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Duntnc the investigation of visual ly evoked postsynaptic
potentials (PSPs) of visual cort ical neurons, we recorded
cell  act ivi ty under dif ferent levels of membrane potential.
In some cases, however, dependence of these PSPs on the
level of membrane polarization appears to be inconsistent
with the conventional scheme. One disagreement was the
reduction, instead of an increase, of excitatory potentials
during hyperpolarization of the cel l .  The other point was
that depolarization of the cel l  often leads to increase of the
arnpl i tude of both excitatory and inhibitory postsynaptic
potentials. This inconsistency may suggest the involve-
ment of voltage-dependent ion channels in generating
PSPs to visual st imuli .  A possible way of separating the
excitatory and inhibitory components of thc response by
polarization of the cel l  in spite of the presence of voltagc-
dependent channels and possible implications of this
mechanism in the visual cortex are discussed.
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lntroduction
-l 'hc 

classical r"r"rcthoc{ of scprrlt ion of cvokccl cxcit-
atory PSPs f ronr  inh ib i tory ( )ncs is  to  dc or  hypcr-
polariz.c thc ccll. I)cpolariz.ation of thc ccll should lc,tcl
to a rccluction of cxcitatory 1-rotcntials ancl ,rn incrc.rsc
of  inh ib i tory oncs.  Hypcr ; ro l : r r iz .at ion,  or . r  thc ot l . rcr
hand, shoulcl scgrcgatc cxcitrrtory p()tcntials, incrc.rsc
thc i r  ampl i tudc arrd c l imin ish thc s izc of  inh ib i tory
potcnt ia ls .  \Wc t r icd to : rpply  th is  mcthod to c l isen-
tanglc inhib i tory ancl  cxc i t r t ( ) rv  c( )nrp()ncnts of  thc
rcsponscs of  cor t ica l  cc l ls  t t ,  v isu l l  s t i r .nul i .  I t  appe ars,
howcvcr ,  that  not  a l l  cc l ls  i r . r  thc pr imary v isual  c( ) r tcx
bchavc in  th is  'c lass ical '  way.  Of tcn thc data wc rc-
corded d id not  f i t  thc prcdic t ions b, rscd on c lass ical
not ions of  thc in t racc l lu l , r r  rccord ing.  In  th is  corn-
munication wc dcscribc tl-rc cffccts of me mL'rr:rnc polar-
izat ion on the v isual ly  cvokcd PSPs wl ' ren us ing . r
Iow-res is tancc e lcct rodc norrnal ly  uscd f r r r  patch-

clamp recordir.rgs.

Materials and Methods

Exper iments were done on adul t  cats (2.0-4.5 kg)
bred in the departmcr.rt 's animal farm. Anaesthesia was
induced with Kctarline hydrochloride i.m. (K('tanest,
25 mg kg '  i . rn . )  or  wi th Nembutal (35-40 mg kg '  i .p . ) ,
and maintaincd with i.v. infusion of 3-4 mg kg ' h '

pentobarbitone (Nembutal) without nitrous oxide or
with t-2 mg kg h ' Nembutal and a gas mixturc of 10"
NrO plus 29.2"/" O, and O.8ol' CO,. Muscle relaxation
with gallamine triethiodide (Flaxedil) and artif icial rcs-

o Raoid Communicat ions of  Oxford Ltd

pi rat ion was star tcd ar f ter  a s tablc  anacsthcsia wi th
cornplctc  rn, r lgcs ia hrd bccn achievcd.  End-t idal  CO,
body tcrnpcraturc and L,KG wcrc cont i r " rual ly  moni
torccl. Anin'rals ar.rd thc cortex wcrc in good condition
f  or  2-3 days.  Vholc-cc l l  rccord ings f rorn cc l ls  in  thc
pr i rnary v isual  cor tcx of  c : l t  wcrc donc us ing thc tcch
niquc dcscr ibcc l  c lscwhcrc. '  V isual  s t inru l i  wcrc pr( )
jcctccl on e screcn positioncd 5Z crn in front of thc cat's
cyc.  Thc cycs wcrc focuscd on thc scrccn wi th appro
pr i i l tc  coutact  lcnscs.  Rcccpt ivc f ic lds of  thc cc l ls  wcrc
Iocal iz .cd wi th a hand hcld pro jcctor  and the n invcst i -
gatccl with c()mputcr-controllcd visual stimulatior.r.
Moving and f lashing st imul i  wcre presentcd mon-
ocular ly  to  thc dominant  cyc.  Rcsponses to the v isual
stir.r.rulation of thc ce l ls orcscntcd hcrc wcrc rc-
corc'led unde r thre c diffcie nt le ve ls of rncmbranc
potcnt ia l :  wi th no curre nt  appl icd to the cel l  and dur ing
appl icat ion of  depolar iz ing or  hyperpolar iz ing cur-
r cn t s  (0 .  l - 1 .5  nA) .

