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Rapid Communication



Expression of TrkB Receptors in Developing Visual Cortex is not Regulated by Light Daniela Tropea,1,3 and Luciano Domenici1,2,4 Received October 12, 2001; accepted October 22, 2001 SUMMARY 1. Neurotrophins are very good candidates which relate electrical activity to molecular changes in activity-dependent phenomena. They exert their action through binding to speciﬁc tyrosine-kinase receptors: Trk receptors. It is important to consider Trk distribution in order to understand better the role of neurotrophins in the Central Nervous System (CNS). We focused our attention on brain-derived neurotrophic factor (BDNF) Trk receptors (TrkB) during development of the rat visual cortex, since this neurotrophin has been shown to play an important role in visual system development and plasticity. 2. We investigated the full length form of TrkB receptors considering both its total amount and its cellular distribution. To address this issue we used an antibody that recognizes the full length form of TrkB and we used it both in Western blot and immunohistochemistry. 3. We found that the expression of TrkB receptor increases during development, but that there is no effect on visual experience, since dark-reared animals show the same protein level and pattern of TrkB expression compared to age-matched, normally reared controls. KEY WORDS: neurotrophins; dark rearing; postnatal development; brain-derived neurotrophic factor; tyrosine kinase receptors.



INTRODUCTION Neurotrophins are good candidates for modulating synaptic plasticity and activity-dependent phenomena in the central nervous system (CNS) (Huang et al., 1999; reviewed by McAllister et al., 1999; Poo, 2001). Brain-derived neurotrophic factor (BDNF) is a neurotrophin widely expressed in the CNS, which binds to receptors called TrkB. BDNF mRNA and protein are 1 Scuola
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both developmentally regulated and modulated by visual experience (Bozzi et al., 1995; Capsoni et al., 1999a,b; Castren et al., 1992; Tropea et al., 2001). TrkB receptors exist in two different forms: (1) the full length and (2) the truncated form, which replaces the cytoplasmatic domain with short peptides of unknown function (Klein et al., 1990a,b; Middlemas et al., 1991). Analogous to BDNF, the expression of TrkB changes during development (Cabelli et al., 1996). However, the question of whether TrkB is regulated by light is still unanswered. We studied the development expression of the full length form of TrkB receptors and the effects of visual deprivation in the rat visual cortex. We found that the expression of TrkB increases during postnatal development, but that there is no effect of visual experience, since dark-reared animals show the same endogenous level and cellular pattern of TrkB expression compared to normally reared controls. Thus, light regulates BDNF but not its receptor TrkB in developing visual cortex.



METHODS Immunohistochemistry for TrkB Receptor All experiments were performed in accordance with the European Community Council directive for animal treatment (86/609/EEC). Animals were anaesthetized and perfused as previously described (Tropea et al., 2001). After perfusion brains were removed and cryoprotected in a solution containing 20% sucrose in PBS overnight at 4◦ C. The next day, 30-µm thick coronal sections containing primary visual cortex were cut with a freezing microtome. Immunohistochemistry was performed on normally reared animals at different ages: P13 (n = 4), P23 (n = 4), and P40 (n = 6). A group of animals was reared in the dark from birth to P40 (N = 6); in another group, animals were reared in a normal light–dark cycle until P11 and then were placed in darkness for 12 days (N = 10) until P23 and then were perfused and the immunohistochemistry performed. For each animal, we used an antibody directed against the intracellular portion of the TrkB receptor able to recognize the full-length form of the receptor (sc 794 Santa Cruz Inc., Santa Cruz, CA; 0.5 µg/mL). The full-length TrkB rabbit polyclonal antibody was raised against a peptide corresponding to amino acids 794–808 mapping adjacent to the carboxy terminus of the precursor of TrkB gp 145 of mouse origin. For the detection of TrkB in visual cortical cells the following procedure was used: slices were postﬁxed for 30 min in PFA 4% at R.T. with no shaking, then were treated with 0.5% H2 O2 in PBS for 10 min in order to quench the endogenous residues of biotin; ﬁnally they were washed for 15 min with PBS at R.T. with shaking. For detection of TrkB, slices were preincubated for 1 h in a solution containing 0.3% triton, 10% normal goat serum (Vector, Burlingame, CA), and then incubated overnight at 4◦ C in the same solution containing the antibody (0.5 µg/mL). Then sections were washed for 20 min in PBS at R.T. with shaking, and then incubated with anti-rabbit (7.5 µg/mL, Vector, Burlingame, CA) in PBS/10% NGS for 3 h at R.T. with shaking. After 20 min of washing in PBS, slices were incubated with avidin-biotin complex (1:100 dilution, Vector)
