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Numerous protein kinases have been implicated in visual cortex plasticity, but the role of serine/threonine protein phosphatases

has not yet been established. Calcineurin, the only known Ca21/calmodulin-activated protein phosphatase in the brain, has

been identified as a molecular constraint on synaptic plasticity in the hippocampus and on memory. Using transgenic mice

overexpressing calcineurin inducibly in forebrain neurons, we now provide evidence that calcineurin is also involved in ocular

dominance plasticity. A transient increase in calcineurin activity is found to prevent the shift of responsiveness in the visual cortex

following monocular deprivation, and this effect is reversible. These results imply that the balance between protein kinases and

phosphatases is critical for visual cortex plasticity.

Brief monocular deprivation during the critical period of development
dramatically alters neuronal responsiveness to subsequent stimu-
lation of deprived and non-deprived eyes in the visual cortex. This
experience-dependent phenomenon is called ocular dominance plasti-
city (ODP). Calcium influx through NMDA (N-methyl-D-aspartate)
receptors is believed to be one of the initial steps of the mechanism of
ODP1,2, followed by the activation of protein kinases and phosphatases.
The function of protein kinases in ODP has been studied extensively3–5.
However the contribution of protein phosphatases, known to be
involved in hippocampal synaptic plasticity and memory6,7, has not
been investigated.

Calcineurin is a serine/threonine protein phosphatase, highly sensi-
tive to Ca2+ (Kd ¼ 0.1–1 nM), and is the only phosphatase activated by
Ca2+/calmodulin8. It is selectively enriched in pyramidal cells of the
CNS9,10. In primary visual cortex, its expression and laminar distribu-
tion are developmentally regulated and follow the inside-out pattern of
cortical maturation10. Calcineurin can regulate a wide array of sub-
strates involved in brain plasticity by direct dephosphorylation or
through activation of the downstream protein phosphatase 1 (PP1).
Calcineurin and PP1 dephosphorylate specific sites on NMDA and
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
receptors, thereby contributing to the mechanisms of long-term
potentiation (LTP), long-term depression (LTD) and depotentia-
tion7,11–16. The pharmacological blockade of calcineurin impairs
LTD17 and enhances the induction of LTP18 in visual cortex. Mechan-
istically, it may serve in part to antagonize the cAMP-dependent
protein kinase A (PKA) by downregulating molecular substrates
activated by PKA6,19. It may also control PKA activity itself by
inhibiting specific isoforms of the cAMP-producing adenylyl cyclase
(AC9, ref. 20). In neurons, calcineurin and PKA are active simulta-
neously, and their concerted action is facilitated by A kinase–anchoring

proteins (AKAP)21,22 through concomitant binding. Notably, previous
results have demonstrated that type II PKA23,24 and AKAP150 (Fischer
et al., Soc. Neurosci. Abs. 37.9, 2003) are necessary for ODP. In addition
to PKA, calcineurin and PP1 controls other ODP-related substrates that
include autophosphorylated Ca2+/calmodulin-dependent protein
kinase II (CaMKII; ref. 4), a kinase with a similar pattern of mRNA
and protein expression as calcineurin in cortical and hippocampal
structures9,25, and the cAMP–response element binding protein
(CREB) transcription factor26–28. In the visual cortex, CRE-mediated
transcription is increased after monocular deprivation27, and blocking
CREB activation prevents the loss of responses to the deprived eye28.
Overall, these findings suggest the involvement of calcineurin in ODP.

To test this hypothesis, we took advantage of a line of transgenic mice
expressing an active form of calcineurin inducibly and reversibly in the
brain with the tetracycline-controlled transactivator (tTA) system19 and
examined ODP in these mutant mice. We observed that an excess of
calcineurin activity in the visual cortex during the critical period
impairs ODP in a reversible fashion. These findings indicate that
calcineurin is critical for ODP and support the model that calcineurin
negatively regulates various forms of brain plasticity.

RESULTS

Calcineurin activity in the visual cortex

To confirm that calcineurin activity is increased in primary visual
cortex (V1) of the calcineurin-overexpressing (CNO) mice, we per-
formed phosphatase assays on extracts from binocular V1 at the peak of
the critical period (postnatal day (P) 28–29). Assays showed a 48 7 7%
increase in calcineurin activity in CNO mice compared with wild-type
littermates (Fig. 1a). This increase in calcineurin activity was lower
than that observed in the adult hippocampus19 (112 7 9%), most
likely due to a different efficiency and time course of transgene
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expression in these structures. As in hippocampus, calcineurin
overexpression in the visual cortex could be suppressed by doxy-
cycline treatment, reflecting the full reversibility of the genetic
manipulation (Fig. 1a). Analysis of the subcellular localization of
calcineurin overexpression revealed a significant increase in calci-
neurin activity in cytoplasmic (46%) but not in synaptosomal or
nuclear fractions in the mutant mice (Fig. 1b,c). This indicates
that the calcineurin transgene concentrates in the cytoplasm in
resting conditions.

