 ms) .

The sharp  or ien ta t ion  tun ing  o f  the  second exc i ta to ry  com-
ponent can be seen also in the cumulative estimates. During and
immediately after the l i rst component, cumulative estimates
show poor orientat ion tuning (Fig. 3E, 40-100 ms), but this is
signif icantly improved when the second excitatory componenr
o f  the  response appears  (F ig .  3E,  I  l0 -140 ms) .

Up to two or three excitatory components in response to the
optimal orientat ion were observed in four cel ls. In al l  of these
cases, orientat ion tuning of the second conponent was better
than tha t  o f  the  f i rs t  one.

55
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An except iona l  casc  rv i th  no  sharpen ing  o l  o r ien ta t ion  tun-
ing  dur ing  the  rcsponsc  is  shown in  F ig .  4 .  Th is  s imp lc  ce l l  had
a ton ic  response to  o r ien ta t ions  in  the  op t ima l  range (F ig .4 ,A ,
or ien ta t i c rns  41  92  c lcg) . ' Ihe  w id th  o l 'o r ien ta t ion  tun ing  o l ' the
input  to  th is  ce l l  inc reased s lo rv ly  and progress ive l l '  dur ing  thc
rvhole response (Fig. 4C). l iair ly similar clynarnics was obscrvccl
with curnulat ive estimation (Fig. 4E). Preferred oricntat ion alter-
na ted  be tween two va lues  (F ig .  4D) .

We have compared dif l 'erent est imates of 'or ientat ion tuning
by  p lo t t ing  sca t te r  d iagrams.  In  F ig .  5A,  the  rnax imum change
in orientat ion tuning width between thc di l ' ferent temporal win-
dows is  p lo t ted  aga ins t  the  in tegra l  es t imat ion  o l ' tun ing  w id th
of the f irst excitatory phase of responsc. This is represented by
a vert ical l ine lor each cel l ,  connecting the sharpest and broacl-
est values ol orientat ion tuning width. Changes in tuning width
ranged from 6-72 deg (mean, 32 deg). In forrr out of 26 cases
(1590), the change in orientat ion tuning was greater than 45 deg.
It  can be seen that at some moments during the dynamic
changes,  the  input  to  a  ce l l  cou ld  be  be t te r  tuned than the  in te -
gral est imation, and ar other moments the tuning was worse than
the integral est imation: the vert ical segment, which represents
the dynamic range, crosses the main diagonal of the scatter lor
most cel ls (Fig. 5,A). For the majori ty of cel ls (92V0), a tempo-
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l ' i g .  3 .  l ) ynam ics  o l  t hc  o r i cn ta t i on  sc l cc t i v i l y  o l  PSPs  i n  u  con rp l e r  cc l l  w i t h  osc i l l a l o r y  r csponses  t o  s t i r nu l i  o f  op t ima l  o r i en
ta t i on .  A :  Avc raged  r csponses  (n  -  5 )  o l  t he  ce l l .  No l c  osc i l l a l i ons  o l ' l h c  n r cn rb runc  po t cn t i a l  a l  l he  op t i n ra l  o r i cn ta t i on  (170

t l cg ) .  N4can  r cs l i ng  r . nc r r r bmnc  po t c r r t i a l  r vas  - J0  rnV .  I i :  l c r r r po la l  s l i c cs  o l  o r i cn tu l i on  t un ing .  S I c -p  l 0  r ns .  No t c  cx t r emc l t '

t u r r i r t g w i d t l r ' l ) : D y n a n r i c s o 1 ' t l r c c l 1 - l t i I r l a l t l r i c t t t a t i t l t l . N t c ( | | a | n a l i c
o l 'EPS I ) s  and  i t s  s t ab i l i t y  du r i ng  t hc  scc t l nd  anc l  t hc  t h i r d  r va l es  o l 'E l 'S I ) s .  E :  l n t cg ra l  c s t i r ) l a t i on  o l ' t hc  dyna r r i c s  o l ' o r i cn ta
l i on  t un ing  w id th .  No te  t h r t  a l ' t c r  t l t e  sccond  r vave  c t l  l : l )S I ) s  r r r i en ta t i on  l r r n i ng  go t  much  sha rpc r .  C lonven l i ons  i n  A -L l  a r r -
l hc  san rc  as  i n  I r i g .  L

