
Mismatch between BDNF mRNA and protein expression
in the developing visual cortex: the role of visual
experience

Daniela Tropea,1 Simona Capsoni,1 Enrico Tongiorgi,1,2 Sabina Giannotta,1 Antonino Cattaneo1 and Luciano
Domenici1,3

1Neuroscience Program, International School for Advanced Studies (SISSA), Via Beirut 2-4, 34014 Trieste, Italy
2BRAIN Centre for Neuroscience, Department of Biology, University of Trieste, 34127 Trieste, Italy
3Institute of Neurophysiology (CNR), Pisa-56127, Italy

Abstract

Brain-derived neurotrophic factor (BDNF) messenger RNA (mRNA) expression in the rat visual cortex of young and postnatal day
90 (P90) animals is developmentally regulated and in¯uenced by visual experience. In the present paper we compared the

expression of BDNF mRNA to the actual changes of BDNF protein occurring during postnatal development and veri®ed whether

BDNF protein distribution is controlled by visual activity. To achieve this aim we analysed BDNF mRNA and/or BDNF protein

cellular distribution in the rat visual cortex at different postnatal ages by using immunohistochemistry and highly sensitive in situ
hybridization. We found that before eye opening (P13), in all cortical layers a large number of visual cortical neurons contain

BDNF mRNA with no detectable amount of BDNF protein. At later ages (P23 and P90), the number of BDNF-immunostained

cells increases; most neurons are double labelled for BDNF mRNA and protein, and a small group of neurons is labelled only for
BDNF protein. The cellular increase of BDNF immunolabelling is blocked in animals deprived of visual experience from birth (dark

rearing), with a large population of neurons containing BDNF mRNA but not BDNF protein. This is similar to what is observed

before eye opening. Exposure of dark-reared rats to a brief period (2 h) of light restores a good match between BDNF mRNA
and BDNF protein cellular expression. We propose that visual experience controls the neuronal content of BDNF mRNA and

BDNF protein in developing visual cortex.

Keywords: brain-derived neurotrophic factor, dark rearing, neurotrophins, postnatal development, synaptic plasticity, visual
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Introduction

Neurotrophins mediate various forms of synaptic plasticity (Levi

Montalcini, 1987; Thoenen, 1995; Bonhoeffer, 1996; Cellerino &

Maffei, 1996; Lewin & Barde, 1996) and activity-dependent devel-

opment (for a review see McAllister et al., 1999). In the visual cortex,

an exogenous supply of nerve growth factor (NGF) is able to prevent

the effects induced by monocular deprivation Ð namely the

reduction of visual acuity of the deprived eye, the shift of ocular

dominance distribution towards the deprived eye and the shrinkage of

lateral geniculate neurons Ð during the critical period (Domenici

et al., 1991; Maffei et al., 1992; Domenici et al., 1993). More

recently, it has been shown that brain-derived neurotrophic factor

(BDNF) and neurotrophin-4 (NT-4) are also able to modulate visual

cortex development and plasticity. An exogenous supply of BDNF/

NT-4 prevents the formation of ocular dominance columns (Cabelli

et al., 1995) and modulates differentiation of neuronal dendrites in

organotypic cultures (McAllister et al., 1997). In the visual cortex,

NGF and BDNF are able to modulate different aspects of synaptic

plasticity in vitro (Akaneya et al., 1997; Huang et al., 1999; Sermasi

et al., 1999; Pesavento et al., 2000) during postnatal development.

The maturation of cortical inhibition is accelerated and the length of

critical period for visual cortical plasticity is shortened in mice

overexpressing BDNF (Hanover et al., 1999; Huang et al., 1999).

The cellular expression of BDNF in the visual cortex has been

investigated widely. In the visual cortex, BDNF mRNA expres-

sion changes during postnatal development. Before eye opening,

the total level of BDNF mRNA is low (Bozzi et al., 1995) and

neurons expressing BDNF mRNA are evenly distributed through-

out the cortical layers (Capsoni et al., 1999a). After eye opening,

BDNF mRNA levels increase (Bozzi et al., 1995), while the

number of neurons expressing BDNF mRNA in layers IV and V

decreases (Capsoni et al., 1999a). Alteration of normal visual

experience in¯uences the endogenous level of BDNF mRNA in

the visual cortex (Castren et al., 1992; Bozzi et al., 1995;

Schoups et al., 1995; Capsoni et al., 1999a,b). In particular,

deprivation of visual experience from birth (dark rearing) induces

a reduction of BDNF mRNA endogenous level: in neurons of

layers IV and V, BDNF mRNA is reduced but distributed in the

great majority of neurons (Capsoni et al., 1999a). These studies

indicate that BDNF mRNA cortical expression undergoes devel-

opmental changes and is regulated by visual experience. However,

the question of whether and how changes in BDNF mRNA
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correspond to actual changes in protein cellular expression is still

open.

In the present paper we investigated whether: (i) changes in BDNF

mRNA are related to changes in BDNF protein cellular expression

during postnatal development; and (ii) visual experience affects

BDNF mRNA and protein cellular distribution. Immunohisto-

chemistry and nonisotopic in situ hybridization were used. The

analysis was carried out at postnatal day 13 (P13; 1±2 days before

eye opening), P23 (an intermediate stage of postnatal development)

(Fagiolini et al., 1994) and P90 rats. Experiments were also

performed on animals reared in the dark (P23 and P39) and on

dark-reared animals re-exposed to light.

