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Cellular Analogs of Visual Cortical Epigenesis. I. Plasticity of 
Orientation Selectivity 
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France 

A differential pairing procedure was applied in viva to indi- 
vidual neurons in the primary visual cortex of anesthetized 
paralyzed cats, in order to produce changes in their relative 
orientation preference. While we recorded from a single cell, 
its visual response to a light bar was driven iontophoretically 
to a “high” level when stimulating with an initially nonpre- 
ferred orientation (S+), and alternately reduced to a “low” 
level when stimulating with the preferred orientation (S-). 
This associative procedure was devised to test the possible 
role of neuronal coactivity in controlling the plasticity of ori- 
entation selectivity. 

Among 87 cells tested, 35 (40%) showed significant long- 
lasting changes, either in the relative orientation preference 
for the two “paired” stimuli S+ and S-, in the global orien- 
tation tuning profile, or in both. Measurements of relative 
orientation preference demonstrated significant effects in 
27 cells (31%)) all in favor of the positively reinforced ori- 
entation (S+). Modifications of orientation selectivity (studied 
over the entire orientation spectrum in 45 of the conditioned 
cells) usually consisted (21 out of 25 modified cells) of a 
competitive reorganization of the orientation tuning curve: 
the preferred orientation shifted toward S+, and a loss of 
relative visual responsiveness was observed for orientations 
close to the negatively reinforced orientation (Sm). The larg- 
est changes were found in deprived kittens at the peak of 
the critical period, although the probability of inducing a 
significant change studied during the first year of postnatal 
life was independent of age. 

These functional modifications demonstrated at the cel- 
lular level are analogous to those induced by a global ma- 
nipulation of the visual environment, when only a restricted 
spectrum of orientations is experienced during the critical 
period. Our results support the hypothesis that covariance 
levels between pre- and postsynaptic activity determine the 
sign and the amplitude of the modification of efficacy of 
cortical synapses. 
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This article is the first of two companion articles describing 
cellular analogs of visual cortical plasticity, each devoted to a 
particular visual cortical receptive field property. These exper- 
iments are aimed at producing functional changes similar to 
those occurring during normal or abnormal visual development, 
while recording from a single neuron in cat area 17 [Fregnac et 
al., 1988; Shulz and Fregnac, 1992 (companion article)]. The 
present article focuses on orientation selectivity and demon- 
strates the role of temporal correlation between pre- and post- 
synaptic activity in the plasticity of this property. 

Population analysis of the plasticity of orientation selectivity 

Visual cortical cells are best activated by slits of light/dark bars 
or edges of appropriate orientation and position in the receptive 
field. Since the first report of such orientation-selective cells in 
visually inexperienced &d-old kittens by Hubel and Wiesel 
(1963), the early postnatal development of orientation selectiv- 
ity has been the subject of considerable attention. In 6-week- 
old normally reared kittens, most visual cortical cells are highly 
selective and all orientation preferences are represented (Blake- 
more and Van Sluyters, 1975; Fregnac and Imbert, 1978; Albus 
and Wolf, 1984), but this high level of functional specificity 
contrasts with the absence of orientation selectivity in kittens 
of the same age dark-reared from birth (Imbert and Buisseret, 
1975; Leventhal and Hirsch, 1977; Fregnac and Imbert, 1978). 
Nevertheless, a few hours of visual experience given at that age 
to previously deprived kittens induces a level of specification 
in receptive field properties comparable to that observed in 
normally reared littermates (Imbert and Buisseret, 1975). Such 
evidence for fast functional changes at the peak of the critical 
period was one of the major motivations for the present exper- 
iments aimed to look for “acute” modifications that can be 
induced once the network has stabilized, possibly by imposing 
changes in the coupling gains between neuronal elements through 
activity-dependent processes. 

The rapid increase in visual experience sensitivity during the 
first postnatal weeks explains the success of the protocols of 
restricted visual exposure (Blakemore and Cooper, 1970; Hirsch 
and Spinelli, 1970; but see also Stryker et al., 1978; Rauschecker 
and Singer, 198 1): comparison of orientation preference of cor- 
tical cells recorded before and after a few sessions of daily ex- 
posure for a few hours to striped environments of fixed orien- 
tation showed the induction of a significant bias of representation 
in favor ofthe orientation to which the kittens had been exposed. 
Two different interpretations concerning the processes involved 
in these effects have been proposed, based on selective versus 
instructive mechanisms. While the results of Blakemore and 
Cooper (1990) are consistent with the idea of a massive reor- 
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ganization of cortex and of a “capture” of the exposed orien- 
tation, the results of Hirsch and Spinelli (1970) could also be 
explained by a silencing or degenerative process that specifically 
affected cells whose preferred orientations were not experienced 
by the.animal. However, in view of the inherent limitations of 
the “population analysis” methodology-which is based on the 
comparison of distributions of receptive field properties estab- 
lished in different animals-no definitive conclusion could be 
drawn. 

A theoretical scheme of synaptic plasticity: the covariance 
hypothesis 

The experimental data suggesting that visual cortical functional 
specificity is shaped by activity-dependent processes have been 
taken as indirect support for Hebb’s postulate, which posits that 
synaptic transmission is enhanced following an increase in tem- 
poral correlation between pre- and postsynaptic activity (Hebb, 
1949). This elementary rule of synaptic plasticity predicts the 
reinforcement in the visual responsiveness of cortical neurons 
to experienced orientations (Rauschecker and Singer, 198 1; re- 
viewed in Frtgnac and Imbert, 1984). However, Hebb’s prin- 
ciple in a literal interpretation assumes only positive changes, 
that is, increases of synaptic efficacy of excitatory connections. 
This eventually leads to the undesirable situation where all syn- 
apses in the network saturate; such a “trivial” end state cannot 
be construed as the synaptic basis for functional selectivity. The 
family of algorithms of synaptic plasticity introduced by 
Sejnowski in 1977 in the cerebellum (Sejnowski, 1977a,b), and 
later by Bienenstock and coworkers in visual cortex (Bienen- 
stock et al., 1982), overcomes this problem. They are based on 
a common covariance rule (detailed in Table 1) embodying com- 
petition between active and silent synapses. The change in syn- 
aptic efficacy at time t is assumed to be proportional to the 
covariation of pre- and postsynaptic activities, that is, to the 
product of the departures of the instantaneous pre- and post- 
synaptic activities at time t from their respective mean values 
(averaged over a given period preceding time t). It is implicitly 
assumed that there is a modijkation threshold for postsynaptic 
activity, above which potentiation occurs and below which syn- 
aptic depression occurs. This threshold can be made dependent 
nonlinearly on the average past activity of the cell (“floating 
threshold” in Bienenstock et al., 1982), which ensures global 
stability of the synaptic modification process. Covariance-based 
algorithms predict both increases and decreases in synaptic ef- 
ficacy, thereby allowing the network connectivity state to con- 
verge to nontrivial states. Optimality of these rules of synaptic 
plasticity has been discussed in the context of associative mem- 
ory models (Willshaw and Dayan, 1990). 

The cellular analog approach 

In order to best assess whether cortical cells do individually 
change their orientation preference or tuning following vision 
restricted to a fixed orientation, we devised an associative con- 
ditioning protocol in the anesthetized and paralyzed prepara- 
tion. Our aim was to demonstrate plasticity during the time of 
recording of single cortical cells. The neuronal response was 
artificially reinforced during the presentation of one orientation 
(S+) and suppressed while presenting another orientation (Sm) 
through the same eye. This technique of differential pairing 
presents three advantages. The first two are dictated by specific 
predictions of the covariance hypothesis: (1) Alternating “high” 
and “low” levels of forced activity keeps mean cellular activity 

Table 1. Predictions of the covariance hypothesis 

Presynaptic 1 0 1 0 

Postsynaptic 1 1 0 0 

Covariance level + - 0 

Change in synaptic gain + - - = 

Protocol S’ S- 

The covariance between X and Y is defined as the mean value of the product 
(X-.X).(Y-y), where X and Y are the mean values of X and Y, respectively. Each 
acti%ty process (X, Fesynaptic; Y, postsynaptic) is a time series defined on a 
discrete time scale, taking values 0 or 1. The pairing procedure imposes a specific 
pattern of pre- and postsynaptic activity, given by one of the four situations 
described in the first two rows. This “repeated” and “persistent” pattern of coac- 
tivity (Hebb, 1949) results in a maintained level of covariance (third row), which 
in turn defines a synaptic change according to the covariance hypothesis. According 
to the covariance scheme, synapses whose activation is repeatedly correlated with 
the firing of the target cell (first column) will be reinforced (as a result of positive 
covariance), whereas those that are predominantly silent at the time ofpostsynaptic 
tiring (second column) will lose their efficacy (as a result of negative covariance). 
Moreover, a decrease in synaptic efficacy is also predicted in case of a repetitive 
failure of a synapse to trigger the firing of the postsynaptic cell (again a case of 
negative covariance, shown in the third column). 

during pairing similar to that evoked in control observation 
periods. This situation avoids the fluctuations of the plasticity 
threshold predicted by the “floating threshold” model if mean 
activity was not kept constant. (2) The artificial increase or 
decrease of postsynaptic firing alters the postsynaptic term of 
the covariance rule and hence predicts the sign and amplitude 
of the synaptic change. The third advantage derives from the 
use of relative rather than absolute measurements to assess 
changes following conditioning: (3) The high temporal vari- 
ability of evoked firing during recording sessions lasting several 
hours, and the possibility of nonassociative changes affecting 
cellular excitability and/or membrane potentials mean that si- 
multaneous comparison of visually evoked responses for two 
different test stimuli should yield more reliable conclusions than 
the direct observation of absolute changes in responses to a 
single test stimulus (see also Carew et al., 1984). Note also that 
using a continuous parameter such as orientation allows one to 
study the generalization of the effect to stimuli different from 
those used during the pairing procedure. 

The present article reports on long-term associative changes 
in orientation preference and orientation selectivity of kitten 
and cat visual cortical neurons. 

Preliminary partial results have been published elsewhere 
(FrCgnac et al., 1988). 

Materials and Methods 

Rearing conditions. Sixty-six animals from the laboratory breeding col- 
ony were used, among which 41 were normally reared, 6 were dark- 
reared from birth to the time of recording, and 19 were dark-reared for 
a period of varied length ending at the time of recording. For the last 
group, the deprivation period started between the first and the seventh 
week of age, in most cases at 3 weeks of age, and lasted on average 4.5 
weeks. 

