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ABSTRACT: Competitive interactions between left
and right eye inputs to visual cortex during development
are usually explained by the thalamocortical axons com-
peting more or less well for cortical territory during
retraction into eye specific domains. Here we review the
evidence for competitive and co-operative interactions
between cortical columns in barrel cortex which are
present several weeks after retraction of thalamocortical
axons into barrels. Sensory responses in barrel cortex
can be altered by a period of vibrissa deprivation. It was
found that responses to previously deprived vibrissae
(that had been allowed to regrow) were depressed more
if neighboring vibrissae were spared than if all vibrissae
were removed simultaneously. Depression of the de-

vibrissae responses were potentiated more if several
neighboring vibrissae were left intact than if only a
single vibrissae was spared. These results suggest a
mechanism of cooperative potentiation, perhaps due to
intracortical summation of excitation evoked by neigh-
bouring vibrissa stimulation. Thalamic responses to
vibrissa stimulation were unaffected by deprivation in-
dicating a cortical origin. One of the consequences of
deprivation was that the speed of transmission between
barrels was increased for spared and decreased for de-
prived vibrissa. These results imply that inherent inter-
actions between cortical columns give rise to a property
of competition and co-operativity which amplify the ef-
fects of sensory deprivation. © 1999 John Wiley & Sons, Inc. J

prived vibrissa response was greater the closer the cell
lay to a spared barrel. It was also found that spared
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The barrel cortex is a useful cortical area in which to receptive field vibrissae. The fastest input to the barrel
study experience-dependent plasticity. The advan- column is provided by the principal vibrissa, while the
tages of studying plasticity in this area include the surround vibrissa input occurs with a slight delay
ease with which the main sensory input, the vibrissae, (Armstrong-James and Fox, 1987). The delay is
can be manipulated and the one-to-one correspon-thought to be due to a longer route for synaptic
dence between the vibrissae and the anatomical mapyransmission of surround vibrissae information in-
of the contralateral vibrissae pad located in layer IV. yolying intracortical relay between neighboring barrel
The columnar organization of the barrel cortex and ¢ojymns (Armstrong-James et al., 1991; Fox, 1994).
the receptive fields of the neurons are also relatively pring postnatal development, the barrel cortex is
simple. The principal vibrissa, which is the topologi- - piqy plastic and neuronal circuits for principal and
cally related vibrissa for a particular barrel, tends to surround representations are altered according to the

gg:rrlglliflutr?]er] rle-|(z)ev\r/)g\\//§r f'ﬁ:gzt (():Llrllsezrs)gsrevgltzl: dt[]oa; animal’s history of sensory tactile experience (Simons
) X P and Land, 1987; Fox, 1992). The barrel cortex re-

lesser extent to stimulation of neighboring surround . L : )
mains plastic into later life, and recent experiments

have shown that both the degree and form of whisker
Correspondence toK. Fox deprivation plasticity are highly dependent on the
© 1999 John Wiley & Sons, Inc. CCC 0022-3034/99/010058-06 exact pattern of whisker deprivation (Glazewski and
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Fox, 1996; Glazewski et al., 1998; Wallace and Fox, barrel influences the activity of the inactive cortical
1999a). barrels.