Materials and methods

Animal treatments

Wistar rats were anaesthetized (20% urethane, 100 mL/100 g body

weight) and perfused with 4% paraformaldehyde (PFA) in 0.1 M

phosphate-buffered saline (PBS). Brains were removed and cryopro-

tected in 20% sucrose/PBS at 4 °C until cutting. Coronal sections

(30 mm) containing the primary visual cortex (OC1; Paxinos &

Watson, 1986) were cut with a freezing microtome obtaining about

100 sections that were collected separately for the experiments. Rats

of different postnatal ages, P13 (n = 6), P23 (n = 6), P39 (n = 5), P90

(n = 6) rats, were used. Effects of light deprivation were investigated

in two distinct groups of rats reared in a dark room for two different

periods. The ®rst group included rats reared in darkness for 39 days,

from birth to P39 (n = 6), while in the second group the period of

visual deprivation was shorter (10 days, from P13 to P23 n = 6). In a

third group, P23 dark-reared rats (n = 6) were exposed to light for

2 h. Effects of colchicine treatment were investigated in P11 rats

(n = 21).

The experiments were performed in accordance to the European

Community Council Directive for animal treatment.

Immunohistochemistry

For immunohistochemistry, two different antibodies were used in P90

animal sections. One was a nonblocking anti-BDNF rabbit antibody

(Rb anti-BDNF, IgG fraction, Chemicon International Inc.,

Temecula, CA, USA) and the other was a blocking anti-BDNF

rabbit antibody (Yan et al., 1997) (Rb anti-BDNF A.P. IgG; Amgen

Inc., Thousand Oaks, CA, USA); the two antibodies were used at

concentrations of 10, 2.5 and 1.6 mg/mL, and the different patterns of

staining compared. The speci®city of the primary antibody was

assessed by preadsorbing it with saturating concentration of BDNF.

The series of sections were treated with 0.01% Triton X-100, 10%

normal goat serum, in PBS for 1 h at room temperature. Incubation

with the primary antibody was performed for 48 h at 4 °C.

Experiments were carried out at a concentration of 2.5 mg/mL unless

otherwise stated. Then, sections were treated with a secondary

antibody (7.5 mg/mL biotinylated goat antirabbit; Vector

Laboratories Inc., Burlingame, CA, USA) for 3 h at room tempera-

ture, and with an avidin-biotin-peroxidase complex (1 : 100 dilution,

ABC Elite, Vector Laboratories) for 1 h at room temperature. The

labelling was revealed in 3-3¢ diaminobenzidine HCl (10 mg in

25 mL Tris/HCl, pH 7.5, Sigma, St Louis, MO, USA) for 20 min at

room temperature. Counterstaining of sections (Fig. 1g) was obtained

by incubating them in a 0.25% solution of cresyl violet acetate

(Sigma).

Double immunohistochemistry for BDNF and parvalbumin was

performed in P90 sections containing primary visual cortex.

Sections were immunostained for BDNF as previously described

and then incubated with antiparvalbumin monoclonal antibody

(Sigma), according to a procedure previously described by

Cellerino et al. (1996). Staining for parvalbumin was revealed

by using alkaline-phosphatase conjugated ABC kit (Vector

Laboratories).

In situ hybridization

In situ hybridization was performed after immunohistochemistry

following previously described methods to detect BDNF mRNA in

cultured neurons (Tongiorgi et al., 1997) of hippocampus with minor

changes: after development of the immunohistochemical reaction,

sections were rinsed ®ve times in water and then ®xed in PFA for

20 min at room temperature; proteinase K solution was used at 1 mg/

mL for 15 min at 4 °C. We used proteinase K for slice digestion

(Wilkinson, 1992; Eberwine et al., 1994). This treatment was

necessary to increase probe penetration in slices after paraformalde-

hyde ®xation. The methods for use of nonisotopic in situ hybridiza-

tion in ®xed slices have been previously described (Tongiorgi et al.,

1998).

Western blot

Neurotrophins were resolved on a 12% SDS polyacrylamide gel

and transferred to nitrocellulose. For each neurotrophin (Alamone

Labs, Jerusalem, Israel) two lanes were loaded: one containing

100 ng and the other one containing 30 ng of the protein. For

NGF, only one lane containing 150 ng of the protein was loaded.

Membrane was blocked in 5% nonfat dry milk in Tris-buffered

saline (TBS)/0.05% Tween 20 (TBST). After incubation with the

primary antibody (Chemicon) in blocking solution overnight at

4 °C at the same concentration used in immunohistochemistry

(2.5 mg/mL), membrane was washed three times with TBST and

incubated with biotinylated secondary antibody (Vector

Laboratories) for 2 h at room temperature. After washing, the

membrane was incubated with alkaline-phosphatase conjugated

ABC kit (Vector Laboratories) and then washed twice with TBST

and once with TBS. Proteins were visualized using p-nitro blue

tetrazolium chloride (NBT) (Sigma; 0.5 mg/mL) and 5-bromo-4-

chloro-3-indoyl phosphate p-toluidine salt (BCIP) (Sigma;

0.25 mg/mL) in developing buffer (0.1 M Tris, 0.5 mM MgCl2,

pH 9.5).

Cell counts

At each age at least ®ve animals were analysed. For each animal

about 100 coronal slices were obtained from occipital pole. From the

visual cortex region (total width along the rostrocaudal axis; about

3 mm), 100 coronal sections 30 mm thick were collected separately.

For cell counting, slices were divided in 20 series (®ve slices/series)

(Howard & Reed, 1998). One every 20 sections was chosen from

rostral to caudal, choosing the ®rst section randomly. In this way, 20

series of ®ve sections each were sampled random uniformly. A single

random series (1/20) of coronal sections/animal was analysed,

thereby allowing all visual cortical sections to be sampled with the

same probability. After processing for immunohistochemistry and

counterstaining with cresyl violet as described above, the OC1B

region was selected using a 53 objective (Axiophot, Zeiss). OC1B

region was delimited following criteria proposed by Zilles et al.