Impaired ODP in CNO mutants

Four days of monocular deprivation during the critical period is
sufficient to induce a robust and saturating ocular dominance shift
to the open eye29. In wild-type littermates, neurons in the binocular
zone of V1 were predominantly driven by the contralateral eye
(Fig. 2a). After deprivation of the contralateral eye, the balance of
inputs shifted to the open ipsilateral eye (Fig. 2b). Longer periods of
deprivation did not induce any further ocular dominance shift (t-test,
4–5 d versus 6–7 d, P ¼ 0.58). In non-deprived CNO mice, cortical
neurons showed similar ocular dominance distribution as wild-type
littermates (Fig. 2c). However, after monocular deprivation, no
significant shift was observed in CNO mice (Fig. 2d), indicating
impaired ODP. Ocular dominance distribution was still biased to the
deprived contralateral eye even after 7–8 d of deprivation (two of seven
mice), suggesting that the impairment in ODP was not because of a
reduced sensitivity of the mutant mice to deprivation. Furthermore, the
impairment was not because of a delay in the onset of the critical
period, as 4- to 5-d monocular deprivation starting at P33–34 (after the
typical critical period29) did not induce any apparent ocular dominance
shift in CNO or wild-type mice (Fig. 3).

The impairment in plasticity can be rescued

To further determine if the impairment in plasticity was a direct
consequence of the increased calcineurin activity, we suppressed
calcineurin overexpression with doxycycline starting 7 d before mono-
cular deprivation and examined whether this restored ODP in the
mutant mice (Fig. 4). In wild-type controls, ocular dominance
distribution was similar with or without doxycycline treatment in
both non-deprived and deprived groups (Fig. 4b,c; compare to
Fig. 2a,b). However, in mutants, doxycycline treatment before and
during monocular deprivation (leading to transgene suppression)
restored ODP and induced a robust ocular dominance shift (Fig. 4e),
similar to that seen in wild-type littermates. The rescue was not due to a
non-specific effect of doxycycline, as doxycycline itself had no effect on
ODP in wild-type or CNO mice (Fig. 4b–d).

Weighted ocular dominance (WOD) scores for individual animals
are shown in Figure 4f. Without monocular deprivation (open
symbols), all mice had similar low WOD scores whether treated or
not treated with doxycycline (wild-type, 0.29 7 0.02; wild-type with
doxycycline, 0.27 7 0.01; CNO, 0.27 7 0.02; CNO with doxycycline,
0.29 7 0.01; t-test; P ¼ 0.38, 0.88, 0.85, respectively), as in previous
studies23,24,29, indicating that calcineurin overexpression or doxycycline
treatment had no effect on ocular dominance distribution in non-
deprived animals. Following monocular deprivation (solid symbols),
both wild-type groups showed a significant increase in WOD scores
(with doxycycline ¼ 0.55 7 0.02, without doxycycline ¼ 0.55 7 0.02).
CNO mice without doxycycline had only a small increase in WOD
scores (0.33 7 0.01; P ¼ 0.05 relative to non-deprived wild-type),

©
20

05
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
n
e
u
r
o
s
c
ie
n
c
e

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Nuc
leu

s

Syn
ap

to
so

m
es

Cyto
pla

sm

R
at

io
 c

al
ci

ne
ur

in
A

/β
–a

ct
in WT

CNO*
P = 0.042

*
P < 0.01

NucleusSynaptosomesCytoplasm

β-actin

Calcineurin A

M C M C M C

CNO on doxCNOWT
0

10

20

30

40

50

60

70

C
al

ci
ne

ur
in

 a
ct

iv
ity

(n
m

ol
 P

i/m
in

/m
g)

a

b

c

7654321

76543217654321

7654321

Ocular dominance category Ocular dominance category

60

40

20

0

60

40

20

0

60

40

20

0

60

40

20

0

P
er

ce
nt

ag
e 

of
 c

el
ls

P
er

ce
nt

ag
e 

of
 c

el
ls

n = 7 mice

n = 6 mice

182 cells

176 cells

CNO: MD

n = 5 mice
141 cells
CNO: ND

WT: MD

n = 5 mice
147 cells
WT: NDa b

c d

Figure 2 ODP is impaired by calcineurin overexpression. (a) Ocular

dominance distribution in non-deprived (ND) wild-type (WT) mice. (b) After

monocular deprivation (MD) initiated on P24, ocular dominance distribution

shifts to the right in WT mice. (c) Without MD, CNO mice show an ocular

dominance distribution similar to WT mice. (d) After MD, CNO mice show

no ocular dominance shift.

Figure 1 Calcineurin activity is increased in the visual cortex of CNO mice.

