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concentrated eggs and sperm together (,1,000 ml-1) for 2±3 h, before transferring them
to the pressure chambers at 50±100 ml-1. We used standard high-performance liquid
chromatography pumps and inert ®ttings to establish ¯ow-through cultures in which
®ltered seawater was continuously replaced in a pressure vessel23. At the ¯ow rates used,
90% of the column volume was exchanged in a 36-h period (that is, 1 ml min-1 for a
500-ml vessel with internal mixing, as veri®ed by direct calibration). Embryos and larvae
could be reared for up to 34 d using this culture system. We measured respiration rates of
developing embryos using end-point assays. Embryos were transferred and maintained at
pressure (250 atm) in 1-ml pressure vessels during 4±6 h incubation periods. The vessels
were then depressurized and the oxygen concentration (pO2) in the water measured at
1 atm using a microcathode oxygen sensor9,10. Under our conditions there was no
degassing when the sample chambers were depressurized because the initial seawater
oxygen concentration (O2 solubility at 1 atm) does not increase when pressurized in our
sealed system. Respiration rates were determined by transferring under pressure different
numbers of embryos into the 1-ml pressure vessels, and then regressing the resultant total
oxygen use against total number of individuals (Fig. 2b). The linear response over a broad
range of embryo concentrations veri®es that respiration rates were not impacted by
concentration-dependent interactions. This method of analysis also controls for back-
ground respiration rates in the 1-ml chambers by using only the regression slope10. In
addition, we have made respiration measurements using the low oxygen concentrations of
deep-bottom water at vent sites (170 mM O2 measured in samples collected by Alvin in
Niskin bottles) and have found no effects on larval metabolic rates. We measured the
protein content of eggs by Bradford assay with bovine serum albumin as the standard.
Lipid class analyses were performed using thin layer chromatography and quanti®cation
by ¯ame-ionization detection (Iatroscan)24.

Buoyancy of eggs and zygotes was measured in pressurized 80-ml volume stainless steel
vessels with an inside diameter of 3.2 cm. Plexiglas ports on both the top and bottom sides
permitted illumination and visualization of the central 1-cm diameter portion of the water
column using a dissecting microscope. All observations were done under pressure at 2 8C.
After all eggs had ¯oated to one end of the chamber, we reversed the chamber rapidly and
took samples every 5 min over the following hour. At each sampling interval, the number
of eggs arriving at the upper viewport was counted. Edge effects were avoided by counting
only those eggs visible in the middle third of the column.

Dispersal model

The current velocities (corrected for magnetic variation) recorded at our study site varied
strongly on fortnightly periods and this data record was suf®ciently long to realize eight
full cycles of along-axis current reversals (December 1999 to April 2000). The neutrally
buoyant plume at this site was centred roughly 175-m off bottom (as reported previously15

and as veri®ed by our own measurements of conductivity, temperature and density (CTD/
transmissometer casts). Positioning the current meters at this depth provided measure-
ments of current regimes that were the most relevant to larval dispersal. The ridge trends
NNW/SSE, at a 108 angle from geographic North, requiring the currents used for the
dispersal calculations to be translated into along- and across-axis alignments. In the
dispersal model, the along-axis distance xi (in m) travelled by an individual larva released
at time step i was calculated as