(1984) in cresyl violet-stained sections and validated previously using

electrophysiological recordings (Maffei et al., 1992). A grid was

superimposed on OC1B to delimit the area of sampling. The grid was

300 mm wide and spanned in height the entire visual cortex from the

pial surface to the underlying white matter. The grid was composed
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by rectangular frames of 30 mm covering 10% of the entire surface of

the grid. At the centre of each frame, a reference point (+) was placed

to assign the frame to each layer. Cells within each frame were

manually counted using the `optical dissector' method (Gundersen,

1986; West, 1993); cells were counted in different focal planes

excluding those within the uppermost focal plane. To count cells a

340 objective was used as a rule. Overlapping cells were sampled

using 3100 objective. In all sections analysed at different postnatal

ages, we did not observe a cellular labelling restricted to the most

super®cial focal planes.

Only neurons with evident nucleoli were included in the cell

counts. Glial cells identi®ed as smaller cells without evident nucleoli

FIG. 2. BDNF-like immunoreactivity in rat primary visual cortex during postnatal development. (a) Immunostaining for BDNF in the primary visual cortex of
P13, P23 and adult rats. At P13, before eye opening, there are immunostained cells scattered throughout the different cortical layers. Neurons in layers II±III
and V appear more intensively stained. At P23, neurons expressing BDNF protein are more numerous with respect to P13 in all cortical layers. In adulthood
(P90), neurons are distributed throughout all cortical layers. In layer IV of P90 animals, there are less immunopositive neurons with respect to the same layer
at P23 and to supragranular and infragranular layers of the corresponding age. Scale bar, 230 mm. (b) Enlargement of layer IV. Scale bar, 97 mm.
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and with nuclei heavily stained with the Nissl counterstaining were

discarded (RamoÂn y Cajal, 1899; Hedlich, 1988).

The number of BDNF-immunopositive neurons/layer was ex-

pressed as a percentage of the average number of cresyl violet-stained

neurons (BDNF cell index; BCI). BCI was calculated for each

cortical layer taking into account all neurons present in OC1B area in

each slice of the random series considered. Statistical analysis was

performed using Kruskal±Wallis test (SigmaStat, Microsoft Inc.,

USA). Differences between distinct experimental groups were

considered signi®cant for P < 0.05.

Immunohistochemistry and in situ hybridization experiments were

conducted blind and sections taken at different postnatal ages were

processed at the same time. Dark-reared animals were processed with

age-matched controls reared in normal (12-h dark/light cycle)

conditions of illumination.

Colchicine intraventricular injections

To assess the activity of colchicine (Sigma) we tested its action on

blocking HeLa cell division. HeLa cells were cultured in Dulbecco

modi®ed Eagle's medium (Life technologies, Gaithersburg, MD,

USA) supplemented with 10% fetal calf serum (FCS), 2 mM L-

glutamine and 50 mm/mL gentamicin; cells were plated in 12-well

plates and cultures were kept in 5% CO2 at 37 °C. After 1 day,

colchicine in 0.9% NaCl solution was added to some wells. Different

concentrations of colchicine were used: 1, 2.5, 5 and 10 mg/mL. Only

one control well was supplied with NaCl solution. In control wells,

cells grew normally while cell division was blocked in wells supplied

with the colchicine solutions at every concentration tested.

Once it was established that the colchicine solution was active,

intraventricular injections were performed according to Conner &

Varon (1992) and Conner et al. (1994). Injections were bilateral; in

each lateral ventricle 2 mL of colchicine solution at different

concentrations was injected. Twenty-one P11 rats were injected

FIG. 3. Quantitative analysis of BDNF-
immunopositive neurons. BCI at P13 (n = 6) is
signi®cantly lower (P < 0.05) than BCI at P23
(n = 6) and at P90 (n = 6) in all cortical
layers. BCI between P23 and P90 is not
signi®cantly different with the exception of
layer IV. In this layer, BCI is decreased with
respect to P23 (P < 0.05). These results show
that the number of neurons expressing BDNF
protein changes during postnatal development.

FIG. 4. BDNF-like immunoreactivity in control and colchicine-treated rats.
Rats were intraventricularly injected with colchicine solution and
physiological solution (control rats) and then processed for
immunohistochemistry, as described in Materials and methods. Left and
right panels compare BDNF immunolabelling in layer V at P13 in control
and colchicine-treated rats, respectively. Cortical neurons of colchicine-
treated rats are more intensely labelled with respect to those of control rats.
Scale bar, 65 mm.

TABLE 1. BCI for BDNF protein in P13 untreated rats, P13 rats treated with

physiological solution (control rats) and P13 rats treated with colchicine

Layers

BCI for BDNF protein

Untreated rats
(n = 5)

Control rats
(n = 5)

Colchicine-treated
rats (n = 7)

II±III 0.45 6 0.08 0.38 6 0.03 0.38 6 0.08
IV 0.33 6 0.08 0.33 6 0.07 0.29 6 0.06
V 0.50 6 0.08 0.46 6 0.05 0.42 6 0.05
VI 0.39 6 0.11 0.34 6 0.04 0.36 6 0.09

BCI values are expressed as the mean 6 SD. In each cortical layer considered,
there are no differences (P > 0.05) between P13 untreated rats and P13 rats
treated with colchicine. The difference between control and colchicine-treated
rats is not signi®cant (P > 0.05). These results suggest that colchicine
treatment does not affect the percentage of BDNF protein-stained neurons.

Mismatch between BDNF mRNA and protein expression 713
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with solutions containing colchicine at different concentrations and

seven P11 rats were injected with physiological solutions (0.9%

NaCl) and used as controls. Rats were perfused according to the

methods illustrated earlier 36±48 h following intraventricular injec-

tions, and their brains processed for immunohistochemistry.