(a) Enzyme activity in extracts from visual cortex of P28–29 CNO and wild-

type (WT) mice. WT: 36.8 7 1.8 nmol Pi min�1 mg�1, n ¼ 4; CNO mutants:

54.5 7 4.0 nmol Pi min�1 mg�1, n ¼ 3, P o 0.01; CNO on doxycycline:

36.2 7 5.4 nmol Pi min�1 mg�1, n ¼ 4, P 4 0.05. Doxycycline was

administered at least 7 d before tissue collection. (b) Representative

examples of bands observed on immunoblots in three homogenate

fractions from mouse cortex using an antibody against calcineurin A
(M: CNO mutants, n ¼ 5; C: WT, n ¼ 3). (c) Relative calcineurin content

normalized to b-actin (43 kDa). For all measures, data is expressed as

mean 7 s.e.m., if not stated otherwise.
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which was significantly lower than in deprived wild-type littermates
(t-test, P o 0.0001). However, with both monocular deprivation and
doxycycline treatment, WOD scores in CNO mice were similar to those
in wild-type littermates (0.56 7 0.01, t-test, P ¼ 0.62) but significantly
different from those in CNO mice without doxycycline (t-test,
P o 0.0001), indicating a specific effect of calcineurin overexpression
that was abolished by transgene suppression.

The impairment is not due to a developmental deficit

Calcineurin protein is not detectable until P4, although its mRNA is
found as early as P1 in rat brain30. To exclude the possibility that an
increase in calcineurin activity owing to transgene expression during
early brain development (before the critical period) alters monocular
deprivation–induced plasticity, we suppressed calcineurin overexpres-
sion at birth. Suppression was maintained either through development
(‘dox on/on’ group), or calcineurin activity was elevated selectively
during the critical period (‘dox on/off ’ group)31 (Fig. 5). In CNO mice
with endogenous levels of calcineurin (because of permanent transgene
suppression), ocular dominance distribution after deprivation shifted
to the open eye, similarly to that in wild-type littermates (Fig. 5a).
However, after restoration of transgene expression, we did not observe
a shift in CNO mice after monocular deprivation (Fig. 5b, left). Both
wild-type groups showed identical WOD scores (Fig. 5c, dox on/on,
0.56 7 0.02; dox on/off, 0.52 7 0.02). WOD values in the CNO groups
were significantly different (Fig. 5c, dox on/on, 0.567 0.03; dox on/off,
0.35 7 0.01; t-test, P o 0.001), indicating that an overexpression of
calcineurin during the critical period is sufficient to impair ODP (see

also Supplementary Fig. 1 online confirming that ODP is impaired by
calcineurin even with an intact onset of the critical period).

Further, WOD scores in doxycycline on/off conditions were similar
to those in non-treated conditions for both CNO and wild-type groups
(compare Fig. 5b with Fig. 2b,d; P ¼ 0.37 for wild-type, P ¼ 0.19 for
CNO), suggesting that the impairment in ocular dominance shift in
CNO mice was not due to any developmental anomaly induced before
the critical period. Consistently, the retinotopic map of V1 (Fig. 6a),
the size of receptive fields (Fig. 6b), response strength and signal-to-
noise ratio (Fig. 6c) were normal in CNO animals.

Plasticity can be rescued in later age

To examine whether calcineurin overexpression may alter the closing of
the critical period and, if so, whether plasticity may be rescued later in
life, we started doxycycline treatment at P38 and performed monocular
deprivation 1 week later (P45). Four to five days of deprivation did not
induce any shift in wild-type mice (Fig. 7a,c, WOD ¼ 0.28 7 0.03
compared to WOD ¼ 0.26 (in ref. 29). However, in CNO mice, a low
but significant shift was observed (Fig. 7b,c; WOD ¼ 0.43 7 0.06,
P ¼ 0.003, t-test), suggesting that calcineurin overexpression inter-
fered with the closing of the critical period and thereby extended the
critical period.

DISCUSSION

ODP is a form of sensory experience-dependent plasticity that has been
extensively studied but whose molecular mechanisms remain poorly
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Figure 3 The impairment is not due to a delayed plasticity in CNO mutant

mice. Columns show the effect of MD initiated during (P24, left) or after

(P33–34, right) the critical period on WOD scores in CNO (n ¼ 7 and

3 mice, respectively) and WT mice (n ¼ 6 and 4 mice, respectively).

The number of cells is labeled above the column. **, P o 0.001, t-test.

Conventions as in Figure 2.
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Figure 4 Plasticity is rescued by transgene suppression in CNO mice.

(a) Suppression of calcineurin overexpression by doxycycline treatment

starting on P17. (b) Doxycycline-treated WT littermates without deprivation

(ND). (c) Doxycycline-treated WT littermates subjected to MD.

