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Abstract. A change in vibrissae complement in rodents leads to long-term 
changes in vibrissae dominance. These changes involve both potentiation of 
spared vibrissae responses and suppression of deprived vibrissae responses in 
adolescent animals. In adult animals only potentiation of spared vibrissae 
responses was detected. Suppression exhibits hetero- and homosynaptic 
components and appears to be cortical in origin, as is potentiation. The time 
course for potentiation and suppression in the barrel cortex of adolescent rats 
is different, with suppression preceeding potentiation by at least one week. 
There seems to be no critical period for potentiation in superficial layers of 
barrel cortex, but there is a critical period for suppression. Suppression cannot 
be evoked if plasticity is induced later than at 6 months of age nor maintained 
if experimental manipulations begin later than at three months. The molecular 
mechanisms that underlie plastic changes in the barrel cortex still remain 
unclear, although a-CamKII and to lesser extend alp-CREB appear to be 
involved. 
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INTRODUCTION 

The barrel cortex is a part of the somatosensory cortex 
of rodents, forming a somatotopic representation of the 
contralateral vibrissa pad. Rows of whiskers on the 
muzzle are represented in layer IV of the barrel cortex 
in the form of rows of barrels, i.e. aggregates of cell 
bodies and thalamo-cortical afferents, which can be vis- 
ualized using simple histochemical staining techniques 
(Woolsey and Van der Loos 1970). Each barrel corre- 
sponds to the single whisker on the contralateral muzzle 
pad. The barrel is the central element of the barrel col- 
umn, being the primary recipient area for thalamic input 
to the barrel cortex. Responses recorded from single 
cells in the barrel column are usually dominated by the 
barrels principal whisker, i.e, the one to which is soma- 
totopicaly related. However, a substantial responses 
evoked by immediately adjacent vibrissae also usually 
are present (Fig. 1; for details see: Armstrong-James and 
Fox 1987). 

The ventroposterior medial nucleus (VPM) of the dor- 
sal thalamus is the major subcortical source of input to 
the barrels, while the posterior group (PO) of thalamic 
nuclei is a major subcortical source of input to the matrix 
in between barrel columns (Armstrong-James and Fox 

1987, Koralek et al. 1988, Chmielowska et al. 1989). An 
extensive network of intracortical pathways have been 
described in the barrel cortex. Vertical connections link 
layer IV with supra- and infragranular layers (Lorente de 
No 1947). Additionally, layers 111111 and V are recipro- 
cally linked (Bernardo et al. 1990). Layers 111111 and V 
have widespread horizontal connections, which extend 
to, at least adjacent cortical columns (Bernardo et al. 
1990, Hoeflinger et al. 1995, Gottlieb and Keller 1997, 
see also Aroniadou-Anderjaska and Keller 1996).The 
wave of intracortical excitation caused by deflecting a 
single vibrissa begins in layer IV and proceeds suc- 
cessively to layer I11 then 11, before it spreads horizon- 
tally to adjacent barrels columns (Armstrong-James et 
al. 1992). 

The neurones of the barrel cortex of rodents are plas- 
tic, i.e. they have ability to change their receptive field 
properties due to the manipulation on the periphery. 
These changes can be visualised (Kossut et al. 1988) and 
measured (Glazewski and Fox 1996) as changes in vi- 
brissae dominance. Additionally, due to vibrissae de- 
nervation,the pattern of the barrels can be changed (Van 
der Loos and Woolsey 1973). Therefore, two general 
forms of plastic changes in this system are discernible 
(Kossut 1992). First, structural plasticity, which can be 

Fig. 1 .  Schematic of recording configuration. Vibrissae were stimulated using a computer-controlled piezoelectric stimulator 
(50 stimuli at 1Hz were applied per every cell recorded and whisker tried). Recording was done using glass-insulated carbon 
fibre microelectrodes. Two parameters of response were measured: the averaged magnitude (number of spikes per stimulus) 
and the modal latency. The average magnitude of response to stimulation of D 1, principal and surround whiskers were calculated 
for every animal and averaged again for group of animals tested (for details see: Armstrong-James and Fox, 1987). 
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evoked only very early in development (Woolsey and 
.Van der Loos 1973, Woolsey and Wann 1976) and only 
by damage to the whiskers follicles, which leads to a de- 
formation in the barrel pattern, followed by changes in 
vibrissae dominance. Second, functional plasticity, in- 
ducible either by damage to whisker follicles, depriva- 
tion of activity at all stages of development or sensory 
conditioning and leading to changes in receptive field 
properties (Kossut 1992, Siucihska and Kossut 1996). 

The feature common to methods which induce plas- 
ticity without follicle damage is that they create an im- 

balance in the degree of activation between vibrissae. 
Such an imbalance can be created by removing, trimm- 
ing and overstimulating some of the vibrissae, while 
leaving others intact for some period of time or sensory 
conditioning (Simons and Land 1987, Kossut and Hand 
1984, Fox 1992, Welker et al. 1992, Armstrong-James 
et al. 1994, Li et al., 1995, Glazewski and Fox 1996, 
Siucinska and Kossut 1996, Musial et al. 1998, Melzer 
and Smith 1998). As a consequence, the representation 
of intact or overstimulated whiskers expands consider- 
ably into the territory of the immediately adjacent de- 

A. control 

D l  surround 

B. plastic C. plastic D. plastic 

D l  surround D l  surround D l  surround 

Fig. 2. Three ways to change vibrissae dominance. Vibrissae dominance of neurones in the deprived whisker representations 
immediately adjacent to the spared Dl representation can change due to suppression of the deprived vibrissa input (B), poten- 
tiation of the Dl  vibrissa input (C) or both: suppression of the deprived and potentiation of the D l  vibrissae input (D). In the 
control case neurons have tendency to be dominated by the principal vibrissa input (A). D 1. the D 1 vibrissa barrel column: 
surround. the barrel column immediately adjacent to the Dl barrel column; thick arrows indicate strong inputs and thin arrows 
weak inputs: rings symbolize the areas of supragranular cortex were plastic changes take place; horizontal hatched band indi- 
cates the barrel. 
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prived whiskers representations (or intact whiskers rep- 
resentation in the case of the overstimulation paradigm). 
This expansion results from a change in vibrissae domin- 
ance. Vibrissae dominance, in turn, depends on a change 
in the balance of activity in two of the inputs to a neurone 
showing plasticity, i.e. the spared input (or overstimu- 
lated input) and the deprived input (or intact input). 
Thus, plasticity can be split into two components which 
can be studied in isolation, i.e. potentiation of the spared 
vibrissa input and, where it occurs (see later) suppression 
of the deprived vibrissa input (Fig.2, see also Glazewski 
and Fox 1996). 