Surgical preparation. Cats, aged from 4 weeks to adulthood at the 
time of recording, were anesthetized by intramuscular injection of Al- 
thesin (Glaxo; 1.2 ml/kg: 10.8 mg/kg alfaxalone and 3.6 mg/kg alfa- 
dolone acetate). After cannulation of the femoral vein and tracheotomy, 
anesthesia was maintained by continuous intravenous Althesin infusion 
(3 mg’kg/hr). Following an initial observation period (1 hr) during which 
we checked for signs of discomfort from the preparation, animals were 
paralyzed by intravenous infusion of Flaxedil (gallamine triethiodide, 
15 mg/kg/hr), which was added to the Althesin perfusion and supple- 
mented with glucose and saline. Expired pC0, levels were maintained 
between 3.8% and 4.2%, and EKG was monitored throughout the ex- 
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Figure 1. Protocols of imposed temporal correlation between orientation characteristics of the visual input and postsynaptic firing. a, For each 
recorded cell, action potential shape (calibration: 1 mV, 1 msec) was continually monitored on a digital oscilloscope and compared to its initial 
template, in order to ensure that the same neuron was recorded throughout the experiment. b, Every square pulse in the upper lines indicates the 
temporal occurrence of a single visual stimulation (sweep of a slit of light with a fixed orientation across the receptive field), and every solid rectangle 
in the lower lines, the occurrence of an iontophoretic pulse of a given polarity (upward for positive, downward for negative). During controls (Q, 
two visual stimuli (S+, left column; S-, right column) of different orientations (e.g., vertical and horizontal) were presented monocularly (usually 
through the dominant eye) by blocks of four trials repeated in succession every 4-8 set (upper line), without iontophoretic current (lower line). This 
elementary sequence was repeated lo-50 times. During pseudopairing (PP), iontophoretic pulses of a fixed polarity for each stimulus were applied 
without correlation to the visual stimulation. During contiguous pairing (P), iontophoretic pulses were applied together with the visual response, 
in such a way as to impose a significant increase (positive current, S+) or decrease (negative current, Sm) of this response. In order to assess possible 
generalization of the effect to orientations other than those used during pairing, the orientation tuning curve (TC) was established before and after 
pairing, by presenting in a random order bars of different orientations in the absence of any iontophoretic current. In some cases, orientation tuning 
was in addition studied at different levels of constant iontophoretic current. c, During the differential pairing procedure, the temporal correlation 
between the orientation characteristic of a given stimulus entering the receptive field and the onset of the iontophoretic pulse controlling the 
postsynaptic firing was achieved using a semitranslucent screen oriented at 45” that split the light beam and reflected it on a drawing table. Two 
photoelectric cells were positioned on the borders of the projected image of the receptive field (A), so that each was separately activated by only 
one of the two oriented stimuli used during pairing. The durations of the iontophoretic pulses were adjusted so as to restrict the control of activity 
to the period when the stimulus was in the receptive field. 

periment. Body temperature was regulated at 38°C. Nictitating mem- 
branes were retracted with Neosynephrine; pupils were dilated and ac- 
commodation was blocked with Atropine. Neutral contact lenses were 
used to protect the cornea from drying. Optical correction was assessed 
by retinoscopy (skiascopy) in kittens less than 8 weeks old and by re- 
flection of direct tapetal illumination (Pettigrew et al., 1979) on the 
stimulation screen (114 cm) in older animals. The head was fixed in a 
stereotaxic Horsley-Clarke frame, and the skull was cemented to ad- 
ditional metallic bars, which significantly improved recording stability. 
Small holes were made bilaterally on the skull to expose area 17 in a 
region corresponding to the representation of the area centralis (Ll-L2, 
PI-P3; Tusa et al., 1978). At the end of recording, animals were killed 
by an intravenous injection of pentothal and perfused via the heart with 
Ringer’s solution and 10% formol in Ringer’s solution. Cortical sections 
were stained with cresyl violet and examined for verification of the 
electrode placement in area 17 and in some cases for localization of the 
sites of extracellular injection of dye. 

Extracellular recording, iontophoresis, and visual stimulation. Glass 
micropipettes (2-20 Ma, filled with KCI, or K-acetate, 3 M, supple- 
mented with pontamine sky blue) were used to record extracellularly 
the activity of visual cortical neurons. Electrodes that showed any leak 
of potassium under microscope examination of the tip or that induced 

progressive increases in spontaneous activity during the first stages of 
recording were discarded. For each cell, the shape ofthe action potential 
(ranging in amplitude from 2 to 40 mV above noise level) was contin- 
uously monitored and compared to its initial shape in order to ensure 
that the same neuron was recorded throughout the experiment (Fig. la). 
The recording electrode was also used as an iontophoretic channel through 
which currents of both polarities could be applied. Adjustment of bridge 
balance allowed uninterrupted recording of neuronal activity during 
iontophoresis (mean values were - 8 nA for negative currents and + 5 
nA for positive currents). Preferred orientation, velocity, and direction 
of movement together with ocular dominance were estimated qualita- 
tively by hand-held projection and back-projector stimulation. A semi- 
translucent screen oriented at 45” was positioned behind the stimulation 
screen to intersect and split the light beams, so that the receptive field 
could be directly charted on a drawing table (Fig. lc). After determining 
the optimal stimulation parameters, the orientation selectivity of the 
cell was quantitatively studied by a computer-driven presentation of a 
pseudorandom sequence of 30, 12, or 9 different orientations through 
the dominant eye. These three cases corresponded, respectively, to 12”, 
30”, and 10” intervals between two neighboring orientations and were 
chosen as a function of the initial estimate of the width of orientation 
tuning of the cell. The same sequence was repeated three to five times. 
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In order to assess the initial relative preference between the two stim- 
uli later used during the pairing procedure, these two test orientations 
were presented in blocks of eight trials (four for each orientation) until 
each had been presented at least 40 times. During the pairing procedure, 
the presentation of one of the two orientations (usually the nonpreferred 
one) was associated with an increase in discharge induced by the ap- 
plication of a positive current (ejection of K+ ions; S+), while the pre- 
sentation of the second orientation (usually the preferred one) was as- 
sociated with a decrease or with a blockade of the visual activity induced 
by the application of a negative current through the recording electrode 
(S-) (see Fig. 16). The synchronization of the iontophoretic action with 
the arrival of the stimulus in the receptive field was obtained by trig- 
gering photoelectric cells placed on the drawing table where the stimulus 
was partially reflected (see Fig. 1 c). After pairing, the visual stimulation 
was repeated without the iontophoretic current (control stimulation) 
and a new orientation tuning curve was determined, in order to measure 
possible changes in orientation preference and selectivity. In half the 
cells studied, additional control measurements were interleaved to as- 
sess possible nonassociative changes: (1) a quantitative study of the 
stability of the orientation tuning curve was performed at different levels 
and polarities of constant iontophoretic current, to ensure that basic 
properties.such as orientation preference were independent of the level 
of polarization of the target neuron, and (2) a pseudopairing procedure 
was applied, in which the iontophoretic action (ejection and retention) 
was not correlated in time with the visual stimulation, although the two 
test orientations were associated with currents of the same polarities 
used during contiguous pairing. 

Data analysis. An index of relative orientation preference (orientation 
bias ratio, or OBR)-defined as the normalized ratio of visual responses 
[S+/(S- + S+)J-was computed using a moving average technique (see 
Fregnac and Bienenstock, 198 1). This normalized index equals 0 if a 
cell responds exclusively to the S stimulus and + 1 if it only responds 
to the S+ stimulus. In order to minimize biases due to progressive 
changes in the absolute level of firing, each integrated value of S+ was 
compared with S- values corresponding to trials just preceding and 
following the current one. This index was calculated on successive blocks 
of eight trials during both control and pairing periods, and the distri- 
butions of values established before and after pairing were compared 
statistically using parametric (unpaired Student’s t test, significance level 
of D < 0.005) and nonuarametric tests lKolmonorov-Smimov test (KS), 
significance ievel of p -< 0.051. In order to assess the effectiveness of the 
pairing procedure on the cell activity, the OBR was also measured during 
pairing, which led to a three-category classification. If there was no 
significant change in OBR, the action of the pairing was termed “null.” 
Conversely, if only one of the two types of pairings (S+ or S-) was 
effective, the action was considered “partial,” and if modulation was 
achieved for both polarities, it was termed “complete.” 

Two additional measurements were derived from orientation tuning 
curves determined using stimuli not shown during pairing. First, tuning- 
curve areas were normalized to lOO%, and any reorganization in the 
orientation tuning was quantified by computing for each orientation the 
difference between the normalized response before and after pairing, 
thereby expressing relative gains and losses in visual responsiveness as 
a function of orientation. This computation was performed after the 
tuning curves-originally established on a 360” scale-were folded over 
on a 180” scale by summing responses obtained with opposite directions. 
Second, preferred orientation was assessed: the “center of gravity” of 
the peak was calculated by weighting three to five points around the 
preferred orientation with their respective firing frequencies. 

The orientation selectivity of a cell was judged to be modified if at 
least one of two criteria was met: (1) a statistically significant change in 
OBR was observed when comparing control values after and before 
pairing, or (2) the area of the curve of differences between normalized 
responses after and before pairing exceeded 20% of the normalized area, 
and reorganization of tuning was accompanied by a shift of the preferred 
orientation. The second criterion was derived from previous studies on 
the intrinsic variability of orientation tuning responses (Fregnac and 
Bienenstock, 198 1). By convention, the angular separation between the 
preferred orientations after and before pairing was termed “positive” if 
the peak of the tuning curve had shifted toward the S+ orientation and 
“negative” if the shift was toward S- or away from S+. For cells showing 
initially no bias of direction or orientation yet becoming selective after 
pairing, the shift of peak was arbitrarily defined as twice the angular 
separation between the preferred orientation after pairing and the ori- 
entation halfway between S+ and S. The use of two criteria for mod- 

ification is justified by the fact that a cell deemed modified by criterion 
(1) may not change its preferred orientation and yet still reorganize its 
tuning profile by alterations in the polar asymmetry of the peak of 
response. Conversely, a cell may exhibit a significant change in the peak 
of response (criterion 2) without showing any significant change in the 
ratio of S+ and S- responses. 

Results 

Two hundred and eighteen visual cells were recorded in area 
17, of which 94 were in normally reared kittens (4-l 5 weeks 
old), 85 were in partially deprived kittens (5-14 weeks old), 36 
were in juvenile cats (25-32 weeks old), and 3 were in normal 
> l-year-old adult cats. Ninety-seven of these cells were sub- 
mitted to 159 differential pairing procedures and to 33 pseu- 
dopairings. The other 111 cells were used for control recordings 
(temporal stability and dependency of receptive field properties 
on iontophoretic current). 