(d) Doxycycline-treated CNO mice without deprivation. (e) After MD,

doxycycline-treated CNO mice show a dramatic shift to the open eye. (f) WOD

scores for individual animals. Without doxycycline treatment, non-deprived

animals (open symbols) show low WOD scores (WT, open circles; n ¼ 5 mice;

CNO, open triangles; n ¼ 5 mice). After MD (filled symbols), WT mice show

increased WOD scores (filled circles, n ¼ 6 mice), wheareas CNO mice show

impaired plasticity (filled triangles, n ¼ 7 mice). After doxycycline treatment,

WOD scores of non-deprived WT and CNO animals have no significant change

(WT, open squares; n ¼ 3 mice; CNO, open inverted triangles; n ¼ 5 mice).
After MD, doxycycline-treated CNO animals show high WOD scores (filled

inverted triangles; n ¼ 6 mice) similar to those in WT littermates (filled

squares, n ¼ 4 mice; P o 0.001). Each symbol represents the WOD score

for a single mouse. Mean values are shown by horizontal bars with numbers.

Conventions as in Figure 2.
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understood. This study provides evidence that the protein phosphatase
calcineurin is involved in ODP by showing that an excess of calcineurin
blocks the shift in ocular dominance normally induced by monocular
deprivation. The impairment was induced by a transient increase in
calcineurin activity during the critical period and could be rescued by
restoring normal calcineurin activity, owing to the inducibility and
reversibility of the genetic manipulation. These results are consistent
with previous studies showing that downregulation of protein kinase
activity impairs ODP3–5 and emphasize the importance of the interplay
between protein kinases and phosphatases in this form of plasticity.

As calcineurin is associated with PKA through anchoring proteins, it
is likely to affect similar substrates during ODP. One of these substrates
may be inhibitor-1 (I-1), a PP1 inhibitor activated by phosphorylation
by PKA and blocked by dephosphorylation by calcineurin. Once
calcineurin is stimulated by Ca2+ influx through NMDA receptors, it
can activate PP1 via relief of I-1–mediated inhibition. Calcineurin can
also stimulate the striatal-enriched protein tyrosine phosphatase
(STEP), another protein phosphatase that is inactive in basal condi-

tions32. A potential molecular cascade involved in ODP may thus
engage calcineurin and PKA in a gate that controls PP1 activity and, in
turn, the autophosphorylation of CaMKII (ref. 4,33), a critical player in
ODP. Calcineurin and PKA may also gate the ERK pathway by
modulating ERK activity through direct phosphorylation or dephos-
phorylation34, or by interfering with its translocation through STEP32.
An ultimate component of the cascade may implicate CREB and
CREB-dependent gene expression in the nucleus, as ODP requires
CREB28 activation and protein synthesis35. Control of CREB-mediated
transcription depends on CREB phosphorylation or dephosphoryla-
tion at Ser133 by protein kinases including PKA, CaMKIV, MAPK and
possibly the protein phosphatase PP1, possibly activated by calci-
neurin26,36. Calcineurin also modulates intracellular Ca2+ by reducing
NMDA receptor current decay time and regulating intracellular Ca2+

release37, thereby controlling other Ca2+-dependent enzymes. Thus,
calcineurin may be involved in the control of signaling from the
synapse to the nucleus during ODP. This is also consistent with the
fact that in our mutants calcineurin is essentially overexpressed in
cytoplasmic fractions and not at synapses and is therefore more likely
to perturb intracellular signaling pathways than membrane receptors.

Recent work suggests that ODP induction and expression machinery
may be different. Benzodiazepines restore the onset of the critical
period, which is altered in GAD65�/� mice, but appear not to intervene
in the expression of ODP38. Further, GABAA a1 knock-in mice show
normal expression of ODP, although the transition to the precocious
critical period by benzodiazepines is impaired39 because benzodiaze-
pines act through this subunit of GABA receptors. Thus, GABAergic
inhibition seems to be uniquely responsible for the induction
machinery. In our mutant mice, however, ODP is impaired by an©
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Figure 6 Response properties are normal in CNO mutant mice.

(a) Retinotopic mapping in WT mice (open circles, n ¼ 15 units in three

mice) is similar to that in CNO animals (+; n ¼ 20 units in four mice). Each

symbol represents the average receptive field azimuth of a single penetration.

Inset: correlation coefficients for three WT and four CNO regressions

(P ¼ 0.5, t-test). (b) Size of receptive field (RF; WT: n ¼ 118 cells in four
mice; CNO: n ¼ 128 cells in five mice) is unchanged (P ¼ 0.2, t-test).

(c) Response strength (left) and ratio of signal and noise (right) are similar in

WT and CNO animals (WT, n ¼ 118 cells; CNO, n ¼ 128 cells, P 4 0.1 for

both, t-test). Conventions as in Figure 2.