ra l  s l i ce  cou lc l  be  found whcn or ien ta t ion  tun ing 'was a t  leas t
5  dcg  sharper  than thc  in tegra l  es t imat ion ;  i .e .  the  ver t i ca l  seg-
ments  represent ing  the i r  dynamic  range have the i r  lower  l im i ts
be low thc  main  d iagona l  in  F ig .  5A.  ln  n . rany  o f  them (7590 o f
the  who le  sample) ,  the  bcs t  tun ing  was sharper  than 30  deg.  On
the  o ther  hanc l ,  a t  sonre  per ioc ls  d r r r ing  the  responsc ,  the  input
to  a  ce l l  cou ld  be  very  poor ly  tuned.  In  many cases  (6 lo lo ) ,  tun-
ing in some sl ices was at least 5 cleg broader than the integral,
and in  some o l ' them v i r tua l l y  absent :  the  uppermost  po in ts  in
F ig .  5A cor respond to  a  tun ing  ha l f -w id th  o f  90  deg.

ln general,  cl i f lerential est imation gave the same or sl ightly
sharper  va lues  o f  o l ien ta t ion  tun ing  than the  cumula t ive  c -s t i -
mation. In Fig. 5ts, where di l t-erential est imation of tuning rvidth
at maximal response is plotted zr-qainst integral est irnation made
from the beginning of the response to i ts peak, most points are
located below or close to the main diagonal. Interestingly, in
many cel ls (460/o) the sharpest tuning was achieved not at the
response peak. In Fig. 5C, dif ferential est imation ol tuning
r,r ' idth at the peak of the response i .s plotted against the best tun-
ing achieved during the period of dynamic changes. I f  the sl ice
with the maximal response also exhibited the sharpest tuning,
the corresponding point should lay on the main diagonal. How-
ever, this is not general ly the case, since the majori ty of the
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points are located abovc t l tc nrain diagonal. Most of ' tcn thc best
tun ing  was seen a t  the  end o f  the  burs t .