Iontophoretic control of neuronal excitability 

The efficacy of the iontophoretic control of activity was quali- 
tatively studied during preliminary experiments on 290 cells 
(not included in Table 2). Seventy-nine percent of the cells (174 
out of 221 tested) showed increased activity during the appli- 
cation of a positive current (and K+ ion ejection), while 86% of 
the cells studied with a negative current (150 out of 175) showed 
decreased activity. In one case, a negative current (- 1 nA) pro- 
duced a significant increase in spontaneous activity. The rela- 
tionship between discharge frequency and iontophoretic current 
intensity was studied quantitatively on 28 cells by using random 
current pulses (2-5 set duration) of variable polarity and am- 
plitude with no visual stimulation. Spontaneous activity was 
continuously monitored in order to ensure that no consecutive 
effect on the global excitability level was present between the 
periods of iontophoresis. In all cases, pulses of positive current 
(less than 10 nA) produced very steep increases (within less than 
50 msec) in activity, which returned within less than 200 msec 
to its original level. Negative current reduced spontaneous ac- 
tivity in 57% of these cells and completely blocked it in 2 1% of 
additional cases. 

The effects of positive currents applied through the KC1 mi- 
cropipette on the neuronal activity could result from an in- 
creased potassium concentration in the extracellular medium 
and/or from current per se. To distinguish these two possibili- 
ties, eight additional cells were recorded with double-barrel mi- 
cropipettes (filled with 3 M KC1 and 3 M NaCl), which allowed 
current compensation through the NaCl barrel while ejecting 
K+ ions through the KC1 barrel. The activity of five of the six 
cells affected by the iontophoresis was increased to the same 
level during compensated and noncompensated conditions, sug- 
gesting that the activity changes result mainly from a potassium- 
dependent mechanism. 

For cells submitted to differential pairing, iontophoretic con- 
trol of firing was restricted to periods when the visual stimulus 
was in the receptive field (see Materials and Methods and Fig. 
1 c). In most cases, positive currents increased the level of firing 
without distorting the temporal pattern of the visually evoked 
poststimulus time histograms (PSTHs). Negative current ap- 
plication reduced visual as well as spontaneous activity. Fur- 
thermore, in cases of juxtacellular recording (spike amplitude, 
> 10 mV; polarity of the action potential similar to that of an 
intracellular record), it even suppressed evoked responses to the 
optimal stimulus (see Figs. 4, 5a; see also Shulz and Fregnac, 
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Figure 2. Invariance of orientation preference during constant current iontophoresis: recordings from four cells in area 17 of normally reared 
kittens. Each orientation tuning curve was obtained by presenting a random sequence of 30 orientations over 360” (separated by steps of 129. For 
each cell, mean tuning curves averaged over three to five runs for different levels of polarization of the recording KC1 electrode are superimposed. 
Current levels were adjusted to relatively low values (less than + 10 nA) so that they predominantly affected visual activity and left spontaneous 
activity essentially unchanged. Vertical calibration: u-c, 10 action potential (a.p.)/sec; d, 5 a.p./sec. a, The orientation preference shown by this 
cell, recorded in a 9-week-old kitten, was remarkably stable with time (data not shown) and independent of the level of iontophoretic current, 
which ranged from -8 nA (resulting in a 17% decrease in mean visual activity) to +3 nA (producing a 50% increase when compared with the 0 
nA control level). b, For this other cell, recorded in a 13-week-old kitten, the mean level of response imposed by the -4 nA and the -6 nA currents 
was, respectively, 67Oh and 93% less than that observed with the -2 nA level. In spite of the differences in overall activity, the orientation tuning 
profile remained unchanged, whereas the directional asymmetry appeared to be reduced for more positive levels of current: a noticeable increase 
of response was unmasked for the direction of movement opposite to the preferred one. c, This cell, recorded in a 13-week-old kitten, was highly 
selective without current. Application of a +3.5 nA current produced a 5 10% increase in mean visual activity. Even at this high activation level, 
the preferred orientation remained unchanged. d, Bidirectional cell recorded in a 9-week-old kitten. The increase of the constant retention current 
from -2 nA to -7 nA reduced the overall activity by 62% without any change in the preferred orientation. 

1992, Fig. 3) suggesting a hyperpolarizing field effect on mem- 
brane potential (Eccles, 1966). In most cases, the effect ofcurrent 
on visual responsiveness appeared to result from the direct con- 
trol of the postsynaptic membrane potential. 

Temporal stability of orientation preference 
The temporal variability of the orientation tuning curve and of 
the relative preference between the two orientations used during 
pairing (given by the OBR; see Materials and Methods) was 
analyzed in 190 cells. Forty-five of these cells were studied quan- 
titatively for periods of one to several hours. Control data in 
orientation-selective cells, recorded in both kitten and adult, 
confirm that both the preferred orientation (Henry et al., 1973; 
Hammond et al., 1975; Fregnac, 1982) and the general profile 
of the orientation tuning (Fregnac and Bienenstock, 198 1) are 
remarkably stable using interleaved stimulation in the anesthe- 
tized and paralyzed preparation. Conversely, nonselective cells 
in visually deprived kittens are much more variable (Fregnac 
and Bienenstock, 198 1; Fregnac, 1982). The directional asym- 
metry seen for certain receptive fields seemed less stable, even 

in normally reared kittens and adult cats (Fregnac, 1982) and 
spontaneous reversals of preferred direction were occasionally 
observed. 

Invariance of orientation preference at dIrerent levels of 
imposed iontophoretic current 
A second possible source of variability results from the use of 
extraneously applied current and from the induction of high 
transient concentrations of K+ or Cl- in the extracellular me- 
dium. A constant leak of K+ ions occurring from the micro- 
electrode tip at zero current (Purves, 198 1) could affect the 
orientation tuning (but see Materials and Methods). To exclude 
this possibility, the stability of orientation tuning and OBR was 
quantitatively assessed on 25 cells at levels and polarities of 
imposed current (mean values, - 8 nA and + 5 nA) similar to 
those used during pairing, except that here they were applied 
permanently. Moreover, if there was a change in excitability 
after pairing, a constant current could be applied so as to impose 
a spontaneous activity level comparable to that before pairing. 

In contrast to a number of other visual response properties 
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Table 2. Summary of pairing experiments 

Rearing condition 

Normally reared Deprived 

Kitten Juvenile Adult Kitten 
115w 21-32~ t 1 year <15w Total 

Number of pseudopairings 7 6 - 20 33 
Number of cells 7 5 - 20 32 
Number of modified cells 0 (0%) 0 (0%) - 1 (5%) 1 (3%) 

Number of pairings 57 24 5 73 159 
Number of cells 35 11 3 38 87 
Number of modified cells 12 (34%) 7 (64%) 1 (33%) 15 (39%) 35 (40%) 

w, weeks. 

such as absolute level of firing, directional asymmetry, and to 
a lesser extent ocular dominance (see Shulz and Frtgnac, 1992), 
the preferred orientation appeared remarkably stable at different 
polarization levels. The main effect was an increase in the width 
of the tuning curve with more positive currents, sometimes 
accompanied by an unmasking of subliminal responses, whereas 
the preferred orientation remained constant even with responses 
five times larger than in the absence of iontophoretic current 
(Fig. 2). Conversely, negative current reduced tuning width. 
Thus, the effects of constant current application on orientation 
selectivity were similar to those reported to occur spontaneously 
over a several-hour period (“iceberg effect” in FrCgnac and Bie- 
nenstock, 198 1); in all cases, orientation preference remained 
invariant despite more or less “homothetic” transformations of 
the orientation tuning curve. 

ModiJications of orientation selectivity induced by dtflerential 
pairing 

This stability of orientation selectivity observed during contin- 
uous current application contrasted with the profound changes 
induced by a differential control of activity dependent on stim- 
ulus orientation. One hundred and fifty-nine pairing procedures 
and 33 pseudopairing procedures were carried out on 97 visual 
cortical cells. Table 2 shows the distribution of pairings and 
pseudopairings as well as the percentages of modified cells as a 
function of age and rearing conditions. While 40% of the cells 
(kitten, juvenile, and adult cat data being pooled together) sub- 
mitted to at least one pairing procedure were modified in a 
significant way, only 3% showed significant changes following 
pseudopairing in which the iontophoretic action was not cor- 
related with visual stimulation. 

A change in relative orientation preference for a cell recorded 
in a 28-d-old normally reared kitten is illustrated in Figure 3. 
This cell was monocular and initially orientation selective. A 
first pairing procedure, involving the repeated presentation of 
an initially nonpreferred orientation associated with the appli- 
cation of a positive current through the recording electrode (S’), 
resulted in a potentiation of the response to this nonpreferred 
orientation. No significant change in response was found for the 
orientation associated with a negative current (Sm). This effect 
was replicated with a second pairing procedure, resulting in a 
further increase of response to the “reinforced” orientation, 
which, however, did not result in a full reversal of preference 
from S- to S+. To exclude the possibility of a nondifferential 
increase of response masked at S- by a saturation effect, we 
compared orientation tuning curves recorded before and after 
each pairing. This showed that the maximal response did indeed 

shift to an orientation intermediate between S- and S+ (see Fig. 
6b). Despite a modest shift in the preferred orientation, the 
modification in tuning profile shown by this cell definitely did 
not belong to the normal range seen with spontaneous vari- 
ability. In particular, significant responses appeared following 
pairing for stimuli orthogonal to the initially preferred orien- 
tation, which were unable at the start of the experiment to evoke 
any suprathreshold response at all. In addition, the changes 
appear to be strongly dependent on the test orientation, as can 
be assessed from the normalized difference graph. 

Similar findings were made in the visually deprived kitten. 
The cell illustrated in Figure 4 and recorded at the peak of the 
critical period showed a highly significant modification of rel- 
ative orientation preference, resulting from a potentiation of the 
response to the S+ orientation and a long-lasting depression of 
the response to the S orientation. Before pairing, the maximal 
response was found for the vertical orientation, and a small but 
significant response was obtained for the horizontal orientation. 
After repeated association of the vertical orientation with a 
blockade of the visual response (Se), alternated with the asso- 
ciation of the horizontal orientation with an artificially increased 
response (S+), the relative orientation preference reversed in 
favor of S+, with a complete loss of response for the initially 
preferred orientation. Despite an increase in spontaneous activ- 
ity, the effect was still present 110 min after the end of the 
pairing and the OBR showed no recovery, even though the 
absolute level of response to the S+ stimulus was slightly less 
than just after the pairing period. 