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for 1 h at R.T., and then again washed in PBS for 10 min. To reveal immunoreactivity, we used a solution containing 3-3 diaminobenzidine HCl: a chromatogen, (10 mg in 25-mL Tris–HCl, pH 7.5, Sigma, St Louis, MO) for 20 min at R.T. Western Blot Visual cortex was taken from P13 (N = 10), P23 (N = 10), and P40 (N = 10), and from animals reared in darkness (P23, N = 10). The groups of animals were tested separately. Tissue (1 mg/10 µL) was homogenized in extraction buffer (25 mM Tris–HCl, pH 7.5, 1 mM EDTA, 1 mM Spermidin, 1 mM Phenilmethylsulfonilﬂuoride, 1 mM iodacetamide, 5-µg/mL Aprotinin, 4-µg/mL Soy Bean Trypsin inhibitor, 10-µg/mL Turkey Egg White Inhibitor, 1% Triton X-100). All inhibitors were purchased from Sigma (St Louis, MO). The preparation was incubated for 1 h at 4◦ C vortexing 3 min every 7 min, and then centrifuged for 5 min at 10,000 rpm at 4◦ C in order to separate pellet and supernatant. Cellular extracts taken at different ages of normally reared animals and darkreared animals were resolved on a 12% SDS polyacrylamide gel and transferred to nitrocellulose. Membrane was blocked in 5% nonfat dry milk in Tris-buffered saline (TBS)/0.05% Tween 20 (TBST). Incubation with the primary antibodies in blocking solution was carried out overnight at 4◦ C, at the same concentration as was used in immunohistochemistry (0.5 µg/mL). For controls, the amount of tubulin (anti-Yol 0.04 µg/mL, kindly given by Cesar Milstein) was measured at different ages and also in dark-reared rats. Membrane was washed three times with TBST, incubated with biotinylated secondary antibody (Vector Labs Inc., Burlingame, CA) for 2 h at R.T. After washing, the membrane was incubated with alkaline-phosphatase conjugated ABC kit (Vector Labs Inc., Burlingame, CA) and then washed two times with TBST and once with TBS. Proteins were visualized using p-nitro blue tetrazolium chloride (NBT) (Sigma, St Louis, MO, 0.5 mg/mL) and 5-bromo-4-chloro-3-indoyl phosphate p-toluidine salt (BCIP) (Sigma, St Louis, MO, 0.25 mg/mL) in developing buffer (0.1 M Tris, 0.5 mM MgCl2 , pH 9.5). RESULTS We studied TrkB receptors in rat visual cortex, considering both the cellular expression and protein levels. To address this issue we used an antibody that recognizes the full-length form of TrkB. At ﬁrst we checked the speciﬁcity of the antibody. In Fig. 1(A) it appears that the antibody recognizes a band of 140 KD corresponding to the expected molecular weight of TrkB receptor. At the neuronal level the staining for TrkB was concentrated in the cell perykaria and in dendrites (Fig. 1(B)). The same antibody has previously been used in the visual cortex, showing that different types of neurons express TrkB (Cellerino et al., 1996) and that TrkB mRNA and TrkB protein are coexpressed within the same neurons (Togiorgi et al., 1999). To detect the protein level, a Western blot was performed in homogenates of rat primary visual cortex, taken at different postnatal ages. The data relative to TrkB
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Fig. 1. Western blot and cellular expression of TrkB receptor in the rat visual cortex. (A) Western blot analysis to check the speciﬁcity of anti-TrkB antibody. Only a band of the expected molecular weight has been found in homogenates of rat visual cortex. (B) High magniﬁcation of neurons in rat visual cortex stained for TrkB protein. The immunolabeling is present both in soma and dendrites. Arrow heads show different localizations of TrkB. Scale bar = 15 µm.



postnatal development are reported in Fig. 2. The ﬁgure shows that the level of TrkB increases from P13 to P40. Since TrkB is developmentally regulated, it is essential to know whether visual experience could modulate the level of TrkB receptors in the visual cortex. From Fig. 2 it is evident that deprivation of visual experience does not affect the level of TrkB. No major differences were found between animals kept in the dark until P23 and until P40 (data not shown). We can conclude that, contrary to what is found for BDNF mRNA and BDNF protein (Bozzi et al., 1995; Capsoni et al., 1999a,b; Castren et al., 1992; Tropea et al., 2001), the endogenous level of TrkBs in rat visual cortex does not depend on visual experience. In a second group of experiments the same antibody was used to investigate the cellular pattern of TrkB-receptor expression during postnatal development. From



Fig. 2. Western blot analysis of TrkB receptor during development of rat visual cortex. The ﬁrst lane shows the total amount of TrkB receptor, respectively measured at P12, P23, P40, and in P23 dark-reared animals. Western blot analysis clearly shows that TrkB receptor increases in rat visual cortex from P13 to P40. On the contrary, there is no difference between TrkB levels in P23 normally reared animals compared to P23 dark-reared animals. The last lane shows the amount of control tubulin protein at the different postnatal ages. The amount of control protein does not change at the different ages considered, contrary to what is observed for TrkB protein.
