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Noradrenaline (NA)-stimulated B-adrenoreceptors activate adenylate cyclase via excitatory G-proteins
(G,). Activated adenylate cyclase in turn promotes the production of cAMP. Critical roles of cAMP-
dependent protein kinase A (PKA) in divergent cellular functions have been shown, including memory,
learning and neural plasticity. Ocular dominance plasticity (ODP) is strongly expressed in early postnatal
life and usually absent in the mature visual cortex. Here, we asked whether the activation of cAMP-
dependent PKA could restore ODP to the aplastic visual cortex of adult cats. Concurrent with brief
monocular deprivation, each of the following cAMP-related drugs was directly and continuously infused
in the adult visual cortex: cholera toxin (a Gg-protein stimulant), forskolin (a G -protein-independent
activator of adenylate cyclase) and dibutyryl cAMP (a cAMP analogue). We found that the ocular domi-
nance distribution became W-shaped, the proportion of binocular cells being significantly lower than that
in respective controls. We concluded that the activation of cAMP cascades rapidly restores ODP to the
adult visual cortex, though moderately. The finding further extends the original hypothesis that the NA—

B-adrenoreceptors system is a neurochemical mechanism of cortical plasticity.

Keywords: ocular dominance plasticity; monocular lid suture; B-adrenoreceptor—cAMP cascades;
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1. INTRODUCTION

Developmental plasticity of the mammalian visual cortex
has attracted considerable attention, both as a model for
neural plasticity and because of the clear clinical conse-
quences of altered visual experience, such as human
amblyopia. The possibility that this form of plasticity
(Wiesel & Hubel 1963, 1965) might be modulated by
exogenous inputs from the brainstem was first raised in
1976 by experiments impairing the catecholaminergic
innervation of the kitten visual cortex (Kasamatsu &
Pettigrew 1976). The involvement of noradrenaline (NA)-
activated B-adrenoreceptors in plasticity has been directly
shown (Pettigrew & Kasamatsu 1978; Kasamatsu et al.
1979; Kasamatsu & Shirokawa 1985; Shirokawa & Kasa-
matsu 1986, 1987; Shirokawa et al. 1989).

In later experiments, the roles of GABAergic (Ramoa et
al. 1988; Mower & Christen 1989; Hensch et al. 1998),
muscarinic cholinergic (Bear & Singer 1986; Imamura &
Kasamatsu 1989; Gu & Singer 1993), serotoninergic (Gu
& Singer 1995) and glutamatergic (N-methyl-D-aspartate
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(NMDA) type) receptor systems (Kleinschmidt et al. 1987;
Rauschecker & Hahn 1987; Bear et al. 1990; Roberts et al.
1998; see also Fox & Daw 1993; Kasamatsu et al. 1998)
were also explored. In most of these experiments, the
emphasis was on demonstrations that neurochemical
lesions of, or receptor blockade of, the neuromodulator
system under study caused deficits in plasticity. Such
experiments, however, have raised doubts about the extent
to which the interference may have affected the normal
cortical function that is required for the expression of plas-
ticity, rather than the impairment of plasticity itself.

There was one class of experiments that obviated this
difficulty, namely measuring the effects on plasticity of
direct activation of the neuromodulator system in the
adult visual cortex, after the time when developmental
plasticity has essentially ceased to be detectable. If the
chemically identified, non-specific sensory system was
involved in some way with cortical plasticity, one would
expect such experiments to be involved in a restoration of
cortical plasticity. Modest plastic changes of this kind
have been observed in the normal visual cortex of young
adults, the assay for plastic change being ocular domi-
nance of cortical neurons after a prolonged period of
monocular lid suture (e.g. four weeks in 26- or 35-week-
old cats (Jones et al. 1984) and three months in 8-12-
month-old cats (Daw et al. 1992)). While a wholesale
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ocular dominance shift was generally not observed in
these experiments, significant changes in binocularity
took place compared with the unaltered pattern of ocular
dominance observed in a control cortex. These plastic
changes in ocular dominance in the adult cortex are
rapidly facilitated, within one week or even less when the
eye occlusion is accompanied by NA activation of the
modulating system (Pettigrew & Kasamatsu 1978).

To date, plasticity restoration experiments have only been
successful by manipulations of the NA—fB-adrenoreceptor
system (Kasamatsu et al. 1985 Heggelund et al. 1987;
Imamura & Kasamatsu 1988, 1991a,b; Mataga et al. 1992).
Since this system is linked to intracellular second messenger
pathways through adenosine 3',5'-monophosphate (cAMP)
accumulation, it belongs to a well-recognized class of modu-
lators for plasticity whose mechanisms have been explored
at many levels including gene expression controlled by
cAMP response element-binding proteins (CREBs; e.g.
Frank & Greenberg 1994; Yin & Tully 1996).

In the present study, the paradigm of plasticity restora-
tion was used to investigate these second messenger
systems downstream of the B-adrenoreceptor. We found
significant restoration of visual cortical plasticity if brief
monocular deprivation of adult cats was combined with
administration of agents that stimulate the cAMP
cascades. Although modest, the plastic changes in ocular
dominance that we report here are both consistent and
significant and strongly support the thesis that the NA
system acts to facilitate cortical plasticity.
Preliminary reports have appeared elsewhere (Kasamatsu
1980, 1986).

visual

2. MATERIAL AND METHODS

A total of 25 normal adult cats were used (table 1). The
surgical procedures were in accordance with NIH guidelines for
the care of experimental animals (National Institutes of Health
Committee on Care and Use of Laboratory Animals 1985). The
experimental protocols were approved by the institutional
animal care and use committees.

Two types of cholera toxins, subunits A and B (ChI-A and
CHI-B), hydrochloride and dibutyryl cAMP
(dbcAMP) were purchased from Sigma Chemical Co.
(St Louis, MI) and water-soluble forskolin, 1.e.
7B-deacetyl-7-[ v-(morpholino) butyryl] hydrochloride, from
MA). Their
concentrations were as follows: 0.01 or 0.lmgml™" CHI-A and
ChT-B in 0.4% ascorbate saline (pH 3), .0 mM forskolin in
20% dimethyl sulphoxide (DMSO) solution, 100 pM water-
soluble forskolin in Ringer’s solution and 10 or 100 pM dbcAMP
in Ringer’s solution.

forskolin
forskolin

Research  Biochemicals International (Boston,

Each of these solutions or respective vehicles was continuously
infused (Alzet minipump, 1 plh™") through a cannula made of a
hypodermic needle (30G) implanted in the visual cortex
(stereotaxic coordinates: posterior 5.0 mm, lateral 2.0 mm and
subcortical depth < 1.5mm) under ketamine anaesthesia
(20 mgkg™") following the method described previously (Kasa-
matsu ¢t al. 1981la; Kasamatsu & Schmidt 1997). For adult cats
infused with forskolin for four weeks, the implanted cannula was
kept at the same site and the discharged minipump was replaced
with a freshly loaded minipump three times.