Comparable changes in relative orientation preference in kit- 
ten cortex were found in 37% of the cells submitted to differential 
pairing (see Table 2). This high level of plasticity, revealed in 
the anesthetized and paralyzed preparation, contrasts with the 
absence of effects following the uncorrelated application of vi- 
sual stimulation and current pulses (pseudopairing). This ob- 
servation demonstrates that temporal contiguity is required in 
this conditioning procedure: the simultaneous activation of af- 
ferent terminals (evoked by visual stimulation) and of the post- 
synaptic neuron (by iontophoresis) is necessary for functional 
changes to occur. This requirement is further illustrated in the 
cell shown in Figure 5a: pseudopairing affected neither its rel- 
ative orientation preference nor the absolute levels of response 
for the paired stimuli, yet contiguous pairing-using the same 
current values-induced a long-lasting depression of the re- 
sponse to S-. The cell in Figure Sb showed no significant effect 
following pseudopairing, but the contiguous pairing procedure, 
which imposed a strong nondlferential increase of both re- 
sponses (S+ and S-), induced a long-lasting nondifferential po- 
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Figure 3. Long-lasting change of relative orientation preference during the critical period, in a normally reared kitten: recordings from a cell in 
area 17 of a 4-week-old normally reared kitten. Two similar pairing procedures induced a shift of the relative orientation preference of the cell 
toward the stimulus paired with a high level of activity (S+). This effect was still present 2 hr after pairing. The left two columns of PSTHs represent 
the visual responses to a moving bar of light of two different orientations (left column, 45”; center column, 135”). Dot displays superimposed on 
the open histograms correspond to responses observed for sequential individual trials: each line represents a single visual stimulation following a 
1.5 set spontaneous activity period, and each point in this line represents the occurrence of one action potential. The vertical broken line indicates 
the onset of the visual sweep. Before pairing (c) the cell responded preferentially to the 45” orientation (left). During the first pairing procedure (P, 
solid histograms) the presentation of the 135”-oriented stimulus was associated 50 times with an 8.5 nA positive current pulse, which resulted in 
an enhancement of the visual response. In alternation, the presentation of the initially preferred orientation (45” orientation, center) was paired 
with a - 1.5 nA negative current pulse, which significantly reduced the visual response. Solid triangles indicate the onset (upward) and offset 
(downward) of iontophoresis. Ten minutes after the first pairing procedure, the response to the positively reinforced orientation was significantly 
increased, and this effect was further amplified after a second pairing procedure (S+, +4 nA, S-, - 1.5 nA). Calibration: vertical, 10 a.p./sec; 
horizontal, 1 set and 2.5”. The temporal evolution of the OBR [S+/(S+ + S-)], calculated by a moving average technique on four pairs of successive 
stimulations and corresponding to the sequential analysis of each row of the PSTHs, is shown in the right column. The initial mean value of the 
OBR (control value) is indicated by the vertical line (0.110 2 0.008). After the first pairing procedure (which imposed a mean ratio of 0.737 + 
0.013), the orientation preference was significantly modified toward the reinforced orientation (OBR = 0.252 + 0.020; KS p < 0.007). After a 
second pairing procedure (imposing a mean OBR of 0.675 * 0.018), a further shift in relative preference (OBR = 0.401 & 0.013; KS p < 0.012) 
was obtained. The differential changes in the responses to the test stimuli (decrease for S-, increase for S+) cannot be explained by the progressive 
but moderate increase in spontaneous activity level. 

tentiation of both responses in the control recordings. The re- to a mere increase in spontaneous activity, since this latter pro- 
sponse pattern shown by the cell for at least 90 min following gressively diminished during and after pairing (see Fig. 5 cap- 
pairing resembled very much that imposed during iontopho- tion). 
resis. This striking long-term potentiation (LTP) cannot be due Functional changes were not restricted to the stimuli pre- 
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Figure 4. Long-lasting change of relative orientation preference during the critical period in a visually deprived kitten: recordings from a cell in 
area 17 of a 5-week-old kitten reared in darkness for the 3 weeks preceding the experiment. Pairing resulted in a shift of preference between two 
orientations: a long-lasting suppression of the visual response was observed for the initially preferred (vertical) orientation, which had been associated 
with a blockade of synaptic firing, and a long-lasting increase in the response for the (horizontal) orientation, associated with a reinforcement of 
the activity during pairing. PSTHs represent visual responses to a moving bar (left ~~hunn, vertical orientation; center column, horizontal orientation; 
same conventions as in Fig. 3). The cell exhibited an initial orientation bias for a vertical stimulus (C). During pairing (P, solid histograms), a 
positive current pulse (+3 nA) was applied when the horizontal bar was shown, and interleaved with a negative current pulse (-7 nA) when the 
vertical bar was presented. Current pulses produced an enhancement of the visual response for the initially nonpreferred stimulus, and a progressive 
blockade of postsynaptic activity for the initially preferred stimulus. Blockade was complete at the end of the pairing procedure (60 S+ and S- 
associations). A dramatic change in orientation preference was observed immediately after pairing and was still present for 110 min after the end 
of the pairing procedure (lower row). Calibration: vertical, 5 a.p./sec; horizontal, 1 set and 1.5”. The right column represents the temporal evolution 
of the OBR (see Fig. 3 for details) in the three control periods: before pairing (C) and 10 min and 110 min after pairing. The vertical line represents 
the mean value of the OBR calculated for the initial control period (C’). The orientation bias, initially in favor of the S- orientation, shifted 
significantly after pairing toward the S+ orientation (KS p < O.OOS), and this effect was maintained 110 min afterward (KS p < 0.005). 

sented during pairing: generalizations of the effect, revealed by level of discharge (1 SO”, S+). The second example (Fig. 6b) was 
studying the orientation tuning curve, were also observed. Fig- recorded in a normally reared 4-week-old kitten and shows a 
ure 6 shows tuning curve modifications for the cells whose as- much more limited shift of its preferred orientation toward S+ 
sociative-pairing histories are presented in Figures 3 and 4. The (15” as compared to the 90” difference between S+ and S-). How- 
first cell (Fig. 6a), recorded in a partially deprived 5-week-old ever, significant responses appear following pairing, for stimuli 
kitten, provides a particularly striking example. It initially pre- orthogonal to the initially preferred orientation, which failed at 

ferred vertical orientations (90s S-), but after pairing, it became the start of the experiment to evoke any suprathreshold re- 
exclusively tuned to the orientation associated with the high sponse. In addition, the changes appear strongly dependent on 
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Figure 5. Temporal contiguity requirements: comparative effects of pseudopairing and pairing procedures. a, Recordings from a cell in area 17 
of a 32-week-old normally reared cat (same conventions as in Fig. 3). The cell, studied for 2 hr 45 min, was submitted before pairing to a 
pseudopairing procedure (PP), during which current pulses lasting 1.2 set (constant retention current, -5 nA; S+, +2 nA, S-, -2 nA) were randomly 
applied (40 presentations). No noticeable change was observed 10 minutes afterward (OBR before PP, 0.321 ? 0.020; OBR after PP, 0.302 * 
0.020; KS p > 0.37). During the subsequent pairing (P, same current levels, polarity, and duration as during PP), current pulses were applied 
simultaneously with the sweep of the visual bar across the receptive field, imposing a reversal in the relative preference for the two orientations 
(OBR during pairing, 0.803 + 0.014; KS p < 0.001). A significant trace of this effect was maintained 10 min afterward in the absence of any 
iontophoretic current (OBR after pairing, 0.436 + 0.0 18; KS p < 0.026) and was due to a long-lasting reduction of the response for the S- orientation, 
which returned to its initial level 50 min later (OBR = 0.346 + 0.027, extinction; KS p > 0.208). Calibration: vertical, 10 a.p./sec; horizontal, 1 
set and 6.5”. b, Cell recorded in area 17 of a 15-week-old normally reared kitten and held for more than 3 hr. Since it initially showed strong 
binocular facilitation, all PSTHs were constructed under binocular viewing conditions (using Risley prisms for receptive field superimposition). A 
nonassociative procedure (PP; 1.5 set pulses of -6 nA and + 14 nA, respectively; 40 presentations for each polarity) did not change the response 
of the cell (OBR before PP, 0.347 ? 0.021; OBR after PP, 0.436 & 0.038; KS p > 0.318). During contiguous pairing (P), the same current pulses 
were applied simultaneously with the visual stimulus. For this particular cell, and in contrast with what was observed in all other cases, the negative 
current pulses paired with the 30” orientation (S-) imposed an increase and a more structured visual response compared to the control period. In 
alternation, the 60” orientation (S+) was paired with a + 14 nA current that also induced a strong increase of the visual response (OBR = 0.72 + 
0.0 1, KS p < 0.047). Following this contiguous nondifferential pairing, the cell showed a long-lasting increase in visual responsiveness for both 
test orientations and the pattern of activity appeared remarkably similar to that imposed during the associative procedure. Both responses to S+ 
and S- orientations were potentiated, and this effect was maintained to a lesser extent 100 min afterward (OBR + IO mn, 0.498 + 0.008, KS p < 
0.060; OBR + 100 mn, 0.509 + 0.015, KS p < 0.025). Calibration: vertical, 20 a.p./sec; horizontal, 1 set and 4.3”. 

the test orientation as can be assessed from the normalized opmental question left unsolved by most studies of the matu- 
difference graph. Forty minutes after the end of the pairing ration of orientation selectivity in cortex is what functional ki- 
procedure, the preferred orientation returned to its initial value netics are responsible for the emergence of orientation preference. 
(60”) although the increase in the response to S+ was still present. This problem, indirectly tackled by population analysis tech- 

As mentioned in the introductory remarks, a major devel- niques (Fregnac, 1979~~) can be addressed directly at the single- 



