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Nr,uRoNEs from supragranular layers of rat visual cortex
slices were activated by intracellular tetanization (IT)
without concomitant presynaptic stimulation. The effect
of IT was examined on EPSPs evoked at low stimulation
intensity from two subsets of afferents by electrodes pos-
i t ioned in layers II  and IV, respectively. In 17 of 23 inputs
to 15 cel ls IT led to changes in EPSP ampli tudes which per-
sisted throughout the recording period (from at least 40
nrin to 3 h). For I  O potentiated inputs (nine cel ls) and eight
depressed inputs (seven cel ls),  EPSP ampli tudes measured
30 min after tetanization were 167 + 14"/" and 55 + 1,4"/"
of the pretetanic controls, resp€ctively. In seven cel ls both
inputs changed, in 6ve cases modif icat ions were of the
opposite and in two cases of the same polari ty.
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Introduction

Usc-dcpcndcnt  m()d i f icr r t ions of  syn:rpt ic  t rans-
nr iss i t tn  such as long tcnn potcnt ia t i ( )n (LTP) and
clcprcssior"r ( LTD) h:1vc ;rttrrrctccl considcrabl c i n tr 'rc'st
as putet ivc mcch,rn isnrs of  lcarn ing. '  Norm,r l l r ' ,  LTP
and LTD arc indr-rccd by prcsynaptic tctarriz..rt ion ..rr
conjoint prc- and p.rstsynaptic activation of thc rcc-
ordcd ncuronc. Howcvcr, long-tcrmr t and slrort-
tcrms 1r  synapt ic  modi f icat ions have a lso bccn rcpor ted
aftcr activating thc postsyn:rptic ccll alonc. In this
study wc cxamincd whcthcr  i t  is  possib lc  to inc lucc
I-TP and LTD-Iikc phcnt'rrncna in the visual cortcx bv
solc l l '  act ivat ing postsynair t ic  ncuroncs wi th current
in jcct ion.

Methods

Sliccs (350 pm) of thc visual cortcx of 4-6 week old
rats were preparcd by convcntional methodsr2 and
investigatcd under subnrcrged conditions at 3OoC. Per-
fus ion mcdium conta ined ( in  mM) 124 NaCl ,  5 KCl ,  2
c i rc l , ,  1 .5 MgSC), ,  1 .25 NaHPO,,  26 NaHCO, and I  O
u-glucose bLrbbled wirh95"/, '  O, and 5'lu CO.. Intra-
ccllular recordings n'cre obtaincd with glass rnicroclcc-
trodes (3 M potassir,rnl acetate, 60-100 MJ2). Electrical
s t imul i  (1-10V,0.04-0.1 ms) were appl ied as pai red
pulses (intcrval 50 ms) through bipoiar tungsten elec-
trodes positioned latcrally (layers I-II) and below
(layer IV) the recording site. Stimulation intensitv was
set just above threshold for thc elicitation of an EPSP to
minin-rize the number of activated presynaptic f ibres
and was kept const,rnt t l-rroughout thc cxperiment. Ir.r
eight cells responses rvere cvoked from both stimu-
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lation sites in altcrnation, in four cells only rcsponscs to
stimulation of laycr IV and in thc rcmaining three cells
only rcsponscs to l irycr l l  stimulation wcrc rccr>rded.
Stimulation frcqucr.rct. wirs 0.05-0.08 Hz. Aftcr con-
trol pcriocls of 20-40 nrin, intraccllular tetaniz:rt ior.r
was appl icd wi thout  prcsynapt ic  s t imul l t ion.  Tctani
c o n s i s t c d o f  2 - 3 t r a i n s ( l  m i n ' ) o f  l O b u r s t s ( l  s r ) o f  2 0
dcpolar iz ing pulscs (0.5-1.3 nA,  10 ms,  50 FIz) .  Cur-
rcnt wAs adjusted so that thc first 2-5 pulses in a burst
cvokcd spikcs. Currcnt-voltage relationships were rcc-
ordcd seve ral t imcs bcforc and afte r intraccllular tcran-
izat ion by apply ing c le-  and hypcrpolar iz ins current
stcps (450 ms durat ion,0.2Hz.) .