There seems to be no critical period for activity-de- 
pendent plasticity for neurones in layers 111111 (Fox 
1992, Glazewski et al. 1996). The degree of plasticity 
is greater early in development than later in life (Fox 
1992; where the operational definition of plasticity is 
presented). Plasticity within layer IV decreases rapid- 
ly between postnatal day 0 and postnatal day 4 at least 
in the D l  spared (compare the detailed description 
below) vibrissa preparation (Fox 1992, Glazewski et 
al. 1998a, but see Kossut 1992). The end of the critical 
period for functional plasticity in this layer coincides 
with the end of the critical period for structural plas- 
ticity (Woolsey and Wann 1976), maturation of layer 
IV (Schlaggar and OLeary 1994), the end of mallea- 
bility of thalamo-cortical connections to undergo 
long-term potentiation (Crair and Malenka 1995). 
This leads to the conclusion that during early develop- 
ment of barrel cortex and even later, up to the fourth 
week of age (Kossut and Hand 1984, Glazewski et al. 
1992, Skangiel-Kramska et al. 1992, Kossut et al. 
1993, Glazewski et al. 1995, Micheva and Beaulieu 
1995, Micheva and Beaulieu 1996, De Felipe 1997) 
processes related to maturation of the barrel cortex in- 
terfere with the susceptibility of layer IV neurones to 
undergo plastic changes. Plastic changes in supragra- 
nular portion of the barrel cortex are observable up 
until, at least 1.5 years of age in mice (Glazewski et al. 
1996). Neurones of infragranular barrel cortex have 
large receptive fields. This makes quantification of 
plastic changes difficult, what was a reason to exclude 
infragranular layers from the study. 

One of the methods of evoking substantial plasticity 
in the barrel cortex is by univibrissae rearing, where all 
whiskers, but D l  are removed out for some time by 
steady tension applied to the base of the vibrissa (Kossut 
andHand 1984, Fox 1992). Here, we review some recent 
progress made in understanding the origin, develop- 

ment, composition and molecular mechanisms of plas- 
ticity evoked by univibrissae rearing in supragranular 
layers of the barrel cortex of the mature rodents. 

METHODOLOGICAL 
CONSIDERATIONS 

Studies on the mechanisms of induction and mainten- 
ance of activity-dependent plastic changes in the brain 
are often considered to be model studies with the general 
aim of understanding mechanisms of learning and mem- 
ory. It is commonly assumed, that mechanisms of learn- 
ing and memory are somehow associated with long-term 
changes in synaptic strength. These, leading to increase 
in synaptic efficacy (synaptic potentiation) and these 
causing suppression (synaptic suppression). Such 
changes can be induced in several model systems (Wiesel 
and Hubel 1965, Bliss and Lgmo 1973, Artola et al. 
1990, Hess et al. 1996) including barrel cortex of rodents 
(Glazewski and Fox 1996). Learning is by definition ex- 
perience-dependent, so the type of plasticity studied in 
relation to learning also has to be experience-dependent. 
Because whisker plucking is a method employed to 
evoke plasticity, it was necessary to test that this method 
indeed introduces only an activity imbalance into the 
system and does not cause changes to the state of the vi- 
brissae follicles , peripheral receptors or primary affer- 
ents. A series of adequate experiments were performed. 
There was no change found either in the number of 
myelinated and unmyelinated axons innervating de- 
prived vibrissae follicles, nor morphology of those axons 
organelles and myelinization (Li et al. 1995). On the 
other hand such changes were induced by axotomy or 
cauterization of vibrissal follicles (Li et al. 1995). More- 
over, upregulation of neuropeptide Y and galanin, well- 
-known sensors of damage to neurones (White et al. 
1994) was not observed in trigeminal ganglion cells de- 
prived of input by plucking, but again, was observed fol- 
lowing axotomy and cauterization of vibrissal follicles 
(Li et al. 1995). Additionally, responsiveness of trigemi- 
nal ganglion neurones in animals deprived for 7 days by 
plucking out all the whiskers was found not to be 
changed in comparison with control, unplucked animals 
(Glazewski et al. 1998a). Changes in responsiveness 
would be expected if plucking really induces some dam- 
age to peripheral receptors or axons. Finally, responses 
recorded in barrel cortex to stimulation of regrown vi- 
brissae of animals in which all but the D l  whisker were 
plucked for 7 days were indistinguishable from those re- 
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corded from animals in which all but the D l  whisker 
were trimmed flush with the skin for a week (Li et al. 
1995). Trimming obviously cannot evoke any damage to 
axons or peripheral receptors. In conclusion, plasticity 
induced in the barrel cortex by plucking, seems to be 
purely activity or experience dependent. 