The eyelids of one eye of the experimental animals were
sutured shut to induce changes in ocular dominance (Wiesel &
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Hubel 1963). The timing of lid suture coincided with the implan-
tation of a cannula—minipump assembly containing the experi-
mental—vehicle solution. The animals were 1.m. injected with an
antibiotic (4 mgkg™' gentamicin or ampicillin) every 24h for
five days after the surgery.

Following the standard procedures in our laboratory (e.g.
Kasamatsu et al. 19815, 1985, 1998; Imamura & Kasamatsu
1991a), single-unit recording was carried out mostly with tung-
sten-in-glass microelectrodes (Levick 1972) and occasionally
with glass capillaries filled with 2% pontamine sky blue in
0.5M sodium acetate (Imamura et al. 1993). During physio-
logical recordings the animals were anaesthetized with a gas
(N9O:04:COy =75:22.5:2.5),
2mgkg ' h™! pentobarbital (Pentothal i.v) and paralysis was

mixture supplemented by
maintained by continuous i.v. infusion of 10mgkg™' h~! galla-
mine triethiodide (Flaxedil). In addition, the infusion solution
contained 70mgkg™'h™! glucose, 0.lmgkg™'h™! dexametha-
sone, distilled water (two-thirds of the total volume) and sterile
lactated Ringer’s (one-third of the total volume). The infusion rate
was 2.4-3.3mlh™'. The vital signs of the animal were continu-
ously monitored and maintained as follows: rectal temperature
37.5 °C, partial pressure of COy of the expired gas 3.5£0.5%,
heart rate < 200min~' and synchronized cortical EEG. The
animal also received a bolus i.m. injection of an antibiotic (100 mg
streptopenicillin or 4 mg kg™' gentamicin) every 24 h.

The implanted cannula-—minipump assembly was removed at
the beginning of recordings. Microelectrode penetrations were
usually started in a region ¢a. 1.5 mm from the midline and 1.5~
3.5mm anterior to the cannulation site. Each microelectrode
track was angled 5° medially and 10° anteriorly from the
vertical to allow the microelectrode to cross many laminar and
ocular dominance boundaries.

Thirty visually active cells, with a few exceptions (table 1),
were recorded, usually along a single recording track (ca. 3.5 mm
or longer), but occasionally two. We also kept records of visually
unresponsive cells and axonal units of lateral geniculate nucleus
origin that were encountered along a given recording track.
This practice helped us to evaluate the normality of the
recorded cortical region. Receptive-field properties of single
cells were studied with stationary flashing or moving light slits
or dark bars of various sizes. They were projected onto a tangent
screen, at 57 cm from the cat’s eye, through a rear projection
system. The intensity of the light slits was 0.5-1.0 log units above
the background luminance, which was kept at a mesopic level
(ca. 1.0 cd m=2).

First, the orientation range, best orientation, direction selec-
tivity, velocity preference and the location and size of the
minimum response fields (Barlow et al. 1967) were determined
manually. Then, the ocular dominance of each cell was deter-
mined according to the seven-group scheme of Hubel & Wiesel
(1962). We repeatedly compared responses evoked by stimulation
of the two eyes separately before reaching a final decision as to
the cell’s ocular dominance group. It usually took ca. 10h to
obtain a sample of 30 visually responsive cells. Finally, we
measured both the spontaneous spike discharge per 10s for at
least Imin and visually elicited activity every 200 ms for five
trials. The ocular dominance index (ODI), as defined by the
following equation (Macy et al. 1982), was calculated from the
peak response of each of 115 cells recorded from two cats (table
1, experiment E):

ODI = ipsilateral response/(contralateral response

+ ipsilateral response).
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Table 1. Animals in the five types of experiments (A—E)

(Age refers to that at the start of each experiment. Infusion (1 plh™") of the drug plus vehicle or the vehicle solution alone lasted
for one or four weeks, concurrently with monocular lid suture, if applicable. n and B refer, respectively, to the total number of
visually responsive cells recorded in each experimental condition and the corresponding binocularity index, i.e. the proportion of
the number of binocular cells (groups 2-6 of Hubel & Wiesel (1962)) to the total number of visually responsive cells per
histogram. WS refers to the weighted shift index (see text for calculation).)

eyelid suture recorded cortical infusion measurements
experiments  animal age eye duration hemisphere  drug concentration 2 B WS
A S272 23 weeks  right 1 week left ChT-A 0.0lmgml=' 30 0.43 0.32
A 5262 31 weeks  right 1 week right ChT-B 0.0lmgml=! 30 0.57 0.58
A left ChT-A 0.0lmgml=" 30 0.37 0.39
A S132 >2years left 1 week right ChT-A 0.1 mgml~! 30 0.37 0.61
A right ChT-A 0.1 mgml~! 30 0.67 0.55
(remote)
A left ascorbate 0.4% 30 0.67 0.37
saline
B 922 >1year  right 1 week left forskolin I mM 30 0.77  0.57
(remote)
B left forskolin I mM 30 0.27 0.6l
B 923 >1year  right 1 week right — — 30 0.67 0.52
B left forskolin I mM 30 0.37 0.58
B A3 >9years right 1 week left forskolin I mM 30 0.67 0.59
(remote)
B left forskolin I mM 30 0.23  0.72
B S60 >1year  right 4 weeks left forskolin I mM 30 0.63 0.58
(remote)
B left forskolin I mM 30 0.17 0.56
B 748 >3 years right 4 weeks left forskolin I mM 30 0.73  0.44
(remote)
B left forskolin I mM 30 0.27  0.31
B A69 >9years right 4 weeks left forskolin I mM 30 0.30 0.61
c B234 29 weeks  right 1 week left H,O-soluble 100 pM 47 0.21 0.58
forskolin
c B241 30 weeks  left 1 week right H,O-soluble 100 pM 18 0.33 0.46
forskolin
® Cat7 >8years  right 1 week left DMSO 20% 30 0.77  0.55
D 173 >2years right 1 week left dbcAMP 100 uM 30 0.23  0.31
D right — — 29 0.62 0.59
D 128 >2years right 1 week left dbcAMP 100 uM 30 0.33  0.39
D right ascorbate 0.4% 30 0.70  0.61
saline
D 508 >3 years right 1 week left dbcAMP 100 uM 30 0.20 0.55
D right — — 30 0.80 0.47
D A60 >3 years right 1 week left dbcAMP 100 uM 30 0.13 0.61
D 179 >2years right 1 week left dbcAMP 100 uM 28 0.39 0.68
D S730 46 weeks  right 1 week left dbcAMP 10 uM 30 0.40  0.66
D right — — 30 0.60 0.36
D S731 46 weeks  right 1 week left dbcAMP 10 uM 30 0.37  0.34
D right ascorbate 0.4% 30 0.70  0.44
saline
D 695 >1year  right 1 week left dbcAMP 10 uM 30 0.47 0.44
D right — — 30 0.83 0.47
E 5367 >1year — — left forskolin I mM 60 082 —
E 183 >7years — — left DMSO 20% 60 0.72 —
E F-23 >1year — — left dbcAMP 100 pM 30 0.57 —
E right ascorbate 0.4% 30 0.83 —
saline
E 0667T >4 years — — left dbcAMP 100 pM 60 0.60 —
E right ascorbate  0.4% 30 0.67 —
saline
E A33 >10years — — left dbcAMP 100 uM 60 0.7 —
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Figure 1. Measurement of ocular dominance. The ocular
dominance index (ODI) was defined by the following
equation: ODI = ipsilateral response/(contralateral
response + ipsilateral response), where each response was
calculated from the record of integrated responses for every
200 ms and its peak value was averaged over five trials. There
was a significant correlation (115 neurons, r=0.917 and
$<0.0001) between the ODI based on registered spike counts
and the ocular dominance group (Hubel & Wiesel 1962)
determined subjectively during recordings. See also table 1,
experiment E.