xi � dt ^
i�l 2 1

j�i

uj for i � 1 to �n 2 l � 1�

where dt is a 1-h time step, uj is the mean along-axis velocity (m h-1) during jth 1-h time
step, n is the number of 1-h intervals in the current record, and l is the larval lifespan (h).
The cross-axis distance yi was calculated similarly, substituting the cross-axis velocity vj for
uj. We set a limit of 25 km as the maximum distance that a larva could travel off axis and
still be able to colonize the ridge. This distance corresponds roughly to the outer limit of
the ridge base, and was selected because the ridge-affected ¯ows tend to extend roughly to
this distance19,25,26. Any larva that strayed more than 25 km off axis was excluded from
further analysis.
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Cortical areas are generally assumed to be uniform in their
capacity for adaptive changes or plasticity1±4. Here we demon-
strate, however, that neurons in the cat striate cortex (V1) show
pronounced adaptation-induced short-term plasticity of orienta-
tion tuning primarily at speci®c foci. V1 neurons are clustered
according to their orientation preference in iso-orientation
domains5 that converge at singularities or pinwheel centres6,7.
Although neurons in pinwheel centres have similar orientation
tuning and responses to those in iso-orientation domains, we ®nd
that they differ markedly in their capacity for adaptive changes.
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Adaptation with an oriented drifting grating stimulus alters
responses of neurons located at and near pinwheel centres to a
broad range of orientations, causing repulsive shifts in orienta-
tion preference and changes in response magnitude. In contrast,
neurons located in iso-orientation domains show minimal
changes in their tuning properties after adaptation. The aniso-
tropy of adaptation-induced orientation plasticity is probably
mediated by inhomogeneities in local intracortical interactions
that are overlaid on the map of orientation preference in V1.

Cortical neuron responses are in¯uenced signi®cantly by the
inputs that they receive from other neurons in their local network8.
The structure of the orientation map in V1 implies that the
orientation distribution of local connections would vary with a
neuron's position within the map: neurons in pinwheel centres are
likely to be connected to neurons of a broader range of orientations
than neurons in iso-orientation domains. Despite the difference in
local inputs to neurons in pinwheel centres and iso-orientation
domains, both these classes of cell have been described to have
similar orientation tuning characteristics9. However, orientation
tuning, as such, may not fully re¯ect the difference between the
properties of neurons across V1. Indeed, if orientation selectivity
relies signi®cantly on the alignment of thalamic afferents10±12 (see
also ref. 13), a high degree of precision of thalamocortical projec-
tions to pinwheel centres or iso-orientation domains could account

for the sharpness of their orientation tuning, despite differences in
the distribution of intracortical inputs in these regions. We reasoned
that altering the ef®cacy of intracortical orientation-speci®c inputs
to neurons in different locations of the orientation map might
induce changes in the tuning properties of neurons in a manner that
depends on cortical location.

We induced short-term plasticity in V1 neurons by adapting
them to a stimulus of ®xed orientation14. Adaptation affects a broad
range of orientations by selectively reducing responses at stimuli at
and near the adapting orientation15,16 and enhancing the response at
other orientations14, thereby causing transient changes in orienta-
tion selectivity. We investigated the relationship between this form
of orientation tuning plasticity and a neuron's location in the
orientation preference map in V1 of adult cats. We used optical
imaging of intrinsic signals to obtain the orientation map in a patch
of V1 (Fig. 1a). We used the vascular pattern of the cortical surface
in relation to the orientation map (Fig. 1b) to guide electrode
penetrations aimed at iso-orientation domains or pinwheel centres.
As pinwheel centres are locations where the preferred orientation of
neurons changes rapidly, we determined an orientation gradient
map as the two-dimensional spatial derivative at each pixel to
identify these foci. The gradient map (Fig. 1c) shows that pinwheel
centres are included in regions with the highest rate of orientation
change, whereas the gradient is low in iso-orientation domains.
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Figure 1 Adaptation-induced plasticity of orientation tuning and the orientation

architecture of V1. a, Composite orientation map obtained by intrinsic signal imaging. The

angle of preferred orientation of each pixel is shown according to the colour key (top). The

map was smoothed using a low-pass ®lter (5 3 5 pixels). Circles indicate the location of

seven representative neurons (out of 40 recorded) to illustrate the range of orientation and

gradient distributions. b, Vascular pattern of the cortical surface for the region shown in a.

c, Orientation gradient map in which gradient was distinguished into the following ranges:

red (0.66±1), green (0.33±0.66) and blue (,0.33). A, anterior; L, lateral; M, medial; R,

posterior. d±f, Orientation tuning curves of three representative cells during control,

adaptation and recovery conditions. The control optimal orientation is represented as 08,
and all subsequent tuning curves (during adaptation and recovery) are represented

relative to the control condition. The adapting orientation is indicated by the green arrow.