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Fig. 3. Cellular expression of TrkB receptor during development of rat visual cortex and in dark-reared animals. Top: Cellular expression of TrkB receptor in all layers of rat visual cortex at different postnatal ages and in dark-reared animals. At P13, positively labeled cells are mainly concentrated in Layers II–III and V, while later in development the staining spreads throughout the cortical layers. No gross differences can be observed in the cellular expression between dark-reared animals and age-matched controls. Scale bar = 250 µm. Bottom: High magniﬁcation of Layer IV at the corresponding ages. Scale bar = 78 µm.



Fig. 3, it appears that the distribution pattern of TrkB throughout the cortical layers changes from P13 to later ages. Before eye opening, most of the stained cells are localized in Layers II–III and V. After eye opening, at P23, cells positively labeled for TrkB are distributed throughout all cortical layers and this distribution is maintained also in P40 animals. Thus, cellular expression of TrkB receptors changes during postnatal development: before eye opening, the receptor is concentrated in Layers II–III and V while at later ages immunoreactivity spreads throughout all cortical layers. We went on characterizing the effects of dark rearing on TrkB expression. At the cellular level labeling for TrkB was concentrated in the cell perykaria and dendrites without major differences between dark-reared rats and controls. Considering the distribution pattern throughout cortical layers, light deprivation until P23 did not affect the expression of TrkB receptors (Fig. 3). Similar results were obtained by comparing animals reared in dark until P40 with their age-matched controls (data not shown). Thus, dark rearing does not inﬂuence the normal developmental cellular distribution of TrkB receptors.
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DISCUSSION In this study we have examined both the cellular expression and the endogenous level of TrkB receptors in developing visual cortex of the rat. By using an antibody that recognizes the full-length form of TrkB receptors we found that the level increases and the cellular expression changes during postnatal development. Furthermore, TrkB expression is not regulated by visual experience, as shown by using Western blot and immunocytology in animals deprived of light. The pattern of cellular distribution of TrkB receptors changes during postnatal development, in agreement with that found by Cabelli et al. (1996) in ferret visual cortex. In rat, before eye opening, immunostained cells are localized in Layers II–III and V, while later in development they are distributed throughout all cortical layers. Western blot results indicate that TrkB level increases from an early stage of postnatal development, before eye opening, to P40, when the critical period is almost over and the functional characteristics of visual cortical neurons are mature (Fagiolini et al., 1994). Altogether, these results suggest that expression of TrkB is developmentally regulated. The postnatal maturation of the rat visual cortex depends on visual experience (Fagiolini et al., 1994). This, together with the reported result that TrkB receptors undergo developmental changes, suggests the possibility that maturation of TrkB receptors may depend on visual input. To investigate this possibility, we deprived animals of vision by rearing them in darkness. Dark rearing has been shown to be very effective in decreasing BDNF mRNA (Bozzi et al., 1995; Capsoni et al., 1999a,b) and protein and to change their pattern of cellular expression (Tropea et al., 2001). An intriguing ﬁnding in our work is that while BDNF expression is sensitive to visual deprivation, the full-length form of TrkB receptors is not affected by visual deprivation. This is true for both the endogenous level and the cellular expression of TrkB. These results can be explained in different ways. First, TrkB is the high-afﬁnity receptor not only for BDNF, but also for NT-4. Thus, it is possible that NT-4 expression, or the combination of NT-4 and BDNF expression, requires the permanent expression of TrkB. Although this hypothesis cannot be ruled out, a recent study by Minichiello et al. (1998) has shown that the intracellular pathways activated by the two neurotrophins are different. The second possibility is that development of BDNF and its receptors depend on different factors. In accordance with this hypothesis Bozzi et al. (1995) reported that, contrary to what observed for BDNF mRNA, monocular deprivation does not affect TrkB mRNA expression in the rat visual cortex. Thus, it seems that BDNF and its receptor TrkB are regulated by different genetic and epigenetic factors in developing visual cortex. In the visual cortex, it has been reported that visual deprivation induces a decrease in BDNF mRNA levels (Bozzi et al., 1995; Capsoni et al., 1999a,b; Castren et al., 1992; Schoups et al., 1995). Also, BDNF protein decreases in rats deprived of visual experience (Tropea et al., 2001). The cellular pattern of expression changes, and both mRNA and protein disappear from dendrites where they are normally expressed. Thus, visual input controls the synthesis of BDNF and possibly its targeting to dendrites (Right et al., 2000; Tongiorgi et al., 1997; Tropea et al., 2001). In contrast, in the