The Journal of Neuroscience, April 1992, 12(4) 1289 

a 
BEFORE PAIRING 

s- 

AFTER PAIRING 

S- 

NORMALIZED 
DIFFERENCE 

S+ s- 

b 
BEFORE PAIRING 

AFTER PAIRING NORMALIZED 
DIFFERENCE 

EXTINCTION 

Figure 6. Generalization gradients-orientation selectivity changes during the critical period: recordings from two cells in area 17 of a 5-week- 
old partially deprived kitten (a) and a 4-week-old normally reared kitten (b). The analysis of the OBR and the evolution of responses for the 
orientations shown during the pairing procedure were presented for these two cells in Figures 4 and 3, respectively. Polar orientation tuning curves 
were established before pairing (control, upper row) and after pairing (middle and bottom rows) over a 360” range (with steps of 30”) by randomized 
motion of bars across the receptive field, averaged over three to five runs. The distance of each radius from the center indicates the cumulated 
number of spikes elicited by the sweep of the oriented bar in a given direction. The mean level of spontaneous activity is shown by the stippled 
area. The directions and orientations used in the pairing procedure are indicated by the arrowheads and the S+/S- symbols. The broken line indicates 
the preferred orientation (see Materials and Methods). The differences between the normalized tuning curves before and after pairing (folded on a 
180” scale) are presented as histograms (see Materials and Methods) of gains (positive) and losses (negative) expressed as a function of the orientation 
of the test stimulus. a, This cell was initially responded to all orientations. Responses for S+ and S- orientations were averaged over 80 presentations 
during control runs, and the initial tuning curve was interpolated for intermediate orientations. During pairing (see Fig. 4 for details), alternating 
presentations of a vertical (909 and a horizontal (180’) orientation were associated, respectively, with a low and a high level of response. After 
pairing, systematic exploration of the receptive field over the whole range of possible orientations (with steps of 30”) showed that the cell had 
become tuned to the positively reinforced orientation; the response to the vertical orientation was depressed. The change in orientation tuning was 
selective for both orientation and direction of movement of the oriented bar used in the pairing procedure (i.e., 1809. The difference between the 
normalized tuning curves indicates a selective gain (+) in responsiveness centered around S+ and a loss (-) centered around the S- orientation. 
Calibration of normalized differences, ?20%. 6, This cell was initially selective to orientation and bidirectional, preferring the 60” orientation. 
During the first pairing procedure (see Fig. 3 for details), the 135” and 45” orientations were associated, respectively, with “high” and “low” levels 
of response. After this pairing procedure, the cell showed a shift of 15” in its preferred orientation toward the S+ stimulus together with an enlargement 
of the tuning and an increase in spontaneous activity. Differences between the normalized tuning curves after correction for spontaneous activity 
changes, shown in the right column, show a selective increase of the responsiveness for S+ and a loss for S-. Calibration, & 10%. This effect appeared 
to be linked mainly to the orientation characteristic of the paired stimuli, since it did not affect the bidirectionality of the cell. Forty minutes after 
the second pairing procedure (see Fig. 3 for details), the preferred orientation shifted back to its initial value (i.e., 60”; see EXTINCTION). The 
normalized difference histogram facing each tuning curve, established by comparison with the control tuning (upper TOW), shows the reversibility 
of the changes over time. 



1290 Frbgnac et al. - Cellular Analogs of Orientation Selectivity Plasticity 

cell level during the time course of conditioning protocols such 
as ours (see Fig. 7). For cells initially weakly biased or nonse- 
lective to orientation and recorded either in normally reared 
kittens or, to a greater extent, in kittens deprived of visual ex- 
perience, the differential pairing procedure resulted in the in- 
duction of a new orientation preference. The cell in the right 
panel of Figure 7, recorded from a 35-d-old dark-reared kitten, 
initially showed a similar response for the two test orientations 
(60” for S+ and 120” for S; OBR = 0.533 f 0.0 10 before pairing). 
Pseudopairing (not shown) induced no significant functional 
change. After contiguous pairing, the cell became orientation 
selective; that is, it had no response to stimuli orthogonal to the 
preferred orientation. A strong directional asymmetry devel- 
oped in favor of the S+ orientation, corresponding to a maximal 
response centered only 12” from S+. In contrast, an almost com- 
plete depression of the visual response was observed for the S 
orientation, calculated from the iterative stimulation control 
protocols (OBR = 0.795 -t 0.03 after pairing; KS p < 0.0035). 
This effect was maintained for 105 min, until the cell became 
again nonselective to orientation (data not shown). Such changes 
replicated in other cells demonstrate the capture of the visual 
response by the “reinforced” orientation. 

Similar findings were observed in initially nonoriented cells 
recorded in normally reared kittens. The cell in the left panel 
of Figure 7, recorded in a 12-week-old normally reared kitten, 
was one of the rare nonoriented cells encountered at that age. 
In the control period preceding pairing, equal responses were 
obtained for both S+ (90”) and S- (00) orientations (OBR = 0.5 11 
+ 0.008, calculated from the iterative protocol). After the as- 
sociative-pairing procedure, the cell acquired an orientation 
preference centered on 84” (6” from S+), and exhibited a signif- 
icant long-lasting depression of the response to all other ori- 
entations including S- (OBR = 0.609 * 0.0 13 after pairing; KS 
p < 0.003). 

This potential for plasticity was not restricted to the early 
phase of postnatal development during which maturation of this 
property occurs (see Fregnac and Imbert, 1984, their Fig. 2). 
Somewhat unexpected was the finding of significant changes in 
orientation preference several months after most cortical cells 
had acquired or expressed adultlike levels of specificity. Effects 
in kittens such as those shown in Figure 66 revealing an incom- 
plete adaptation of the tuning profile in the direction of the 
reinforced stimulus (S+) could also be induced in the juvenile 
and adult cortex, provided the orientations S+ and S- were cho- 
sen within the initial range of responsiveness of the cell. In the 
cell presented in Figure 8a and recorded in an adult cat, for 
which the angular separation between S+ and S- was 24”, the 
preferred orientation shifted by 18” toward the S+ orientation 
after pairing (OBR before pairing, 0.275 ? 0.009; after pairing, 
0.428 ? 0.012; KS p < 0.003). A similar progressive shift in 
preferred orientation is illustrated in Figure 8b for a neuron 
recorded in a 23-week-old normally reared juvenile cat. After 
the first pairing, a potentiation of the visual response developed 
around the preferred orientation (198”) and was more prominent 
near the S+ stimulus (OBR before pairing, 0.352 f 0.009; after 
pairing, 0.429 + 0.007; KS p < 0.005). This significant change 
in relative orientation preference was accompanied by a slight 
shift (6”) of the preferred orientation toward S+. The generalized 
potentiation of visual responses disappeared after the second 
pairing, and a bimodal tuning curve emerged showing a second 
peak centered on the orientation associated with a high discharge 
level during pairing (156”, S+). Finally, after a third pairing, a 

depression of activity affected predominantly the S- orientation, 
and the maximal response shifted by another 18” toward S+. 
This sequence of changes in the preferred orientation demon- 
strates a progressive reorganization of orientation selectivity 
that fits with the competitive advantage imposed during the 
pairing procedures. 

Orientation tuning was studied quantitatively on 45 cells, 
including two cells that were only submitted to pseudopairing. 
Among the other 43 cells, 27 (63%) were modified (see Materials 
and Methods for criteria). Twenty-one of the modified cells 
(48.8%) displaced their preferred orientation toward the S+ stim- 
ulus, whereas only one cell (2.3%) shifted toward S. Four cells 
(9.3%) showed no shift in preferred orientation, although their 
OBR was significantly affected following pairing. The remaining 
cell showed a massive depression of activity affecting mainly 
the S+ and S orientations but also intermediate ones (rendering 
meaningless the assessment of orientation shifts). If the tuning 
analysis was restricted to the two test stimuli (as is the case when 
using the iterative stimulation protocol), 19 of the “modified” 
cells (44.1%) showed a competitive advantage for S+ after pair- 
ing, against 1 cell (2.3%) for the S orientation. Seven cells 
showed no asymmetry or advantage for either S+ or S. 

Statistical analysis of the gains and losses in orientation se- 
lectivity, obtained by subtracting the normalized tuning curves 
before and after pairing and plotted as a function of orientation 
(see Materials and Methods), indicates an almost systematic 
reorganization of the tuning profile in “modified” cells. The 
individual “normalized difference” curves (histograms) shown 
in Figures 6-8, as well as averaged modifications in tuning, 
computed from 26 “modified” cells (Fig. 9), demonstrate the 
coherence in the reorganization process: a gain in visual re- 
sponsiveness centered around the S+ orientation is accompanied 
by a loss in responsiveness centered around S- (Fig. 9, left; S+ 
> S; KS p < 0.037). In contrast, the 16 “nonmodified” cells 
showed no significant alteration of tuning (Fig. 9, right; S+ not 
significantly different from S-, KS p > 0.11). 

When a modification of the orientation preference was ob- 
served, it was almost always (95% of cases) in favor of the S+ 
stimulus (Fig. lOa). The success rate of the conditioning pro- 
cedure did not seem critically dependent on the angular sepa- 
ration between S+ and S, although the minimum separation 
used was 24“. This choice was justified a posteriori since the 
linear regression between the observed shift in orientation pref- 
erence and the angular separation between S+ and S predicts 
an absence of modification for a 12” separation (Fig. 1 Ob). This 
value could be considered as the minimum separation necessary 
for efficient competition between S+ and S. The slope of the 
relationship appears also to be less than unity, indicating that 
on average the adaptation in orientation preference was incom- 
plete. However, in 23% of the “modified” cells, the shift in 
orientation preference was equal in amplitude to that imposed 
during pairing. 