These values were compared with the ocular dominance
groups subjectively assigned to individual cells during record-
ings. The comparison clearly indicated a strong correlation
between the two types of measurements (figure 1; correlation
coefficient r=0.917 and p < 0.0001), showing the appropriate-
ness of the ocular dominance classification used in the present
study.

Two indices were calculated to measure changes in ocular
dominance in a given ocular dominance histogram. Binocularity
(B) was the proportion of binocular cells of groups 2-6 to the
total number of visually responsive cells recorded per histogram.
The weighted shift (WS) was calculated as follows:

WS=([D3]45/6[D,]+4/6[D;]+3/6[EQ]+2/6[ND, ]+1/6[ND,])/
([D5 1+ Do JHD HEQH[ND, JH[ND, [+[ND;]),

where Dg is the number of cells driven exclusively by the
deprived eye, NDg is the number of cells driven exclusively by
the non-deprived eye, EQ is the number of cells driven equally
by both eyes and Dy, D;, NDy, and ND; are intermediates
(Gordon et al. 1990). This index is equal to zero when all cells are
driven exclusively by the non-deprived eye and one when all
cells are driven exclusively by the deprived eye, having
intermediate values for other conditions in between. In the case
of recording without monocular deprivation, the WS values
were calculated as if the contralateral eye had been closed. B is
a conservative estimate of ocular dominance changes in general.
While the WS is more sensitive, it operates under some premise
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such that ocular dominance shift occurs by successively changing
from one ocular dominance group to the next in the given direc-
tion. Whenever necessary, changes in the two indices were statis-
tically tested using Student’s /-test.

A microlesion or a spot of dye injection was made at the end
of each recording track by use of DC current of appropriate
strength. The animals were injected with a lethal dose of
Nembutal and perfused transcardially with saline followed by
phosphate-buffered 10% formalin. Cortical tissue was frozen,
sectioned at 50 pm and stained for Nissl substances. In some
cases, sections were reacted for cytochrome oxidase using a
modified version of the original procedure (Wong-Riley 1979).
Recording tracks were reconstructed mostly on Nissl-stained
sections. In cytochrome oxidase-reacted sections, layer IV was
seen as a continuous, dark band differentiating itself from the
supra- and infragranular layers. In Nissl-stained sections, the
laminar differentiation was made based on Otsuka & Hassler’s
(1962) criteria.

3. RESULTS

(a) Cholera toxin infusion

To study the involvement of Gg-proteins in ocular
dominance plasticity (ODP), an activator of G-proteins,
ChI-A (ca. 28 kDa; Gill 1977), was directly infused into the
visual cortex of three cats concomitantly with monocular
deprivation for one week (table 1, experiment A and figure
2a). First, it is noteworthy that almost all visually respon-
sive cells recorded in the present study were normal in
having the wusual selectivity in orientation—direction
(monocular stimulation, data not shown). The incidence of
visually unresponsive cells (class U in ocular dominance
histograms) along a given recording track was relatively
low here. The value is usually ca. 5% in the normal cortex
(Shirokawa & Kasamatsu 1986; Imamura & Kasamatsu
1991a).

In a region close ( < 3.5mm) to the infusion centre of
0.01 or 0.lmgml™" (ca. 0.4 or 4 pM) CHI-A, two types of
changes were noted (figure 2a): (1) strongly reduced
binocularity (B=0.39+0.04), and (i1) a sign of ocular
dominance shift towards the open eye (WS =0.44 +0.15).
These values were significantly (mean=£s.d. B=0.75
+0.10, 95% confidence intervals 0.81 =B >0.69 and 5%
rejection intervals 0.98 > B> 0.53; Kasamatsu e al. 1985)
or relatively (WS=0.504+£0.08; Gordon et al. 1990)
smaller than the respective normal values. The incidence
variability of cells remaining binocular was low as indi-
cated by the small s.d. values shown at the top of the
middle five columns in the ocular dominance histograms.
In contrast, in the control recording from either a remote
region (ca. 6 mm) of the same ChI-A-infused hemisphere,
the opposite hemisphere infused with ChI-B (binding
subunit with no biological action) or the hemisphere
infused with the vehicle solution alone, many binocular
cells were recorded as usual. In the resulting ocular domi-
nance histograms, the binocularity (B=0.64=+0.06) and
weighted shift (WS =0.50=%0.11) were both close to the
respective measures obtained from normal cats (figure 24
and table 1, experiment A). In short, these results indi-
cated that cortical infusion of ChI-A could rapidly render
the adult visual cortex susceptible again to the effect of
brief monocular deprivation, though to an extent far less
than that usually obtained in kittens.
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Figure 2. Effects of cortical infusion for one week of ChT-A
combined with monocular deprivation on ocular dominance
in the adult visual cortex. Average ocular dominance
histograms were obtained from six electrode tracks at six loci
in area 17 of three cats (table 1, experiment A). (a) This
composite histogram was derived by averaging three ocular
dominance histograms obtained in a region 2.5-3.5 mm from
the centre of continuous infusion with 0.01 or 0.1 mgml™!
ChT-A throughout one week of monocular deprivation (see
bottom inset). n =3 cats, N =90 cells and B=10.39 +0.04
(mean=s.d.). (b)) Control histogram obtained from the same
three cats either ca. 6 mm anterior to the ChT-A infusion site
(remote), ca. 3 mm from a ChT-B infusion site or ca. 3 mm
from a cortical site infused with 0.4% ascorbate saline. The
latter two were in the hemisphere (R-VC) opposite to the
ChT-A infusion (L-VCG). n=3 cats, N =90 cells and
B=0.64+£0.06. See table 1, experiment A. Each original
histogram contained 30 visually active cells (N =30), which
were recorded along mostly one but occasionally two
recording tracks. The ocular dominance of each cell was
determined based on the seven-group scheme (Hubel &
Wiesel 1962). GL and U indicate unit activity of lateral
geniculate axon origin and visually unresponsive units,
respectively. The vertical thin bar at the top of each column
refers to one standard deviation (s.d.) or the range of the
mean in each ocular dominance group or GL and U classes.
Note that s.d.s are generally small in the present study, with
relatively large s.d.s for groups 1 and 7 monocular cells.
Binocularity (B) was calculated as the ratio of the binocular
cells of groups 2-6 to the total number of visually responsive
cells per histogram. The eye contralateral to recording was
deprived (filled circle) and the ipsilateral eye left open (open
circle). The same convention for ocular dominance histograms
also applies to others in figures 3-5.