Each point in panels d, e and f represents mean value 6 s.e.m.
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These analyses yielded reliable maps of the orientation gradient,
with the mean value of the gradient at each pixel stable to within
5.5% for maps obtained several hours apart (n � 3 animals,
analysing pixels in each animal imaged 10 h apart; animal 1:
31,824 pixels spanning 2:08 3 2:72 mm2; animal 2: 75,888 pixels
spanning 2:72 3 4:96 mm2; animal 3: 46,800 pixels spanning
2:08 3 4 mm2). The gradient map was used to relate plasticity in
orientation preference of V1 neurons to the exact value of the local
gradient at the recording site.

It has been shown14,17,18 that even brief periods of adaptation
(lasting for a fraction of a second to a few seconds) can induce
consistent changes in orientation selectivity and response magni-
tude of V1 neurons. For this study, we chose adaptation of 2-min
duration to induce large shifts in orientation and response. Figure
1d±f demonstrates the relationship between location within the
orientation map and adaptation-induced plasticity of orientation
tuning for representative neurons. Adaptation to a given orientation
induces a repulsive shift in orientation preference away from the
adapting stimulus. Notably, the higher the value of the orientation
gradient at the recording site, the larger is the magnitude of the shift
in preferred orientation.

Figure 2 characterizes the plasticity of orientation tuning for a
population of 118 V1 neurons (26, 52 and 40 cells in 3 animals). The
proportion of cells showing signi®cant shifts in preferred orienta-

tion increases as the orientation gradient increases. Figure 2a shows
that 88% of the cells located at regions of the highest orientation
gradient (.0.75) exhibit signi®cant repulsive shifts after adaptation
(P , 0:05, Student's t-test; on the basis of a trial-by-trial compari-
son between control and adaptation conditions). In contrast, 12%
of the cells located in the lowest gradient areas show a signi®cant
shift in orientation preference. Figure 2b shows that the magnitude
of the shift in optimal orientation is a monotonic function of the
orientation gradient at each recording location (correlation coef®-
cient r � 0:6, P , 0:00005, Pearson test; positive shifts are shown as
repulsive with respect to the adapting orientation).

As neurons in pinwheel centres are located in close proximity to
neurons of all orientations, we reasoned that, close to these centres,
pronounced changes in orientation tuning could be induced after
adaptation to a broad range of orientations. We studied cells in all
gradient regions with a wide range of orientation differences
between the cell's optimal orientation and that of the adapting
stimulus (Dv)Ðthe Dv values were statistically independent of the
orientation gradient values (r � 0:049, P . 0:1). Cells located at
high gradient regions exhibited signi®cant shifts in preferred
orientation for a broader range of Dv compared with cells in
low-gradient domains (Fig. 2c). The magnitude of the shift in
preferred orientation is smaller as Dv increases14; here we show that
for large Dv (.458), the orientation shift is smaller in all the
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Figure 2 Population analysis of adaptation-induced orientation plasticity. a, Fraction of

cells in discrete orientation gradient ranges showing signi®cant shifts in orientation

preference after adaptation. b, Scatter plot (n � 118 cells) showing magnitude of the

post-adaptation shift in preferred orientation (positive and negative numbers indicate

repulsive and attractive shifts, respectively) as a function of the orientation gradient at the

recording site. Cells that show signi®cant shifts in preferred orientation on the basis of a

trial-by-trial comparison during adaptation and control conditions are indicated in black

(P , 0:05); those that do not show signi®cant shifts are indicated in grey (P . 0:05). The

line represents the linear regression ®t for the black data points. Of these cells, 86% (43 of

50 cells) recovered their control orientation preference (P . 0:05, Student's t-test;

comparing preferred orientations during control and after recovery). c, Scatter plot of the

absolute difference (Dv) between the adapting orientation and the control preferred

orientation as a function of orientation gradient at the recording site. d, Mean shift

magnitude in orientation gradient bins for low and high Dv (Dv , 458 and Dv . 458).
Error bars indicate s.e.m.
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gradient regions (Fig. 2d).
It is possible that the larger changes in orientation tuning