Results

Control experiments

The speci®city of the anti-BDNF antibody (C-Rab, Chemicon) used

in this study was veri®ed by Western blot. Figure 1a shows that this

antibody recognizes BDNF but not the other neurotrophins. The

patterns of immunoreactivity obtained by using two different

antibodies were compared. Similar patterns of immunoreactivity

were obtained using the BDNF antibody C-Rab and an af®nity

puri®ed antibody (Amgen), the speci®city of which was previously

characterized (Yan et al., 1997) (Fig. 1b and c). In a second group of

experiments, cortical sections through the primary visual cortex were

incubated with three different concentrations of BDNF antibodies (C-

Rab), 1, 2.5 and 10 mg/mL. Concentrations of 1 mg/mL revealed only

moderately labelled cells (data not shown), while 2.5 mg/mL showed

weakly stained cells in addition (Fig. 1d). Further increase of

antibody concentration (10 mg/mL) gave a pattern similar to that

obtained using a concentration of 2.5 mg/mL. The speci®city of the

antibody was further and ®nally assessed by preadsorbing the

antibody with BDNF and by omitting the secondary antibody

(Fig. 1e and f).

BDNF protein changes during postnatal development

All subsequent experiments were carried out at a concentration of

2.5 mg/mL by using the anti-BDNF C-Rab antibody (Chemicon). At

the cellular level, BDNF labelling appeared to be con®ned mostly to

neurons. The labelling was diffuse and homogenous in the neuronal

perikarya (Fig. 1d). Proximal dendrites of neurons were intensely

labelled (Fig. 1d), especially in a few cells of layer V, where it was

possible to follow the apical dendrites for several tens of micrometres

(Fig. 2).

Cells immunostained with anti-BDNF antibody were present in all

cortical layers and at all postnatal ages considered (Fig. 2). The

intensity of staining in neurons of layers IV and VI of P13 animals

was weaker with respect to the labelling of neurons in the same layers

at later ages. In the neuropil, the intensity of staining at P13 was

weaker than at later postnatal ages. At all postnatal ages,

immunopositive neurons were more numerous in supragranular and

infragranular layers than in layer IV (Fig. 2). Dendritic labelling was

present at all postnatal ages.

Changes in the number of BDNF-labelled neurons occurring

during postnatal development were quanti®ed using an unbiased

random uniform method (Howard & Reed, 1998) and expressed as a

ratio to the number of cresyl violet-stained cells (BCI). We did not

observe a cellular labelling restricted to the most super®cial focal

planes in any of the sections analysed at the various postnatal ages,

thus excluding the possibility that BCI differences could be due to

different penetrability of our antibodies.

In Fig. 1g, there is an example of double-stained cells. BCI was

reported in Fig. 3 for each cortical layer at the three postnatal ages. In

all layers there was a signi®cant increase in the percentage of BDNF-

positive cells, from P13 to P23. This difference was more pronounced

in layers IV and VI. The BCI did not change signi®cantly after P23.

To control for the capacity of used antibodies to detect small

quantities of BDNF, we treated a separate group of animals at P11

with colchicine, which disrupts microtubules, thereby blocking the

transport of BDNF (Hanson & Edstrom, 1978). The aim was to block

the transport of BDNF, so increasing BDNF level in the cytoplasm to

facilitate its detection (Conner & Varon, 1992; Conner et al., 1994).

The concentration of the solution containing colchicine was estab-

lished by performing in vitro experiments. HeLa cells were treated

with different concentrations of colchicine and the effects on the cell

division evaluated. We found that concentrations between 1 and

10 mg/mL were effective in blocking the cellular division. The same

concentrations were used for bilateral injections of colchicine in the

lateral ventricle of rats at P11. We found that concentrations of

colchicine between 5 and 10 mg/mL were lethal and therefore we

used the highest nonlethal concentration (2.5 mg/mL). In Fig. 4, it is

possible to compare the distribution pattern of cells expressing BDNF

FIG. 5. Comparison between BCI for BDNF
mRNA and BDNF protein in rat primary
visual cortex during postnatal development.
Data for BDNF mRNA were taken from
Capsoni et al. (1999a,b) and plotted as scatter
histogram. At P13 (n = 3 for mRNA, n = 6 for
protein), BCI for BDNF mRNA is signi®cantly
higher with respect to BCI for BDNF protein.
This difference is stronger in layer IV. At later
ages, BCIs for BDNF mRNA and protein were
not signi®cantly different with two exceptions:
in layers II±III of P23 animals (n = 3 for
mRNA, n = 6 for protein) there are fewer cells
expressing BDNF protein with respect to cells
expressing BDNF mRNA; and in layer V of
adult rats (n = 3 for mRNA, n = 6 for protein),
BCI for BDNF protein is higher than the
corresponding BCI for BDNF mRNA. Both
differences are statistically signi®cant.
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in colchicine-treated (n = 7) and control animals (n = 5); the only

appreciable difference is that in colchicine-treated animals, the

intensity of labelling at the level of cell body is higher than in

controls. We did not ®nd statistical differences in the percentage of

BDNF-positive cells between colchicine-treated and control animals

(Table 1).

Mismatch of BDNF protein and mRNA in visual cortical
neurons

The percentage of neurons expressing BDNF mRNA at different

postnatal ages and in adulthood has been studied previously by our

group (Capsoni et al., 1999a,b). Those data have been compared with

the corresponding data for BDNF protein. The analysis methods

followed in the present and in previous papers (Capsoni et al.,

1999a,b) were very similar. The data (Fig. 5) show that at P13, before

eye opening, in cortical layers II±III, IV, V and VI, there is a

signi®cant difference between the percentage of neurons stained for

BDNF mRNA with respect to that of neurons stained for BDNF

protein. This difference is larger in layer IV. In this layer, there is a

twofold greater number of neurons stained for BDNF mRNA than

that of BDNF-immunopositive cells. During postnatal development

this difference disappeared; at P23 and P90, the BCIs for mRNA and

protein were similar in all cortical layers with the exception of layer

V. In this layer, at P90, immunopositive neurons were more

numerous than those stained for BDNF mRNA. This discrepancy

could be due to neurons expressing TrkB receptors and able to take

up BDNF from the external environment while not synthesizing it. It

has been reported previously that parvalbumin-immunopositive

FIG. 6. Parvalbumin-positive neurons co-express BDNF protein in adult rat
visual cortex. Cells were double-labelled with a polyclonal antibody for
BDNF and a monoclonal antibody for parvalbumin. Cells stained for BDNF
appear brown while double-stained cells appear blue±brown (arrowhead).
Scale bar, 24 mm.