Barrel cortex reaches early maturity at the age of one 
month. This thesis is based on anatomical, histochemical 
and electrophysiological studies. First, the number of 
symmetric and asymmetric synapses and the total num- 
ber of neurones are at adult levels around the age of one 
month (Micheva and Beaulieu 1995, Micheva and 
Beaulieu 1996, De Felipe 1997). Second, studies on the 
development of binding sites for major neurotransmitter 
receptors in the barrel cortex show a similar tendency. 
Binding sites for glutamate, (+)-5-methyl-l0,l l-dihydro- 
dibenzo[a,d]cyclohepten-5,lO-imine (MK801), quisqua- 
late, muscimol, iodocyanopindolol, and quinuclidinyl 
benzilate (QNB) all were found to be at adult levels at 
the age of one month (Glazewski et al. 1992, Skangiel- 
-Kramska 1992, Kossut et al. 1993, Blue and Johnston 
1995, Glazewski et al. 1995). Finally, the magnitude of 
cortical neuron responses to whisker stimulation at this 
age is comparable to the magnitude of response obtained 

by recording from animals a few months older (Glazew- 
ski and Fox 1996). For all of aforementioned reasons, ef- 
fects of whisker deprivation beginning at one month of 
age are generally not confounded by processes of devel- 
opment of the barrel cortex. However, it is important to 
note that there may be some developmental changes in 
animals older than one month (see below). 

POTENTIATION OF SPARED 
VIBRISSA RESPONSES 

Until recently, it has not been known precisely 
either how activity-dependent plasticity develops in 
the barrel cortex (see however Kossut 1992) nor how 
its components, potentiation of spared vibrissa respon- 
ses and suppression of deprived vibrissae responses 
develop. Indeed, even studies on ocular dominance 
plasticity have not come up with exhaustive informa- 
tion on development of this phenomenon (but see, 
Mioche and Singer 1989, Crair et al. 1997). Potentia- 
tion of spared vibrissa responses has been studied in 
the supragranular layers of the D l  spared vibrissa 
preparation starting with adolescence or adulthood 
(Glazewski and Fox 1996, Glazewski et al. 1996). Vi- 

Fig. 3. The effect of deprivation on the responses of supragranular neurons to the Dl  and principal vibrissae stimulation. Re- 
sponsivity of neurones in the barrel cortex to stimulation of the principal vibrissae is age independent for animals older than 
one month. Suppression of deprived input preceedes potentiation of the spared input in adolescent animals. Maintenance of the 
suppression is age or deprivation length dependent. C-28, control at the age of 28 days; C-adult, adult control; 7d.depr., animals 
deprived of all, but Dl vibrissa for 7 days; 20d.depr., animals deprived of all, but D l  vibrissa for 20 days; 60d.depr., animals 
deprived of all, but D I vibrissa for 60 days; empty bars indicate the D 1 vibrissa evoked responses and the black bars indicate 
principal vibrissae evoked responses. 
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brissae were stimulatedusing acomputer-controlledpie- 
zoelectric stimulator (50 stimuli at 1Hz were applied per 
every cell recorded and whisker tried). Recording was 
done using glass-insulated carbon fibre microelectrodes. 
Two parameters of response were measured: the aver- 
aged magnitude (number of spikes per stimulus) and the 
modal latency. The average magnitude of response, re- 
corded in barrel column immediately adjacent to D l  bar- 
rel column, to stimulation of principal (central receptive 
field), D l  (Dl surround receptive field) and surround 
whiskers (surround receptive field) were calculated for 
every animal and averaged again for group of animals 
tested (Fig. 1 ; for details see: Armstrong-James and Fox 
1987). It was found that potentiation in supragranular 
layers, at least if calculated independently of distance 
from the D l  barrel column (i.e. calculated by averaging 
responses of neurones in all penetrations made in barrel 
columns immediately adjacent to D l  barrel column; see 
also next chapter), does not develop immediately after 
imbalance of activity was introduced and in adolescence 
is preceeded by suppression of the deprived input 
(Fig.3). Potentiation was not observed after one week of 
deprivation, but was already substantial after three 
weeks of deprivation (Glazewski and Fox 1996, Glazew- 
ski et al. 1996). Moreover, there are probably mechan- 
isms in neurones (see also next chapter) which prevent 
excessive potentiation, as after 60 days of deprivation 
potentiation was not much higher that after 20 days of 
deprivation (Fig.3). On the other hand, because the lon- 
gest deprivation period used up to this time is 60 days, 
we cannot be certain of the effects of longer deprivation 
periods. 

Supragranular layers of the barrel cortex differ from 
layer IV in developmentaly regulated susceptibility to 
undergo plastic changes evoked by univibrissa rearing. 
There is no critical period for potentiation in supragra- 
nular layers in the D l  spared vibrissa preparation, but in 
layer IV of the same preparation, potentiation cannot be 
evoked if deprivation starts on or later than postnatal 
day 7 (Fox 1992, Glazewski et al. 1996, see however 
Glazewski et al. 1998a and below). 

SUPPRESSION OF DEPRIVED 
VIBRISSAE RESPONSES 

There is a critical period for suppression in the univi- 
brissa reared preparation. Suppression of deprived vi- 
brissae responses can be induced by univibrissa rearing 
exclusively in relatively young animals (i.e. not older 

than 6 months of age; see Fig.3) and only in supragranu- 
lar cortical layers (Fox et al. 1996, Glazewski and Fox 
1996, Glazewski et al. 1996, Glazewski et al. 1998a). In 
adult animals, suppression has not been observed at all 
(Fig.5; see also Glazewski et al. 1996). Additionally, the 
time course of suppression is different from that of 
potentiation. In adolescent animals substantial suppress- 
ion was observed as early as after one week of depriva- 
tion, preceeding potentiation of the spared vibrissae 
input by at least one week (Fig.3, see also Glazewski and 
Fox 1996, Glazewski et al. 1996). This suggests that 
either mechanisms of potentiation and suppression are 
independent or suppression is, for some reason, a prereq- 
uisite for potentiation in adolescence but not in adult- 
hood. If the later is true, it means that neurones in young 
barrel cortex simply conserve total synaptic weights, but 
in adult they do not. If a neurone keeps the sum of all sy- 
naptic weights constant (conserves it), particular inputs 
can be potentiated only if other inputs get depressed. 
Such behaviour has been proposed for many years by 
theorists (see Miller 1996) as one of the mechanisms for 
avoiding instability, i.e. in this case, potentiation that 
grows without limit. The rule of conservation of total sy- 
naptic weight might not then operate in adult barrel cor- 
tex because potentiation is possible even in the absence 
of suppression. Thus, it is possible that adult neu r~nes  set 
a limit for potentiation in a different way than do young 
neurones. It can be done, for instance, by conserving an 
average pre- or postsynaptic responsivity (Miller 1996). 
One idea is eliminated from the discussion, it is that there 
is no limit for potentiation (Fig. 3). 