Afte r ampli6c:rtion (Axoclamp-2A) data were
digit izcd rt t0 kHz and fed into a cornputcr (PC-386;
Labmastcr ,  TL- l  DMA inter face rnd pCLAMP
software, Axon Instruments). EPSP amplitudes
(pcak values) were averagcd ovcr I min epoches and
plottcd against t ime. Cells without significant drift of
EPSP amplitude during thc control period and with
stable mcmbranc pote ntial (more negative than
-20 mV, mcan 78.1 t- 1.5 mV) and stable resistance
(63 -r 14 MJ)) were subject to analysis. Throughout
the text, means are givcn together with + s.c.m.

Results

Excitatory postsynaptic potentials (EPSPs) were
recorded from 15 layer II-III cells following stimu-
lation of layers II and IV. EPSP amplitudes ranged
from 0.5 to 3.1 mV (mean 1.3 + 0.1 mV, n = 23).

Figure 1 shows the effects of intracellular tetaniza-
tion (IT) on responses evoked in the same cell from two
different sites. During the control period, mean EPSP
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FlG.  1 .  E f fec ts  o f  in t race l lu la r  te tan iza t ion  ( lT )  on  responses  to  layer  lV
(A)  and layer  l l  (B)  s t imu la t ion  in  the  same ce l l .  (a  c )  Averaged res-
p o n s e s  ( n = 1 0 0 )  t o  p a i r e d  p u l s e s  d u r i n g  t h e  c o n t r o l  p e r i o d  ( a )  a n d

1 5-45  min  a f te r  lT  (  b ) .  Responses  a  and b  are  super imposed a t  en la rged

t ime sca le  (c ) .  T ime sca le :  10  ms (a ,  b ) ,  2  ms (c ) .  {d )  T ime course  o f  the

ampl i tude change o f  averaged success ive  responses  (n  =  25)  to  the  f i rs t

p u l s e  i n  a  p a i r  ( t  s . e . m . ) .  A r r o w h e a d  m a r k s  l T .  A m p l i t u d e s  a r e

expressed as  7o  o f  va lues  averaged over  30  min  be fore  lT .

amplitudes wcrc st,rl.t lc and fluctuations did not cxcccc'l
! 15"1.,. Afte r IT tlrc rcsponsc to thc l l lcr IV stimuh'rs
was potentiatcd (Fig. I A) and tl.r:rt to thc lrrycr l l  stinru-

lus dcprcsscd (Fig. 1B). E,PSP ,rnrplitudcs avcr,rgccl

A ( 'on t ro l ,  O :5  r r r i r r ,  6

I
(nA)

l0  20 V (mV)

FlG. 2.  Current-vol tage plots f rom the cel l  shown in Fig.  1 before and
after  lT.  {A) Responses to int racel lu lar  currents appl ied in steps of
0.2 nA ( f rom -0.2 nA to + '1.2 nA) before ( 'contro l ' ) ,  25 and 45 min af ter
lT.  Spikes are t runcated.  (B) Current-vol tage re lat ionships before and
after  lT.  See symbols in A.  Membrane potent ia l  was -80 mV; input
resistance was 17.3 MJl .
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F lG.3 .  T ime courses  o f  average EPSP ampl i tude changes a f te r  lT .  Res-
ponse ampl i tudes  were  averaged fo r  each ce l l  over  success ive  in te r -

va ls  o f  one minu te  dura t ion  and expressed as  7o  o f  con t ro l  responses
averaged over  20  min  be fore  lT .  These normal ized  ampl i tude va lues

were  then averaged aga in  across  ce l l s  accord ing  to  the  observed
po lar i t y  o f  the  change induced by  lT  (A)  o r  accord ing  to  the  s i te  o f  s t imu-
la t ion  (B) .  For  the  representa t ion  o f  s .e .m.  (ver t i ca l  bars )  the  va lues

computed w i th  a  t ime reso lu t ion  o f  1  min  (do ts )  were  aga in  averaged
( n -  5 .  o p e n  c i r c l e s  l i n k e d  w i t h  c o n t i n u o u s  l i n e s ) .  A :  U p p e r  p a n e l :
po ten t ia ted  responses  (n= 10 ,  a f te r  40  min  n=8) ;  m idd le  pane l :

unchanged responses  (n  =  5 ) ;  lower  pane l :  depressed respon5s5 (n  =  8 ,

a f t e r  4 0  m i n  n =  6 ) .  ( B )  S 1 :  r e s p o n s e  t o  l a y e r  l V  s t i m u l a t i o n ;  5 2 :  r e s -
ponse to  layer  l l  s t imu la t ion  (see inser t  fo r  the  loca t ion  o f  s t imu la t ion
s  r tes  ) .