The effect of a particular pattern of deprivation is To test this hypothesis further, experiments were
presumably related to the set of intracortical interac- performed in which all vibrissae were removed, thus
tions it produces, which will be slightly different for  eliminating any explicitly active inputs to the barrels.
each pattern. Experiments in the visual and barrel In a second set of animals a single vibrissa was
cortex have indeed suggested that the distance be-removed, thereby creating a quiet barrel column sur-
tween the active and inactive cortical barrel columns rounded on all sides by normally active barrel col-
is likely play a crucial role in determining the degree umns. The result was that depression was far greater
of plasticity induced. In the visual system, high levels in the case in which a single vibrissa had been de-
of plasticity can be induced during the critical period prived than those in which all vibrissa had been de-
of monocular deprivation. Plasticity levels may be prived (Fig. 1). These results support the view that
high partly because monocular deprivation sets up a active inputs are capable of depressing the inactive
pattern of cortical domains where each neuron in a inputs (Glazewski et al., 1998).
deprived eye column is not more than 150-200 However, some depression did occur in animals
from the nearest open eye column: Each closed eyedeprived of all their vibrissae simultaneously, demon-
ocular dominance column is surrounded by open eye strating that both homosynaptic and heterosynaptic
ocular dominance columns and the columns them- depression operate in the cortex in tandem (Fig. 1).
selves are about 300-500m wide (Hubel et al., Depression in layer Il/Ill appears to be mainly homo-
1977, 1978; Anderson et al., 1988). In the barrel synaptic, because depression still occurs when all the
cortex, both potentiation of the spared vibrissae re- vibrissae are equally deprived. The greater depression
sponses and depression of the deprived vibrissae re-seen in layer Il/lll when just a single vibrissa is
sponses are known to decrease with distance from thedeprived could be explained by passive relay of de-
spared barrel column (Glazewski and Fox, 1996; pression occurring in layer IV, which only occurs to
Glazewski et al., 1998), which suggests that plasticity any appreciably extent in the single vibrissa—deprived
should be greater if every neuron in a deprived col- case. Layer IV behaves differently from layers Il/III.
umn is close to a spared or active input. Together, The fact that depression only occurs in layer IV when
these results suggest a mechanism for competition active inputs remain points to a heterosynaptic depres-
between sensory inputs. In the following sections, we sion mechanism for this layer.
review the evidence for local interactions affecting The influence of active cortical domains on de-
depression and potentiation of sensory responses, beprived domains can also be demonstrated if a chess-
fore going on to considering the locus of plasticity and board pattern of vibrissae deprivation is used (Fig. 1)
its effect on intracortical transmission. (see next section for description). With a chessboard

pattern of deprivation, the number of active inputs is
intermediate between the case in which all the vibris-
PROXIMITY EFFECTS ON VIBRISSAE sae are deprived and only one vibrissa is deprived.
RESPONSE DEPRESSION Comparing the three different patterns of deprivation
(Fig. 1) reveals that the degree of depression observed
The first indication that depression of the deprived in layer lI/lll and IV correlates with the number of
vibrissa response might be partly dependent on the vibrissa left intact. Increasing the number of spared
proximity of the neurons to an active barrel came vibrissae leads to a progressive increase in depression.
from an experiment in which the animals were given
a period of single vibrissa experience (Glazewski and
Fox, 1996). In this paradigm, one barrel column re- COOPERATIVITY EFFECTS ON
ceives its normal input from the spared whisker, while POTENTIATION OF VIBRISSAE
the barrel columns surrounding it are relatively quiet RESPONSE
because their principal input is missing. The re-
sponses of neurons on one side of the barrel closest tolt is clear that active cortical domains have an effect
the D1 (the spared vibrissa’'s barrel) were lower to on inactive cortical domains. To determine whether
stimulation of the regrown, previously deprived active cortical domains also influence nearby active
vibrissa compared to cells on the side of the barrel domains, we analyzed the effect of chessboard pattern
farthest away (see Fig. 8 in Glazewski and Fox, whisker deprivation. In this situation, every other
1996). This result suggests the presence of a mecha-vibrissa is deprived, creating a pattern in the barrel
nism of heterosynaptic depression, where the active cortex whereby each spared barrel column is sur-