835

percentage of neurons
=N
o O

(b) Forskolin infusion

Forskolin binds to the catalytic subunit of adenylate
cyclase without involving Gg-proteins, thus directly acti-
vating the cyclase to enhance the production of cAMP
(Seamon et al. 1981; Laurenza et al. 1989). We infused
ImM forskolin directly into the visual cortex of three
adult cats and studied how the effects of one-week-long
monocular deprivation were modified (table 1, experi-
ment B). We found that the average binocularity from a
cortical region near the forskolin infusion site was signifi-
cantly lower than that obtained from a distant region
several millimetres from the infusion centre, which served
as a control (B=0.29 versus B=070, t=5.80 and
p < 0.005; figure 3a,b). Reflecting the innate dominance
of the contralateral eye (Hubel & Wiesel 1962; Blakemore
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Figure 3. Effects of cortical infusion of 1 mM forskolin
combined with monocular deprivation on ocular dominance
in the adult visual cortex. Monocular deprivation was
imposed for either (a, b) one week or (¢, d) four weeks. For the
latter the emptied osmotic minipump was replaced, using the
same implanted cannula, with a freshly loaded one three
times. (a, ¢) Histograms (1 mM forskolin) were obtained from
data on cells recorded from a region 1.5-2.0 mm anterior to
the infusion centre. (4, d) The recorded region was 3.5-5.0 mm
anterior and, thus, served as the control (remote region). Note
relatively large s.d.s for groups 1 and 7 monocular cells in the
forskolin-affected region. In (a), it is also noted that the
proportion of group 1 monocular cells is significantly larger
than that of group 7 cells. See also table 1, experiment B.

(a) n=23 cats, N=90 cells and B=0.29 £0.07. (b) n =3 cats,
N=90cells and B=0.70£0.05. (¢) n=3 cats, N =90 cells and
B=0.24+0.07. (d) n=2 cats, N =60 cells and B =0.68 = 0.06.

& Pettigrew 1970), the proportion of group 1 monocular
cells was remarkably larger than that of group 7 cells.
However, there was no significant difference in the degree
of shift in ocular dominance between the two distribu-
tions (WS =0.64 versus 0.56). The extent of these changes
was comparable with that obtained with ChI-A infusion.

In another three cats, the forskolin infusion and
concurrent monocular deprivation were maintained for
four weeks. Despite this prolongation of the combined
treatment, the extent of binocularity reduction was not
much enhanced (B=0.24 and WS=0.49; figure 3¢). In
fact, both indices were indistinguishable from the respec-
tive values (B=0.29 and WS =0.64; figure 34) obtained
by monocular deprivation for one week (¢=0.87 and 1.49,
and p <044 and < 0.22, respectively). However, the
above-mentioned dominance of group 1 cells over group 7
cells was lost, indicating the start of change in the ‘right’
direction by the prolongation of the combined treatment.
We thus concluded that, near the site of cortical infusion
with ImM forskolin, the initial changes in ocular domi-
nance were attained by one week, probably followed by a
long tail towards further shift.
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Figure 4. Four types of control experiments with forskolin,
dbcAMP or the respective vehicle solutions alone infused into
the normal visual cortex of adult cats, without monocular
deprivation (i.e. no experimental manipulation of vision):

(a) 1 mM forskolin in 20% DMSO, n = 2 tracks, N' = 60
cells and B=0.82; (4) 100 pM dbcAMP in 4% ascorbate
saline, n =3 tracks, N'=150 cells and B=10.64; (¢) 20%
DMSO in Ringer’s alone, n = 2 tracks, N'==60 cells and
B=0.72; (d) 4% ascorbate in saline alone, n =2 tracks,
N=60 cells and B=0.75. The four composite ocular
dominance histograms in (a-) are all full of normal binocular
cells. See also table 1, experiment E.

The following control experiments were carried out on
five cats. First, we infused a forskolin analogue, water-
soluble forskolin (100 pM), concurrently with monocular
deprivation for one week (table 1, experiment C). This
compound induced a substantial reduction in binocularity
(B=0.27) comparable to that obtained with 1mM
forskolin (B=0.29; figure 3a). The ocular dominance
distribution became W-shaped (WS=0.52; data not
shown). Infusion of the vehicle solution alone (20%
DMSO in Ringer’), concomitant with one-week-long
monocular deprivation, did not affect the ocular domi-
nance distribution at all (B=0.77 and WS =0.55; data not
shown). Another experiment controlled the effects of
forskolin infusion itself on the ocular dominance distri-
bution (table 1, experiment E). When 1mM forskolin was
infused for one week into a normal adult cortex, without
involving monocular deprivation, no discernible changes
were found in ocular dominance (B =0.82; figure 4a). The
resulting ocular dominance distribution was quite normal
as found in a cortex infused with 20% DMSO alone
(B=0.72; figure 4¢). In short, when combined with brief
monocular deprivation, cortical infusion of forskolin
significantly reduces binocularity in the adult visual
cortex without a clear shift in ocular dominance towards
the open eye, though the contralateral eye dominancy is
reduced.
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(c) dbcAMP infusion

The above studies with ChI-A and forskolin both
strongly indicated that the continuous activation of
adenylate cyclase rapidly resulted in the partial restora-
tion of cortical susceptibility to monocular deprivation in
the adult visual cortex. We wanted to ascertain that this
restoration of plasticity, albeit partial, was due to a
sustained increase in cAMP in the drug-infused adult
cortex. To test this likelihood, we infused dbcAMP
directly into the visual cortex of eight adult cats concomi-
tant with monocular deprivation (table 1, experiment D).
Cortical infusion of dbcAMP was expected to facilitate
the intracellular accumulation of cAMP in the drug-
affected region. The infusion of 100 uM dbcAMP (n=15)
strongly reduced the binocularity (B=0.26) and the ocu-
lar dominance distribution became W-shaped (WS =0.51)
when combined with monocular deprivation for one week
(figure 5a). In contrast, normal ocular dominance histo-
grams with high binocularity (B=0.71 and WS =0.56)
were consistently found in the control hemisphere oppo-
site the dbcAMP infusion (figure 554). The difference in
the two hemispheres is striking.

When the concentration of dbcAMP was reduced
tenfold to 10pM (®=3), a significant decrease in
binocularity (B=0.41, t=4.00 and p < 0.05) was still
found in the W-shaped histogram (WS =0.48; figure 5¢).
Again, the normal ocular dominance distribution was
obtained from the hemisphere opposite the drug-infused
one (B=0.71 and WS =0.42; figure 5d). Needless to say,
100 pM dbcAMP in the normal visual cortex produced
little change in ocular dominance (B =0.64; figure 46 and
table 1, experiment E). Ascorbate saline infused into a
normal cortex did not cause ocular dominance changes
cither (B=0.75; figure 44 and table 1, experiment E).