Figure 5 Calcineurin overexpression only during the critical period impairs

ODP. (a) Doxycycline was administered to CNO and WT mice from P0 to the

date of recording (‘dox on/on’). MD induced a similar ocular dominance shift

in CNO mutants (left) and WT littermates (right). (b) Doxycycline was

removed 1 week before MD (P17, ‘dox on/off’). No shift was observed in CNO

mice (left), and plasticity was normal in WT mice (right). (c) WOD scores for

individual animals. In dox on/on group, MD increases WOD scores in both

CNO (filled circles) and WT (open triangles) mice. In contrast, CNO mice in
the MD dox on/off group (filled circles) have significantly lower WOD scores

than WT littermates (filled triangles, P o 0.001, t-test). Each symbol

represents the WOD score for a single mouse. Mean values are shown by

horizontal bars with numbers. Conventions as in Figure 2.
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increase in calcineurin activity with an intact onset of the critical period
(Supplementary Fig. 1, Fig. 5). Therefore, calcineurin may regulate
ODP through mechanisms other than GABA inhibition during the
critical period. Our results also show that calcineurin overexpression
may disturb the closure of the critical period. The mechanisms of
closure are not well understood but may involve the maturation of
extracellular matrix40 and intracortical myelination. Recent experi-
ments reveal that ODP persists into adulthood in mice deficient for
myelin-associated protein Nogo-A or its receptor (A.W. McGee, Y.Y.,
N.W.D. and S.S. Strittmatter, unpublished data). Thus, it could be of
interest to examine whether the synthesis of these molecules is altered
in CNO mice, as well as in other kinase-deficient mutant mice.

Short deprivation episodes during the critical period can induce
structural changes in the brain. For instance, spine motility is signifi-
cantly increased after monocular deprivation41. In the hippocampus,
calcineurin is known to induce shrinkage of dendritic spines, possibly
by dephosphorylating cofilin and perturbing cofilin-actin polymeriza-
tion42. Together with PKA, it is also believed to control neurite
extension and axonal regeneration43,44. Therefore, it is possible that
calcineurin overexpression in our model impairs visual cortex plasticity
by interfering with structural changes necessary for such plasticity.
Further investigations would be necessary to examine this point.

ODP has been suggested to share mechanisms with LTD in the visual
cortex45. However, previous work showed that calcineurin inhibition
by FK506 impairs LTD in visual cortex17, and calcineurin activity
increases during LTD in vivo. Calcineurin overexpression in our mutant
mice did not change LTD in layer II/III in visual cortex (Supplemen-
tary Fig. 2), consistent with its reported lack of effect on LTD in the
hippocampus in the same mice7. This suggests that LTD and ODP may
not be directly related or have a complex relationship as suggested by

several other studies23,46,47. It may also be explained by the existence of
several forms of LTD in different cortical layers (see review, ref. 48).

Finally, we did not observe any ODP in older wild-type animals
(Fig. 3), similar to results from other single-unit studies4,29. This
contrasts, however, with recent reports describing the existence of an
adult form of visual plasticity measured by visually-evoked poten-
tials49,50. This adult plasticity is strongly suppressed by nembutal50 and
may therefore not be observed in our experimental conditions.

METHODS
Generation and maintenance of Tet-CN279 transgenic mice. All procedures

used in this study were approved by the Animal Care and Use Committee at

Yale University and conform to the guidelines of the National Institutes of

Health and The Society for Neuroscience. Tet-CN279 transgenic mice (TetO

promoter-DCaM-AI transgene) were generated by microinjection of a linear

DNA construct into fertilized one-cell eggs as previously described19. The

founder mouse was backcrossed to C57BL6/J mice for 9–10 generations to

generate heterozygous offspring and then crossed to heterozygous CaMKIIa
promoter-tTA mice to generate Tet-CN279 mice. Genotyping was performed by

PCR on tail DNA. Tet-CN279 double mutants (CNO) and wild-type littermates

were used. The animals were maintained in the facility according to standard

protocols. CNO and wild-type littermates were fed with normal food or with

food supplemented with 2 mg kg�1 of doxycycline (Research Diets).

In vivo electrophysiology. Electrophysiological recordings were performed

under nembutal/chlorprothixene (50 mg kg�1, i.p., Abott Laboratories;

10 mg kg�1, i.m., Sigma) anesthesia using standard procedures24. Atropine

(20 mg kg�1 s.c., Optopics) was injected to reduce secretions and parasympa-

thetic effects of anesthetic agents, and dexamethasone (4 mg kg�1 s.c.,

American Reagent Laboratories) was administered to reduce cerebral edema.

Mice were placed in a stereotaxic device, and a tracheal tube and intraperitoneal

cannulae were inserted. A craniotomy was made over the right visual cortex,

and agar was applied to enhance recording stability and prevent desiccation.

Eyelids were removed from both eyes, and corneas were protected thereafter by

frequent application of silicon oil. Body temperature was maintained at 37 1C

by a homeostatically controlled heating pad. Heart rate and respiration were

monitored continuously.