FIG. 7. Double labelling for BDNF mRNA and protein in rat primary visual cortex during postnatal development and in dark-reared animals. Enlargement of
layers II±III, IV and V at P13, P23 and P90 of normally reared rats and at P39 of dark-reared rats. Cells were double labelled with a biotinylated riboprobe
for BDNF mRNA (blue) and a polyclonal antibody (Chemicon) for BDNF (light brown). Arrows indicate cells stained for BDNF mRNA. Arrowheads
indicate cells stained for BDNF protein. Double-stained cells appear brown±blue. At P13 of normally reared rats and at P39 of dark-reared rats, there are
more cells stained for BDNF mRNA than cells co-expressing protein and mRNA, and cells stained for protein alone. At P23 and P90 of normally reared rats,
most neurons co-express BDNF mRNA and protein. In layer V of P90 rats, there are several cells stained for protein only. Scale bar, 24 mm.
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FIG. 8. Visual experience controls the expression of BDNF protein in the rat primary visual cortex. (a) BDNF-like immunoreactivity in the rat primary visual
cortex of P13, P39 dark-reared rats (P39 DR) and P39 normally reared animals (P39 NR). Scale bar, 260 mm. (b) Quantitative analysis of neurons expressing
BDNF protein in rat primary visual cortex. BCI at P39 is signi®cantly lower in dark-reared rats (n = 6) with respect to normally reared rats of corresponding
age (n = 5). No statistically signi®cant difference is found between the BCI of P39 dark-reared rats and that of P13 normally reared rats.
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neurons in the rat visual cortex contain BDNF. These neurons express

TrkB receptors, but not BDNF mRNA, indicating that they are able to

take up BDNF but not synthesize it (Cellerino et al., 1996). An

example of these cells is reported in Fig. 6. Counts of cells double

labelled for BDNF protein and parvalbumin showed that the

percentage of these cells with respect to the overall population of

cells expressing BDNF protein in the whole visual cortex accounts for

9 and 12% at P23 and P90, respectively (P23, n = 2 animals, n = 10

slices, mean percentage = 0.09, SD = 0.02; P90, n = 2 animals,

n = 10 slices, mean percentage = 0.12, SD = 0.03). Parvalbumin-

immunopositive cells can be responsible for the mismatch observed

in layer V of adult animals. However, we cannot exclude that other

classes of neurons do express only BDNF protein and not mRNA.

To study the co-expression of BDNF mRNA and protein within the

same neurons, we performed double immuno/in situ hybridization. To

check the speci®city of the BDNF riboprobe we performed two types

of experiments. In the ®rst, we used the sense riboprobe and no

labelling was detected (data not shown). In the second group of

experiments, we tested the antisense riboprobe on caudate putamen

neurons, where no BDNF mRNA has been found (Schmidt-Kastner

et al., 1996; Conner et al., 1997). In our experimental conditions,

BDNF mRNA was not expressed in caudate putamen neurons

(Capsoni et al., 1999a). Mismatch between BDNF mRNA and protein

distribution at an early stage of postnatal development is illustrated

for individual neurons in Fig. 7, where we show that neurons are

labelled for protein (light brown staining, arrowheads); other neurons

are labelled for BDNF mRNA only (Fig. 7, blue staining, arrows);

and a third group of neurons contained both BDNF mRNA and

protein (brown±blue staining). At P13, a conspicuous number of

neurons was stained only for BDNF mRNA, while only few cells

were double labelled. At later ages (P23, P90) BDNF protein and its

mRNA were co-expressed in a large number of neurons with a small

group of neurons expressing BDNF protein but not BDNF mRNA.

Thus, before eye opening, there is a conspicuous number of visual

cortical neurons expressing BDNF mRNA but not BDNF protein.

Visual experience controls BDNF expression in the developing
visual cortex

As visual experience in¯uences the general level of BDNF mRNA

and its cellular expression (Capsoni et al., 1999a,b), we predicted that

the absence of light would affect the cellular content of BDNF

protein. Animals were kept in a dark room from birth until P39. At

the cellular level, in dark-reared rats, BDNF labelling was localized

predominantly in the cell bodies, while dendrites were only faintly

stained (Fig. 8). Figure 8b shows that in P39 dark-reared rats (P39

DR), the percentage of BDNF-immunopositive neurons was reduced

throughout the cortex with respect to P39 normally reared rats (P39

NR). In all cortical layers, the BCI of P39 DR rats was not

statistically different from that of P13 normally reared animals

(Fig. 8b). Thus, in dark-reared rats, the number of neurons expressing

BDNF protein was low, similar to that found before eye opening.

FIG. 9. Visual experience differently regulates BDNF mRNA and protein.
BCI values are expressed as the means 6 SD. In layers IV (top panel) and
V (bottom panel), BCI for mRNA is signi®cantly different (P < 0.05)
between P23 dark-reared (DR, n = 6) and P23 normally reared (NR, n = 6)
rats; the difference between P23 DR and P23 Dr exposed to 2 h of light
(DR + light, n = 4) is not signi®cant. In layers IV and V, BCI for protein is
signi®cantly different (P < 0.05) between DR and DR + light rats and
between DR (n = 6) and NR (n = 6) rats. In both layers of DR rats, the
difference between BCI for mRNA and that for protein is signi®cant
(P < 0.05). These results indicate that 2 h light is suf®cient to restore a
normal number of neurons expressing BDNF protein and a good match
between neurons expressing BDNF mRNA and protein.