(d) Further controls

The cAMP-related drugs used in the present study may
change the excitability of the cortex (Dunwiddie et al.
1992; Boulton et al. 1993). There is a concern that the
above-mentioned changes in ocular dominance might be
mediated more through the increased excitability by
infused drugs rather than the enhancement of ODP per se.
However, this possibility is highly improbable since
(1) even following long monocular deprivation for three
months the ocular dominance distribution is no longer
changeable in the mature visual cortex of one-year-old
cats (Daw et al. 1992), (ii) the majority of adult cats used
in the present study were one year old or older, and
(111) there is no known correlation between high excit-
ability of cortical cells and their plasticity in both normal
and drug-treated animals, if an inverse relation is the
case (Shaw & Cynader 1984).

However, to verify the matter independently, 100 uM
dbcAMP was infused in the normal cortex of an addi-
tional three cats for one week without involving mono-
cular deprivation (table 1, experiment E). In two out of
the three, we measured the spontancous firing rate as an
indicator of the general excitability of the drug-infused
visual cortex. The spontaneous activity of 30 cells along
recording track 1 was 4.7+4.3 spikess™' (mean=s.d).
This mean value was not different from that obtained
from another 30 cells along track 2 in the opposite,
control hemisphere (4.4+5.4 spikess™', ¢=0.27 and
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Figure 5. Effects of dbcAMP infusion combined with
monocular deprivation on ocular dominance of neurons in the
adult visual cortex. (a) Composite ocular dominance
histogram from experimental hemispheres directly and
continuously infused with 100 pM dbcAMP, n =15 cats,
N=148 cells and B=0.264+0.10. (4) Control histogram
obtained by recording from the corresponding regions in the
opposite hemispheres, n =3 cats, N =289 cells and
B=0.71£0.09. In (¢) 10 uM dbcAMP was used, n=3 cats,
N=090 cells and B=0.41 £0.05. (d) Control recording for
10 uM dbcAMP, n=3 cats, N=90 cells and B=0.71 £0.12.
Note relatively large s.d.s for groups 1 and 7 monocular cells
in the dbcAMP-infused hemisphere. See also table 1,
experiment D.

p < 0.80). These neurons were recorded from layers 11111
(14.7%), IV (26.5%) and V/VI (58.8%) in track 1 and
layers II/III (16.7%), IV (20.0%) and V/VI (63.3%) in
track 2. A similar analysis in the second cat also showed
no significant difference in the spontaneous activity
between the dbcAMP-infused and control hemispheres:
2.5+6.1 spikess™" for dbcAMP and 1.5+ 3.4 spikess™' for
the vehicle solution. These results indicate that there was
no significant change in the spontaneous firing rate
immediately (1-10h) after one week of continuous infu-
sion of 100puM dbcAMP. We also noted no marked
changes in receptive field properties including the
response vigour, suggesting that 100 uM dbcAMP infu-
sion left little change in the excitability of cortical
neurons immediately after stopping the infusion.

4. DISCUSSION

(a) Modest changes induced in the adult cortex

All three drugs used here, when combined with brief
monocular deprivation, decreased binocularity signifi-
cantly. Nevertheless, the extent of ocular dominance shift
remained mostly unchanged in the drug-infused adult
cortex, showing U- or W-shaped histograms. They are an
initial sign of the binocular system’s reaction to mono-
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cular deprivation. This interpretation is consistent with
that of early physiological data obtained from the kitten
visual cortex following brief monocular deprivation
(Hubel & Wiesel 1970; Olson & Freeman 1975; Mioche &
Singer 1989) and in the kitten visual cortex recovering
from the effect of monocular deprivation, with concurrent
cortical infusion of NA or 6-hydroxydopamine (6-
OHDA) (Kasamatsu et al. 19815). A similar trend was
also noticeable in the visual cortex ipsilateral to the open
eye of several-year-old cats following monocular depriva-
tion for three months (left side of fig. 4 in Daw et al.
(1992)).

The U-shaped distribution indeed emerged in a
computational study on ocular dominance column
formation and the ocular dominance distribution of single
cells (Tanaka 1991). In this model, the U-shaped
distribution appeared whenever binocular afferents
impinging on cortical cells were not well correlated yet
balanced in their strength, as probably occurs shortly
after the onset of monocular deprivation of the innately
dominant, contralateral eye (Hubel & Wiesel 1962; Blake-
more & Pettigrew 1970) in kittens, after long binocular
lid sutre in kittens (Mower et al. 1981) and after long
monocular deprivation under weak adult plasticity (Daw
et al. 1992).

Infusing ChT-A or dbcAMP at the same concentrations
used here, we obtained a clear shift in ocular dominance
towards the experienced eye in the kitten cortex that had
been initially treated by 6-OHDA infusion (K. Imamura
and T. Kasamatsu, unpublished data). A comparison
suggests that the extent of the restored plasticity by the
activation of cAMP-dependent protein kinase A (PKA) is
more limited in the adult than kitten visual cortex,
though both share the same neurochemical mechanisms
(see below).

(b) Desensitization of cAMP-mediated processes

Besides feedback inhibition by intracellular Ca?*
(Cooper et al. 1995), adenylate cyclase 1s dually controlled
by heterotrimeric G-proteins, stimulatory G-proteins
and inhibitory Gi-proteins. Agonist activation of G-
protein-coupled receptors, including PB-adrenoreceptors,
leads to stimulation of adenylate cyclase and an increase
in intracellular cAMP. Activation of inhibitory G-
protein-coupled receptors, such as oy-adrenergic recep-
tors, does the opposite. Persistent activation of adenylate
cyclase 1inevitably invites desensitization in cAMP
cascades. The desensitization is further expressed through
the CREB-mediated downregulation of Py-adrenore-
ceptor mRNA, for example. This downregulation may
also be accompanied by an increase in both inhibitory G;-
protein expression and o,-receptor activation, as shown in
some cell lines (e.g. Hadcock & Malbon 1993).

The signal transduction initiated by cAMP increase
may reach a maximum rate in the first few hours of
drug infusion, followed by desensitization. Thus, the final
outcome attained by one-week-long infusion of cAMP-
related drugs cannot be directly correlated with an
increase in the cAMP intracellular concentration. This
may explain why four weeks of monocular deprivation
accompanied by the forskolin
produced a plasticity-enhancing effect only slightly
stronger than that seen in one week (figure 3).

continuous infusion
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(c) cAMP-dependent regulation of ODP

Recently, Reid et al. (1996) claimed that the ontogeny
of cAMP accumulated by the activation of metabotropic
glutamate receptors (mGluRs) in the cat visual cortex
was closely correlated with the temporal profile of the
physiologically determined sensitive period.

However, there are several problems in their interpre-
tations.