observed at the high-gradient recording sites are due to inhomo-
geneities in the response properties of neurons across the cortical
surface. For instance, higher ®ring rates or larger tuning bandwidths
of neurons in regions of high orientation gradient could possibly
cause larger shifts in orientation tuning. We therefore examined the
relationship between the orientation gradient at each recording site
and both the pre-adaptation peak ®ring rate and the orientation
tuning width. We found that the peak response at the optimal
orientation and the orientation tuning width (estimated by calcu-
lating the orientation selectivity index (OSI); see Methods) of the
neurons in our population are not correlated with the orientation

gradient (peak response correlation coef®cient r � 2 0:09; OSI
correlation coef®cient r � 2 0:05; P . 0:1 for each comparison);
thus these properties are homogeneously represented across the
cortical surface (see also ref. 9).

To understand the differences in adaptation-induced orientation
plasticity between pinwheel centres and iso-orientation domains,
we examined quantitatively the relationship between the local
orientation distribution at the recording site and the degree of
plasticity. On the basis of anatomical and physiological data in V1
(refs 8, 19±21), we postulated that local excitatory and inhibitory
inputs to cortical cells originate from within a radius of about
500 mm around the cell body, and that adaptation is the result of
integration of local inputs from a pool of neurons within this
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region. When the recording site is in the middle of an iso-orienta-
tion domain (Fig. 3a, top), neurons within a 500-mm radius have a
preponderance of orientation preferences similar to the recorded
neuron (Fig. 3b, top), whereas when the recording site is near a
pinwheel centre (Fig. 3a, bottom), local inputs arise from domains
of all orientations (Fig. 3b, bottom). Neurons at intermediate
locations have intermediate orientation distribution pro®les (Fig.
3a±b, middle). The orientation distribution of inputs to a neuron is
a qualitative predictor of the degree of change in its orientation
preference. When it has a peaked pro®le, adaptation induces only
small changes in orientation selectivity (Fig. 3c, top), whereas the
orientation tuning curve undergoes a large change when the
orientation distribution is ¯at (Fig. 3c, bottom).

We quanti®ed the orientation spread of inputs at different
locations in the map by calculating an orientation distribution
index (ODI), which is a measure of the orientation tuning strength
of local inputs to the recorded cell (see Methods). We divided our
population of neurons into different Dv ranges, and show here the
data from 59 neurons that were located at least 500 mm from the
imaged area borders and were studied with small Dv (between 0±
458, for which orientation shifts are maximal (Fig. 2d); results from
neurons with large Dv are similar). We calculated the shift in
preferred orientation and the change in ®ring rate on both ¯anks
of the tuning curve as a function of the ODI at the recording site.
Figure 3d shows an inverse relationship between the orientation
shift magnitude and the ODI (r � 2 0:56, P , 0:001). Further-
more, as the orientation shifts are characterized by suppression14,18

of responses on the ¯ank of the tuning curve towards the adapting

stimulus (near ¯ank) and by facilitation14 of responses on the ¯ank
of the tuning curve away from the adapting stimulus (far ¯ank), we
examined how the structure of the orientation tuning curve changes
depending on cortical location. Figure 3e shows that the magnitude
of the changes in response on both ¯anks of the tuning curve is
related to the ODI (near ¯ank: r � 0:33; far ¯ank: r � 2 0:34;
P , 0:01 for each comparison). Thus, broader orientation distribu-
tions of intracortical inputs to V1 cells result in larger changes in
orientation tuning and ®ring rate. Because low ODIs characterize
mainly the neurons in high-gradient regions (correlation between
orientation gradient and ODI, r � 2 0:5, P , 0:001), the foci of
adaptation-induced orientation plasticity are closely related to the
functional map of orientation preference in V1.

