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Abstract

TrkC is a receptor for neurotrophin-3 that regulates development of neuronal precursors. Transduction of signals into receptor-
dependent signaling pathways is mainly due to the activation of the intrinsic tyrosine kinase of the TrkC receptor. Alternative
splicing of the trkC transcripts generates catalytic and non-catalytic isoforms. The non-catalytic isoform, denoted as TrkC-NC2,
contains unique sequence, instead of deleted entire kinase domain. Here, we report that neural cell line MB-G, derived from brain of
embryos of transgenic tsA58-SV40 mice, contains mRNA encoding TrkC-NC2 without concomitant expression of mRNA for

catalytic TrkC molecule.
© 2003 Elsevier Inc. All rights reserved.
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The neurotrophins regulate proliferation, differentia-
tion, and apoptosis of neuronal precursors during em-
bryonic development [1]. The neurotrophins act through
Trk receptors that bind specific neurotrophic factor:
TrkA binds nerve growth factor (NGF), TrkB binds
brain-derived neurotrophic factor (BDNF) and NT-4/5,
and TrkC binds neurotrophin-3 (NT-3). Signaling
pathways regulated by TrkC are necessary for survival
of a subset of neurons during development of the pe-
ripheral nervous system, especially those of sensory
neurons involved in proprioception [2]. TrkC-dependent
signaling pathways also play an important role in the
development of some cells outside the nervous system. It
has been shown that mice with targeted deletion of TrkC
exhibit severe cardiac defects, suggesting that TrkC-de-
pendent signaling pathways also regulate development
of the mammalian heart [3]. Finally, expression of TrkC
receptors was found in promyelocytes, myelocytes,

* Abbreviations: GFAP, glial fibrillary acidic protein; MAP2,
microtubule-associated protein 2; NF-L, neurofilament light chain;
NT-3, neurotrophin-3; SV40-Tag, simian virus 40 large T antigen;
TrkC-K, catalytic tyrosine kinase-containing isoforms of TrkC; TrkC-
NC2, non-catalytic isoform 2 of TrkC.
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megacaryocytes, and other cells in human normal bone
marrow, suggesting that TrkC-mediated signaling could
play a role in differentiation of specific hematopoietic
progenitors [4].

The trkC gene encodes a number of differentially
spliced isoforms with distinct capabilities for signal
transduction. Demonstration of diverse functional
properties of TrkC isoforms suggests that alternative
splicing can regulate the activation of signaling path-
ways leading to survival and differentiation of neural
cells [5-9]. Alternative splicing of the trkC transcripts
can generate non-catalytic, truncated TrkC isoforms,
lacking the cytoplasmic tyrosine kinase domain. At least
five cDNAs encoding different non-catalytic TrkC iso-
forms have been described in mammals and chicken
[6-8,10]. The most abundant non-catalytic isoform,
denoted as TrkC-NC2 in mouse [10] and TrkC(ic158) in
rat [7], contains unique sequence, highly conserved
among species, instead of deleted entire kinase domain.
In the adult brain mRNAs encoding TrkC-NC2 were
widely expressed in different structures together with
mRNAs for tyrosine kinase-containing receptor (TrkC-
K) [10]. The physiological role of TrkC-NC2 remains
to be uncovered. It was suggested [10] that truncated
TrkC proteins could inhibit kinase-dependent signaling
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pathways by forming heterodimer with TrkC-K. On the
other hand, it was shown by Hapner et al. [11] that ec-
topically expressed truncated TrkC receptor together
with a p75 neurotrophin receptor promoted neuronal
differentiation of avian neural crest cells following
stimulation with NT-3. This observation suggests that
truncated isoform of TrkC might activate kinase-inde-
pendent signaling pathways in response to NT-3.

Establishment of immortalized neural cell lines [12—
19] has made the opportunity to study the process of
neural differentiation at a molecular level. Here, we re-
port that mouse embryo brain-derived neural cell line
may contain mRNA for TrkC-NC2 without concomi-
tant expression of mRNA for TrkC-K.

Materials and methods

Animals. Transgenic mice tsA58-SV40 (Immortomouse) harboring
transgene encoding temperature-sensitive mutant tsAS58 of SV40 large
T antigen (SV40-Tag) under the control of the y-interferon-inducible
H-2Kb promoter [20] were gifted from Dr. H. von Boehmer, Institut
Necker, Paris, France. Adult animals were anesthetized with Forane
and killed by cervical dislocation according to NIH guidelines.
Embryos were removed and decapitated.