Four to six cells (490 mm apart) through the full thickness of the cortex

were evaluated in each of four to six penetrations spaced evenly (at least

200 mm apart) crossing the binocular region (azimuth o251) of area 17 to avoid

sampling bias. Cells were assigned to ocular dominance categories according to

the seven-category scheme of Hubel and Wiesel. Ocular dominance histograms

were constructed and WOD scores were calculated for each mouse with the

formula: WOD ¼ (1/6G2 + 2/6G3 + 3/6G4 + 4/6G5 + 5/6G6 + G7)/N, where

Gi is the number of cells in ocular dominance groups, and N is the total

number of cells. Normal mice have an average WOD of about 0.28; that is, they

are dominated by the contralateral eye. Response quality was assessed by rating

the level of visually driven and spontaneous activity, each on a three-point scale

(1 ¼ low, 3 ¼ high).

Monocular deprivation. Lid suture of the left eye was performed under 1–2%

halothane anesthesia on postnatal day 24 (P24) or P33 for all mice receiving

deprivation. Lid margins were trimmed and lids sutured together using 6-0 silk.

Experiments were performed blind to genotype and drug treatment.

Phosphatase assay. Animals were killed by decapitation after anesthesia with

halothane. Phosphatase assays were performed using an assay kit (Calbiochem).

Pooled binocular visual cortices (L2–4 mm, P0–2mm) were homogenized and

centrifuged. After desalting to remove free phosphates, supernatants were

diluted in 50mM Tris (pH 7.5), 1 mM DTT, 100 mM EDTA, 100 mM EGTA,

0.2% NP-40 and were incubated at 30 1C for 30 min in reaction buffer. Okadaic

acid (1 mM) was added to inhibit PP1 and PP2A activity. PKA regulatory

subunit type II was used as substrate (DLDVPIPRFDRRV-pSer-VAAE). Calci-

neurin activity was expressed in nmol Pi released min�1 mg�1 protein. The

protein concentration was measured using a Biorad protein assay. All measures

were performed in triplicate.
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Figure 7 Restoring normal calcineurin action induces ODP in older mice.

(a) Brief MD does not induce an ocular dominance shift in WT mice (P45).

(b) Doxycycline treatment at P38 (7 d before MD) results in an ocular

dominance shift in CNO mice (P o 0.0001, w2 test). (c) Average WOD score

for non-deprived and deprived WT mice and deprived doxycycline-treated

CNO mice at P45. Conventions as in Figure 2.
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Immunoblotting. Homogenates from cortex were subjected to sucrose gradi-

ent centrifugation, and cytoplasmic, nuclear and crude synaptosomal fractions

were collected. Samples were separated by 10% SDS-PAGE and then transferred

to nitrocellulose membranes. After 1 h blocking (2% goat serum) at 22 1C,

membranes were incubated with 1:6,000 anti-calcineurin (Chemicon, ab1695)

and 1:3,000 anti–b actin (Sigma, A-5316) for 1 h, washed, then further

incubated in 1:6,000 anti-rabbit (Upstate Biotechnology 12-348) and 1:3,000

anti-mouse horseradish peroxidase–conjugated secondary antibody (Upstate

Biotechnology 12-349). Horseradish peroxidase was detected by adding 300 ml

chemiluminescence reagent (Perkin Elmer Western Lightning) and exposing

membranes to Kodak MR films. Quantification was conducted using the Image

software. Immunoblots were prepared in duplicate or triplicate, and results

were averaged.

Note: Supplementary information is available on the Nature Neuroscience website.
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University of Zürich, the Swiss Federal Institute of Technology, the Swiss
National Science Foundation, Swiss National Centre for Competence in Research
‘Neural Plasticity and Repair’, European Molecular Biology Organization, Human
Frontier Science Program. N.W.D. is a Senior Science Investigator of Research to
Prevent Blindness. We thank D. Winder for providing the mice, A. LaRue for
help with PCR, R. Munton for help with synaptosomal preparations, and Y. Rao
for help with the LTD measurements.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 29 March; accepted 19 April 2005

Published online at http://www.nature.com/natureneuroscience/

1. Roberts, E.B., Meredith, M.A. & Ramoa, A.S. Suppression of NMDA receptor function
using antisense DNA block ocular dominance plasticity while preserving visual
responses. J. Neurophysiol. 80, 1021–1032 (1998).

2. Daw, N.W. et al. Injection of MK-801 affects ocular dominance shifts more than visual
activity. J. Neurophysiol. 81, 204–215 (1999).

3. Beaver, C.J., Ji, Q., Fischer, Q.S. & Daw, N.W. Cyclic AMP-dependent protein kinase
mediates ocular dominance shifts in cat visual cortex. Nat. Neurosci. 4, 159–163
(2001).