frcrm 20-40 min aftcr IT wcrc 191"1' and 42"/" of thc
prctctanic  valucs,  respect ivc ly .  Both modi f icat ions
pcrs is tcd ovcr  thc wholc rccord ing pcr iod (F ig.  lAd,
Bd). Thc tirnc courscs of thc arnplitudc ch,rngcs
clcpicted in Figurc l rcfcr only to rcsp()nscs to thc 6rst
pulsc of  thc pai r .  Thc rcspotrscs to thc sccond pulsc
showcd cven largcr char.rgcs (2a7"/" potenti:tt ion and
407n depression, Fig. lAa-c, Ba-c).

The I/V curvcs dctcrmincd for this ccll bcforc, 25
and 45 min af tcr  IT wcrc ncar lv  ident ica l ,  ind icat ing
that thcrc were no changes in nrembrane rcsist.rtrcc
(F ig .  2 ) .

We classificd EPSP ch,rngcs as potcntiatictn or
depression if the average response amplitudes mca-
sured within intervals of 20 min bcforc and aftcr IT dif-
fered significantly (p < 0.05, p,rircd t-tcst). During the
20 min intcrvirl following IT, potentiation occurred in
I  O of  23 tested inputs (9 of  t , r  cc l ls ,  F ig.  3A,  uppe r  p lot )
and amounted to 163 t 33"/" of control (n = I O; rangc
113-227%).Iror all but t. 'ne case, potentiation persisted
f or 2A-40 min after IT (172 -r 39yu , n = 9) and for eight
cases for 40-60 min (152 -r 41 % ). Two cells were held
for more than 3 h, and potentiation was sustained.

Depression was observed in eight of 23 inputs (seven

of 15 cells) and amounted to 63 -+ 1.5"/o of control
(range 22-88%) during the initial 20 min after IT (Fig.

3A, lowermost plot). In seven inputs depression per-
sisted for 20-40 min after IT (+t -r 12"/" of control) and

-15 min, )(
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lasted throughout the whole recording period which
extendcd from 40 min to 3 h post-tctanus.

In seven of cight cells in which responses wcre tested
from both stimulation sitcs both inputs wcre modified.
In fivc case s potentiation of the input from layer IV was
accompanicd by depression of the laycr II input, as
shown in F igurc 1.  ln  one cc l l  both inputs werc potcn-
tiated and in one cell both were deprcsscd.

Scgregating thc data according to stirnulation sitc
(Fig. 3B) rcvcalcd differcnt susceptibil i t ics of the two
inputs to unde rgo lasting change s. Of 1 1 tcsted layer IV
inputs scven wcrc pote ntiated, two we rc depre sscd and
two wcrc unchanged, so that thc net cffcct was poten-
t ia t ion (F ig.  3B,  S 1) .  Of  l2  inputs f rorn laycr  I I  (F ig.  3ts ,
52) ,  only  thrcc wcrc pote nt ia tcc l  whi lc  srx wcrc
dcprcsscd ancl thrcc showccl no changc.

Discussion

Thc prcscnt rcsults irrclicatc that IT of supragranular
ncuroncs carr  inducc st rong ancl  long- last ing modi f i
cat ions in  synapt ic  t ransrn iss ion of  inputs that  wcrc not
st imulatcd dur ing thc tc tar . r izat ion.  Not  s t imulat ing
affcrcnts docs not ncccssarily irnply that thcrc was ncr
trans m i ttcr rclcasccl clu ri rr g tl 'rc tctrnization. Prcsy nap-
tic affcrcrrts could l 'ravc bccn spontancously activc or
cc l ls  prov id ing cxc i tatory inputs to thc tc tanizcc l  ncu-
ronc cr',uld h:rvc bccrr drivcn by thc :rctivatiorr of thc
lattcr,,rnd firrally, sp()ntancous rclcasc could l.ravc lrccn
i ncrcascd by i ntraccllular dcpol,rri zatit:rt.t.5 \f c considcr
thc f i rs t  possib i l i ty  as unl ikc ly  bcc,rusc spontancous
EPSPs wcrc rarc , rnd spontancous spik ing was , rbscnt
in our  prcparat i ( )n.  Sincc cxc i tatory coupl ing bctwccn
indiv idual  cor t ica l  cc l ls  is  usual ly  wcak,"  i t  is  : r lso
unl ikc ly  that  thc fcw spikcs cvokccl  in  a s inglc  cc l l  by
intraccllul,rr tctanization activartcd cxlctly thosc' corti
cal cclls whosc Axor.ts tcrminatc on thc re corc{cd ccll and
arc cxcitccl by thc tcst stimuli (scc :rlso Rcf. 4). 