TABLE 2. BCI for mRNA and protein in dark-reared and normally reared P23

rats

Layers

BCI for BDNF mRNA/protein

P23 dark-reared
(n = 6)

P23 normally reared
(n = 6)

II±III
mRNA 0.89 6 0.01 0.82 6 0.02
Protein 0.39 6 0.04 0.65 6 0.12

IV
mRNA 0.87 6 0.08 0.47 6 0.04
Protein 0.36 6 0.07 0.59 6 0.15

V
mRNA 0.84 6 0.1 0.47 6 0.09
Protein 0.44 6 0.04 0.63 6 0.09

VI
mRNA 0.73 6 0.07 0.69 6 0.05
Protein 0.39 6 0.05 0.66 6 0.11

BCI values are expressed as the mean 6 SD. For mRNA, differences between
dark-reared and normally reared rats are signi®cant (P < 0.05) only in layers
IV and V. For protein differences between dark-reared and normally reared,
rats are signi®cant in all cortical layers. BCIs for protein and mRNA are
signi®cantly different in all cortical layers of dark-reared rats.
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Figure 7 (DR) shows an example of a double in situ hybridization/

immunohistochemistry labelling experiment, showing that in all

layers of P39 dark-reared animals, a conspicuous number of neurons

were labelled for BDNF mRNA but not for BDNF protein.

A distinct group of animals was reared in dark for 10 days between

P13 and P23. We compared the BCI values of P39 and P23 dark-

reared animals; in all cortical layers the relative number of BDNF-

immunopositive neurons was not signi®cantly different between the

two groups of animals, thus indicating that even a short period of

light deprivation was suf®cient to reduce the percentage of BDNF-

positive neurons.

To further prove that light may modulate BDNF protein expres-

sion, rats were reared in darkness from P13 to P23 and then exposed

to a normal light environment for a brief period. Two hours of light

was shown to be suf®cient to restore the normal BCI values in all

cortical layers (Fig. 9). Interestingly, following exposition to light,

BDNF immunolabelling increased in dendrites, while in dark-reared

rats BDNF was localized mainly in the cell bodies (data not shown).

It has been previously reported (Capsoni et al., 1999a) that dark

rearing does not homogeneously affect BDNF mRNA cellular

expression in all cortical layers. Indeed, BCI for mRNA was

signi®cantly higher only in cortical layers IV and V of P23 dark-

reared rats with respect to age-matched controls. In the present paper,

we con®rmed these data (Table 2) and we extended our investigation

to the effects produced by 2 h of illumination in layers IV and V. In

these layers, the BCI for mRNA of dark-reared animals exposed to

light was signi®cantly different from that of normally reared animals

and almost identical to that measured in dark-reared rats. These

results suggest that 2 h of light was not suf®cient to restore the

normal number of BDNF mRNA-expressing cells in dark-reared rats.

Comparing BCI for BDNF mRNA and protein (Fig. 9, Table 2), it

appears that (i) in dark-reared animals there is a higher percentage of

neurons expressing BDNF mRNA with respect to those with a

detectable level of BDNF protein in all cortical layers; and (ii) 2 h of

light was suf®cient to restore a normal percentage of neurons

containing BDNF protein in layers IV and V while recovery of BDNF

mRNA-positive neurons was incomplete.

Our ®ndings indicate that light controls BDNF mRNA and protein

cellular content in the developing visual cortex.

Discussion

Neurotrophins, in particular BDNF, are involved in cortical plasticity

and activity-dependent development of the visual cortex (Thoenen,

1995; Bonhoeffer, 1996; Cellerino & Maffei, 1996; Katz & Shatz,

1996; Hanover et al., 1999; Huang et al., 1999; McAllister et al.,

1999). In the present study, we investigated the cellular content of

BDNF and its mRNA in the rat visual cortex during postnatal

development and in adulthood. We have found that (i) the percentage

of cells with a detectable level of BDNF protein increases during

postnatal development; (ii) deprivation of visual experience abolishes

the developmental increase of BDNF cellular amount; and (iii) at an

early stage of postnatal development, before eye opening, as well as

in dark-reared animals, many cortical neurons contain BDNF mRNA

but not a detectable level of BDNF protein.

In the present paper we have used classical immunohistochemical

techniques and nonisotopic in situ hybridization techniques to detect

BDNF protein and BDNF mRNA, respectively. Concerning in situ

hybridization techniques, we have followed previously described

methods to detect BDNF mRNA in brain tissue sections (Tongiorgi

et al., 1998).

BDNF protein changes during postnatal development are
modulated by light

Much is known about the distribution of BDNF mRNA in the visual

cortex both during postnatal development and in adulthood (Castren

et al., 1992; Bozzi et al., 1995; Schoups et al., 1995; Capsoni et al.,

1999a,b). Several studies analyse the distribution of BDNF protein in

the visual cortex of adult animals (Kawamoto et al., 1996; Conner

et al., 1997; Yan et al., 1997; Furukawa et al., 1998). Studies in the

developing visual cortex are less prevalent (Rossi et al., 1999). In our

study, we investigated the cellular distribution of neurons expressing

BDNF at different postnatal ages. In particular, we provide evidence

that in all cortical layers of primary visual cortex, the percentage of

immunopositive neurons increases in all cortical layers between P13

(i.e. before eye opening) and P23. This increase is particularly

pronounced in layer IV, i.e. the principal target of thalamic ®bres.