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visual cortex neither the level nor the cellular pattern of TrkB receptor expression are inﬂuenced by visual deprivation. Together these results support the hypothesis that neuronal activity modulates the local synthesis and possibly the release of BDNF in visual cortical neurones without changing TrkB expression. It might be advantageous for the visual cortex that visual input regulates the local availability of BDNF by acting only on the ligand and not on its receptor. It would be interesting to clarify whether TrkB receptors are distributed along the neuronal membrane in discrete clusters, corresponding to release sites of BDNF, as suggested by results reported in hippocampus (Drake et al., 1999), or homogeneously distributed as reported in cortical cell cultures (Meyer-Franke et al., 1998). REFERENCES Barbacid, M. (1994). The Trk family of neurotrophin receptors. J. Neurobiol. 25:1386–1403. Bozzi, Y., Pizzorusso, T., Cremisi, F., Rossi, F. M., Marsacchi, G., and Maffei, L. (1995). Monocular deprivation decreases the expression of messenger mRNA for brain-derived neurotrophic factor in the rat visual cortex. Neuroscience 69:1133–1144. Cabelli, R. J., Allendoerfer, K. L., Radeke, M. J., Welcher, A. A., Feinstein, S. C., and Shatz, C. J. (1996). Changing patterns of expression and subcellular localization of trkB in the developing visual system. J. Neurosci. 16:7965–7980. Capsoni, S., Tongiorgi, E., Cattaneo, A., and Domenici, L. (1999a). Dark rearing blocks the developmental down-regulation of brain-derived neurotrophic factor messenger RNA expression in layers IV and V of the rat visual cortex. Neuroscience 88:393–403. Capsoni, S., Tongiorgi, E., Cattaneo, A., and Domenici, L. (1999b). Differential regulation of brain-derived neurotrophic factor messenger RNA cellular expression in the adult visual cortex. Neuroscience 3:1033–1040. Castren, E., Zafra, F., Thienen, H., and Lindholm, D. (1992). Light regulates expression of brain-derived neurotrophic factor mRNA in rat visual cortex. Proc. Natl. Acad. Sci. USA 89:9444–9448. Cellerino, A., Maffei, L., and Domenici, L. (1996). The distribution of brain-derived neurotrophic factor and its receptor trkB in parvalbumin-containing neurons of the rat visual cortex. Eur. J. Neurosci. 8: 1190–1197. Drake, C. T., Milner, T. A., and Patterson, S. L. (1999). Ultrastructural localization of full-length trkB immunoreactivity in rat hippocampus suggests multiple rles in modulating activity-dependent synaptic plasticity. J. Neurosci. 19:8008–8026. Fagiolini, M., Pizzorusso, T., Berardi, N., Domenici, L., and Maffei, L. (1994). Functional postnatal development of rat primary visual cortex and the role of visual experience: Dark rearing and monocular deprivation. Vision Res. 34:709–720. Huang, Z. J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M. F., Maffei, L., and Tonegawa, S. (1999). BDNF regulates the maturation of inhibition and the critical periods of plasticity in mouse visual cortex. Cell 98:739–755. Klein, R., Conway, D., Parada, L. F., and Barbacid, M. (1990a). The trkB tyrosine protein kinase gene codes for a second neurogenic receptor that lacks the catalytic kinase domain. Cell 61:647–656. Klein, R., Martin-Zanca, D., Barbacid, M., and Parada, L. F. (1990b). Expression of the tyrosine kinase receptor gene TrkB is conﬁned to the murine embryonic and adult nervous system. Development 109:845–850. McAllister, A. K., Katz, L. C., and Lo, D. C. (1999). Neurotrophins and synaptic plasticity. Annu. Rev. Neurosci. 22:295–318. Meyer-Franke, A., Wilkinson, G. A., Kruttgen, A., Hu, M., Munro, E., Hanson, M. G. Jr., Reichardt, L. F., and Barres, B. A. (1998). Depolarization and cAMP elevation rapidly recruit trkB to the plasma membrane of CNS neurons. Neuron 21:681–693. Middlemas, D. S., Lindberg, R. A., and Hunter, T. (1991). trkB, a neural receptor protein-tyrosine kinase: Evidence for a full-length and two truncated receptors. Mol. Cell. Biol. 11:143–153. Minichiello, L., Casagranda, F., Tatche, R. S., Stucky, C. L., Postigo, A., Lewin, G. R., Davies, A. M., and Klein, R. (1998). Point mutation in trkB causes loss of NT-4 dependentneurons without major effects on diverse BDNF responses. Neuron 21:335–345. Poo, M. M. (2001). Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2:24–32.
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