60 Wallace and Fox

S

— IV. Responses to spared vibrissa stimulation in spared

:: barrel columns also potentiate in layer IV (Wallace
.- and Fox, 1999a). In contrast, if only one vibrissa is
20, spared, potentiation is completely absent after 7 days
= .
£ and appears only after 18—-20 days (Glazewski and
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Figure 1 The effect of varying the number of spared
vibrissae on response depression in layers II/lll (top) and IV
(bottom).The diagrams of the barrel field beneath the his-
tograms represent the pattern of deprivation; deprived
vibrissae are represented by white barrels, and spared vibris-
sae by gray barrels. The graphs show the mean and standard
errors between animals for the distribution of responses to
deprived principal vibrissa stimulation. Note that depression
of the principal vibrissa response is greater if a single
vibrissa is deprived (hatched bars, “Only D1 Deprived”)
than if all vibrissae are deprived simultaneously (white bars, . . )
“All Deprived”). Chessboard pattern deprivation results in Figure 2 Comparison of the effect of sparing a single
an intermediate degree of depression (gray bar, “ChessboardiPrissa with sparing several vibrissae on potentiation of
Deprived”). The vertical axis denotes the response magni- SPared vibrissae responses in deprived barrels. The dia-
tude for principal vibrissa stimulation (mean standard grams of the bar_rel field denote the patter_ns of deprivation,
error of the mean) averaged across animals (spikes per(S€€ légend to Fig. 1). As shown by the diagram at the top
stimulus). of the figure, if the cell is located on one side of the barrel
column, its near neighbor is the principal vibrissa for the
nearest neighboring barrel. The far neighboring vibrissa is
rounded by four deprived barrel columns, and each the principal vibrissa for the barrel on the opposite side
deprived barrel column is surrounded by four spared (along the row). Black bars show average responses for the
barrel columns (Fig. 1). We compared the effect of Spared near neighbor .vibrissa,. aﬁd gray bars shpw average
chessboard pattern deprivation in which many active response for the far neighbor vibrissae. All recordings are in
domains are present with the case in which a single d€Prived barel columns. The chessboard pattern of depri-
vibrissa was spared and therefore only one active vation produces significant potentiation on the near side of
) the neighboring barrel in layers 1I/lll and IV compared to
domain was present.

) control. In contrast, potentiation does not occur on the near
Figure 2 shows the effects of a chessboard pattern o 4 side if only a single vibrissa is spared. The vertical

of dep.riv.ation aftgr jUSt.7 days. The.re. is significant axijs denotes the response magnitude for spared vibrissa
potentiation of neighboring spared vibrissa responses stimulation (mean+ standard error of the mean) averaged
on the near side of deprived barrels in layers Il/lll and across animals (spikes per stimulus).

Response Magnitude (sp/st)

Control DI Only Spared  Chessboard
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Fox, 1996). Furthermore, the potentiation consists of i
only potentiation of neighboring spared vibrissa re-
sponses on the near side of deprived barrels in layers
[I/lll and is absent within the spared barrel (Gla-
zewski and Fox, 1996). Therefore, sparing multiple
vibrissae results in more pronounced potentiation af-
ter 7 days, and that potentiation includes layer IV.

One explanation for why potentiation occurs more
readily when several active domains are present is that 0
excitation transmitted intracortically from two simul- Control Dl only deprived - Chessbourd deprived
taneously activated cortical barrel columns can sum- T \ \
mate in the deprived barrel columns. Intracortical
summation would be far less when only one active ”;” s 3% G
cortical domain is present; therefore, in this situation "103 S L7000 %

L . &80

potentiation takes 11-13 days longer to occur. This
explanation is further supported by recent evidence Figure 3 Effect of vibrissae deprivation on thalamic re-
demonstrating that potentiation depends on neuronal sponses. Responses to stimulation of the spared vibrissae

activity in barrel cortex (Wallace and Fox, 1999b). (white bars) and deprived vibrissae (hatched bars) are
shown for cases where either a single vibrissa has been

deprived (“DI Only Deprived”) or a chessboard pattern of

EXPRESSION OF PLASTICITY IS deprivation has been employed (“Chessboard Deprived”).

The graphs show means and standard errors for principal
CORTICAL, NOT THALAMIC vibrissa responses averaged across animals. Control unde-

prived animals (black bar) are shown for comparison. There
Is it possible that the deprivation patterns described was no significant change in any of the cases compared to
above give the appearance of cortical plasticity but in control or to each other.