We also studied the effect of the pairing procedure on the 
directional selectivity (conditioning protocols actually used only 
one direction of movement, orthogonal to stimulus orientation). 
Forty-four percent of the changes in orientation preference also 
affected directional asymmetry for the S+ orientation (studied 
in 18 cells). In two cases, including that exemplified in Figure 
8~2, initially unidirectional cells became bidirectional after the 
associative procedure because of the unmasking of a new re- 
sponse for the direction of motion opposed to that of the S+ 
stimulus. In all other positive cases (see, e.g., Figs. 6~2; 7, de- 
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Figure 7. Acquisition of orientation preference in initially nonoriented cells, in normally reared and visually deprived kittens: recordings from 
two cells in area 17 of S- and 12-week-old kittens submitted to different rearing conditions. Polar orientation tuning curves were established and 
repeated three times over a 360” range (with steps of 12” or 30”) by randomized motion of bars across the receptive field (see Fig. 6 for details). 
The bottom row represents the gains (+) and losses (-) of visual responsiveness given by the difference between normalized tuning curves after 
(middle row) and before (upper row) pairing, expressed as a function of orientation (on a 180” scale). Calibration, +5%. These cells, initially 
nonselective to orientation, acquired after pairing an orientation preference which was closely tuned to that of the stimulus paired with an increase 
in visual response (S+). NORMAL, Normally reared kitten. This cell, recorded for 2 hr 30 min in a 12-week-old animal, was initially nonselective; 
the level of response was comparable for the S+ (90”) and S (0”) orientations. Two pairing procedures (224 presentations of S+ with a + 10.8 nA 
current, interleaved with 224 presentations of S with a -2.6 nA current) induced a bias in the tuning profile peaking near the S+ orientation (84”), 
together with a significant decrease of the visual response for all other orientations including S. The normalized difference histogram (bottom row) 
indicates a gain (+) of responsiveness for the S+ orientation and a loss (-) of responsiveness for almost all other orientations. DEPRIVED, Cell 
recorded for 3 hr 10 min in a 5-week-old dark reared kitten. After 40 presentations of S+ paired with a +4 nA current, interleaved with 40 
presentations of S- paired with a - 5.6 nA current, the cell developed an orientation preference centered at 12” only from S+. The significant change 
in relative preference between the two test stimuli in favor of S+ (iterative protocol, not shown), measured during the first hour following pairing 
(KS p < 0.002), was correlated with the modification in the orientation tuning profile (shown here) established at the same time. Note, as in other 
cases, the increased responsiveness for S+ and the loss of response for S-, shown in the normalized difference histograms (lower row). 
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Figure 8. Orientation selectivity changes in juvenile and adult cat cortical neurons: recordings from two cells in area 17 of normally reared cats. 
These mature cells, initially selective to orientation, acquired after pairing a new orientation preference by shifting their tuning curves in the 
direction of the S+ orientation. Polar orientation tuning curves were established and repeated three times over a 360” range (with steps of 12”) by 
randomized motion of bars across the receptive field (see Fig. 6 for details). Levels of statistical significance in the changes of the relative preferences 
(OBR) for the two test orientations (S+ and S-) were assessed by comparing series of 40 iterative runs before and after pairing (not shown). a, This 
cell, recorded for 1 hr 15 min in an adult cat, showed 30 min after the pairing procedure (40 presentations of S+ with a +5 nA current, interleaved 
with 40 presentations of S- with a -2.6 nA current) a shift of 18” in its preferred orientation toward S+, together with a significant loss of its 
directional asymmetry. The histogram shown below indicates a gain of responsiveness for the S+ orientation and a loss of responsiveness centered 
around the S- orientation. A weak but significant level of response also appeared for orientations orthogonal to S- to which the cell did not respond 
initially. Calibration, + 10%. b, This cell, recorded for 4 hr 20 min in a 23-week-old normally reared cat, was submitted to three pairing procedures 
and showed a progressive clockwise rotation of its preferred orientation toward S+. Successive orientation tuning curves, established with a constant 
retention current of - 1 nA before pairing and after each of the three pairings, are presented from top to bottom. All histograms (calibration, +5%) 
shown on the right result from comparing the tuning curve shown in the same row to the initial control (top row). After a first series of 40 associations 
(S-, - 1 nA; S+, + 11 nA), the orientation tuning profile, although still centered around S-, exhibited a large change in polar asymmetry that resulted 
mainly from an increased responsiveness for orientations near S+ (second row from top). After the second pairing procedure (40 associations of S+ 
and S- stimuli with + 1 nA and -2 nA current pulses, respectively), the cell transiently showed an atypical bimodal tuning curve with a second 
peak emerging for the S+ orientation (third row from top). Finally, a third pairing (40 presentations of S+ with a +2.5 nA current and of S- with a 
-9 nA current) resulted in a total shift of 24” from the initially preferred orientation toward the reinforced stimulus (S+). 
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Figure 9. Differential potentiation and depression of orientation responses. These four graphs illustrate competitive changes in orientation tuning 
in “modified” versus “nonmodified” cells. A global “normalized difference analysis” was performed separately for the “modified” (n = 26) and 
the “nonmodified” cells (n = 16). In order to compare all tuning profiles irrespective of the angular step used in the measurements, orientation 
tuning curves were normalized and aligned on a common arbitrary orientation abscissa (10” step). Missing values were then interpolated from 
adjacent observed values. After computing, for each cell and on the entire orientation spectrum, the algebraic difference between the normalized 
orientation tuning curves before and after pairing, the mean curve averaged within each group of cells (“modified” and “nonmodified”) was plotted 
as a function of orientation (on a 180” scale). Since the angular separation between the S+ and the S- orientations could differ from cell to cell 
(ranging from 24” to 907, the average normalized difference histograms were analyzed in two separate forms, all tuning curves being aligned either 
on the S+ orientation (upper row) or on the S- orientation (lower row). Results shown in the left panels for the “modified” cells indicate that on 
average a gain in responsiveness developed after pairing in favor of the S+ orientation and was accompanied by a loss of responsiveness centered 
on the S- orientation. In contrast, no significant change was observed in the “nonmodified” cell group [although a small bias is apparent due to 
cells showing partial effects that did not meet all the criteria required for significance (see Materials and Methods)]. 

prived), the response for the S+ direction was preferentially re- 
inforced following pairing. Induction of unidirectionality was 
even demonstrated in five neurons that were initially nonorient- 
ed or bidirectional. 

Activity dependence and time course of orientation selectivity 
changes 

The induction of functional modifications appeared to be strong- 
ly linked to the control of postsynaptic activity during the pairing 
procedure. The largest orientation changes were found in cells 
where iontophoretic action was “complete” (see Materials and 
Methods), that is, when both S+ and S pairings were effective 
in respectively increasing and reducing the rate of discharge. 
Fifty percent of cells changed their relative orientation prefer- 
ence in these pairing conditions, whereas only 42% of cells were 

modified when iontophoretic action had been “partial,” that is, 
limited to either S+ or S. Note in both cases, however, that the 
shift in the relative preference between the two test stimuli- 
whenever it occurred-cannot be unambiguously attributed to 
a single iontophoretic action, since potentiation and/or depres- 
sion of visual response changes could potentially result from 
homo- or heterosynaptic modifications. There was no evidence 
that the proportion of changes differs in adult and kitten cortex, 
or that it depends on the polarity of the iontophoretic current 
applied during pairing. These effects depended on the temporal 
contiguity of iontophoretic action, since they were generally 
absent following pseudopairing procedures. In the only case 
where a modification was found, iontophoresis significantly al- 
tered the OBR in favor of S+ in spite of its lack of correlation 
with visual stimulation, and this bias was maintained after the 
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Figure 10. Reorganization of orientation tuning in “modified” cells: quantitative analysis of the shift of preferred orientations of 45 cells for which 
orientation tuning curves were recorded before and after pairing. Twenty-eight of these cells were “modified” after pairing (see Materials and 
Methods for criteria). LI, Distribution of the amplitude in the shift of the preferred orientation given by the angular difference between the orientation 
abscissae of the peak responses observed after and before pairing. In all but one case this orientation shift was in favor of the reinforced orientation 
(S+). b, Relationship between the induced shift in orientation preference and the angular separation imposed between the S+ and the S orientations. 
A significant positive correlation was found between these two variables; the linear regression (continuous line; r = +0.51; F test p < 0.0083) 
predicts that orientation inputs are no longer separable when less than 12” apart. The induced orientation shift corresponded to that imposed during 
the pairing procedure in only 23% of cases, and on average was less than the value expected if the reorganization had been complete (slope, OS), 
although it was of the same sign. c, The shift in the preferred orientation is plotted as a function of the age of the animal and of the rearing condition 
(NR, normal rearing; DR, dark rearing). In spite of a lack of systematic relationship with age, the largest changes were observed during the critical 
period. The upper envelope (solid line) joining the points of maximal orientation shift can be interpreted as an estimation of the potentiality of 
the cell to be modified as a function of age. d, Relationship between the amplitude of the orientation shift and the initial orientation selectivity of 
the cell [given by the index Se1 0 = 1 - (mean response/maximum response), in FrCgnac and Bienenstock, 198 1, and Bienenstock et al., 19821 
determined from the orientation tuning curve established before the pairing procedure. A significant correlation (r = -0.64; F test p < 0.0004) 
was found, indicating that the largest shifts of preferred orientation were obtained in cells that were initially nonselective. 

end of the pseudopairing. In summary, although a significant end of this procedure. In three cells, we tried to reverse the 
control of suprathreshold postsynaptic activity during pairing changes induced by a first pairing procedure, by inverting the 
is not a sufficient condition for the induction of changes, it S+ and the S- orientations used during the earlier associations. 
appears to be a necessary step in gating plasticity. Only in one cell, recorded in a normally reared 6-week-old 

The mean pairing time was 10-l 5 min and corresponded to kitten, could the reorganization of the orientation tuning curve 
at least 40 associations for each stimulus, S+ and S. However, be completely reversed. 
these numbers probably do not represent the minimum number In half of the “modified” cells, changes in relative orientation 
of associations required to induce a change: in some cases the preference and orientation selectivity were not accompanied by 
current values necessary to enhance or depress the response to global excitability changes. In the remaining cases, long-lasting 
predetermined levels of firing progressively diminished during decreases and increases in baseline activity were found in similar 
pairing, suggesting that the effect was already present before the proportions. Since comparable observations following pairing 
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were made for “nonmodified” cells, excitability alterations in- 
duced by pairing appeared unrelated to the orientation speci- 
ficity of the functional changes. Similar conclusions were reached 
independently in studies of binocular integration plasticity (Shulz 
and Fregnac, 1992). 

Functional characteristics of the modified cells 

A qualitative study of the receptive field organization using 
stationary stimuli was performed on some cells submitted to 
pairing. In 22 cells, the overlap of ON and OFF subregions as 
well as the receptive field dimensions were mapped on the draw- 
ing table (see Materials and Methods). Sixteen cells were clas- 
sified as simple and six as complex following Hubel and Wiesel’s 
original classification (1962). The criteria used by Pettigrew et 
al. (1968) on quantitatively measured responses to moving slits 
corroborated the static classification. Fifty-six percent of the 
cells classified as simple and 83% of the complex cells showed 
a significant modification of their orientation selectivity. How- 
ever, in view of this small sample, no obvious clear bias in 
receptive field properties emerged from the global population 
of “modified” cells, nor could laminar location be systematically 
related to the induction of functional changes. 

On the other hand, parameters related to the degree of func- 
tional specialization of the cell assessed before pairing appeared 
more related to the cell’s potential for plasticity. Although no 
clear dependence on age and rearing condition was found, the 
largest effects occurred in cells recorded between 5 and 12 weeks 
of age (see Fig. 10~). Changes in preferred orientation were 
significantly larger in cells with an initially weak orientation 
bias; such cells are most frequent in visually deprived kittens. 
When the “conditioned” cells from all animals are pooled, a 
negative correlation still exists between the orientation prefer- 
ence shift and the selectivity index computed from the tuning 
curve established before pairing (see Fig. 104. These findings 
agree with previous suggestions that the kinetics of reorgani- 
zation of orientation properties might critically depend on the 
initial functional state of cortical neurons (Fregnac, 1979a,b, 
1985). 

Discussion 

A protocol of associative conditioning was developed that dem- 
onstrates that orientation selectivity can be modified during the 
time of recording of single cortical cells by a local control of 
coactivity. Following several tens of associations, about one- 
third of the “conditioned” cells (27 of 87) showed significant 
changes in relative preference between the two test orientations, 
which in all cases favored the stimulus paired with a high level 
of response during conditioning. Changes were found in both 
kitten and adult visual cortex, but the largest effects were ob- 
served in nonoriented cells, recorded in deprived kittens at the 
peak of the critical period. Adaptation of orientation preference 
generally did not involve the emergence of responses de novo, 
but from long-term modification of previously existing re- 
sponses. 