4. Taha, S., Hanover, J.L., Silva, A.J. & Stryker, M.P. Autophosphorylation of alphaCaMKII
is required for ocular dominance plasticity. Neuron 36, 483–491 (2002).

5. Di Cristo, G. et al. Requirement of ERK activation for visual cortical plasticity. Science
292, 2337–2340 (2001).

6. Mansuy, I.M. Calcineurin in memory and bidirectional plasticity. Biochem. Biophys. Res.
Commun. 311, 1195–1208 (2003).

7. Winder, D.G. & Sweatt, J.D. Roles of serine/threonine phosphatases in hippocampal
synaptic plasticity. Nat. Rev. Neurosci. 2, 461–474 (2001).

8. Klee, C.B., Crouch, T.H. & Krinks, M.H. Calcineurin: a calcium- and calmodulin-binding
protein of the nervous system. Proc. Natl. Acad. Sci. USA 76, 6270–6273 (1979).

9. Goto, S. et al. Cellular colocalization of calcium/calmodulin-dependent protein kinase II
and calcineurin in the rat cerebral cortex and hippocampus. Neurosci. Lett. 149,
189–192 (1993).

10. Goto, S., Singer, W. & Gu, Q. Immunocytochemical localization of calcineurin in the
adult and developing primary visual cortex of cats. Exp. Brain Res. 96, 377–386
(1993).

11. Lieberman, D.N. & Mody, I. Regulation of NMDA channel function by endogenous
Ca(2+)-dependent phosphatase. Nature 369, 235–239 (1994).

12. Tong, G., Shepherd, D. & Jahr, C.E. Synaptic desensitization of NMDA receptors by
calcineurin. Science 267, 1510–1512 (1995).

13. Ehlers, M.D. Reinsertion or degradation of AMPA receptors determined by activity-
dependent endocytic sorting. Neuron 28, 511–525 (2000).

14. Lee, H.K., Barbarosie, M., Kameyama, K., Bear, M.F. & Huganir, R.L. Regulation of
distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity.
Nature 405, 955–959 (2000).

15. Genoux, D. et al. Protein phosphatase 1 is a molecular constraint on learning and
memory. Nature 418, 970–975 (2002).

16. Morishita, W. et al. Regulation of synaptic strength by protein phosphatase 1. Neuron
32, 1133–1148 (2001).

17. Torii, N., Kamishita, T., Otsu, Y. & Tsumoto, T. An inhibitor for calcineurin, FK506,
blocks induction of long-term depression in rat visual cortex. Neurosci. Lett. 185, 1–4
(1995).

18. Funauchi, M., Haruta, H. & Tsumoto, T. Effects of an inhibitor for calcium/calmodulin-
dependent protein phosphatase, calcineurin, on induction of long-term potentiation in
rat visual cortex. Neurosci. Res. 19, 269–278 (1994).

19. Mansuy, I.M., Mayford, M., Jacob, B., Kandel, E.R. & Bach, M.E. Restricted and
regulated overexpression reveals calcineurin as a key component in the transition from
short-term to long-term memory. Cell 92, 39–49 (1998).

20. Antoni, F.A. et al. Ca2+/calcineurin-inhibited adenylyl cyclase, highly abundant in
forebrain regions, is important for learning and memory. J. Neurosci. 18, 9650–9661
(1998).

21. Coghlan, V.M. et al. Association of protein kinase A and protein phosphatase 2B with a
common anchoring protein. Science 267, 108–111 (1995).

22. Oliveria, S.F., Gomez, L.L. & Dell’Acqua, M.L. Imaging kinase–AKAP79–phosphatase
scaffold complexes at the plasma membrane in living cells using FRET microscopy.
J. Cell Biol. 160, 101–112 (2003).

23. Rao, Y. et al. Reduced ocular dominance plasticity and long-term potentiation in
developing visual cortex of protein kinase A RIIa mutant mice. Eur. J. Neurosci. 20,
837–842 (2004).

24. Fischer, Q.S. et al. Requirement for the RIIbeta isoform of PKA, but not calcium-
stimulated adenylyl cyclase, in visual cortical plasticity. J. Neurosci. 24, 9049–9058
(2004).

25. Goto, S. et al. Cellular localization of type II Ca2+/calmodulin-dependent protein kinase
in the rat basal ganglia and intrastriatal grafts derived from fetal striatal primordia, in
comparison with that of Ca2+/calmodulin-regulated protein phosphatase, calcineurin.
Neuroscience 62, 695–705 (1994).

26. Bito, H., Deisseroth, K. & Tsien, R.W. CREB phosphorylation and dephosphorylation:
a Ca(2+)- and stimulus duration-dependent switch for hippocampal gene expression.
Cell 87, 1203–1214 (1996).

27. Pham, T.A., Impey, S., Storm, D.R. & Stryker, M.P. CRE-mediated gene transcription
in neocortical neuronal plasticity during the developmental critical period. Neuron 22,
63–72 (1999).