With respect to the view that BDNF is involved in activity-

dependent development and plasticity (for a review see McAllister

et al., 1999) in the visual cortex, it is important to know whether

BDNF cellular expression is modulated by light. One group of rats

was reared in darkness from birth to P23; for the second group of rats

the period of dark rearing was shorter (10 days) and started at P13

(i.e. 1 day before eye opening) when rod photoreceptors are

synaptically linked to inner retina (Rohrer et al., 1999). The aim of

using this second protocol was to avoid any possible interference

between a long period of deprivation and the maturation of visual

cortical connections (Mower, 1991). We found similar results by

using the two different protocols of dark rearing; in both cases visual

deprivation decreases the percentage of immunopositive neurons in

all cortical layers.

To further prove that light controls the development of BDNF

cellular expression in the visual cortex we exposed dark-reared rats to

a brief period of illumination (2 h). The aim was to clarify if a brief

period of illumination was suf®cient to accumulate BDNF into the

cells, in this way increasing the percentage of immunopositive

neurons.

The results indicate clearly that in dark-reared rats 2 h of light were

suf®cient to increase the percentage of BDNF-immunopositive cells

in all cortical layers, thereby restoring a situation similar to that

present in normally reared rats. It is unlikely that 2 h of re-exposition

to light could increase the cytoplasmic level of BDNF by changing

the transport of BDNF.

These results indicate that the cellular pattern of BDNF protein

expression in the rat visual cortex changes during postnatal devel-

opment and this change is light-dependent.

Mismatch between BDNF mRNA and protein expression in
the developing visual cortex: role of visual experience

We demonstrated that before eye opening, many neurons contain

BDNF mRNA but not the protein. After eye opening, almost all

neurons containing BDNF mRNA also express BDNF protein.

Comparing the percentage of neurons containing BDNF protein in

each cortical layer with the percentage of neurons expressing BDNF

mRNA (obtained by our group using a BDNF riboprobe, Capsoni et al.,

1999a,b), we showed that before eye opening in all cortical layers,

neurons expressing BDNF mRNA are more numerous than those

containing BDNF protein. Altogether these results suggest that at an

early stage of postnatal development there is a mismatch between

BDNF mRNA and protein distribution within visual cortical neurons.

Possible cautions in interpreting results obtained by counting

labelled neurons may arise from technical considerations. For

example, changes in the proportion of BDNF-containing neurons
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could depend on the differential threshold of the techniques used to

detect BDNF mRNA and protein. For instance, we have shown that at

P13, BDNF mRNA is distributed in almost all neurons. The

possibility that this could represent a diffuse nonspeci®c labelling

is unlikely, as we have proven previously that in the caudate putamen,

a region not expressing BDNF mRNA (Schmidt-kastner et al., 1996;

Conner et al., 1997), BDNF mRNA labelling was absent (Capsoni

et al., 1999a).

With regard to immunohistochemistry, it is possible that at P13

BDNF cellular level is under the detection threshold of antibodies

used in the present study. To test this hypothesis, we tried to force the

accumulation of BDNF within the cell body by blocking its transport

(Hanson & Edstrom, 1978; Conner & Varon, 1992). We found that in

rats treated with colchicine to block neuronal transport, in spite of a

high level of immunolabelling in the cell body, the percentage of

neurons expressing BDNF remained low and was similar to that

reported in untreated rats. Thus, it is unlikely that the low percentage

of BDNF-immunostained neurons could re¯ect a high detection

threshold of used antibodies. An additional possibility is that BDNF

protein might disappear from cell perikarya to be targeted rapidly to

dendrites or axons for release. It has been shown recently that an

increased expression of BDNF protein in neuronal processes of

cultured neurons after KCl depolarization does not necessarily lead to

BDNF disappearance from neuronal soma (Tongiorgi et al., 1997).

A model consistent with the results reported in the present paper is

that at an early stage of postnatal development before eye opening,

almost all neurons express BDNF mRNA, but at low levels (Capsoni

et al., 1999a). This is also in accordance with the results that the

overall level of BDNF mRNA is low, as shown in the whole cortex by

using Northern blot (Bozzi et al., 1995). At this developmental stage,

a conspicuous number of neurons expressing BDNF mRNA does not

produce a detectable level of BDNF protein.

After eye opening, the proportion of neurons expressing BDNF

mRNA decreases in layers IV and V, and simultaneously, the cellular

level of BDNF mRNA increases in the rest of neurons (Capsoni et al.,

1999a). Thus, two processes are triggered by eye opening: (i) an

increase in the cellular level of BDNF mRNA which would account

for the increased overall level in the whole cortex as reported by

several authors (Bozzi et al., 1995; Schoups et al., 1995); (ii) a

reduction of the proportion of cells expressing BDNF mRNA in

layers IV and V.

In temporal coincidence with the increase of BDNF mRNA after

eye opening, BDNF protein also becomes expressed in a higher

number of neurons with respect to an early stage of postnatal

development, suggesting that BDNF protein is produced more

abundantly. However, we cannot eliminate the possibility that part

of the increase of the cellular content of BDNF protein could be due

to uptake and internalization of BDNF. Indeed, we have shown that,

after eye opening, there is a small group of neurons expressing BDNF

protein but not BDNF mRNA. In previous studies, we reported that

neurons expressing parvalbumin in the adult visual cortex are

immunopositive for BDNF and express its receptor trkB, but do not

contain BDNF mRNA (Cellerino et al., 1996; Gorba & Walhe, 1999).

In the present study, we reinforce this idea, showing that in our

experimental conditions parvalbumin-immunopositive neurons also

contain BDNF protein. After eye opening, this population of cells

accounts for about 10% of the overall population of cells expressing

BDNF protein. Although we cannot exclude the possibility that

neurons with non-parva-phenotype may contribute to the population

of BDNF protein-positive neurons, these cells are likely to account

for a large part of the protein mismatch.