reality produce subcortical plasticity which is pas-
sively relayed on to the cortex? If this were the case,
one could argue that the short latency responses re-changes in sequence and timing of excitation can be
corded in layer IV appeared to be potentiated owing to studied by following the spread of activity within the
potentiation of spared vibrissa responses in the thal- cortex. Two features of the barrel cortex make it
amus. One step in the process of pinpointing the possible to follow the flow of excitation following
origin of plasticity was to make recordings from the stimulation of a single vibrissa. First, it is possible to
thalamus of animals where depression had been ac-relate the anatomical location of a cell within the
centuated by removing a single whisker, or potentia- barrel map and the layer in which the cell is situated,
tion had been accentuated by sparing multiple vibris- to its receptive field properties. Second, the vibrissae
sae. Figure 3 shows that thalamic responses to spareccan be stimulated rapidly at a discrete point in time,
or deprived (regrown) vibrissa stimulation did not allowing the timing of responses within the cortex to
change as a result of deprivation. Principal vibrissa be measured with an accuracy of milliseconds. Other
responses from the two deprivation paradigms were systems usually rely on electrical stimulation for such
very similar and virtually identical to control unde- accuracy.
prived animals (Glazewski et al., 1998; Wallace and Figure 4 shows the effect of chessboard depriva-
Fox, 1999a). Further evidence comes from studies tion on the flow of excitation through the cortex. The
where cortical postsynaptic activity was blocked in sequence of activation does not change as a conse-
chessboard pattern—deprived animals (Wallace andquence of altered sensory experience. First, layer IV is
Fox, 1999b). Blocking postsynaptic cortical activity activated, followed by layers II/lll. Then, activity
prevented potentiation, again offering support for a expands to layers Il/lll and IV of the nearside neigh-
cortical rather than subcortical origin. boring barrel column, and then to cells in the far half
of the neighboring barrel column. The timing of ex-
citation reaching layer IV is also the same for de-
EFFECT OF PLASTICITY ON prived and spared cases compared with undeprived
INTRACORTICAL TRANSMISSION controls. However, deprivation significantly affects
the speed of cortical activation beyond layer IV. The
Inducing plasticity in the barrel cortex causes mea- spread of activation is faster for spared vibrissa stim-
surable changes in intracortical transmission. Any ulation and slower for deprived. For spared vibrissa
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Spread of Activity within Barrel Cortex: Sequence and Timing.
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Figure 4 Sequence and timing of excitation within the barrel cortex for spared, deprived, and
control vibrissa stimulation. Excitation of a particular group of cells in the cortex is represented at
different points in time by a diagram of a coronal section of the barrel field. The principal barrel is
shown centrally and its immediate neighboring barrel columns to either side. Time increases from
left to right as shown by the latency axis, and the median latencies above each panel. The timing is
for response to the principal vibrissa for the central barrel in each case. The difference between the
magnitude of the response relative to control is indicated by the color of each location {green
change, control levels; red potentiated relative to control; blue depressed response relative to
control). Note that beyond layer IV excitation spreads much faster in response to spared vibrissa
stimulation compared to control. Response magnitudes in layer IV and near neighbor responses are
potentiated in the active barrel. In contrast, excitation spreads extremely slowly for deprived
vibrissae stimulation compared to control. Furthermore, responses are attenuated in all locations
except for layer IV surrounding barrels.

stimulation, excitation reaches the far side of the course, the neighboring vibrissae, and therefore barrel
neighboring barrel 4.5 ms earlier than it does in an columns, are right next to each other).

undeprived control animal. For deprived vibrissa

stimulation, excitation reaches the same location 4.8

ms !ater than it does m_controls. Even_ transm!SS|on DISCUSSION

within the barrel column is slower following deprived

vibrissa stimulation. It takes 3 ms longer to activate N

layer I1/l1l after layer IV has responded in a deprived 1h€ Phenomenon of competition has been well doc-
barrel column than in the control case. umented in the developmental literature. Ocular dom-

Without fully understanding the normal function of Lﬂanci,\hcolumlns dothnot expand n ;;a\llor of or]:e e)t/.e.;)r
plasticity in the cortex, it is difficult to know what € ofher uniess here IS an imbarance ot activity

) : . between the two eyes (Wiesel and Hubel, 1965). The
advantages the animal may acquire owing to the cor- .

. . . .. _.Jimbalance can be provided by vision versus lid suture,
tical changes Qegcrlbed ?bo"e' One po§5|ble benefit c)for even spontaneous activity versus complete lack of
the changes in intracortical transmission caused by

- . . : ) retinal activity (Chapman et al., 1986). Competition
plasticity may be to improve to integration of infor-

i , ) o between thalamic inputs also occurs during develop-
mation from the neighboring vibrissae. In chessboard- ,ant of the barrel cortex (Van der Loos and Woolsey,
deprived animals, the neighboring vibrissae are far-