28. Mower, A.F., Liao, D.S., Nestler, E.J., Neve, R.L. & Ramoa, A.S. cAMP/Ca2+ response
element-binding protein function is essential for ocular dominance plasticity.
J. Neurosci. 22, 2237–2245 (2002).

29. Gordon, J.A. & Stryker, M.P. Experience-dependent plasticity of binocular responses in
the primary visual cortex of the mouse. J. Neurosci. 16, 3274–3286 (1996).

30. Polli, J.W., Billingsley, M.L. & Kincaid, R.L. Expression of the calmodulin-
dependent protein phosphatase, calcineurin, in rat brain: developmental patterns
and the role of nigrostriatal innervation. Brain Res. Dev. Brain Res. 63, 105–119
(1991).

31. Robertson, A., Perea, J., Tolmachova, T., Thomas, P.K. & Huxley, C. Effects of mouse
strain, position of integration and tetracycline analogue on the tetracycline conditional
system in transgenic mice. Gene 282, 65–74 (2002).

32. Paul, S., Nairn, A.C., Wang, P. & Lombroso, P.J. NMDA-mediated activation of the
tyrosine phosphatase STEP regulates the duration of ERK signaling. Nat. Neurosci. 6,
34–42 (2003).

33. Giese, K.P., Fedorov, N.B., Filipkowski, R.K. & Silva, A.J. Autophosphorylation at
Thr286 of the alpha calcium-calmodulin kinase II in LTP and learning. Science 279,
870–873 (1998).

34. Cancedda, L. et al. Patterned vision causes CRE-mediated gene expression in the visual
cortex through PKA and ERK. J. Neurosci. 23, 7012–7020 (2003).

35. Taha, S. & Stryker, M.P. Rapid ocular dominance plasticity requires cortical but not
geniculate protein synthesis. Neuron 34, 425–436 (2002).

36. Groth, R.D., Dunbar, R.L. & Mermelstein, P.G. Calcineurin regulation of neuronal
plasticity. Biochem. Biophys. Res. Commun. 311, 1159–1171 (2003).

37. Cameron, A.M. et al. Calcineurin associated with the inositol 1,4,5-trisphosphate
receptor-FKBP12 complex modulates Ca2+ flux. Cell 83, 463–472 (1995).

38. Iwai, Y., Fagiolini, M., Obata, K. & Hensch, T.K. Rapid critical period induction by tonic
inhibition in visual cortex. J. Neurosci. 23, 6695–6702 (2003).

39. Fagiolini, M. et al. Specific GABAA circuits for visual cortical plasticity. Science 303,
1681–1683 (2004).

40. Berardi, N., Pizzorusso, T. & Maffei, L. Extracellular matrix and visual cortical plasticity:
freeing the synapse. Neuron 44, 905–908 (2004).

41. Oray, S., Majewska, A. & Sur, M. Dendritic spine dynamics are regulated by
monocular deprivation and extracellular matrix degradation. Neuron 44, 1021–1030
(2004).

42. Zhou, Q., Homma, K.J. & Poo, M.M. Shrinkage of dendritic spines associated with long-
term depression of hippocampal synapses. Neuron 44, 749–757 (2004).

43. Lautermilch, N.J. & Spitzer, N.C. Regulation of calcineurin by growth cone calcium
waves controls neurite extension. J. Neurosci. 20, 315–325 (2000).

44. Fansa, H. et al. Stimulation of Schwann cell proliferation and axonal regeneration by
FK 506. Restor. Neurol. Neurosci. 16, 77–86 (2000).

45. Heynen, A.J. et al. Molecular mechanism for loss of visual cortical responsiveness
following brief monocular deprivation. Nat. Neurosci. 6, 854–862 (2003).

46. Hensch, T.K. et al. Comparison of plasticity in vivo and in vitro in the developing visual
cortex of normal and protein kinase A RIbeta-deficient mice. J. Neurosci. 18, 2108–
2117 (1998).

47. Renger, J.J. et al. Experience-dependent plasticity without long-term depression by type
2 metabotropic glutamate receptors in developing visual cortex. Proc. Natl. Acad. Sci.
USA 99, 1041–1046 (2002).

48. Daw, N., Rao, Y., Wang, X.F., Fischer, Q. & Yang, Y. LTP and LTD vary with layer in rodent
visual cortex. Vision Res. 44, 3377–3380 (2004).

49. Sawtell, N.B. et al. NMDA receptor-dependent ocular dominance plasticity in adult
visual cortex. Neuron 38, 977–985 (2003).

50. Pham, T.A. et al. A semi-persistent adult ocular dominance plasticity in visual cortex is
stabilized by activated CREB. Learn. Mem. 11, 738–747 (2004).

©
20

05
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
n
e
u
r
o
s
c
ie
n
c
e

6 ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE

A R T I C L E S