The results obtained during postnatal development suggest that

light regulates BDNF cellular expression at both protein and mRNA

levels in the visual cortex. In agreement with this hypothesis, we

reported that in rats deprived of light from birth, there is a high

percentage of neurons expressing BDNF mRNA but not the protein, a

situation which is similar to that present before eye opening.

Concerning BDNF mRNA, we have already reported in a previous

paper (Capsoni et al., 1999a) that dark rearing induces two processes:

(i) a decrease of the overall BDNF mRNA level, as measured in the

whole cortex by Northern blot (our data are in accordance with those

of other laboratories, see Castren et al., 1992; Schoups et al., 1995);

and (ii) blockade of the developmental downregulation of BDNF

mRNA cellular expression in layers IV and V.

Thus, dark rearing, recapitulates a pattern of expression present

before eye opening both at the level of BDNF mRNA and protein

cellular expression.

The results obtained by using double immunohistochemistry/in situ

hybridization indicate that a high number of visual cortical neurons of

dark-reared rats expresses BDNF mRNA but not the protein, thus

reproducing the mismatch observed before eye opening. Re-exposition

of dark-reared rats to a brief period of light (2 h) was suf®cient to

rescue a normal percentage of neurons with a detectable level of BDNF

protein and to re-establish a good match between neurons expressing

BDNF mRNA and neurons immunolabelled for BDNF. The same

period of light was not suf®cient to restore a normal expression of

BDNF mRNA in the visual cortex of dark-reared rats, thus suggesting

that the protein and mRNA are differently regulated by light.

Concerning the mechanisms involved, one possibility is that the

mismatch between BDNF mRNA and protein observed before eye

opening could be due to differences in the turnover of BDNF mRNA

(Castren et al., 1998), in the degradation rate of BDNF protein, or a

combination of the two. For example, in our experimental conditions,

before eye opening and in dark-reared rats, the BDNF protein might

be degraded rapidly, thus leading to a decreased cellular content of

BDNF. For this reason, the number of immunopositive neurons could

be lower at P13 than at P23 and P90.

An intriguing possibility is that visual experience, in addition to

controlling the cellular level of BDNF mRNA, might regulate the

ef®ciency of BDNF mRNA translation (Timmusk et al., 1994) and

therefore the cellular accumulation of protein. Following this idea,

before eye opening and in dark-reared animals, BDNF mRNA is

expressed at a low level and poorly translated into the protein. After

eye opening, visual input regulates the expression of BDNF mRNA

and increases its translation into the protein. It is also possible that

BDNF mRNA and protein synthesis is regulated differently by visual

experience. Indeed, we showed that, in dark-reared rats, 2 h of light is

suf®cient to rescue a normal percentage of neurons containing BDNF

protein, while the process of restoring BDNF mRNA takes longer. It

is noteworthy that regulation of translation ef®ciency by visual

experience has been shown to occur in the visual cortex for Ca
2+

calmodulin-dependent kinase (Wu et al., 1998).

The mRNA probe used in the present study recognizes all the

splicing forms expressed in the visual cortex. In the hippocampus, not

all mRNA splicing forms lead to BDNF synthesis (Metsis et al.,

1993). Thus, it is possible that a differential regulation of the various

splicing forms may account for the mismatch between BDNF mRNA

and its protein. A corollary of this hypothesis is that different splicing

forms might have distinct turnover properties, targeting to subcellular

compartments or translation competence. For example, the turnover

of the large 4.2 kbp mRNA is faster than that of the 1.6 kbp mRNA

(Castren et al., 1998).
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Recent results suggest that activity-dependent protein synthesis can

be mediated by mRNA translation in both somatic and dendritic

compartments (for review see Kiebler & DesGroseillers, 2000).

Activity-dependence of BDNF mRNA and dendritic targeting have

been already proven to occur in isolated hippocampal neurons

(Tongiorgi et al., 1997). An important question is whether in vivo

the dendritic targeting of BNDF mRNA, and possibly BDNF protein,

are also regulated by neuronal activity and, in particular, by visual

input. Concerning BDNF mRNA, in previous papers we have shown

that light does modulate the somatodendritic localization of BDNF

mRNA in the visual cortex (Capsoni et al., 1999a,b). Indeed, in dark-

reared animals, BDNF mRNA disappears from dendrites, remaining

localized in cell perikarya. In the present paper, we observed that in

dendrites of light-deprived animals BDNF immunolabelling was

reduced; interestingly 2 h of exposition to light was suf®cient to re-

induce a normal pattern of dendritic labelling in dark-reared rats.

These results may suggest that the expression of BDNF mRNA and

protein in dendritic processes is modulated by light in vivo. However,

while results on BDNF dendritic labelling obtained in vitro and in vivo

point to similar conclusions, one should consider that different

mechanisms may underlie acute effects induced by increasing the

electrical activity in cultured neurons vs. effects induced by a chronic

deprivation of visual input in vivo.

Conclusions

In the present paper, we showed that at an early stage of postnatal

development before eye opening, in visual cortical neurons there is a

mismatch between the cellular content of BDNF mRNA and BDNF

protein. In particular, a conspicuous number of neurons expresses

BDNF mRNA but not BDNF protein. This mismatch disappears at

late postnatal ages, after eye opening; most cells co-express BDNF

mRNA and protein with small group of neurons expressing only

BDNF protein. Deprivation of visual experience reproduces a

situation similar to that present before eye opening with many

neurons expressing BDNF mRNA but with a low level of BDNF

protein; 2 h of light are suf®cient to rescue a normal match between

BDNF mRNA and protein in visual cortical neurons. We suggest that

light controls the cellular expression of BDNF mRNA and BDNF

protein, in this way in¯uencing BDNF cellular accumulation and,

possibly, BDNF release.
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