As can be seen in Fig.3, suppression of principal vi- 
brissa responses is much smaller after 60 than following 
7 and 20 days of deprivation. This effect may be age de- 
pendent or could be related to the length of deprivation, 
and thus requires a direct experimental test. However, 
because the ability to induce suppression is regulated by 
age, the first explanation, i.e. by age dependency is fa- 
voured. It seems to be likely that both: induction and 
maintenance of suppression of the deprived principal vi- 
brissae responses are regulated by age. 

COMPONENTS OF SUPPRESSION 

The degree of suppression of deprived principal vi- 
brissae input is not equal across supragranular portions 
of barrel columns deprived of input. It was found that 
suppression is greater for cells recorded close to the 
spared vibrissa representation (active barrel column; 
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Glazewski and Fox 1996). This suggests the involve- 
ment of the active barrel in the mechanisms suppressing 
the deprived input, which means that suppression is, at 
least in part, heterosynaptic in origin. To study this possi- 
bility further, the heterosynaptic influence was increased 
by rearing animals for 7 days with just one whisker taken 
out. In parallel, animals were reared for 7 days with all 
their whiskers removed. In this second experiment the 
result was, that the principal input was suppressed, but 
this effect was statistically significant only in supragra- 
nular layers (Fig.4, see also Glazewski et al. 199th). This 
indicates that homosynaptic suppression mechanisms 
operate in the barrel cortex. Nevertheless suppression 
was even greater in animals in which only the D 1 vibrissa 
was removed. In this case suppression was found even 
in layer IV (Fig. 4). This last discovery means that the 
critical period for plastic changes is regulated not only 
by age, but also depends on the paradigm used to induce 
plasticity. In conclusion, two mechanisms of suppress- 
ion operate in the barrel cortex of young rodents. The 
first, homosynaptic in nature can be observed only in 
supragranular layers. The second, heterosynaptic is de- 
tectable even in layer IV. 

ORIGIN OF CORTICAL 
POTENTIATION AND SUPPRESSION 

Origin of potentiation 

It is possible to imagine at least two methods of check- 
ing whether potentiation originates in the cortex or is 
passively transmitted from subcortical structures. Both 
have been already employed with the aim of solving this 
problem in the barrel cortex. The first method is based 
on measurements of cortical magnification factor before 
and after induction of plastic changes. In more simple 
terms, if the ratio of the cortical to thalamic area driven 
by the D l  whisker is bigger in the D l  spared vibrissa 
preparation than the same ratio in control animals, it sug- 
gests that potentiation is, at least in part cortical. Such ex- 
periment was done using 2-deoxyglucose technology 
and an answer was positive (Lin et al. 92). The second 
method is based on the prediction of impairing plasticity 
in barrel columns surrounding the D l  barrel column (in 
the D l  sparedvibrissa preparation) in proportion to 
amount of damage to D l  barrel if plasticity really orig- 
inates, at least in part in the cortex. A variant of this ap- 
proach predicts that plasticity will be impaired when a 
row of lesions is placed between D 1 and one of the sur- 

layer IIDII 

layer IV 

control all deprived Dl deprived 

Fig. 4. Effect of deprivation pattern on principal vibrissae re- 
sponses of adolescent animals. Two mechanisms of suppress- 
ion of the deprived vibrissae inputs operate in the barrel 
cortex. First, homosynaptic, i.e. independent of other inputs 
and second heterosynaptic, dependent on the presence of 
spared vibrissa input. Black bars indicate principal vibrissa re- 
sponse magnitude recorded from undeprived animals; left 
hatched bars indicate responses recorded from animals 
plucked of all their vibrissae for 7 days and empty bars show 
responses obtained from animals plucked of Dl  vibrissa only 
for 7 days. 

rounding barrels in the D l  spared vibrissa preparation. 
Both variants have been tested and in both cases, the pre- 
diction of purely cortical origin of potentiation con- 
firmed (Fox 1994). Additionally, in this latter study 
specificity of obtained results has been supported by sev- 
eral control experiments. It was shown that, loss of plas- 
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ticity in the barrel column separated from the D l  barrel 
by a row of lesions have not been associated with de- 
crease in strength of principal input to this barrel column. 
At the same time plastic changes in the barrel columns 
still having connections with the D l  barrel column were 
not disrupted (Fox 1994). 

Origin of suppression 

Suppression is much greater in layers 111111 than in 
layer IV in animals deprived of all vibrissae and animals 
in which only the D l  vibrissa is spared. It is difficult to 
imagine how suppression can be transmitted passively 
from subcortical structures to supragranular cortical 
layers via layer IV which is not very suppressed, and 
constitutes major input to layers 111111. It implies that 
most if not all suppression originates in the cortex. 

As was already mentioned, substantial suppression of 
deprived vibrissae inputs can be detected in layer IV of 
animals in which only D l  whisker have been removed. 
This discovery re-opened the question where suppress- 
ion arises, cortically or subcortically. Evidence that even 
the suppression observed in layer IV is of cortical origin 
comes from the results of recordings made in the ventro- 
-posterior medial (VPM) thalamus, which is the source 
of lemniscal input to the layer IV (see also Diamond et 
al. 1992). There was no difference in the averaged mag- 
nitude of responses to whisker stimulation found in VPM 
between representations of spared and plucked whiskers 
in the D 1 only plucked preparation. These averages were 
also indistinguishable from values obtained from con- 
trol, undeprived animals (Glazewski et al. 1998a), Ad- 
ditionally, for cells recorded in the deprived and control 
barrels of animals where only the D l  whisker had been 
removed, the cumulative latency curves were plotted and 
revealed new information. On the basis of the critical 
points of change on the cumulative latency curve for D 1 
only representations all cells (that is control and tested) 
were split to three latency bands (for details see Glazewski 
et al. 1998a) Analysis of the number of neurones and 
averaged magnitudes of responses in successive latency 
bands in control and after induction of plasticity revealed 
that intermediate, 9-14ms latency band was most af- 
fected by deprivation. The fraction of cells in this band 
dropped from 60% in controls to 21 % in deprived rep- 
resentations. This suggests that is more likely that the 
second synapse, i.e. the one after the initial thalamocor- 
tical synapse in layer IV is suppressed or even next yet 
than the first one. 