Results

Wc considered the effect of application of currents
of different polarit ies on the excitatory and inhibitory
potcnt ia ls  cvokcd by v isual  s t imulat ion.  Compar ison
of thc cffccts produced by thc current just after switch-
ing it on and after some tens of seconds revealed no
significant difference. This fact, as well as the immedi-
atc rcstoration of PSP charactcristics after switching
off the current, indicates the absence of significant
cumulative effects. This allowed us to pool together
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Dependence o f  pos tsynapt ic  po ten t ia ls  evoked by  a  f lash i  ng  bar
on the  leve l  o f  membrane po ten t ia l .  A :  Super imposed responses ,  w i th
o u t  c u r r e n t  a p p l i c a t i o n  ( u p p e r  t r a c e s ) ,  w i t h  d e p o l a r i z i n g  ( m i d d l e )  a n d
wi th  hyperpo la r iz ing  ( lower )  cur ren ts .  B :  Average o f  the  responses
s h o w n  i n  A .  C :  D e c r e a s e  o f  E P S P  a n r p l i t u d e  d u r i n g  h y p e r p o l a r i z a t i o n .
O n l y  a  p a r t  o f  t h e  r e s p o n s e  ( 3 5  1 1 0  m s  o f  t h e s e  i n  A )  i s  s h o w n  o n
exoanded sca le .  The comDound nature  o f  EPSP can be  seen.  Onsets  o f
s ing le  s teps  are  ind ica ted  by  ar rows.  T ime sca le  beg ins  f rom onset  o f
t h e  s t i m u l u s  ( A )  o r  3 5  m s  l a t e r  ( 8 ,  C ) .  S t i m u l u s  d u r a t i o n  i s  1  s .  M e a n
membrane po ten t ia l  when no  cur ren t  was  app l ied  was 35  mV;  ca l i
b ra t ion  2  n rv .

rcsul ts  obt , r incd c lur ing : rppl icr r t ion of  r r  cor . ts t r rnt
c u rrelr t.

TI rc  cc) l  shor , ,  r r  orr  F igurc I  hacl  a c()nrPlc\  rect f r t i r '1 '
f ic ld .  An opt inra l ly  or icntcc l  bar  f l lshcr l  on thc rcccp
tivc ficlcl of this ccll cv()l{ccl ;ur cxcit:rt()ry p()tcntial \\, i th
ir lrtcncy of 6J rrrs ,rtr. l ,r rr.rc,rtr runplitLr(lc of 2.2 nrV (lrig.
lA,  uppcr  t rxccs) .  This  PSP h,rc l  , r  c . ,nr1-r , runt l  naturc,
rvhich is  c lc . r r ly  sccn ( )n rnegni f icc l  rccorc ls  ( l r ig .  lC) .
Scvcrr l  s tcps (3 to 5) ,  c ; rch wi t l ' r  , rn  , r rnpl i tuc lc  of  0.5-1.5
tnV (mcrrn 0.117 rnV) coulcl trc clistinguishcrl on c.rch
single swccl'r (rrrrows in lr ig. lO). Aftcr r pcriotl of
s i lcncc (about  l60 nrs)  a l : l tc  cxc i t i l t ( ) ry  c( )nrp() l rcnt
:1ppc:lrc(i (I ' ig. lA). Iror this figLrrc wc hrrvc choscr.t
thosc rcsponscs whcrc thc stirnulr-rs w,rs clis;rl,rccd,r bit
f r . r rn thc rcccpt ivc f ic ld  ccntcr ,  so thrr t  sp ikcs we rc not
cvokccl.

Dcpolar izat i .n  of  thc cel l  ch, rnsccl  th is  rcsponsc
nrarkccl ly  ( I r ig .  IA,  nr idc l lc  t raccs) .  I i i rs t  o f  a l l ,  , r  r t t [ rust
inhibit ion appe;rrcd ,rnd clorninatccl t l.rc rcs;rt 'rnsc. 