C) ther  tenrpora l  aspcc ts  o f  the  response tha t  wc  cs t imated
were  the  to ta l  e rc i ta to ry  phasc  o l ' the  response and Ihc  i t l t cgra_
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t i g .  4 .  Dynam ics  o f  t hc  o r i cn ta t i on  se l cc t i v i t y  o f  l )SPs  i n : r  s imp l c  cc l l  w i t h  a  t on i c  r esponsc .  A :  Ave raged  responscs  (? :5 )
of  the cel l .  N4eal t  resl ing mcmbrane l lotenl ia l  u 'as -J5 nrV.  ts :  T 'ernporal  .s l iccs ol 'or icntar ion luning.  C:  Di l . l 'ercnt ia l  cst imat ion
o f ' t he  dyna r r . r i c s  o l ' o r i cn ta t i on  l un i ng  w id th .  No t c  t hc  g rad r . r a l  i n c rease  o l ' t un i ng  w id th .  D :  I ) l , nan t i c s  o l  t he  op t i r na l  o r i cn ta -
t i on .  E :  l n t eg ra l  es t i t r t a t i t l n  01 ' ( hc  o r i en l . r ( i ou  t un ing  w i c i ( h .  Convc r r t i ons  i n  A - [ 1  a re  t 6c  sn rnc  as  i n  l r i g .  l .
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t ion  t in rc  ( i . c .  the  la tency  l rom rhc  beg inn ing  o f  thc  EpSp)
requ i red  to  e l i c i t  the  f i rs t  sp ike  in  rhc  rcsponse.  The dura l ion
o l  the  exc i ta to ry  phasc  in  response to  f lash ing  bars  var ied  in
d i l ' l ' e ren t  cc l l s  f ' ronr  30-100 ms.  A l l  o f  the  c lynarn ic  changcs  in
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Fig.  5.  Compar ison of  var ious est imat ions of  or ientat ion tuning width.  A:  Ranges of  the change in or ientat ion tuning widrh
(ordinate) ,  p lot ted against  the integrai  est imat ion of  tuning width of  rhe f i rs t  burst  of  pSps (abscissa) for  each cel l .  The range
is shorvn as a vert ical  l ine,  rvhich connects the minimal  and maximal  values of  tuning width.  B:  Scat ter  d iagram of  d i f ferent ia l
(ordinate)  against  integral  (abscissa) est imat ions of  or ientat ion tuning width in the temporal  s l ice in which maximal  response
ampl i tude lvas observed.  C:  Scat ter  c l iagram of  d i f ferent ia l  est imat ion of  tuning width at  maximal  response (ordinate,  same
as in B) against  tuning width in a d i f ferent ia l  s l ice,  which y ie lded the sharpest  tuning.  In A-C each point  represents the est imate
of  the or ientat ion tuning of  e i ther the oN (n = I  7)  or  the oFF (r l  = 9)  response. For e ighr out  of  the I  8 cel ls  in our sample.
we recorded or ientat ion tuning of  both ON and OFF responses.  For a l l  est imat ions presented in th is f igure s l ices wi th the same
temporal il ' indorv (5 ms) rrere used. All axes are in degrees.
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orientat ion tuning took place during this period. ln four cel ls,
addit ional excitatory components of response rvere evident.
They appeared within 30-50 ms after the f irst burst and lasted
for 40-70 ms (Figs. 2 and 3). The integration t ime required for
the appearance of the f irst spike could be estimated only for
st imuli  of optimal and near-optimal orientat ions. ln responses
to optimally oriented st imuli ,  the f irst spike appeared 5-12 ms
after the beginning of EPSPs (7.6 ms on average). Responses
to near-optimal orientat ions required a longer integration t ir l ]e,
namely ,  6 -15  ms (10 .6  ms on  average) .

f) iscussion

The main  f ind ing  o f  th is  s tudy  was tha t  o r ien ta t ion  tun ing  o f
the input to visual cort ical cel ls underwent regular dynamic
changes during the rcsponse. In the majori ty of cel ls, af ' ter an
in i t ia l  m i ld  w iden ing ,  the  or ic 'n ta t ion  tun ing  go t  sharper  dur -
ing the development of the response. Optimal orientat ion was
usually stable over this period, excepl in three out ol ' the |  8 cel ls.
These f ind ings  complement  p rev ious  rcpor ts  on  the  dynan l ics
o f  o r icn ta t ion  tun ing  o f  the  ou tpu t  o f  cor t i ca l  ce l l s ,  es t imatcc l
f rom sp ike  rcsponses  (Sheve lev  & Sharaev ,  l98 l ;  Bes t  e t  a l . ,
1989;  Sheve lc 'v  e t  a l . ,  1993;  Ce lebr in i  e t  a l . ,  1993) .