MECHANISMS OF POTENTIATION 
AND SUPPRESSION 

Physiological mechanisms 

In the view that both potentiation and suppression 
seem to originate in the cortex, horizontal orland oblique 
axons running in supragranular layers of the barrel cor- 
tex seem to be a good candidates for being an anatomical 
substrate for potentiation and heterosynaptic suppress- 
ion (Lorente de No. 1947, Bernardo et al. 1992). Plasticity 
of the synapses made by these axons (i.e., long-term 
potentiation - LTP and long-term depression - LTD) 
have been studied successfully in vitro and in vivo in the 
barrel cortex (Aroniadou-Anderjaska and Keller 1995, 
Aroniadou and Keller 1995, Glazewski et al., in prepara- 
tion) and motor cortex (Hess et al. 1996). Homosynaptic 
suppression is probably generated in vertical connec- 
tions, where in vitro LTD can be easily evoked by low 
frequency stimulation (Artola et al. 1990, Kirkwood et 
al. 1992). 

It is not known, but it is possible to test, whetherphysi- 
ological mechanisms of potentiation and LTP have 
something in common (Glazewski et al. 1998). It is not 
even known whether potentiation is an active process 
that is associated with strengthening of excitatory input 
or simply a passive reflection of change in inhibition. If 
the latter hypothesis is true, relief of inhibition would 
need to be input specific and occur only within the de- 
prived barrel (there is no potentiation in supragranular 
layers of the D l  barrel column, see Glazewski et al. 
1996). 

There are at least two possible mechanisms for hetero- 
synaptic suppression. Both must be input specific. The 
first assumes that the spared input generates additional 
and tonic inhibition upon neurones of the deprived barrel 
column.The second model is associated with active 
down regulation of the principal excitatory input to the 
deprived neurones (see also Glazewski et al. 1998a). 
Both models are testable. 

Molecular mechanisms 

Potentiation and suppression are both lasting phe- 
nomena, which implies the existence of one or several 
molecular mechanisms to maintain them.These mechan- 
isms may be based on the activity of regulatory enzymes 
which are capable of being switched on or off and main- 
tain their activity, or lack of it, for a long period of time. 
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They may even be associated with-long term changes in 
expression of some proteins. One such enzyme. which 
has for a long time been implicated in various processes 
underlying plastic changes is the calcium and calmo- 
dulin dependent protein kinase I1 (CamK11; Hendry and 
Kennedy 1986, Silva et al. 1992, Silvaet al. 1992a, Lisman 
1994, Gordon et al. 1996, Kennedy 1997, Kirkwood et 
al. 1997. Lisman et al. 1997). This enzyme is abundant 
in postsynaptic densities of neurones (Kennedy et al. 
1993), is calcium dependent, can be switched on quickly 
by a discrete calcium pulse (De Koninck et al. 1998) and 
has the capability of maintaining its activity for a long 
time through autophosphorylation. which relieves its de- 
pendence on calcium (Miller and Kennedy 1986). 

The possible involvement of CamKII in barrel cortex 
plasticity has been studied using a-CamKII knockout 
mice. It was found that potentiation, but not suppression 
of vibrissae responses in the univibrissae reared animals 
depends on the presence of a-CamKI1 (Glazewski et al. 
1996). Interestingly, this phenomenon was observed 
only if an attempt was made to evoke plastic changes in 
adult animals (i.e. over six months old; Fig. 5 ) .  The de- 
gree of plasticity seen in adolescent animals deficient for 
a-CamKII was similar to that found in control wild-type 
animals (Glazewski et al. 1996). The lack of dependence 

on a-CamKII in adolescent animals implies that the 
deficit seen in adult mutants is not associated with a de- 
velopmental deficit. On the other hand, it is still not 
known whether the lack of potentiation of spared vibris- 
sa responses is a result of the critical role CamKII plays 
at this age, or simply an age-dependent decline in the 
potency of compensation mechanism observed in ado- 
lescent animals. If the first hypothesis is true, it means 
that at least two mechanisms for potentiation operate in 
the barrel cortex: one in adolescent animals and the sec- 
ond in adults. Similar experiments on univibrissa reared 
animals have been performed recently using mice defi- 
cient for a transcription factor. the a16 isoforms of 
CAMP-responsive element binding protein (CREB; 
Glazewski et al. 1998b). In previous studies, CREB has 
been found to be critical for long-term memory mechan- 
isms in flies, aplysia and mice (Bourtchuladze et al. 
1994, Yin et al. 1994, Bartsch et al. 1995). In supragra- 
nular layers of barrel cortex. the absence of al6-CREB 
caused upregulation of the surround responses. i.e. these 
ones which are evoked by stimulation of .whiskers im- 
mediately surrounding the principal whisker. This effect 
was especially pronounced in adult animals (Glazewski 
et al.. in preparation). However, plasticity was not abol- 
ished as was in the case of adult CamKII deficient mice. 

control wt control mutants deprived wt deprived hete- deprived homo- 

Fig. 5 .  Plasticity in adult mice deficient for a-CamKII. Notice lack of potentiation of the spared vibrissa input in mutant animals 
(hatched bars in two most right sets) and lack of the suppression of the deprived vibrissae input in all deprived animals (black 
bars in three most right sets). Hatched bars - response to D I vibrissae stimulation; black bars, response to the principal deprived 
vibrissae stimulation: empty bars. response to the deprived surround vibrissae stimulation; wt, wild type; hete, heterozygote: 
homo, homozygote. 
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It was also found that deficiency for al6-CREB can also Barrel cortex seems to be one of the best model sys- 
impair long-term potentiation (LTP) in coronal sections 
cut through barrel cortex. LTP was measured as a change 
in the peak amplitude and induced in layers II/III by te- 
tanizing layer IV. Over 90 min., LTP was not significant- 
ly different in CREB null mutants (132.7 ? 2.8%) 
compared with control wild type animals levels 
(P<0.69). However, in 317 slices from homozygotes, 
LTP decreased to baseline between 1 and 2 h (Glazewski 
et al. 1998, in preparation, Staddon and Fox 1998). 