' l 'hc

cxtcnt  to  which thc th i rd mcchanisr l  causcd spon-
tancous rc lcasc dur inq IT is  unknown. Thcsc conside r -
ations suggcst that rnodificatior-rs of synaptic
t ransmiss ion can bc induced by postsynapt ic  act ivet ion
alor.rc, without conjunction with spike evokcd rclcasc
from thc respectivc prcsynaptic terrninals.

Thc modificatiorrs obscrved in thc prcsent study
closelv rescmblc LTP and LTD as they last morc than
3O rnin, arc associatcd with substantial changcs in EPSP
amplitudc and rising slope and occur in the abscncc of
changes in membranc potential and rcsistance of the
postsynaptic neurone. Thc induction of LTD and LTP
requires a crit ical incrcasc of intraccllular [Ca'-] (for
review see Ref. 14). LTD in hippocampusn and in neo-
cortex and short-term potentiation in the hippocam-
puse r r '15 could be induced wi thout  presynapt ic
activation by manipulations which increase intracellu-
lar [Ca']-]. As our induction protocol is l ikely to trigger
a substantial Cat. influx, wc propose that thc observed

modifications are caused by a surge of intraceliular

Ica'.].
Our induction protocol caused a long lasting poten-

tiation. Similar results were reported recently for the
hippocampus.T F{owevcr, application of long intra-
cellular pulses at low frequency (e.g. 3 s, 0.2 Hz, see
Ref. l) usually cvokcd only short-term changes (see
Introduction). A l ikely explanation is that our stimu-
lation protocol was more effective in inducing an
increasc of intracellular [Ca':-], as bricf pulses mini-
mizcd inactivation of voltagc gatcd ionic channels.
Thus, Ca'* influx should have been stronger than with
application of long pulses. This intcrpretation is sup-
portcd by rcports from other structurcs showing that
postsynaptic activation with short and long pulscs
leads to long: + r and shortt " potentiation, rcspcctively.

An intcrcsting obscrvation was that IT affccted dif-
fcrcnt affcrcnts to the same ncuronc in different ways.
Synapses may diffcr in thcir prcdisposition to undcrgo
potcnt ia t ion or  depression.  Al tcrnat ive ly ,  synapses
wi th s imi lar  prcdisposi t ions could bc d i f fcrent ia l ly
affcctcd bccausc lcvcls of dcpolarization and rcsulting
Ca'* incrcascs arc l ikely to diffe r at diffcrcnt site s of the
dcnclrit ic trcc during application of IT.

The EPSP changcs induccd by IT wcre largcr than
thosc rcportcd aftcr conventional induction of LTP or
LTD. Vc lttr ibutc this to thc fact that we used wcak
tcst stimuli rathcr tharr to pcculiarit ics of IT. The
prcscnt  data show that  a g ivcn lcvc l  of  postsynapt ic
activation can lcad to rnodifications of oppositc
polar i ty  in  d i f fcrcnt  inputs.  I f  s t rong test  s t imul i  arc
uscd,  which is  usual ly  thc case in ordcr  to obta in large
rcsponscs, many affcrcnts arc coactivatcd and if rnodi-
fications arc not homogcncous, the net changc of thc
compound L,PSP will bc srlallcr than the changcs of
indiv idual  inputs.

Conclusions

Thc prcscnt rcsults suggest that modifications of
synaptic transmission that closely resemblc LTP and
LTI) can be induced in the abscncc of presynaptic acti-
vat ion by tetaniz ing thc postsynapt ic  neuronc.  This
agrees with thc notion that the signals for thc induction
of I-TP and LTD are generatcd postsynaptically.
Because the prcscnt rcsults have been obtaincd under
artif icial activation conditions, thcy do not violate the
Hcbbian conjunction rule because under normal con-
ditions postsynaptic activation is always caused by
synaptic activity and synergistic actions among ligand-
and voltage-gated conductances are particularly
suitable for the induction of a change. As different
inputs to the same ccil can change in opposite direc-
tions, probably because of differences in local acti-
vation conditions, thcrc is also no conflict with the
evidence for input specificity of synaptically induced
modifications.
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