The in i t ia l  w iden ing  o f  the  or ien ta t ion  tun ing  rvas  genera l l y
short and can be explained by the presence ol 'a nri ld orienta-
t ion  b ias  tha t  can  be  prescnt  in  the  input .  Th is  cou ld  be  c i th r ' r
a  subcor t i ca l  b ias  (V idyasagar  &  Urbas ,  1982;  Soodak,  1987;
Shou & Leventhal, 1989) or a small  degree ot 'excitatory conver-
gence from a l imited number of gcniculate f ields in a row. Even
a mi ld  b ias  wou ld  lead to  the  response f i rs t  appcar ing  in  one
or ien ta t ion  be fore  the  o thers ,  bu t  w i th  the  subscquent  rap id
developmcr-rt  of '  the response the true naturc ol the excitatorl ,
inpu t  cou ld  be  observed,  a t  leas t  un t i l  inh ib i t ion  beg ins  to  p lay
a signif icant role. Our data indicates that in thc rnajori ty of f i rst-
order cel ls the excitatory input f ields are only sl ightly clongated
(Pe i  e t  a l . ,  1994) ,  and the  exc i ta to ry  input  dur ing  the  5-10  rns
a l ' te r  the  la t ( .ncy  is  indeed on ly  b road ly  tuncd to  onenta t ron .
However ,  very  soon,  over  the  nex t  20-60  rns ,  thc  tun ing  ge ts
sharper ,  wh ich  we in te rpre t  : rs  be ing  par t l y  due to  inh ib i t ion .
Such sharpening has bccn reported l 'or spike responscs o1'caf
cor t i ca l  ce l l s  (Sheve lev  & Sharacv ,  l98 l ;  Shcvc lcv  e t  a l . ,  1993) .
ln  cont ras l  lo  the  recent  work  on  awakc  monkeys  (Ce lebr in i

e t  a l . ,  1993) ,  we observcd  sharpen ing  o l 'o r ien ta t ion  sc lcc t i v i t y
aftcr the f irst spike appeared. This implies that l-eedback con-
nections, both excitatory and inhibitory, could contr ibute to thc
f ina l  o r ien ta t ion  se lec t iv i t y  o f  thc  ce l l .  However ,  cva lua t ion  o f
the  in tegra t ion  t ime conf i rms our  ear l ie r  qua l i ta t i ve  observa-
t ions  (Pe i  e t  a l . ,  l99 lb ) ,  wh ich  shorved tha t  a  dc lay  be tween the
appearance of EPSPs and the generation of the f irst spikes in
the response is long enough to al low f 'eedfonvard inhibit ion to
part icipate in the creation of orientat ion selectivi ty of the spike
response (Ce lebr in i  e t  a l . ,  1993) .  C iven a  cons iderab le  j i t te r  in
response Iatencies across cort ical cel ls, the early response of
many cells can be influenced by disynaptic inputs flom the LGN,
which car.r in principle be either excitatory or inhibitory.

We found regular changes in preferred orientat ion only in
a small  proport ion of investigated cel ls (three out of l8). This
is in contrast to some earl ier reports, where such changes in pre-
ferred orientat ion were found in a larger percentage of visual
cort ical cel ls (63rio, Shevelev et al. ,  I993). I t  should be noted
here that one cannot make a direct comparison between the
dynamics of the input and the output of the cel l .  Furthermore,
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the number of st imulus oresentations at each orientat ion was
too l imited irr our study (usually f ive, and only in some cases,
ten) to enable enough spikes to be col lected for comparison.
Another possible reason for the discrepancy may be dif ferences
in the sampling propert ies of the two types of electrode: for
example, our patch electrodes may have a bias for larger cel ls
which may form a subclass with a dif ferent ordinal posit ion or
dif ferences in st imulus parameters could play a role.

The input a cort ical neuron receives does not show an entirely
stable orientat ion tuning. Within certain intervals during the f irst
100 ms, orientat ion tuning of the input was much better than
that estimated according to the whole response. This implies that
thcre could be some advantages in employing a temporal code.
Since input select ivi ty was better than the average during cer-
ta in  per iods  o f  the  response,  the  f ina l  se lec t i v i t y  o f  the  ce l l  as
an orientat ion detector could be improved, i f  part icular com-
ponents of the response could be selectively picked up by the
neurons at the next level.  l t  should however be noted here that
though changes in orientat ion tuning of the input to area l7 cel ls
ra ise  the  poss ib i l i t y  o f  the  v isua l  sys tem us ing  a  tenrpora l  code,
i t  i s  thc  ou tpu t  o l ' these ce l l s  and the  proper t ies  o f  ce l l s  a t  the
ncx t  s tage tha t  wou ld  be  dcc is ive  in  th is  regard .