In addition, the generalization of the effects could be studied 
for orientations other than those used during conditioning. 
Modifications in the orientation tuning profile were observed 
in a significant number of cases (28 of 45) and consisted of a 
displacement of the peak of preferred responses-which was 
often incomplete, but in all but one cell corresponded to a shift 
toward the reinforced orientation-or the appearance of a sig- 
nificant polar asymmetry favoring the S+ orientation region. 

Such changes could also be induced in juvenile and adult cats, 
provided that the two stimuli used for pairing were in the cell’s 
initial orientation spectrum. These modifications in tuning se- 
lectivity appeared to be linked to the competitive imbalance 
imposed between the two orientations S+ and S- during the 
conditioning procedure: as a rule, a gain in responsiveness was 
observed for orientations centered around the “positively re- 
inforced” stimulus and a loss of competence around the “neg- 
atively reinforced” one, independently of their angular sepa- 
ration. This pattern of orientation dependence contrasts with 
spontaneous changes of visual excitability, which affect uni- 
formly the orientation tuning (Fregnac and Bienenstock, 198 1). 
It also differs strikingly from changes reported during bicuculline 
iontophoresis, where in most cases a decrease in selectivity was 
found due to the blocking of a generalized “iso-orientation” 
inhibition process, but was not accompanied by a change in 
orientation preference (Albus and Baumfalk, 1989). 

The “covariance” algorithm and the experimental data pre- 
sented above suggest that these functional changes may be based 
on modifications in synaptic efficacy. In most cases, the ob- 
served changes agreed with the predictions of the covariance 
hypothesis, namely, the potentiation of the S+ pathway and the 
depression of the strength of synapses subserving the S- stim- 
ulus. The fact that no modification of receptive field properties 
was induced by visual stimulation alone or by randomized pair- 
ing procedures-for which no systematic overlap was imposed 
between the iontophoretic control and the presentation of the 
test stimuli-supports the existence of postsynaptic plasticity 
thresholds dependent on the membrane potential of the target 
neuron at the time of arrival of presynaptic impulses (see also 
Frtgnac et al., 1990). 

Validation of the covariance hypothesis 

A tacit assumption in the present study is that changes in co- 
variance levels are indeed achieved by a selective control of the 
firing state of the postsynaptic neuron. However, although post- 
synaptic activity changes were continuously monitored during 
pairing, the possibility that afferent activity, which remains an 
unknown variable in our experiment, was also affected by ion- 
tophoretic action cannot be entirely ruled out. Although the 
increases in extracellular K+ concentration-produced both dur- 
ing positive current application through the 3 M KC1 extracel- 
lular electrode and during periods of high postsynaptic activi- 
ty-are damped when reaching a fixed ceiling level (around 10 
mM) and are buffered rapidly by the extracellular medium (Hei- 
nemann and Lux, 1977) and surrounding glia (Gardner-Med- 
win, 1983) there is evidence for a direct effect on synaptic 
transmission (Weight and Erulkar, 1976; Malenka et al., 198 1; 
Yarom and Spira, 1982; reviewed in Nicholson, 1983; Sykova, 
1983). Pulses of potassium could induce a phenomenon known 
as primary afferent depolarization (PAD), which causes a re- 
duction in action potential amplitude due to the depolarization 
of the terminals, and indirectly leads to a reduction in trans- 
mitter release (Singer and Lux, 1973; ten Bruggencate et al., 
1974). Although PAD could result in presynaptic inhibition, the 
increase of extracellular K+ concentration may paradoxically 
counterbalance this effect by a direct increase in transmitter 
release from presynaptic sites (see, e.g., Blaustein, 1975; Sell- 
Strom and Hamberger, 1977). In particular, Cooke and Quastel 
(1973; but see Somjen, 1979) proposed that K+ accumulation 
during EPSP generation may increase the release of ACh at the 
rat neuromuscular junction. A similar mechanism could operate 
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in visual cortex, since increases in catecholamine levels have the prediction that there is a threshold of angular separation 
been demonstrated during specific activation of thalamic affer- between S+ and S below which no significant modification can 
ents (Marrocco et al., 1987). However, in view of the mainly occur. This threshold value (around 12”) is comparable to the 
inhibitory action of noradrenaline (NA) iontophoresis on visual proposed shift in orientation preference separating neighboring 
cortical activity (Videen et al., 1984) variations in the presyn- orientation columns (Hubel and Wiesel, 1962) and to the half- 
aptic release of NA seem unlikely to account for the strong width at half-height of orientation tuning curves of cortical cells 
depolarizing effect of our potassium pulses. (Orban, 1984), which suggests that cortical columns encoding 

A second limitation for the separation of pre- and postsyn- distinct orientations must first be activated, in order to increase 
aptic factors results from the fact that the pairing procedure not the selectivity of each input channel, before competitive pro- 
only affects the temporal correlation between presynaptic and cesses can occur at the level of individual cells. 
postsynaptic impulses, but also modifies the actual number of These indirect arguments then suggest that a potential locus 
action potentials emitted by the target cell in the intracortical for synaptic changes could be the corticocortical synapses in- 
network. Since iontophoresis was maintained throughout the volved in horizontal intracortical connectivity (Ts’o et al., 1986; 
presence of the stimulus across the receptive field, which in Bolz and Gilbert, 1989; Gilbert and Wiesel, 1989). In the adult, 
visual cortex could last up to a few seconds, recurrent activity these connections preferentially link functional columns cor- 
arising from intracortical loops (Gilbert and Wiesel, 1979) or responding to similar orientations (but see Matsubara et al., 
from reverberating circuits (Ferster and Lindstrom, 1985) could 1987). The situation might be quite different in the developing 
also be altered. These remarks stress the intrinsic difficulty in cortex, since horizontal connectivity appears diffuse at eye open- 
delineating the role of suprathreshold postsynaptic activity in ing, and its maturation is accompanied during the first 4-6 
synaptic plasticity, due to the existence of fast-acting feedback postnatal weeks in the cat by a progressive clustering into spa- 
loops. tially separated domains (Luhmann et al., 1986; Callaway and 

Despite these potential sources of contamination of the pre- Katz, 1990). The neuroanatomical reordering and/or stabili- 
synaptic message, our working assumption of a selective control zation of long-distance connections seems to depend to a certain 
of the postsynaptic membrane potential is supported by two extent on early visual experience, and could correspond to a 
findings. (1) During constant iontophoresis, the orientation pref- clustering of the connectivity equivalent to a progressive re- 
erence remains invariant whatever the applied current level (less striction in the orientation difference between converging affer- 
than k 10 nA). For a given cell, all orientation tuning profiles ents or between pre- and postsynaptic partners (Tsumoto et al., 
obtained under these different conditions can be predicted from 
the curve established at the most positive current by subtracting 
a constant and by thresholding negative values to zero. In ad- 
dition, since most recordings were made within the close prox- 
imity of the cell, as judged from the amplitude and shape of the 
spike (up to 40 mV, with a polarity similar to that of intracellular 
recordings and often showing an S-D inflexion), it is likely that 
the main iontophoretic effect was a direct control of postsynaptic 
membrane potential (depolarization or hyperpolarization). It 
seems indeed difficult to admit that local iontophoresis would 
affect the extracellular medium and the release mechanisms at 
all visually driven synapses in a uniform and coherent way 
independently of the distance between the tip of the electrode 
and the respective locations of synaptic inputs to the recorded 
neuron. (2) The functional modifications following differential 

1987). The involvement of this developmental pattern in ori- 
entation plasticity is supported by our observation that the sub- 
strate available for orientation competition is more limited in 
juvenile and adult cats than in kittens at the peak of the critical 
period. However, input separability might be less easily achieved 
in younger kittens than in older animals because of the broader 
orientation tuning in immature neurons. 

Visual cortical plasticity and synaptic potentiation 

A classical NMDA-dependent scenario for synaptic potentiation 
(reviewed in Collingridge and Singer, 1990; Rauschecker, 199 1) 
seems appropriate to explain the effects of our S+ protocol where 
shifts toward stimulus characteristics paired with high extra- 
cellular potassium concentrations and postsynaptic depolariza- 
tion. Several additional arguments suggest that the use of high 

pairing were clearly dependent on the sign of the imposed con- 
trol of postsynaptic activity (potentiation for S+; depression for 
S-). The possibility of an artifactual alteration in synaptic trans- 
mission induced by the pairing procedure is ruled out by the 
finding that virtually all changes required temporal contiguity 
between pre- and postsynaptic activity, and occurred in a sys- 
tematic and predictable direction: the change in relative re- 
sponsiveness to the two test stimuli was in all but one case in 
favor of the one paired with an increased level of postsynaptic 
discharge. 

In order to interpret further the functional changes in terms 
of alterations of synaptic efficacies, an additional assumption 
on input separability must be made. The differential pairing 
procedure used in our protocols requires that the two stimuli 
used during pairing activate distinct sets of synapses. By com- 
paring the various cells for which orientation tuning could be 
established before and after pairing, a striking relationship 
emerges: the observed shift in orientation preference was sig- 
nificantly correlated with the orientation difference between S+ 
and S- (with a slope of about +OS). This relationship leads to 

potassium concentration pulses could efficiently promote 
NMDA-dependent processes: raised extracellular potassium 
concentration enhances synaptic activation of NMDA receptors 
(Poolos and Kocsis, 1990) and relieves the blockade by mag- 
nesium of NMDA-induced cGMP production (Carter et al., 
1987). 

The choice of external potassium as a local “positive rein- 
forcer” was initially based on two reasons. The first is that it 
allowed the experimenter to mimic, at the recording site, changes 
of extracellular potassium concentration observed in cat visual 
cortex after simultaneous stimulation of specific and unspecific 
afferents (Lux and Singer, 1973). Repeated association of visual 
activation and mesencephalic reticular stimulation is indeed one 
of the rare protocols in the anesthetized and paralyzed prepa- 
ration susceptible to induce receptive field modification (Singer 
and Rauschecker, 1982). It has also been shown in this case that 
transient decreases of extracellular calcium concentration are 
reliable indicators of the onset of visual cortical plasticity (Gei- 
ger and Singer, 1986). In this respect, it is interesting to note 
that iontophoresis with high potassium concentrations results 
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in large increases in intracellular calcium (L. C. Katz, personal 
communication). A recent report in hippocampus by Barrionu- 
evo and collaborators (Fleck et al., 1990) further demonstrates 
that LTP-like phenomena can be induced by transient increases 
in extracellular potassium. The second reason is that varying 
potassium concentration may influence not only the postsyn- 
aptic firing of the recorded neuron but also the membrane po- 
tential of neighboring glia. It is known from the intraglial records 
of Kelly and Van Essen (1974) that the graded potential of glial 
cells shows the same orientation selectivity as the neurons in 
the same column. Thus, localized pairing of afferent activity 
with different levels of glial depolarization in the same cortical 
column could achieve a better clamp of the dendritic processes 
of the “conditioned” neuron. This idea has been directly tested 
in hippocampus, where pairing presynaptic activity with intra- 
cellularly imposed depolarization in a nonspiking cell induced 
synaptic potentiation in neighboring neurons (Sastry et al., 1988; 
see also Kossel et al., 1990). 