(1) The ontogeny curves obtained from two animals per
age group were directly compared with the physiolo-
gical time-course of ODP in brief monocular
deprivation (Olson & IFreeman 1975). However, this
sample size was too small and no wvariability
measurements were presented.

(11) Then a close correlation was noted between increases
in cAMP by both mGluR-agonist (ACPD, [IS,3R]-
l-amino-1,3-cyclopentane-dicarboxylic acid) activa-
tion and the basal level of cAMP and physiologically
determined ODP. However, the per cent increases in
cAMP level by ACPD are close to each other at
three ages before nine weeks of age, though the basal
cAMP level peaked at five weeks of age. Then,
without further evidence, it was suggested that
‘before 9 weeks of age, the basal cAMP production is
the prime factor’ and that ‘after 9 weeks of age, other
factors such as the quantities of mGluRs are the
main contributors for the decline of ACPD-stimu-
lated cAMP level and the decline of plasticity’ (Reid
et al. 1996, p. 7621).

(111) The pharmacological dissection of receptor subtypes
underlying the above effects of ACPD-stimulated
cAMP elevation failed, despite known potency of
quisqualate, to activate group | type mGluRs.

(iv) A direct test of the correlation between physiologi-
cally determined ODP and ACPD-activated cAMP
accumulation also failed: an antagonist of mGluRs,
a-methyl-4-carboxyphenylglycine (MCPG), infused
into the visual cortex did not block ODP (Hensch &
Stryker 1996).

This negative finding with antagonist MCPG, however,
does not necessarily exclude a possible contribution of
mGluRs to ODP, since the coactivation of B-adrenorecep-
tors and mGluRs increases the cAMP pool in vive
(Gereau IV & Conn 1994). mGluR activation is reported
to counteract the calcineurin-mediated dephosphoryl-
ation of NMDA receptors directly (Raman et al. 1996).

(d) cAMP-dependent PKA system: common process

In the aplastic visual cortex of adult cats, cortical
infusion of either ChI-A, forskolin or dbcAMP caused
significant changes in ocular dominance when combined
with brief monocular deprivation. ChI-A and forskolin
activate adenylate cyclase and dbcAMP increases the
intracellular cAMP pool. This restoration of ODP is most
probably mediated by an elevation of intracellular cAMP
(Rosenberg & Li 1995). The present findings are
consistent with earlier data such as partial restoration of
the cortical susceptibility to monocular vision either by
endogenous NA released in response to electrical stimula-
tion of the locus coeruleus (Kasamatsu et al. 1985) or by
exogenous NA directly infused into the adult visual
cortex (Heggelund et al. 1987).
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Taken together, they suggest that an increase in the
intracellular cAMP pool in the visual cortex necessarily
enhances ODP (e.g. Kasamatsu 1987, 1994). This conclu-
sion promotes a view that the cAMP-dependent PKA
system 1s a key step in the regulation of ODP, common to
the kitten and cat visual cortex. This is also consistent
with the plasticity-enhancing role of cAMP-dependent
PKA proven in rapidly increasing numbers of studies in
hippocampal long-term potentiation, a model of memory
formation (Stanton & Sarvey 1985; Hopkins & Johnston
1988; Dunwiddie et al. 1992; Irey et al. 1993; Chavez-
Noriega & Stevens 1994; Huang et al. 1994; Weisskopf et al.
1994; Wu et al. 1995; Huang & Kandel 1996; Thomas et al.
1996; Irey & Morris 1997) and in Drosophila learning
mutants (e.g. Davis 1996).

We are grateful to Mr T. Shiomisu for his excellent technical
assistance and to Dr Y. Watanabe for encouraging the long-term
collaboration between Osaka (K.I.) and San Francisco (T.K.).
We also thank Professor J. D. Pettigrew for his invaluable sugges-
tions. The completion of this study was partly supported by the
C. D. Kettlewell Endowed Chair to T.K. (1994).

REFERENCES

Barlow, H. B., Blakemore, C. & Pettigrew, J. D. 1967 The neural
basis of binocular depth discrimination. J. Physiol. (Lond.). 193,
327-342.

Bear, M. F. & Singer, W. 1986 Modulation of visual cortical
plasticity by acetylcholine and noradrenaline. Nature 320,
172-176.

Bear, M. F., Kleinschmidt, A., Gu, Q, & Singer, W. 1990
Disruption of experience-dependent synaptic modifications in
striate cortex by infusion of an NMDA receptor antagonist. 7.
Neurosci. 10, 909-925.

Blakemore, C. & Pettigrew, J. D. 1970 Eye dominance in the
visual cortex. Nature 225, 426—429.

Boulton, C. L., McCrohan, C. R. & O’Shaughnessy, C. T. 1993
Cyclic AMP analogues increase excitability and enhance
epileptiform activity in rat neocortex n vitro. Eur. [J. Pharmacol.
236, 131-136.

Chavez-Noriega, L. E. & Stevens, C. F. 1994 Increased trans-
mitter release at excitatory synapses produced by direct
activation of adenylate cyclase in rat hippocampal slices. 7.
Neurosci. 14, 310-317.

Cooper, D. M. F., Mons, N. & Karpen, J. W. 1995 Adenylyl
cyclases and the interaction between calcium and cAMP
signalling. Nature 374, 421—424.

Davis, R. L. 1996 Physiology and biochemistry of Drosophila
learning mutants. Physiol. Rev. 76, 299-317.

Daw, N. W,, Fox, K., Sato, H. & Czepita, D. 1992 Ciritical
period for monocular deprivation in the cat visual cortex. J.
Neurophysiol. 67, 197-202.

Dunwiddie, T. V., Taylor, M., Heginbotham, L. R. & Proctor,
W. R. 1992 Long-term increases in excitability in the CAl
region of rat hippocampus induced by B-adrenergic stimula-
tion: possible mediation by cAMP. 7. Neurosci. 12, 506—517.

Fox, K. & Daw, N. W. 1993 Do NMDA receptors have a critical
function in visual cortical plasticity? Trends Neurosci. 16,116—122.

Frank, D. A. & Greenberg, M. E. 1994 CREB: a mediator of
long-term memory from mollusks to mammals. Cell 79, 5-8.

Frey, U. & Morris, R. G. M. 1997 Synaptic tagging and long-
term potentiation. Nature 385, 533-536.

Trey, U., Huang, Y.-Y. & Kandel, E. R. 1993 Effects of cAMP
simulate a late stage of LTP in hippocampal CAl neurons.
Science 260, 1661-1664.



cAMP-dependent visuocortical plasticity

K. Imamura and others 1515

Gereau IV, R. W. & Conn, P. J. 1994 A cyclic AMP-dependent
form of associative synaptic plasticity induced by coactivation
of B-adrenergic receptors and metabotropic glutamate recep-
tors in rat hippocampus. j. Neurosci. 14, 3310-3318.