'fhc

prirnrrry excit: ' tt irrn rrppclrcd .i l 'r i t e,rl l icr (l:1tcnc_y of 58
rns con-rparcd to 63 ms with no curre nt), h,rcl a f,rstcr risc
timc (scc Fig. lB) arrcl rv,rs atte nuiltcd by thc largc IPSP
that hl,pcrpol.rriz.cd thc ccll for ab.rut hr-rndrcci nri l l i
scc()nds. The scconcllry, latc cxciti l t()ry componcnt of
the rcsporrsc \\ 'as clrhilncccl, arrd cvokcc] .se vcral action
potent ia ls .  This  enhancenrcnt  of  the sccondary cxc i t -
atory compone nt  may bc at  lc , rs t  par t lv  duc to thc wi th-
drawtrl of inhibit ion.

Dcpolarization als() elevated thc arlplitude of mem-
branc potent ia l  dcf lcct ions dur ing Lrackground ic t i ' i tv
of  the cc l l  (F ig.  2,  middle t raccs) .  Evcntual ly  the t i r ing
thresholc'l was reachcd and scve ral spikcs appcarcd. Thc
rnean arnplitude of the positive dcfle ctions of thc mem
brane potent ia l  was 0.288 mV, corrpared to 0.168 mV
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F l G . 2 .  B a c k g r o u n d  p o s t s y n a p t i c  a c t i v i t y  o f t h e  c e l l  d e p e n d s  o n  t h e  l e v e l
o f  membrane po ten t ia l .  A :  Super imposed t races .  B :  Ampl i tude d is t r i
b  u t io  ns  o f  the  pos i t i ve  m enr  b ra  ne  de f l  ec t i  o  ns .  Mea n  nr  e  m bra  ne  po te  n
t i a l  w h e n  n o  c u r r e n t  w a s  a p p l i e d  w a s  3 5  m V ;  c a l i b r a t i o n  2  m V .

clur ing thc s; r rnc r rc t iv i tv  wi thout  currcnt .  Thcsc c lc f lcc-
t ions shoulc l  bc nra in ly  causcd by I rPS[)s,  r rnc l  an
incrclsc of thcir nrclr.r irnr;rl i tuclc mav rcflcct thc
incrc. rscc l  , r rnpI i tuc lc  . , f  cach incorr r ing I ' -PSP.

Hypcrpolariz.:rt iorr of thc ccll ,rffcctccl thc rcsponsc
i t t  , r  cot r t l . lc tc lv  c l i f fcrcnt  war '  ( [ r i { .  lA,  lorvcr  t r : rccs) .
' I 'hc 

l rnpl i tuc lc  of  thc cr ' rnrpouncl  cxc i t r r torv potcnt ia l
rv , rs  snra l lcr  (on thc avcr : lgc I .0  nrV)  Ocrta i r r  s teps
coulc l  l rc  d is t inguishccl  r rs  l rc forc ( )n cvcr) /  s inglc  swce p,
but  thc , r rnpl i tuc lc  of  c ; rch of  thcrn wls , r lso smal lcr
(0.3 0.2 rnV,  r r . rcarr  O.-18 nrV;  scc I r is .  lC, ; r r rows).  Strb-
strurtial rccluction of ,rrnolitttdc of cxcitirtorv I 'SPs took
pr lacc c lur ing thc sccon. l . r ry  cxc; t ; l t ( ) ry  c(  'nrp()ncnt  ( ) f

thc rcsponsc i1s wcl l .  I  lypcrpolar iz . ; r t iou a lso c lcar ly
s i lcncccl  thc r -ncrnbranc whcn n()  s t . i r ru lus is  pre-
.scntccl -dcflccti()11.s of thc rrrcnr[rr '.rrtc D()tcr)tirrl arc
t t t t t . ' l t  , r t t . r l l t ' r '  n , rw (Fig.  2,  lowcr t l - . lc ( 's) .

' l 'he 
cf fcct  of  currcnt  appl ic : r t ion on thc '  inh ib i tory

rcsponsc is  shown in I r igurc 3A,  I l .  
' l 'h is  

cc l l  had a
s i rnplc  reccpt ivc f ic ld  end thc f igurc shows rcsponsc t ( )
, r  bar  f lashccl  ( )n thc ccr l t rc  o[  thc inhib i tor l  zonc.  Wi th
n()  currcnt  appl icd,  : rn IPSP appcarcc l  wi th a la tc-ncv t , f
34 nrs ;rnd clornin:rtcrl thc lcsponsc (Fig. 3A,, uppcr
trrccs). F{arc{ly :rny cxcit:rt ior.r could bc recognizcd be-
forc i t .  I )ur ing thc coursc o1 ' thc IPSP in spi te of  a var i -
ancc bctwce r r  ind i r . ' ic lual  re sp()nscs,  pros i t ive dcf lcct ions
of thc me rnbrane potcnti i l l  ,r lways occurred around 7O
,rnd 120 r'ns. Thev appcar as bur.nps on thc rverallccl rcs-
ponses,  ind icat ing the prcscnce of  two scts of  weak
cxci tar i ( )n wi th la tcncies of  70 ancl  120 r rs .  DeDolar-
izat ion of  thc cel l  n tac ie thc in i t i r l  ohase of  th . j  inh i -
b i t ion more pronouncc. i ,  but  a ls . r  rcvcaled some
exci tat ion bcfo lc  i t  (F ig.3A,  r l r idd le t raccs,  and B).  This
excitation was wcak and did not have a consranr
latcnc.v, causing a snrall pl;ttcau ir.r thc averagcd res-
ponsc (Fig. 3B, thir-r l inc). Thc sccond.rry weak cxci-
tation around 70 rns was also enhanccd and prolongcd