These results show that although a and 6 isoforms of 
CREB are not essential for in vivo and in vitro expression 
of potentiation in barrel cortex, they produce abnor- 
malities in both forms of plasticity. It remains to be deter- 
mined whether isoform P is involved and whether CREB 
plays some part in plasticity of wild-type animals. 

SUMMARY AND CONCLUDING 
REMARKS 

Long-term changes in whisker dominance can be in- 
duced by the introduction of an imbalance in activity to 
the whisker-to-barrel system. Plasticity of supragranular 
cortical layers in adolescent animals is composed of sup- 
pression of the deprived vibrissae responses and poten- 
tiation of the spared vibrissa responses. There are 
different time courses for suppression and potentiation, 
with suppression appearing before potentiation. More- 
over, there are two mechanisms of suppression: one, ho- 
mosynaptic i.e. dependent only upon the deprived input 
and the second heterosynaptic, regulated by the spared 
input. Suppression cannot be evoked and possibly can- 
not be maintained in adult rodents. Both, potentiation 
and suppression, seem to be cortical in origin. Plasticity 
depends on the presence of a-CamKII and to lesser ex- 
tend a6-CREB, but only in adult animals. Both macro- 
molecules could be involved in plastic mechanisms even 
in adolescence (if compensation mechanisms exist), but 
are not critical at this age. In adulthood, involvement of 
both seems to be important. However, it is not clear 
whether the observed deficit is a direct effect or is a result 
of lack of compensation. 

Studies into plastic changes in the cortex are di- 
rected toward looking for mechanisms of potentiation 
and suppression which, as we still believe, constitute 
a basis for the memory trace. Moreover, such studies 
can help to understand mechanism and a rationale of 
plastic changes, which could be important from clini- 
cal point of view. 

tems for studying mechanisms of potentiation and sup- 
pression, due to four reasons: it is mammalian, but still 
relatively simple, it has an anatomical reference at the 
level of layer IV (pattern of barrels), which enable pre- 
cise measurement of physiological changes; plastic 
changes can be evoked easily by changes in natural 
stimuli; and finally, it is amenable to study the effects of 
genetic manipulations. 

ACKNOWLEDGEMENTS 

I would like to express thanks to Drs. Malgorzata 
Kossut, Alison Barth and Kevin Fox for critical reading 
of the manuscript. 

REFERENCES 

Armstrong-James M.. Diamond M.E.. Ebner F.F. (1994) An 
innocuous bias in whisker use in adult rats modifies recep- 
tive fields of barrel cortex neurons. J. Neurosci. 14: 6978- 
699 1. 

Armstrong-James M., Fox K. ( 1  987) Spatio-temporal conver- 
gence and divergence in the rat S1 barrel cortex. J. Comp. 
Neurol. 263: 265-28 1. 

Armstrong-James M.. Fox K., Das-Gupta A. (1992) Flow of 
excitation within rat barrel cortex on striking a single vi- 
brissa. J. Neurophysiol. 68: 1345-1358. 

Aroniadou-Anderjaska V., Keller A. (I 995) LTP in the barrel 
cortex of adult rats. Neuroreport 6: 2297-2300. 

Aroniadou V.A., Keller A. (1995a) Mechanisms of LTP in- 
duction in rat motor cortex in vitro. Cereb. Cortex 5: 353- 
362. 

Aroniadou-Anderjaska V., Keller A. (1996) Intrinsic inhibi- 
tory pathways in mouse barrel cortex. Neuroreport 7: 2363- 
2368. 

Artola A,, Brocher S., Singer W. (1990) Different voltage-de- 
pendent thresholds for inducing long-term depression and 
long-term potentiation in slices of rat visual cortex. Nature 
347: 69-72. 

Bartsch D., Ghirardi M., Skehel P.A., Karl K.A., Herder S.P., 
ChenM., Bailey C.H., Kandel E.R. (1995) Aplysia CREB2 
represses long-term facilitation: relief of repression con- 
verts transient facilitation into long-term functional and 
structural change. Cell 83: 979-992. 

Bernardo K.L., McCasland J.S., Woolsey T.A. (1990) Local 
intra and interlaminar connections in mouse barrel cortex. 
J. Comp. Neurol. 291: 231-255. 

Bliss T.V.P., Lomo T. (1973) Long-lasting potentiation of sy- 
naptic transmission in the dentate area of the anesthetised 
rabbit following stimulation of the perforant path. J. Physi- 
01. 323: 33 1-356. 



Experience-dependent changes ... 319 

Blue M.E., Johnston M.V. (1995) The ontogeny of glutamate re- 
ceptors in rat barrel field cortex. Dev. Brain Res. 84: 1 1-25. 

Bourtchuladze R., Frenquelli B., Blendy J., Cioffi D., Schutz 
G., Silva A.J. (1 994) Deficient long-term memory in mice 
with a targeted mutation of the CAMP-responsive element- 
binding protein. Cell 79: 59-68. 

Chmielowska J., Carve11 G.E., Simons D.J. (1989) Spatial or- 
ganization of thalamocortical and corticothalamic projec- 
tion systems in the rat SmI barrel cortex. J. Comp. Neurol. 
285: 325-338. 

Crair M.C., Malenka R.C. (1995) A critical period for long- 
term potentiation at thalamocortical synapses. Nature 375: 
325-328. 

Crair M.C.. Ruthazer E.C., Gillespie D.C., Stryker M.P. 
(1997) Ocular dominance peaks at pinwheel center singu- 
larities of the orientation map in cat visual cortex. J. Neu- 
rophysiol. 77: 3381-3385. 