Gill, D. M. 1977 Mechanism of action of cholera toxin. In
Advances in cyclic nucleotide research, vol. 8 (ed. P. Greengard &
G. A. Robison), pp. 85-118. New York: Raven Press.

Gordon, B., Mitchell, B., Mohtadi, K., Roth, E., Tseng, Y. &
Turk, F. 1990 Lesions of nonvisual inputs affect plasticity,
norepinephrine content, and acetylcholine content of visual
cortex. J. Neurophysiol. 64, 1851-1860.

Gu, Q. & Singer, W. 1993 Effects of intracortical infusion of
anticholinergic drugs on neuronal plasticity in kitten striate
cortex. Eur. [J. Neurosci. 5, 475—485.

Gu, Q. & Singer, W. 1995 Involvement of serotonin in develop-
mental plasticity of kitten visual cortex. Fur. J. Newrosci. 7,
1146-1153.

Hadcock, J. R. & Malbon, C. C. 1993 Agonist regulation of
gene expression of adrenergic receptors and G proteins. 7.
Neurochem. 60, 1-9.

Heggelund, P, Imamura, K. & Kasamatsu, T. 1987 Reduced
binocularity in the noradrenaline-infused striate cortex of
acutely anesthetized and paralyzed, otherwise, normal cats.
Exp. Brain Res. 68, 593—605.

Hensch, T. K. & Stryker, M. P. 1996 Ocular dominance plasti-
city under metabotropic glutamate receptor blockade. Science
272, 554-557.

Hensch, T. K., Fagiolini, M., Mataga, N., Stryker, M. P,
Baekkeskov, S. & Kash, S. F. 1998 Local GABA circuit
control of experience-dependent plasticity in developing
visual cortex. Science 282, 1504—1508.

Hopkins, W. & Johnston, D. 1988 Noradrenergic enhancement
of long-term potentiation of mossy fiber synapses in the
hippocampus. J. Neurophysiol. 59, 667—-687.

Huang, Y. Y. & Kandel, E. R. 1996 Modulation of both the early
and the late phase of mossy fiber LTP by the activation of
beta-adrenergic receptors. Neuron 16, 611-617.

Huang, Y. Y., Li, X. C. & Kandel, E. R. 1994 cAMP contributes
to mossy fiber LTP by initiating both a covalently mediated
early phase and macromolecular synthesis-dependent late
phase. Cell 79, 69-79.

Hubel, D. H. & Wiesel, T. N. 1962 Receptive fields, binocular
interaction and functional architecture in the cat’s visual
cortex. . Physiol. (Lond.) 160, 106—154.

Hubel, D. H. & Wiesel, T. N. 1970 The period of susceptibility
to the physiological effects of unilateral eye closure in kittens.
J- Physiol. (Lond.) 206, 419-436.

Imamura, K. & Kasamatsu, T. 1988 Acutely induced shift
in ocular dominance during brief monocular exposure:
effects of cortical noradrenaline infusion. Newrosci. Lett. 88,
57-62.

Imamura, K. & Kasamatsu, T. 1989 Interaction of noradre-
nergic and cholinergic systems in regulation of ocular
dominance plasticity. Neurosct. Res. 6, 519-536.

Imamura, K. & Kasamatsu, T. 1991a Ocular dominance plasticity
restored by NA infusion to aplastic visual cortex of anesthetized
and paralyzed kittens. Exp. Brain Res. 87,309-318.

Imamura, K. & Kasamatsu, T. 19916 Ocular dominance plasti-
city: usefulness of anesthetized and paralyzed preparations.
Jpn. F Physiol. 41, 521-549.

Imamura, K., Mataga, N. & Watanabe, Y. 1993 Gliotoxin-
induced suppression of ocular dominance plasticity in kitten
visual cortex. Newrosci. Res. 16, 117—124.

Jones, K. R., Spear, P. D. & Tong, L. 1984 Ciritical periods for
effects of monocular deprivation: difference between striate
and extrastriate cortex. J. Neurosci. 4, 2543-2552.

Kasamatsu, T. 1980 A possible role for cyclic nucleotides in plas-
ticity of visual cortex. Abstr. Soc. Neurosci. 6, 494.

Proc. R. Soc. Lond. B (1999)

Kasamatsu, T. 1986 Changes in ocular dominance of adult cats
following monocular lid suture: the effects of directly infused
forskolin. ARVO Abstr. Suppl. Invest. Ophthalmol. Vis. Sci. 277, 153.

Kasamatsu, T. 1987 Norepinephrine hypothesis for visual
cortical plasticity: thesis, antithesis, and recent development.
In Functional maturation of mammalian visual systems, vol. 21 (ed.
R. K. Hunt, A. Monroy & A. A. Moscona) (Current Topics
in Developmental Biology), pp. 367-389. New York: Academic
Press.

Kasamatsu, T. 1994 Studies on regulation of ocular dominance
plasticity: strategies and findings. In Structural and functional
organization of the neocortex (ed. B. Albowitz, K. Albus, U. Kuhnt,
H.-C. Nothdurft & P.Wahle), pp. 68-80. Berlin: Springer.

Kasamatsu, T. & Pettigrew, J. D. 1976 Depletion of brain cate-
cholamines: failure of ocular dominance shift after monocular
occlusion in kittens. Science 194, 206-209.

Kasamatsu, T. & Schmidt, E. K. 1997 Continuous and direct
infusion of drug solutions in the brain of awake animals:
implementation, strengths, and pitfalls. Brain Res. Protocol 1,
57-69.

Kasamatsu, T. & Shirokawa, T. 1985 Involvement of B adrenore-
ceptors in shift of ocular dominance after monocular
deprivation. Exp. Brain Res. 59, 507-514.

Kasamatsu, T., Pettigrew, J. D. & Ary, M. 1979 Restoration of
visual cortical plasticity by local microperfusion of norepi-
nephrine. 7. Comp. Neurol. 185, 163—182.

Kasamatsu, T., Itakura, T. & Jonsson, G. 198la Intracortical
spread of exogenous catecholamine: effective concentration
for modifying cortical plasticity. J. Pharmacol. Exp. Ther. 217,
841-850.

Kasamatsu, T., Pettigrew, J. D. & Ary, M. 19816 Cortical
recovery from effects of monocular deprivation: acceleration
with norepinephrine and suppression with 6-hydroxydopa-
mine. . Neurophysiol. 45, 254—266.

Kasamatsu, T., Watabe, K., Heggelund, P. & Scholler, E. 1985
Plasticity in cat visual cortex restored by electrical stimulation
of the locus coeruleus. Neurosci. Res. 2, 365—386.

Kasamatsu, T., Imamura, K., Mataga, N., Hartveit, E.,
Heggelund, U. & Heggelund, P. 1998 Roles of NMDA recep-
tors in ocular dominance plasticity in developing visual
cortex: re-evaluation. Neuroscience 82, 687—700.

Kleinschmidt, A., Bear, M. F. & Singer, W. 1987 Blockade of
‘NMDA'’ receptors disrupts experience-dependent plasticity of
kitten striate cortex. Science 238, 355-358.

