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The mammalian sensory neocortex exhibits experience-dependent plasticity such that 
neurons modify their response properties according to changes in sensory experience. 
The synaptic plasticity mechanism of long-term potentiation requiring calcium-calmod-
ulin-dependent kinase type II (CaMKII) could underlie experience-dependent plasticity. 
Plasticity in adult mice can be induced by changes in the patterns of tactile input to the 
barrel cortex. This response is strongly depressed in adult mice that lack the gene 
encoding a-CaMKII, although adolescent animals are unaffected. Thus, a-CaMKII is 
necessary either for the induction or for the expression of plasticity in adult mice. 

There are numerous reports of melato­
nin rhythmically synthesized by cultured 
pineal glands of nonmammalian vertebrates 
(1), and we have recently detected rhyth­
mic melatonin synthesis in the cultured 
retinas and parietal eyes of the lizard Iguana 
iguana and in cultured retinas of lamprey 
{Petromyzon marinus) (9). Taken together, 
these observations suggest that all organized 
vertebrate photoreceptive structures syn­
thesize melatonin under the control of cir-
cadian oscillators. It is an obvious corollary 
of this hypothesis that melatonin, and more 
specifically, circadian rhythmicity of mela­
tonin level, is essential for normal photore­
ceptor function. 
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In mammals, the somatosensory cortex con­
tains a complete map of the body surface. 
The map is capable of undergoing functional 
reorganization in response to manipulations 
of the periphery (1, 2). In rodents, experi­
ence of the world through a single whisker, 
rather than the normal array of five rows of 
whiskers, results in increased representation 
of the spared vibrissa in the cortex (3, 4). 
Vibrissa deprivation plasticity has a number 
of properties in common with ocular domi­
nance plasticity in the visual cortex, includ­
ing a critical period for plasticity within cor­

tical layer IV and a longer period for plastic­
ity in layers II and III (4, 5). 

The molecular mechanisms that under­
lie experience-dependent plasticity remain 
unclear. Plasticity could be achieved if a 
molecular switch, such as an autophospho-
rylating kinase, were located at the synapse 
(6, 7). The abundant postsynaptic protein 
calcium-calmodulin-dependent kinase type 
II (CaMKII) has the appropriate properties 
(7, 8). Indeed, some forms of synaptic plas­
ticity, such as long-term potentiation (LTP) 
in the hippocampus, are dependent on 

Fig. 1. Plasticity in normal adult mouse 
neocortex induced by vibrissa depriva­
tion. (A and B) Pooled data for cells 
recorded in barrel columns immediate­
ly surrounding D1. In undeprived mice 
(hatched bars, 95 neurons) the VDH 
(76) was biased toward the principal 
vibrissa (P), and most cells showed no 
response to the D1 vibrissa. After dep­
rivation (black bars, 118 neurons), the 
distribution shifted toward the spared 
vibrissa (D1) in layers II and III (A), such 
that 32% of neurons showed greater 
responses to D1 than to the principal 
vibrissa, The effect was less pro­
nounced in layer IV (B), where 50% still 
showed no response to D1. The WVDI 
estimates variations in VDHs between 
animals (16) and changed significantly 
for cells in layers II and III after depriva­
tion (A) (control mean ± SD = 0.11 ± 0.09; deprived mean = 0.51 ± 0.19, P < 0.05, t test) but not for 
cells in layer IV (B) (control mean = 0.10 ± 0.09; deprived mean = 0.17 ± 0.14, P-> 0.1, t test). (C and 
D) The absolute response magnitude is plotted for three vibrissa types; the spared D1 vibrissa (solid bars), 
deprived principal vibrissa (wide hatch marks), and deprived surround receptive field vibrissa (narrow 
hatch marks) (16). In layers II and III (C), the average D1 response magnitude increased almost threefold 
with deprivation (control mean ± SD = 0.37 ± 0.29 spikes per stimulus; deprived mean = 1.1 ± 0.47) 
[ANOVA, F(1,14) = 6.5, P = 0.024]. The average principal vibrissa response did not change significantly 
(control = 1.57 ± 0.19; deprived = 1.46 ± 0.58) [F(1,14) = 0.80, P = 0.38] nor did responses of surround 
vibrissae (control = 0.41 ± 0.23 and deprived = 0.26 ± 0.17) [F(1,13) = 2.5, P = 0.14]. In layer IV (D), 
deprivation did not cause a change in the principal vibrissa response (control mean = 1.98 ± 0.49 spikes 
per stimulus; deprived mean = 1.98 ± 0.77). But there was a small but significant increase in the D1 
vibrissa response (control mean ± SD = 0.22 ±0.15; deprived mean = 0.48 ± 0.20) [F(1,13) = 8.4, P 
= 0.013], although no significant change in the surround deprived vibrissa response (control mean = 
0.23 ± 0.23; deprived mean = 0.42 ± 0.54) [F(1,11) = 0.55, P = 0.47). The histograms show means and 
standard errors calculated across animals. 
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a-CaMKII (9). In many cortical areas, lay- 
ers I1 and 111 show the highest levels of 
a-CaMKII immunoreactivity (10) as well as 
the most experience-dependent plasticity 
and the most readily evoked cortical LTP 
(3 ,5 ,  1 1, 12). Sensory deprivation can also 
affect expression of a-CaMKII (1 3). 