ln cel ls which had a second hump ol 'EPSPs in their rcsponse,
th is  second hump was tuned to  the  same or ien ta t ion  as  the  f i rs t
one,  bu t  a lways  showed sharpe l  tun ing .  Th is  rvas  t rue  fo r  bo th
lhc  input  (EPSP arnp l i tudc)  and the  ou tpu t  (number  o l ' sp ikcs
in  thc  responsc)  o l ' the  ce l l .  Sharper  o r ien t : r t ion  tun ing  o l ' the
second burs t  o f  sp ikes  can be  seen a lso  in  the  da ta  o f 'Sheve lev
and Sharacv  (1981,  the i r  F ig .3A) .  Two ques t ions  ar isc  in  th is
connect ion :  how is  thc  sharper  tun ing  o f  thc  sccond exc i ta to ry
componcnl achieved and what could be i ts purposc? Most prob-
ably, this conrporlcnt is clue to the intracort ical excitatory lced-
back (Douglas et al. ,  l99l),  or to the st imulus-dcpendent binding
in  the  t .CN by  cor t i co fuga l  l -eedback  (S i l l i to  e t  a l . ,  1994) .  l r r
bo th  o f  thesc  cascs ,  the  " recur ren t "  cxc i ta to ry  input  i s  a l ready
tuncd to  o r ien ta t ion .  The lac t  tha t  the  or ien ta t ion  se lec t iv i t y  o i
this conrponent was not al ' l 'ected by hyperpolarization (scc
F ig .  2  in  Vo lgushev  e t  a l . ,  1993)  suppor ts  th is  v icw.  The ex is -
tencc  o l '  : r  rnechan ism,  wh ich  l 'eeds  back  to  the  appropr ia te
detectors, pcrhaps even causing thcm to osci l late at certain fre-
qucncies and thus increasing the persistence of ' thc rclevant mes-
sagc, could be advantageous I 'or visual information processing.
Thc  Iac t  tha l  these osc i l la t ions  happened on ly  i r r  responses  to
the  op t in ra l .  and near -op t in ra l  o r ien ta t ions ,  suggests  tha t  they
are  duc  n los t l y  to  the  proper t i cs  o l ' the  ne twork ,  ra ther  than to
in t r ins ic  p roper t ies  o f  the  ce l l  membrane.

Eva lua t ion  o f  the  in tegra t ion  t ime revea led  a  subs tan t ia l
de lay  be tween the  appearance o l  EPSPs and the  genera t ion  o f
the f irst spike in the response. This delay was, on average, 7.6 ms
I'or the optirnal and even longer ( 10.6 ms) for near-optimal ori-
entat ions. l t  gives enough room for inhibit ion to develop ar-rd
affect the generation ol spikes, especial ly in responses to ori-
entat ions di l ' ferent from the optimal. However, detection of the
inhibit ion a cel l  receives is conrpl icated by the fact that the inhi-
bit ion comes after excitat ion and is interposed on the develop-
ing excitatory response. Therefore inhibit ion is less l ikely to
produce a signif icant hyperpolarization of the cel l  membrane
relat ive to the resting potential.  This implies that only a strong,
well-developed inhibitory process could be detected as a mem-
brane hyperpolarization. Indeed, we often detected inhibit ion
l5-25 ms after the beginning of the excitatory re.sponse. I f  we
assume that the developnrent of inhibit ion requires nearly as
much t ime as that of excitat ion, i t  fol lows that the early "pri-
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mary" inhibitory influences arriving with a very short delay after
excitat ion and can be easi ly masked.

Another role for inhibit ion which is known from extracel-
lular data and which can be demonstrated on the basis of the
eva lua t ion  o f  the  dynamic  p roper t ies  o f  o r ien la t ion  tun ing  o f
the  input  to  cor t i ca l  neurons  is  to  p revent  cont inuous  f i r ing
and/or to introduce bursts in the response. However, this can
be provided by a dif ferent inhibitory system, probably of a
recurrent nature.
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