As pinwheel centres are related to peaks of ocular dominance22,23,
our results may re¯ect a relationship between adaptation effects and
monocular regions. We therefore recorded neurons of different
eye preference located in targeted regions of the orientation map
(Fig. 4a). A further 38 cells were ®rst stimulated monocularly to
determine their ocular dominance, followed by a full adaptation
protocol using binocular stimulation. For each cell, we calculated an
eye preference index as the absolute difference between responses to
the preferred orientation measured independently for each eye,
divided by the sum of optimal responses to each eye. Figure 4b
shows that there is no signi®cant correlation between the adapta-
tion-induced change in preferred orientation and the eye preference
index (r � 0:18, P . 0:1). Although the shift in orientation pre-
ference is correlated with the orientation gradient at the recording
site (r � 0:41, P , 0:01), dividing the population of cells into two

40

30

20

10

0

–10

–20
0 0.2 0.4 0.6 0.8 1

S
hi

ft
 m

ag
ni

tu
d

e 
(d

eg
re

es
)

Eye preference index

Gradient < 0.5

Gradient > 0.5

1 mm

a

b

Binocular Monocular

Figure 4 Relationship between eye preference and the degree of orientation plasticity.

a, Orientation preference map; ®lled circles indicate the locations of representative

targeted recording sites in one animal. b, Scatter plot (n � 38 cells) showing the

magnitude of the post-adaptation shift in preferred orientation as a function of the eye
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black, gradient . 0:5. Cells with an eye preference index of 0 are driven equally well by

either eye, whereas those with an index of 1 are driven solely by one eye.
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groups depending on the gradient magnitude also fails to yield a
signi®cant correlation with the eye preference index. However, as
shown earlier (Fig. 2), the shift magnitude is larger for neurons
located at higher gradient regions regardless of eye preference
(P , 0:002, Student's t-test). Finally, of the population of 38 cells,
24 were studied with small Dv (,458). For these cells, we found a
signi®cant correlation between the shift magnitude and the orienta-
tion gradient (r � 0:52, P , 0:01), but no correlation between the
shift magnitude and the eye preference index (r � 0:11, P . 0:1).
Thus, the anisotropy in adaptation-induced plasticity of orientation
tuning is unrelated to the ocular dominance of neurons.

The changes in orientation selectivity after adaptation reported
here indicate a network mechanism that reorganizes responses
across a broad range of orientations. At the level of single cells,
hyperpolarization of neurons at or close to the adapting orientation
(due to slow hyperpolarizing Ca2+- and Na+-activated potassium
channels25 or to synaptic depression26) can cause suppression of
responses on the near ¯ank of the tuning curve. Facilitation of
responses on the far ¯ank, however, requires disinhibition27 and
possibly ampli®cation by means of local excitatory interactions28 in
the cortex. The strength of these effects, which determines the
magnitude of the change in preferred orientation, depends on the
location of neurons in the orientation map. Neurons in an iso-
orientation domain would be only weakly activated by intracortical
inputs with orientations that differ from the domain's preferred
orientation, whereas neurons located at or near pinwheel centres
would receive strong local inputs from neurons of all orientations.
Therefore, altering the ef®cacy of these inputs through adaptation is
likely to induce more profound changes in the orientation pre-
ference of neurons at or near pinwheel centres. This suggests that
adaptation-induced orientation plasticity in V1 is an emergent
property of a local cortical network overlaid on a non-uniform
orientation map. These data indicate the existence of a map of
orientation plasticity, closely related to the map of orientation
preference, in which pinwheel centres constitute foci of plasticity
and the orientation gradient is a measure of the degree of plasticity
across V1. One question arising from this is whether there are
similar plasticity maps related to other functional maps, such as
those for eye preference, spatial frequency, or direction22±24. There
are several functional roles of a map of orientation plasticity. The
map would allow dynamic short-term in¯uences on neuronal
responses at some locations while retaining invariant responses at
other locations that would maintain a stable frame of reference.
Speci®cally, preferential locations for adaptive changes may be a
strategy that the visual cortex uses in the face of adaptation to the
statistics of natural images29 to prevent a global change in the
orientation preference of visual cortical neurons. M

Methods
Animals

Adult cats were prepared for acute experiments according to protocols that were approved
by MIT's Animal Care and Use Committee and conformed to NIH guidelines. Cranitomy
followed by durotomy was performed to expose V1. Contact lenses were used to focus the
eyes on a computer monitor.