::./'



PSPs in visual cortex; polarization effects neuro(7)eport

fks

FlG.  3 .  Dependence o f  exc i ta to ry  and inh ib i to ry  responses  on  the  leve l
o f  membrane po ten t ia l .  A :  Super imposed responses  a t  th ree  leve ls  o f
membrane po ten t ia l .  B :  Average o f  responses  shown in  A .  C:  Enhance
m e n t  o f  E P S P  a m p l i t u d e  d u r i n g  d e p o l a r i z a t i o n .  A v e r a g e d  r e s p o n s e s .
T ime sca le  beg ins  f  rom the  onset  o f  the  s t imu lus  fo r  A ,  B  and f rom o f f -
se t  fo r  C (o f f - response) ;s t imu lus  dura t ion  1  s .  Mean membrane po ten-
t ia l  when no  cur ren t  was  app l ied  was 30  mV;  ca l ib ra t ion  2  mV.
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F l G .  4 .  E x a m p l e s  o f  c o n v e n t i o n a l  d e p e n d e n c e  o f  P S P s  i n  v i s u a l  c o r t e x
ce l l s  on  the  leve l  o f  membrane po ten t ia l .  A :  Averaged responses  o f  a
s imp le  ce l l  to  a  bar  f lashed in  inh ib i to ry  (upper  t races)  and exc i ta to ry
( lower  t races)  reg ions  o f  the  recept ive  f ie ld .  B :  Averaged responses  o f  a
c e l l t o  e l e c t r i c a l s t i m u l a t i o n  o f  t h e  L G N  ( 0 . 9  m A ,  0 . 1  m s ) .  A r t i f a c t  s h o w s
t h e  m o m e n t  o f  e l e c t r i c a l  s t i m u l a t i o n .  M e a n  m e m b r a n e  o o t e n t i a l w h e n
no cur ren t  was  aop l ied  was 30  mV fo r  A  and 40  mV fo r  B .

by dcpolar iz .at ion.  Hypcrpolar izat ion of  the ce l l  mark-
cdly rcduccd thc inhibitory potcntial, and, as witl 'r
dcpolarization revealed a small cxcitat()ry potcntial bc-
forc thc inhib i t ion (F ig.  3A,  bot tom t raccs,  and B).  The
excitation at Z0 ms was rcduccd comoarcd to that dur-
ing depolar izat ion or  wi th no curre n; ;  but  thc vcry la tc
onc at  120 ms was not  af fected (F ig.  3B).  Exci tat t ' ry
off-rcsponsc of this ccll was cnhanccd by application of
dcpolar iz ing current  (F ig.  lC) .

I t  should be adde d that  many cel ls  (9 out  of  16 inves-
tigatcd witl.r currcnt application) do demonstrate the
classical dcpcndcncc of cvokcd PSPs on membrane
potential. Hyperpolarization of the simple cell in Fig-
ure 4A increased the amplitude of EPSPs evoked by
flashcd bar (lowcr traces) and dccrcascd the inhibitory
responses (upper traces). In another cell depolarization
markedly reduced the amplitudes of EPSPs evoked by
electrical stimulation of thc LGN (Fig. 48).

Discussion

Our data raises several questions. First: Vhat could
cause this 'unconventionai' behauiour of PSPs during
de- and hyper-polarization of some cells? Second:
What is it for? Third: Vhat conclusions can be drawn
from the data recorded during current application in
the presence of such a mechanism?