To  test whether a-CaMKII is necessary 
for experience-dependent plasticity, we re- 
moved vibrissae from mice lacking the gene 
encoding a-CaMKII and analyzed potenti- 
ation and depression of cortical vibrissa re- 
sponses ( 14). Experimenters were blind to 
the genotype of the animals and to the 
location of the recording electrode within 
the barrel map. All data collection was 
automatic and quantitative, and a standard 
electromechanical stimulus and poststimu- 
lus time histogram analysis were used (15). 
Three main measures were used to quantify 
plasticity: (i) a shift in the vibrissa domi- 
nance histogram (VDH), (ii) a change in 
the average response magnitude for spared 
and deprived vibrissae in deprived barrel 
columns, and (iii) an expansion of the area 
of cortex expressing high response levels to 
spared vibrissa stimulation ( 16). 

Adult (older than 6 months) wild-type 
mice (n = 7 deprived, 7 undeprived) 
showed substantial plasticity. Deprivation 
shifted the VDH in layers I1 and 111 but not 
in layer IV, potentiated the spared vibrissa 
response, but did not depress the deprived 
vibrissa response (Fig. 1). Deprivation led 
to an expansion of the area of cortex re- 
sponding at high levels to spared vibrissa 
stimulation (Fig. 2, A and B). 

In contrast, homozygotes with both 
a-CaMKII genes deleted (n = 5 deprived, 2 
undeprived) showed impaired plasticity. 
Deprivation did not shift significantly the 
VDH [mean weighted vibrissa dominance 
index (WVDI) + SD = 0.26 + 0.15 in 
deprived homozygotes and 0.1 7 +- 0.12 in 
undeprived mutants (17), t(12) = 1.62, P > 
0.21; even in deprived mice, high-level re- 
sponses to spared vibrissa stimulation were 
almost entirely confined to the Dl barrel 
column (Fig. 2D). Furthermore, the average 
response of the spared vibrissae did not 
show an increase in barrel columns sur- 
rounding the spared vibrissa's own barrel 
column (Fig. 3A). 

Heterozygotes (n = 6 deprived, 7 unde- 
prived) exhibited intermediate plasticity. 
Deprivation caused some shift in the VDH 

S. Glazewski and K. Fox, Department of Physiology, Uni- 
versity of Minnesota, Minneapolis, MN 55455, USA. 
C.-M. Chen and A. Silva, Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 1 1724, USA. 

*Present address: Department of Neurology, Washington 
.University School of Medicine, St. Louis, MO 631 10, 
USA. - - 

tPresent address and to whom correspondence should 
be addressed: Molecular and Medical Bioscience, Cardiff 
University. Museum Avenue, Cardiff, CFI 3US, Wales, 
UK. 

[mean WVDI + SD = 0.35 + 0.11 in 
deprived heterozygotes and 0.17 + 0.1 2 in 
undeprived mutants, t(13) = 2.77, P < 
0.021, and the Dl  map expanded, although 
less than in wild types (Fig. 2C). However, 
the average Dl response in heterozygotes 
did not differ significantly from either the 
deprived surround vibrissa response or the 
Dl  response in undeprived mutants (Fig. 

3A). Finally, in common with wild types, 
there was no decrease in the deprived 
vibrissa response in either homozygotes or 
heterozygotes (see Fig. 3B). These results 
suggest that plasticity of the (spared) Dl 
vibrissa response in the adult cortex is de- 
pendent on a-CaMKII. 

It is highly unlikely that a-CaMKII is 
involved in the early development of the 
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wid types (B), the maxlmal Dl v~bnssa 
response extends Into ne~ghbonng 
barrel columns. In depnved heterozy- 
gotes (C), the maxlmal Dl v~br~ssa re- 
soonse does not extend as far. In de- 
prived homozygotes (D), there is n I 

pattern of expansion in the area of neo 
cortex showing maximum response to 
the spared Dl vibrissa. 

Fig. 3. Plasticity in adult (A and B) and adolescent (C and 2.0 
D) mice. The absolute response magnitude (76) is plotted 
in (A) and (C) for responses to the spared Dl vibrissa i:: 
(black bars) and to the deprived surround vibrissae (fine 1.2 
hatch marks), and in (B) and (D) for responses to deprived - 1  .o 
principal vibrissa (wide hatch marks). All histograms show 4 E:: means and standard errors. (A) The Dl vibrissa respons- .g 0.4 
es of adults were approximately equal to surround vibris- V 0.2 
sa responses in undeprived controls (c) [ANOVA, F(1,16) 0.0 