Optical imaging

Techniques for intrinsic signal imaging were similar to those described6,14. The orientation
gradient map was obtained by applying a two-dimensional gradient operator to the
orientation preference map. For each pixel, the spatial gradient was given by

�������������������
dx2 � dy2

p
,

where dx � jvx�1;y 2 vx;y j and dy � jvx;y�1 2 vx;y j (vx,y is the preferred orientation of pixel
(x,y) in the composite map). Values of dx and dy greater than 908 were subtracted from
1808, such that the maximum difference in preferred orientation was 908. We related the
gradient value at the recording site to changes in the orientation tuning of neurons by
calculating the local orientation gradient as the mean of gradient values in a 3 3 3 pixel
array centred at the recording location. The gradient values were normalized for analysis.

Electrophysiology

Stimuli consisted of 16 drifting square-wave gratings at high contrast, presented at
orientations 22.58 apart at two directions of movement (opposite directions orthogonal to
stimulus orientation). Typical stimulus parameters for V1 were: spatial frequency 0.5 cycle

per degree, temporal frequency 1 Hz. All stimuli were randomly interleaved. Stimuli were
presented binocularly (except for determination of eye preference) and were shown to the
animal on a 17-inch monitor positioned 30 cm in front of it. We recorded responses
during three conditions: (1) before adaptation (control), when 16 drifting gratings were
presented for 10 trials each for a total of 160 trials; (2) after 2 min of continuous adaptation
to one grating of ®xed orientation, when the 16 gratings presented for 7 trials each for a
total of 112 trials were preceded by a 5-s `topping-up' presentation of the adapting
orientation to maintain the effects of previous adaptation; (3) after 10 min of recovery
using a full-®eld uniform stimulus, when 16 gratings were presented in identical
conditions as in the control condition. In all three conditions, the 16 gratings were
presented for 2.5 s each. The full protocol, including control, adaptation and recovery
periods, lasted about 2 h. To ensure stable recordings, individual cells were isolated using a
spike-sort module (DataWave Technologies, v 5.0) that allowed the identi®cation and
discrimination of waveforms on the basis of their individual characteristics. We recorded
at cortical depths between 300 and 800 mm from cells with initial orientation preferences
covering the entire orientation range (between 0 and 1808).

The preferred orientation of neurons was calculated as described30. The Fourier
components were extracted for the orientation tuning curve and then normalized by
dividing by the mean ®ring rate of the cell during stimulus presentation:
a � Sn 2 1

i�0 R�vi�cos�2vi�; b � Sn 2 1
i�0 R�vi�sin�2vi�, where responses, R(vi), are obtained for a

set of n test orientations vi, i � 0; 1¼n 2 1, which are uniformly distributed over 0 to 1808.
Preferred orientation, v, was calculated as v � 0:5arctan�b=a� if a . 0, or v � 90�
0:5arctan�b=a� if a , 0. If a . 0 and b , 0; v � 180 � 0:5 arctan (b/a). The OSI, which
measures the strength of orientation tuning, was given by c�Mÿ1�, where c �

��������������
a2 � b2

p
,

and M is the mean response magnitude averaged over all orientations. The ODI used in
Fig. 3d±e was identical to the OSI, except that the `orientation responses' consisted of the
percentage of pixels of orientation vi around a recording site, pooled into eight orientation
bins uniformly distributed over 0 to 1808. The Pearson test was used for all correlation
comparisons.
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Brain-derived neurotrophic factor (BDNF), like other neurotro-
phins, is a polypeptidic factor initially regarded to be responsible
for neuron proliferation, differentiation and survival, through
its uptake at nerve terminals and retrograde transport to the
cell body1. A more diverse role for BDNF has emerged progres-
sively from observations showing that it is also transported
anterogradely2,3, is released on neuron depolarization1, and trig-
gers rapid intracellular signals4 and action potentials in central
neurons5. Here we report that BDNF elicits long-term neuronal
adaptations by controlling the responsiveness of its target neu-
rons to the important neurotransmitter, dopamine. Using lesions
and gene-targeted mice lacking BDNF, we show that BDNF from
dopamine neurons is responsible for inducing normal expression
of the dopamine D3 receptor in nucleus accumbens6±8 both during
development and in adulthood. BDNF from corticostriatal
neurons3 also induces behavioural sensitization, by triggering
overexpression of the D3 receptor in striatum of hemiparkinso-
nian rats9. Our results suggest that BDNF may be an important
determinant of pathophysiological conditions such as drug
addiction10, schizophrenia11 or Parkinson's disease12, in which D3