- . 1973), and this process is known to depend on
ther apart than normal, requiring faster interbarrel postsynaptic cortical activity (Schlaggar et al., 1993).
transmission if excitation is to summate within a time The experiments reviewed here offer a different

window similar to that possible in controls (where, of view of competitive interactions because the colum-
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nar structure and in particular the thalamic afferents receptive fields of layer IV neurones in the rat S1 barrel

are already settled in place before plasticity is in-  field cortex. J Comp Neurol 303:193-210.

duced. Consequently, the intracortical interactions be- Armstrong-James M, Fox K. 1987. Spatiotemporal conver-

come a dominant feature of both induction and ex- 9€nce and divergence in rat Sl “barrel” cortex. J Comp
: . P . Neurol 263 265-281.

pression of plasticity. ThIS. is usefql bepause |F allows Armstrong-James M, Fox K, Das-Gupta A. 1992, Flow of

one to study the effect of intracortical interactions on

lasticity in_ isolati f heir i . ith excitation within rat barrel cortex on striking a single
plasticity in isolation from their interaction wit vibrissa. J Neurophysiol 68:1345-1358.

growing thalamocortical axons. Intracortical interac- Chapman B, Jacobsen MD, Reiter HO, Stryker MP. 1986.

tions are an important feature of models of ocular  ocular dominance shift in the kitten visual cortex caused

dominance plasticity (Miller et al., 1988) because they by an imbalance in retinal electrical activity. Nature 324:

help produce the periodicity in eye dominance col-  154-156.

umns. Fox K. 1992. A critical period for experience-dependent
We have outlined two mechanisms revealed by synaptic plasticity in rat barrel cortex. J Neurosci 12:

these studies that operate in the cortex: namely, het- 1826-1838. , .

erosynaptic depression and cooperative potentiation, FOx K. 1994. The cortical component of experience-depen-

The experiments reviewed above suggest that these de!wt synaptic plasticity in the barrel cortex. J Neurosci

. . .. . 14:7665-7679.
mechanisms are most likely to operate via intracorti-

| . In additi . . h Glazewski S, Fox K. 1996. The time-course of experience-
cal connections. In addition, it appears important that dependent synaptic potentiation and depression in barrel

active domains lie in close proximity to both inactive  ¢ortex of adolescent rats. J Neurophysiol 75:1714-1729.
and active domains for heterosynaptic depression andGlazewski S, McKenna M, Jacquin M, Fox K. 1998. The
cooperative potentiation to occur. This is presumably  nature and origins of experience-dependent depression of
related to the way in which barrel columns are inter-  vibrissae responses in rat barrel cortex. Eur J Neurosci
connected. Potentiation and depression are accentu- 10:2107-2116.

ated in cases where many active barrel columns lie in Hubel DH, Wiesel TN, LeVay S. 1977. Plasticity of ocular
close conjunction with less active ones. Since plastic- dominance columns in monkey striate cortex. Phil Trans
ity is observed in the cortex and not in the thalamus, R Soc '-O”d,B 278:377-409. )
these results are consistent with the hypothesis that b€l DH. Wiesel TN, Stryker MP. 1978. Anatomical

lasticity mechanisms are activated most powerfull demonstration of orientation columns in macaque mon-
p y P Y' key. J Comp Neurol 177:361-380.

in the cortex where local areas of activity contrast Miller KD, Keller JB, Stryker MP. 1988. Ocular dominance

occur. column development: analysis and simulation. Science
In conclusion, if the difference in outcome pro- 245:605—615.

duced by different patterns of deprivation is accepted Schlaggar BL, Fox K, O’'Leary DMM. 1993. Post-synaptic

as being due to the different patterns of intracortical  control of plasticity in developing somatosensory cortex.

activity they produce, heterosynaptic depression and Nature 364:623-626.

cooperative potentiation are likely to operate via in- Simons DJ, Land PW. 1987. Early experience of tactile

tracortical connections. These results emphasize fur- stimulation influences organization of somatic sensory

ther the fact that to understand cortical plasticity it _ COrtex. Nature 326:694-697.

will be necessary to understand the intracortical con- Y&" der Loos, Woolsey TA. 1973. Somatosensory cortex:

- . . structural alterations following early injury to sensory
nectivity and functional architecture of the cortex. organs. Science 179:395-398.
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