= 0.07, P = 0.81. The spared Dl vibrissa response in- 2.0 

creased after deprivation in wild types (+/+) (see legend :: 
to Fig. I), but in heterozygotes (+/-) was not significantly - ,4 
different from control Dl responses [F(1,14) = 1.63, P = 8 I .2 
0.221, nor was the response different from the surround 1.0 

vibrissa responses recorded from the same animals 1 ::: [F(1 ,lo) = 1.67, P = 0.231. The Dl response in homozy- 0.4 
gotes (-/-) did not increase relative to the Dl responses 0.2 
in controls [F(1,13) = 0.03, P = 0.871 nor did it increase O.O 

relative to the surround vibrissa responses recorded in 
the same animals [F(1,8) = 0.00, P = 0.991. The control group is undeprived mutants (7 7). (B) Responses 
of adults to principal vibrissa stimulation in cells outside the Dl barrel column. Principal vibrissa responses 
remained constant despite the deprivation and were independent of genotype (ANOVA, P 2 0.14 for all 
cases). The lack of depression appears to be dependent on age [see (D)]. Control mutants, 128 neurons; 
heterozygotes, 104 neurons; homozygotes, 88 neurons. (C) Responses of adolescents to the spared Dl 
vibrissa (black bars) increased in wild types, heterozygotes, and homozygotes relative to those in 
undeprived (control) animals (ANOVA, P < 0.005 in all cases). Deprivation did not alter the deprived 
surround vibrissa responses (hatched bars) in heterozygotes or homozygotes (ANOVA, P > 0.1 in both 
cases) and caused a small decrease in the case of deprived wild types (ANOVA, P < 0.05). The control 
group (c) is undeprived wild types. (D) Responses of adolescents to the principal vibrissa were depressed 
by the deprivation in wild-type and mutant animals alike (ANOVA, P < 0.005 in all cases). Although the 
gene inactivation appeared to produce greater depression in heterozygotes and homozygotes than in 
wild types, the effect was not significant (Tukey-Kramer HSD, a = 0.05). Controls, 87 neurons; wild-type 
deprived, 107; heterozygotes, 60; homozygotes, 44. 
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barrel cortes (1 8). Barrels form normally in 
a-CaMKII-deficient mice, and receptive 
field properties in these mice are s ~ ~ i l ~ l a r  to 
those of wild-type nlice (19) .  It is possible, 
however, that a-CaMKII could be involved 
in subsequent developmental events in the  
neocortex. Therefore. rve analyzed plasticity , . 
in adolescent mice ( 1  to 2 months).  Our  
s a m ~ l e  included four homozveotes, four het- , d 

erozygotes, and eight n-ild types. Potentia- 
tion of the  spared vibrissa response and 
depression of the  deprived vibrissa response 
occurred in the  complete absence of the  
gene encoding a-CaMKII (Fig. 3, C and D) ,  
which implies that the lack of plasticity in 
adult animals cannot be explained by a 
developmental disruption before 1 to 2 
nionths of age. Surprisingly, although po- 
tentiation of the D l  vibrissa response was 
similar in  adolescent heterozvootes and \vild , u 

types, it \vas greater than both of these in 
homozygotes [Tukey-Kratner honestly sig- 
nificant difference (HSD) ,  a = 0.051. 

T h e  eene encodin. a-Cah?KII is inac- 
d 

tivated throughout the  forebrain in the  
null mutants but aDDears to affect ulastic- 

L 

ity v\.ithout affecting normal sensory pro- 
cessing (1 9 )  or h ippocampa l - indepede~ l t  
h e h a ~ i o r  (20) ,  arguing against a \vide- 
spread or  general action of the  gene inac- 
tivation. Homozygotes sho\v more limbic 
seizure activity than  rvild types (21)  (sei- 
zures \Yere not  observed in the  neocortex 
here) .  Ho~vever ,  epilepsy does no t  affect 
cortical plasticity (22) ,  and heterozygotes 
have depressed plast~city desplte the  fact 
that  they exhibit the  same levels of seizure 
as a.ild iypes. Differences in fear and a- 
gression behavior betn.een mutants and 
wild types (23)  are unlikely to  affect plas- 
ticity either,  because they do  no t  prevent 
sensory exploration. Furthermore, behav- 
ior and  sensory processing appear nor~i la l  
enough to  allow plasticity in the  somato- 
sensory (Fig. 3) and visual cortex (24)  of 
adolescent homozygotes. T h e  sitnplest ex- 
planation for our results is that  the  muta- 
t ion blocks directly a potentiation process 
in  cortical layers I1 and 111, which could 
e x p l a ~ n  why a-CaMKII  is normally ex- 
pressed at high levels in these layers (10). 
T h e  finding that cortical LTP is also 
blocked in layers I1 and I11 of adult 
a-Cah?KII mutants (25) suggests that a s i n -  
ilar synaptic mechanism lnay be involved in 

both cases. By  sing q~lantitative methods 
and comparing neurons in anatolilically 
idellt~fied posltlons, we have been able to 
distinguish betrveen potentiation and de- 
pression components of plasticity. Our  re- 
s~llts detilonstrate that a n  esperience-depen- 
dent,  a-CaMKII-dependent potentiation 
mechanism is present in the adult mouse 
sensory cortex. 
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