Laurenza, A., Sutkowski, E. M. & Seamon, K. B. 1989
Forskolin: a specific stimulator of adenylyl cyclase or a diter-
pene with multiple sites of action? Trends Pharmacol. Sci. 10,
442447

Levick, W. R. 1972 Another tungsten microelectrode. Med. Biol.
Engng 10, 510-515.

Macy, A., Ohzawa, I. & Freeman, R. D. 1982 A quantitative
study of the classification and stability of ocular dominance in
the cat’s visual cortex. Exp. Brain Res. 48, 401—-408.

Mataga, N., Imamura, K. & Watanabe, Y. 1992 L-threo-3,4-
dihydroxy-phenylserine enhanced ocular dominance plasticity
in adult cats. Neurosci. Lett. 140, 115—118.

Mioche, L. & Singer, W. 1989 Chronic recordings from single
sites of kitten striate cortex during experience-dependent
modification of receptive-field properties. J. Neurophysiol. 62,
185-197.

Mower, G. D. & Christen, W. G. 1989 Evidence for an enhanced
role of GABA inhibition in visual cortical ocular dominance
of cats reared with abnormal monocular experience. Deul.
Brain Res. 45, 211-218.

Mower, G. D., Berry, D., Burchfiel, J. L. & Dufty, F. H. 1981
Comparison of the effects of dark rearing and binocular
suture on development and plasticity of cat visual cortex.
Brain Res. 220, 255—267.



1516 K. Imamura and others

cAMP-dependent visuocortical plasticity

National Institute of Health Committee on Care and Use of
Laboratory Animals 1985 NIH guidelines for the care of experi-
mental animals.

Olson, C. R. & Ireeman, R. D. 1975 Progressive changes in
kitten striate cortex during monocular vision. J. Neurophysiol.
38, 26-32.

Otsuka, R. & Hassler, R. 1962 Uber Aufbau und Gliederung
der corticalen Sehsphdre bei der Katze. Arch. Psychial.
Leitschrift. Ges. Neurol. 203, 212—234.

Pettigrew, J. D. & Kasamatsu, T. 1978 Local perfusion of noradre-
naline maintains visual cortical plasticity. Nature 271, 761-763.
Raman, I. M., Tong, G. & Jahr, C. E. 1996 B-adrenergic regula-
tion of synaptic NMDA receptors by cAMP-dependent

protein kinase. Neuron 16, 415—421.

Ramoa, A. S., Paradiso, M. A. & Freeman, R. D. 1988
Blockade of intracortical inhibition in kitten striate cortex:
effects on receptive field properties and associated loss of
ocular dominance plasticity. Exp. Brain Res. 73, 285-296.

Rauschecker, J. P. & Hahn, S. 1987 Ketamine—xylazine
anesthesia blocks consolidation of ocular dominance changes
in kitten visual cortex. Nature 326, 183—185.

Reid, S. N. M., Daw, N.W., Gregory, D. S. & Flavin, H. 1996 cAMP
levels increased by activation of metabotropic glutamate receptors
correlate with visual plasticity. 7. Neurosci. 16, 7619—7626.

Roberts, E. B., Meredith, M. A. & Ramoa, A. S. 1998
Suppression of NMDA receptor function using antisense DNA
blocks ocular dominance plasticity while preserving visual
responses. . Neurophysiol. 80, 1021-1032.

Rosenberg, P. A. & Li, Y. 1995 Adenylyl cyclase activation
underlies intracellular cyclic AMP accumulation, cyclic AMP
transport, and extracellular adenosine accumulation evoked
by B-adrenergic receptor stimulation in mixed cultures of
neurons and astrocytes derived from rat cerebral cortex. Brain
Res. 692, 227-232.

Seamon, K. B., Padgett, W. & Daly, J. W. 1981 Forskolin: unique
diterpene activator of adenylate cyclase in membranes and in
intact cells. Proc. Natl Acad. Sci. USA 78, 3363-3367.

Shaw, C. & Cynader, M. 1984 Disruption of cortical activity
prevents ocular dominance changes in monocularly deprived
kittens. Nature 308, 731-734.

Shirokawa, T. & Kasamatsu, T. 1986 Concentration-dependent
suppression by beta-adrenergic antagonists of the shift in
ocular dominance following monocular deprivation in kitten
visual cortex. Neuroscience 18, 1035—-1046.

Proc. R. Soc. Lond. B (1999)

Shirokawa, T. & Kasamatsu, T. 1987 Reemergence of ocular
dominance plasticity during recovery from the effects of
propranolol infused in kitten visual cortex. Exp. Brain Res. 68,
466—476.

Shirokawa, T., Kasamatsu, T., Kuppermann, B. D. &
Ramachandran, V. S. 1989 Noradrenergic control of ocular
dominance plasticity in visual cortex of dark-reared cats. Devl.
Brain Res. 47, 303-308.

Stanton, P. K. & Sarvey, J. M. 1985 Depletion of norepi-
nephrine, but not serotonin, reduces long-term potentiation in
the dentate gyrus of rat hippocampal slices. 7 Neurosci. 5,
2169-2176.

Tanaka, S. 1991 Theory of ocular dominance column formation.
Biol. Gybernet. 64, 263—272.

Thomas, M. J., Moody, T. D., Makhinson, M. & O’Dell, T. J.
1996 Activity dependent B-adrenergic modulation of low
frequency stimulation induced LTP in the hippocampal CAl
region. Neuron 17, 475-482.

Weisskopt, M. G., Castillo, P. E., Zalutsky, R. A. & Nicoll, R. A.
1994 Mediation of hippocampal mossy fiber long-term poten-
tiation by cyclic AMP. Science 265, 1878—1882.

Wiesel, T. N. & Hubel, D. H. 1963 Single-cell responses in
striate cortex of kittens deprived of vision in one eye. F
Neurophysiol. 26, 1003—1017.

Wiesel, T. N. & Hubel, D. H. 1965 Comparison of the effects of
unilateral and bilateral eye closure on cortical unit responses
in kitten. 7. Neurophysiol. 28, 1029-1040.

Wong-Riley, M. 1979 Changes in the visual system of monocu-
larly sutured or enucleated cat demonstrable with cytochrome
oxidase histochemistry. Brain Res. 171, 11-28.

Wu, Z.-L., Thomas, S. A., Villacres, E. C., Xia, Z., Simmons,
M. L., Chavkin, C., Palmiter, R. D. & Storm, D. R. 1995
Altered behavior and long-term potentiation in type I
adenylyl cyclase mutant mice. Proc. Natl Acad. Sci. USA 92,
220-224.

Yin, J. C. P. & Tully, T. 1996 CREB and the formation of long-
term memory. Curr. Opin. Neurobiol. 6, 264—268.

As this paper exceeds the maximum length normally permitted,
the authors have agreed to contribute to production costs.

An electronic appendix to this paper can be found at (http://
www.pubs.royalsoc.ac.uk/publish/pro_bs/rpbl428.htm).