The duration ofthe observed changes is not as easy to interpret 
as evidence for classical LTP processes. In most modified cells, 
effects were observed immediately after the end of the pairing 
procedure (as it was the case following ocular dominance pro- 
tocols, in Shulz and Fregnac, 1992) and were retained for vari- 
able periods, lasting from 10 min to several hours (see Fig. 4). 
It is probable that postpairing potentiation could be an inter- 
mediate stage before installment of LTP, and the exact duration 
of the processes might be critically dependent on various factors 
such as the quality of control of activity achieved during pairing 
(which might differ from cell to cell depending on the position 
of the iontophoretic channel and on the cell’s morphology), and 
the physiological state of the in vivo anesthetized and paralyzed 
preparation. Gating and permanence of the effects of delayed 
visual experience have been shown to depend on the integrity 
of extraretinal signals such as extraocular proprioception (re- 
viewed in FrCgnac, 1987) and on subsequent anesthesia levels 
(Rauschecker and Hahn, 1987). Nevertheless, certain cells 
showed delayed effects sometimes preceded by transient de- 
pression of global activity. This kinetic is reminiscent of the 
time course of hippocampal and cortical LTP, which is generally 
preceded by posttetanic depression (Gustafsson et al., 1989; 
Artola et al., 1990; Zalutsky and Nicoll, 1990) and the lag 
observed occasionally in the expression of the functional change 
could result from the progressive development of second-mes- 
senger processes (Davies et al., 1989). Consequently, the ter- 
minology “long/short term” should not be understood here in 
the usual LTP sense, but has been used here to differentiate our 
findings from various forms of fatigue, adaptation, or habitu- 
ation described previously in the adult cat (review in Fregnac 
and Imbert, 1984). 

Visual cortical plasticity and synaptic depression 

Much less experimental evidence is available concerning the 
effects of pairing afferent stimulation with hyperpolarization of 
the target cell, which would constitute the equivalent of the S 
condition in our protocol (Fregnac et al., 1988). Nevertheless, 
several comparative population studies demonstrate cortical 
plasticity in the absence of postsynaptic firing imposed by local 
injection of a GABA, agonist (Reiter and Stryker, 1988) or by 
inactivation by a high concentration of NMDA (Bear et al., 
1990). These results are in fact fully predicted by our own work- 
ing hypothesis, according to which a maintained period of failure 
in synaptic transmission should selectively weaken the efficacy 

of any active synapses. This situation is comparable to that 
imposed locally in our experiments, during an imposed negative 
level of covariance (S) produced by the blockade or reduction 
of the response of the recorded cortical neuron (see Fig. 4 and 
Fig, 5a, lower row; Table 1). 

Recent in vitro studies in visual cortex (Fregnac et al., 1990; 
Friedlander et al., in press) suggest that hyperpolarization paired 
with afferent stimulation may lead to synaptic depression of the 
active pathway. These results are supported indirectly by recent 
findings of Tsumoto and coworkers (Kimura et al., 1990) show- 
ing that variations in intracellular calcium concentration below 
or above baseline levels could be a key factor in deciding the 
sign of the synaptic change. Comparison of these in vitro data 
with the present in vivo findings suggests that changes in mem- 
brane potential from the resting level below or above certain 
threshold values may lead to adaptation of postsynaptic inte- 
gration via antagonistic NMDA- and non-NMDA-dependent 
second-messenger processes: these changes would respectively 
result in decrease or increase of the efficacy of recently activated 
synapses. This scheme differs slightly from the explanation pro- 
posed by Artola et al. (1990) who also described in a recent 
report distinct voltage thresholds for long-lasting depression and 
potentiation. The plasticity thresholds found in their experi- 
mental situation are thought to be reached in succession, when 
depolarizing the postsynaptic neuron more and more strongly. 
Our in vivo data could still accommodate this scenario, by as- 
suming that the S- protocol does not prevent stimulus-triggered 
depolarizations but significantly reduces the normal activation 
of NMDA-dependent processes, leading to a situation where 
only the depression mechanism is expressed. 

Possible links between developmental and adult plasticity 

A major conclusion from our experimental test of the covariance 
hypothesis is that imposed temporal correlation between post- 
synaptic activity and given characteristics of the visual message 
induces functional modifications in receptive field properties 
analogous to those observed during epigenetic development 
(Blakemore and Cooper, 1970; Stryker et al., 1978): selective 
exposure to a “reinforced” orientation leads to a progressive 
capture of visual cortical responsiveness by the experienced 
stimulus (see also Rauschecker, 1982). About one-third of cells 
submitted to our differential pairing procedure adapt their func- 
tional preference. For the remaining contingent of unmodified 
cells, two hypotheses can be made. First, we cannot exclude that 
a certain proportion of cells could be under the control of strong 
endogenous constraints and insensitive to our pairing protocols. 
One of us (Y.F.) made earlier a similar suggestion (hypothesis 
of “differential modifiability,” FrCgnac and Imbert, 1978) based 
on the study of the development of orientation selectivity. Re- 
lated reports (Leventhal and Hirsch, 1977; Singer, 198 1) also 
support the notion of input-resistant “seeds” in the orientation 
network. Second, the proportion of modified cells might depend 
on the quality of control of the postsynaptic state and on the 
presence or absence of gating factors. Data in favor of this in- 
terpretation can be found in the work of Baranyi and coworkers 
in the motor cortex of the adult cat (Baranyi and F&her, 1981; 
Baranyi and Szente, 1987). From the comparison of these two 
studies using a supervised learning scheme comparable to our 
S+ protocol, the proportion of modifiable cells was found to be 
twice as high in awake cats as in anesthetized animals. Fur- 
thermore, the proportion of modifiable cells was higher when 
using single-electrode voltage clamp than current clamp during 
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pairing. These observations are compatible with present knowl- 
edge on the role of postsynaptic membrane potential in the 
induction of synaptic potentiation (Kelso et al., 1986). Accord- 
ingly, one may reasonably assume that extracellular potassium 
iontophoresis is less effective in producing synaptic potentiation 
than single-electrode voltage clamp, and this might lead in fact 
to an underestimation of the proportion of modifiable cells in 
our study. It is then all the more remarkable that about a third 
of the cells were found to be modifiable. 

The second, more unexpected, conclusion is that a similar 
proportion of visual cortical neurons-under artificial condi- 
tions of forced coactivity-are able to adapt their functional 
specificity in a similar way, even in the juvenile and adult cat. 
Our findings are also in agreement with an increasing number 
of in vitro reports that show that adult cortical cells under certain 
input/output conditions might still undergo a plastic change. 
An important issue in the interpretation of data is to decide 
whether these physiological effects seen in the adult as well as 
in young animals are related to visual epigenesis, or rather are 
a possible substrate for adaptation and aftereffects of visual 
responses that have been described both in children and adult 
humans. The phenomenology of the changes we found in the 
adult cat (see also Shulz and Fregnac, 1992) differ strikingly 
from that classically reported in the psychophysical literature 
of visual adaptation. In the latter case, modifications of visual 
responses, some of which have been shown to be clearly me- 
diated cortically rather than precortically, usually require high 
rates of dynamic stimulation (above 1 Hz, compared with the 
frequency of 0.1-0.2 Hz used in the present study), or long 
periods of continuous exposure (typically 1 min compared to a 
few seconds at most in the present study). Although some au- 
thors noted that the effects could be enhanced during the course 
of repetitive stimulation, the consecutive aftereffects are of much 
shorter duration (few tens of seconds at the most) than those 
described here. A recent extensive study of aftereffects induced 
by a conditioning exposure to adapting gratings quantitatively 
analyzes a certain number of features that can be compared with 
our study (for details, see Saul and Cynader, 1989, their Fig. 8). 
First, aftereffects generally corresponded to a reduced level of 
response for the adapting stimulus. In our study, potentiation 
was often observed for the S+ feature. Second, aftereffects were 
largely independent of the direction of the adapting grating. 
Most changes we observed after pairing with unidirectional 
stimuli were orientation and direction selective (see Figs. 64 7, 
left). Third, aftereffects were detectable when adapting stimu- 
lation was maintained for 5 set or more, and they lasted for less 
than 5 sec. Presentation of our stimuli (bars and not gratings) 
was shorter than 5 set and was reiterated every 5-l 0 sec. Fourth, 
aftereffects were strongest at the adapting orientations matching 
the preferred orientation. This was not the case for our S+ pro- 
tocols as summarized in Figure 9. In the case of selective ex- 
posure to a fixed-orientation stimulus for several days, long- 
term adaptation effects have been described that all correspond 
to a decreased sensitivity to the conditioned stimulus, a result 
that is opposite to that found following S+ pairing (Creutzfeldt 
and Heggelund, 1975). Of course the major difference remains 
that our protocol includes, in a sense, its own control: two ori- 
entations are being presented the same number of times; the 
effect is differential and depends on the control of postsynaptic 
activity associated with each orientation. We conclude that the 
low rate of repetition of the individual stimuli used in our study 
as well as their duration do not constitute an adapting sequence 

of stimulation able per se (without iontophoretic action) to pro- 
duce short- or long-term aftereffects. 

It is in fact quite plausible that our artificial iontophoretic 
technique-adding an external “teacher” to a normally unsu- 
pervised system-uncovers a plasticity process that, under nor- 
mal conditions, is not visible in the adult. We propose that 
visual cortical cells still retain a potential for plasticity even 
outside the critical period. This does not necessarily imply that 
it is expressed under normal conditions of sensory stimulation. 
Nevertheless, this epigenetic potential could be revealed under 
supervised learning conditions (as shown by the present studies), 
or following peripheral deafferentation, behavioral learning, and 
intracortical stimulation, as already demonstrated in the so- 
matosensory cortex (reviewed in Merzenich et al., 1990; see also 
Gilbert and Wiesel, 199 1). Rather than assuming irreversible 
regression of the adaptive capacities of neocortical neurons dur- 
ing postnatal life, the sensitivity profile of the critical period 
would be explained by a strong age dependence of the mecha- 
nisms regulating the expression of functional epigenesis. 
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