De Felipe J., Marco P., Fairen A., Jones E.G. (1997) Inhibitory 
synaptogenesis in mouse somatosensory cortex. Cereb. 
Cortex 7: 6 19-634. 

De Koninck P.. Schulman H. (1998) Sensitivity of CAM ki- 
nase I1 to the frequency of Ca 2+ oscillations. Science 279: 
227-229. 

Diamond M.E., Armstrong-James M.. Budway M.J., Ebner 
F.F. (1992) Somatic sensory responses in the rostra1 sector 
of the posterior group (Pom) and in the ventral posterior 
medial nucleus (VPM) of the rat thalamus: dependence on 
the barrel field cortex. J. Comp. Neurol. 3 19: 66-84. 

Fox K. (1 992) A critical period for experience-dependent sy- 
naptic plasticity in rat barrel cortex. J. Neurosci. 12: 1826- 
1838. 

Fox K. (1 994) The cortical component of experience-depend- 
ent synaptic plasticity in the rat barrel cortex. J. Neurosci. 
14: 7665-7679. 

Fox K.,Glazewski S., Chen C.M. Silva A., Li X. (1996) Mech- 
anisms underlying experience-dependent potentiation and 
depression of vibrissae responses in barrel cortex. J. Physi- 
01. (Paris) 90: 263-269. 

Glazewski S., Chen C.M., Silva A., Fox K. (1996) Require- 
ment for a-CamKII-in experience-dependent plasticity of 
the barrel cortex. Science 272: 421-423. 

Glazewski S., Fox K. (1996) The time course of experience- 
dependent synaptic potentiation and depression in barrel 
cortex of adolescent rats. J. Neurophysiol. 75: 17 14- 1729. 

Glazewski S.. Herman C., McKenna M.. Chapman P.. Fox K. 
(1998) Long-term potentiation in vivo in layers 111111 of rat 
barrel cortex. Neuropharmacology 37: 58 1-592. 

Glazewski S., Kossut M., Skangiel-Kramska J. (1 995) NMDA 
receptors in mouse barrel cortex during normal develop- 
ment and following vibrissectomy. Int. J. Devl. Neurosci. 
6: 505-5 14. 

Glazewski S., McKenna M.. Jacquin M.. Fox K. (1998) Ex- 
perience-dependent depression of vibrissae responses in rat 
barrel cortex. Eur. J. Neurosci. 10: 2 107-21 16. 

Glazewski S., Skangiel-Kramska J., Pomorski P., Kossut M. 
(1 992) Voltage-dependent L-type calcium channels in the 
development and plasticity of mouse barrel cortex. Dev. 
Brain Res., 67: 293-300. 

Gordon J.A., Cioffi D., Silva A.J.: Stryker M.P. (1996) Defi- 
cient plasticity in the primary visual cortex of alpha-cal- 
cium/calmodulin-dependent protein kinase I1 mutant mice. 
Neuron 17: 49 1-499. 

Gottlieb J.P., Keller A. (1997) Intrinsic circuitry and physio- 
logical properties of pyramidal neurons in rat barrel cortex. 
Exp. Brain Res. 115: 47-60. 

Hendry S.H., Kennedy M.B. (1986) Immunoreactivity for a 
calmodulin-dependent protein kinase is selectively in- 
creased in macaque striate cortex after monocular depriva- 
tion. Proc. Natl. Acad. Sci. USA 83: 1536-1541. 

Hess G., Aizenman C.D.: Donoghue J.P. (1996) Conditions 
for the induction of long-term potentiation in layer 111111 
horizontal connections of the rat motor cortex. J. Neuro- 
physiol. 75: 1765-1778. 

Hoeflinger B.F., Bennett-Clarke C.A., ChiaiaN.L., Killackey 
H.P., Rhoades R.W. (1995) Patterning of local intracortical 
projections within the vibrissae representation of rat primary 
somatosensory cortex. J. Comp. Neurol., 354: 551-563. 

Kennedy M.B. (1 997) The postsynaptic density at glutamater- 
gic synapses. Trends Neurosci. 20: 264-268. 

Kennedy M.B., Bennett M.K., Erondu N.E. (1983) Bio- 
chemical and immunochemical evidence that the major 
postsynaptic density protein is a subunit of a calmodulin- 
dependent protein kinase. Proc. Natl. Acad. Sci. USA 80: 
7357-7361. 

Kirkwood A,: Dudek S.M., Gold J.T., Aizenman C.D., Bear 
M.F. (1992) Common forms of synaptic plasticity in the 
hippocampus and neocortex in vitro. Science 260: 1518- 
1521. 

Kirkwood A,, Silva A,, Bear M.F. (1997) Age-dependent de- 
crease of synaptic plasticity in the neocortex of alphacam- 
KII mutant mice. Proc. Natl. Acad. Sci. USA 94: 
3380-3383. 

Koralek K.A., Jensen K.F., Killackey H.P. (1988) Evidence 
for two complementary patterns of thalamic input to the rat 
somatosensory cortex. Brain Res. 463: 346-351. 

Kossut M. (1992) Plasticity of the barrel cortex neurons. Prog. 
Neurobiol. 39: 389-422. 

Kossut M., Glazewski S., Siucinska E., Skangiel-Kramska J. 
(1993) Functional plasticity and neurotransmitter receptor 
binding in the vibrissal barrel cortex. Acta Neurobiol. Exp. 
53: 161-173. 

Kossut M.: Hand P. (1984) The development of the vibrissa 
cortical column: a 2-deoxyglucose study in the rat. Neuro- 
sci. Lett. 46: 1-6. 

Kossut M.: Greenberg J.: Hand C.L. (1988) Single vibrissal 
cortical column in SI cortex of rat and its alterations in ne- 
onatal and adult vibrissa-deafferented animals: A quantita- 
tive 2DG study. J. Neurophysiol. 60: 829-852. 