The dependence of thc recorded EPSPs on the mem-
branc potential that we often observed was against
classical notions. Such an effcct can be explained, if a
substantial number of voltage-sensitivc channels are
involvcd in the generation oithe response. Thc effect
may be due to the behaviour of NMDA channels in the
prcsencc of cxtracellular Mg' ' ions2'r or in some cir-
cumstances duc to inward rcctif ication of non-inactiv-
ating Na' channcls.o Increase of EPSP amplitude
during depolarization has also been observcd in slices
of thc rat visual and cingulatc corticessr' (but see rcfcr-
cncc 7). The voltagc-dependent magnification of the
EPSPs would also explain, why the enhancemenr c,f
IPSPs by depolarization was not very strong in some
cases (for examplc, Fig. 3A, B). In such a case the
cnhanced EPSPs and related currcnts arc probably
st rong cnough to rcducc substant ia l ly  an on-going
IPSP. This possibil i ty is supportcd by the finding that
thc t ime-courscs of  the NMDA-componenr of  thc
EPSPs and of the GABA mcdiated IPSP. .ruc.l"p
considcrably. t

T'hcrcforc, our data sultgest that voltagc-dcpendent
channe ls  could p lay a s igni f icant  ro lc  in  producing thc
rcsponse of striatc cortical cells to visual stimuli. Vith
thc activation of voltagc-dcpcndent ion channcls cvcn
wcak inputs could cvoke,  under ccr ta in condi t ions,  a
postsynaptic potcntial of substantial amplitude . How
is th is  rncchanism uscd in thc v isual  cor tex? Thcorct i -
ca l ly ,  i t  could bc the mechanism of  involvement  of  thc
same cell in diffcrcnt assemblies, without thc neccssiry
to havc a number of divcrse sets of strong inputs. It
could also scrve in integrating visual information from
the classical rcccptive field with that from rcmote
arcas.l It might also bc involved in the refinement of
solne propertics of cortical neurons, such as orien-
tat ion sc lect iv i ty .  V isual  s t imulat ion usual ly  evokes in
the cell both excitatory and inhibitory potentials.s rl

Their algebraic diffcrcnce may be too small, but the
dcpolarization of the cell may amplify this. The
requircd dcpolarization could bc produced, for
cxample, by steady on-going subthreshold excitation.
Another effect of thc voltage-dependent channels on
the propcrties of the cell membrane may be to restore
the relative scnsitivity of the cell to inhibitory and to
excitatory influences. Amplif ication of excitatory PSPs
may balance to some extent the increased driving force
for inhibitory PSPs.

Our data show that in the cat visual cortex excitatory
and inhibitorv PSPs cannot always be readily separated
by polarization of the cell. Polarization often affects
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amplitudes of PSPs in unexpccte.' l  ways. One picce of
supporting cvidencc can be found in a recent papcr by
Ferster  and Jagadeesh. ' '  In  thei r  f ieure 10 both exci t -
atory and inhib i torv componcrr ls  of  rcsponse wcre
clecrcased bv hvperpolarization. Sucl.r u nconventit>nrrl
behaviour  of  somc cel ls  constr , r ius the use of  th is
mcthod for scparation of cxcit:rtory and inhibitory
PSPs ancl points to a need for a morc cautious inte rpre t-
r r t ion of  resul ts  obta incd bv th is  tcchniquc.

Conclusion

Thcre arc l i lnitatior.rs on thc cxtcnt to which dcpolar-
izat ion and hypcrpolar izat ion can bc uscd to scparatc
cxci tatory or  inh ib i tory post-syr) rpt ic  potcrr t ia ls  dur-
i rr g intraccllu I ar lccordi n gs.'f hc l ' ,ossible i nvolvcntet.r t
o f  uol t lgc scnsi t i 'c  ch,rnncls  dur ing susta incd dcpolar-
izat ion can s igni f icant ly  af fcct  thc ampl i tudcs of  post-
synapt ic  potcnt ia ls  rcc. r rded f rorr t  thc soma anc ' l  c lusc
non- l incar i t ics in  t l . rc  vo l tagc-currcnt  rc lat ionship.
This is espccially ualid whcrr thc nrcrr.rbranc potcrrtial is
rcc luccd by dc; to lar izat ion.  In  th is  s i tuat ion,  bot l r
F,PSPs ,rncl IPSPs ci 'rn bc cnl.ranccrl, ,rncl thcsc Iron l in-
car i t ics prcc l r - rdc quxnt i ta t ivc cst i rnrr t io t r  o f  thc st rcr rgth

of cxcitation and inhibit iorr. The situation is somewhat
bctter with hyperpolarization, sincc far fewer voltagc
sensitivc channels arc open. Evcn though thc inhibi-
tory pc>tentirrls bccome smallc-r, the EPSPs arc brought
into a l ineal  rar . rge and thc st rength of  thc cxc i t . r t r - ry
input  c : rn bc est i rnatcd qLr : ln t i ta t ivc ly .
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