receptor expression is abnormal.
The D3 receptor is normally expressed in the nucleus accumbens6,

particularly in its shell division (AccSh), where dopamine is released
by neurons originating from the ventral tegmental area. Unilateral
and extensive destruction of dopamine neurons by local infusion of
6-hydroxydopamine (6-OHDA) elicits downregulation of D3 recep-
tor expression in AccSh of the denervated side13 (Fig. 1a), by
deprivation of a factor of these neurons that is transported ante-
rogradely and released on dopamine neuron activity13. This factor is
distinct both from dopamine, as dopamine depletion or receptor
blockade does not affect D3 receptor expression, and from its known
co-transmitters neurotensin and cholecystokinin13. We determined
whether this factor might be BDNF, as this neurotrophin is present

in dopamine neurons from the ventral tegmental area14.
BDNF immunoreactivity is prominent in AccSh of normal rats15,

as were messenger RNAs for the D3 receptor and TrkB, the receptor
for BDNF (Fig. 1a, b). In AccSh, D3 receptor and TrkB mRNAs
largely colocalize (Fig. 1c); 73 6 3% of neurons expressing D3

receptor mRNA also expressed TrkB mRNA (mean 6 s.e.m. of
counts obtained from 163 neurons in 3 animals). In the 6-OHDA-
lesioned side, D3 receptor mRNA was downregulated in AccSh (-38
6 5% compared with unlesioned side, n = 6; P , 0.01, Mann±
Whitney U-test), whereas TrkB mRNA was upregulated in AccSh
(+16 6 2.5%; P , 0.05) and striatum (+36 6 4%; P , 0.02), in
agreement with previous observations13,16. BDNF (20 ng) was locally
infused above the nucleus accumbens of 6-OHDA-lesioned rats, at a
time when degeneration of dopamine neurons was complete, as
assessed 1 week earlier by the ability of the dopamine agonist
apomorphine to produce contralateral rotations (data not shown).
The local infusion of BDNF reversed the 6-OHDA-induced decrease
in D3 receptor gene expression (Fig. 1d), indicating that exogenous
BDNF compensates for the loss of dopamine neurons.

We next examined the effect of a BDNF-null mutation17 on D3

receptor expression in developing mice. In rats, D3 receptor expres-
sion appears in AccSh during the ®rst postnatal week co-incident
with its innervation by dopamine neurons, indicating that the factor
maintaining D3 receptor expression in adulthood may also trigger
this expression during development7. In wild-type BDNF+/+ mice,
D3 receptor binding and mRNA in AccSh increased sharply from
postnatal (P) days P9±P14 to P17±P23, whereas in homozygous
BDNF-/- mice, D3 receptor binding and mRNA were low at P9±P14,
and did not increase at later stages (Fig. 2a±c). These results show
that BDNF is required for the normal development of D3 receptor
expression in AccSh.

The BDNF gene mutation did not impair the early development
of dopamine neurons18, nor their later development, as tyrosine
hydroxylase, a marker of these neurons, was not signi®cantly
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Figure 1 Dopamine D3 receptor and TrkB expressions in 6-OHDA-lesioned rats.

a, b, Changes of in situ hybridization signals of D3 receptor (D3R; a) and TrkB (b) mRNAs

on the lesioned side (asterisk). AccSh, shell of nucleus accumbens; IC, islands of Calleja;

St, striatum. c, Colocalization of D3 receptor (black dots) and TrkB (dark depot) mRNAs in

neurons of AccSh in control side. d, Effect of BDNF (20 ng per 4 ml), infused locally in both

sides 21 d after the 6-OHDA lesion and 3 d before death, on the downregulation of D3

receptor mRNA in AccSh. Results are expressed as per cent variation (mean 6 s.e.m.,

n �3±4) in the lesioned side compared with the control side. Asterisk, P , 0.05 versus

saline-infused animals (VEH) by a Mann±Whitney U-test.
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