320 S. Glazewski 

Li X., Glazewski S., Lin X., Elde R., Fox K. (1995) Effect of 
vibrissae deprivation on follicle innervation, neuropeptide 
synthesis in the trigeminal ganglion, and SI barrel cortex 
plasticity. J. Comp. Neurol. 357: 465-481. 

Lin D.M., Sirois D.A., Gallo K.M., Hand P.J. (1 992) Non-li- 
near cortical functional representation changes following 
partial deafferentation of rat facial vibrissae. Soc. Neuro- 
sci. Abstr. 34.8. 

Lisman J. (1994) The CaM kinase I1 hypothesis for the storage 
of synaptic memory. Trends Neurosci. 17: 406-412. 

Lisman J., Malenka R.C., Nicoll R.A., Malinow R. (1997) 
Learning mechanisms: the case for CaM-KII. Science 276: 
2001-2002. 

Lorente De No R. (1943) Cerebral cortex: Architecture, intra- 
cortical connections, motor projections. Oxford Univ. 
Press, London, p. 274. 

McCasland J.S., Hibbard L.S., Rhoades R.W., Woolsey T.A. 
(1997) Activation of a wide-spread network of inhibitory neu- 
rons in barrel cortex. Somatosens. Mot. Res. 14: 138-147. 

Melzer P., Smith C.B. (1998) Plasticity of cerebral metabolic 
whisker maps in adult mice after whisker follicle removal. 
I. Modifications in barrel cortex coincide with reorganiza- 
tion of follicular innervation. Neuroscience 83: 27-41. 

Micheva K.D., Beaulieu C. (1995) Postnatal development of 
GABA neurons in the rat somatosensory barrel cortex: a 
quantitative study. Eur. J. Neurosci. 7: 419-430. 

Micheva K.D., Beaulieu C. (1996) Quantitative aspects of sy- 
naptogenesis in the rat barrel field cortex with special ref- 
erence to GABA circuitry. J. Comp. Neurol. 373: 340-354. 

Miller K.D. (1996) Synaptic economics: competition and co- 
operation in synaptic plasticity. Neuron 17: 37 1-374. 

Miller S.G., Kennedy M.B. (1986) Regulation of brain type I1 
Ca2+/calmodulin-dependent protein kinase by autophos- 
phorylation: a Ca2+-triggered molecular switch. Cell 44: 
861-870. 

Mioche L., Singer W. (1989) Chronic recordings from single 
sites of kitten striate cortex during experience-dependent 
modifications of receptive-field properties. J. Neurophysi- 
01. 62: 185-197. 

Musial P., Kublik E., Panecki S.J., Wrobel A. Transient 
changes of electrical activity in the rat barrel cortex during 
conditioning. Brain Res. 786: 1- 10, 1998 

Schlaggar B.L., OLeary D.D. (1994) Early development of the 
somatotopic map and barrel patterning in rat somatosen- 
sory cortex. J. Comp. Neurol. 346: 80-96. 

Simons D.J., Land P.W. (1987) Early experience of tactile 
stimulation influences organization of somatic sensory cor- 
tex. Nature 326: 694-697. 

Silva A.J., Paylor R., Wehner J.M., Tonegawa S. (1992) Im- 
paired spatial learning in alpha-calcium-calmodulin kinase 
I1 mutant mice. Science 257: 206-2 1 1. 

SilvaA.J., Stevens C.F., Tonegawa S., Wang Y. (1992a) Defi- 
cient hippocampal long-term potentiation in alpha-cal- 
cium-calmodulin kinase I1 mutant mice. Science 257: 
201-206. 

Siuciliska E., Kossut M.(1996) Short-lasting classical condi- 
tioning induces reversible changes of representational 
maps of vibrissae in mouse SI cortex - a 2DG study. Cere- 
bral Cortex 6: 506-5 13. 

Skangiel-Kramska J., Glazewski S., Siucinska E., Kossut M. 
(1992) Ontogenesis of muscarinic cholinergic receptor bind- 
ing in the barrel cortex of mice. Acta Neurobiol. Exp. 52: 48. 

Staddon J., Fox K. (1998) Long-term potentiation in barrel 
cortex of 1x16 CREB deficient mice. Forum Meeting of Eu- 
ropean Neuroscience Abstracts, 1998. 

Van der Loos (1973) Somatosensory cortex: structural alter- 
ations following early injury to sense organs. Science 179: 
395-398. 

Welker E., Rao S.B., Dorfl J., Melzer P., Van der Loos H. 
(1992) Plasticity in the barrel cortex of the adult mouse: ef- 

~fects of chronic stimulation upon deoxyglucose uptake in 
the behaving animal. J. Neurosci. 12: 153-170. 

White F.A., Hoeflinger B.F., Chiaia N.L., Bennett-Clarke 
C.A., Crissman R.S., Rhoades R.W. (1994) Evidence for 
survival of the central arbors of trigeminal primary affer- 
ents after peripheral neonatal axotomy: experiments with 
galanin immunocytochemistry and Di-I labelling. J. Comp. 
Neurol. 350: 397-41 1. 

Wiesel T.N., Hubel D.H. (1965) Comparison of the effects of 
unilateral and bilateral eye closure on cortical unit respon- 
ses in kittens. J. Neurophysiol. 28: 1029-1040. 

Woolsey T.A., Van der Loos H. (1970) The structural organ- 
ization of layer IV in the somatosensory region (SI) of 
mouse cerebral cortex. The description of a cortical field 
composed of discrete cytoarchitectonic units. Brain Res. 
17: 205-242. 

Woolsey T.A., Wann J.R. (1976) A real changes in mouse cor- 
tical barrels following vibrissal damage at different postna- 
tal ages. J. Comp. Neurol. 170: 53-66. 

Yin J.C., Wallach J.S., Del Vecchio M., WilderE.L., Zhou H., 
Quinn W.G., Tully T. (1994) Induction of a dominant ne- 
gative CREB transgene specifically blocks long-term 
memory in Drosophila. Cell 79: 49-58. 

Received 4 June 1998, accepted 11 September 1998 