Cell culture. MB-G cell line was derived from mouse brains of three
embryos, at embryonic day 15-16, of tsAS58-SV40 transgenic mice.
Briefly, cells were isolated from brains with the use of syringe needle
and mechanically dissociated. Cells were cultured at 33 °C (permissive
temperature for activity of SV40-Tag) in flasks (Corning Costar,
Corning, NY, USA) coated with poly-L-lysine, in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies, Paisley, Scotland) sup-
plemented with 10% fetal calf serum (FCS, Boehringer—Mannheim,
Germany), 4.5 g/L glucose, 50 U/ml penicillin, 50 pg/ml streptomycin,
and 10% supernatant containing y-interferon. During passages by mild
trypsinization, cells having long processes were eliminated from the cell

Table 1
Primers used for the RT-PCR

culture. Further cells were grown in the medium supplemented with
10% FCS, 10% supernatant containing recombinant y-interferon, and
10% supernatant obtained from concanavalin A-stimulated mouse
splenocytes.

Rat hippocampal progenitor cell line H19-7 (gift from Dr. E. Eves,
Ben May Institute for Cancer Research, The University of Chicago,
USA) was generated from embryonic day 17 hippocampal cells of
Holtzman rat embryos [15]. They were conditionally immortalized by
stable transfection with temperature-sensitive (Ul9tsa mutation)
SV40-Tag. They were grown at 33 °C in flasks coated with 15 pg/ml of
poly-L-lysine (Sigma) in DMEM supplemented with 10% FCS, 4.5 g/L
glucose, 50 U/ml penicillin, 50 pg/ml streptomycin, and 200 pg/ml
G418.

Immunocytochemistry. Cells were fixed in Chamber Slide-8 well
glass slide (Nunc-LabTek) with 4% formalin in phosphate-buffered
saline (PBS) for 30 min at 37 °C, washed with PBS, and incubated for
1 h at room temperature with permeabilization buffer containing 0.15%
Triton X-100 in PBS with 10% of horse serum and subsequently wa-
shed with PBS. Next, cells were incubated for 18 h with monoclonal
anti-BIII tubulin antibody (Promega, Madison, WI, USA) diluted at
1:200 in permeabilization buffer. RNA was removed from preparations
by incubation for 30 min with 1 mg/ml of RNase. After washing with
PBS, cells were incubated for 1 h with 2uM YO-PRO-1 iodide (Mo-
lecular Probes) and Cy3-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch Laboratories) diluted at 1:1000 in permeabilization
buffer. Following labeling, preparations were mounted using the Pro-
Long Antifade Kit (Molecular Probes). Fluorescence imaging was
performed using two-color confocal scanning laser microscopy (Bio-
Rad MRC 1024) and the laser power was attenuated to 3% of maximal
output power. Cell nuclei stained with YO-PRO-1 appeared green
while tubulin BIII antigen stained with Cy3 was red under the 488 nm
excitation.

Reverse transcriptase-polymerase chain reaction. Total RNA was
isolated using Trizol reagent (Invitrogen) from cultures of cells and
from mouse brain. Genomic DNA was removed from preparations of
RNA with the use of DNase I. Aliquots 10pug of the total RNA
samples were used to synthesize first-strand cDNA using 200 U of
SuperScript II (Invitrogen) reverse transcriptase (RT) and 1pg of
oligo(dT)12-18 primers in a 20 ul final reaction volume for 75 min at
41°C. The polymerase chain reaction (PCR) were performed on

Primer Sequence

Product (bp)

HPRT F 5-CCTGCTGGATTACATTAAAGCACTG-3 370
R 5-CCTGAAGTACTCATTATAGTCAAGG-3¥

Tubulin BIII

F 5-CCTTCGATTCCCTGGTCAGCTC-3' 624

R 5¥-TGGGCTTCCGATTCCTCGTC-3¥
MAP2 F 5-AGAACCAATTCGCAGAGCAGGA-3¥ 408
R 5¥-GGCCTGTGACGGATGTTCTTTAGA-3

a-Internexin

F 5¥-GAGCCAGCCGAGAGGAGATC-3 356

R 5-ACTGGGATTGGGCAGTGGAT-3¥

NF-L F 5-TCTTCGGCCGTTCTGCTTAC-3 300
R 5-CTTCCTCCTCACCCTCACCA-3

GFAP F 5-GCTGGAGGCAGAGAACAACCTG-3 378
R 5-TGGCGGCGATAGTCGTTAGC-3'

TrkC-K (1) F-5 GCCTCCCAGCACTTTGTGCA-3 369
R 5-CCAGCACCCCAGCATGACAT-3

TrkC-K (2) F-5 CCACTTCCTGAAGGAGCCCT-3' 492
R 5-CACTCAGCCAGGAAGACCTT-¥

TrkC-K (3) F 5-CCACTTCCTGAAGGAGCCCT-3' 717
R 5-TGGGCCCTGAGGAACTTGTT-¥

TrkC-NC2 F 5-CCACTTCCTGAAGGAGCCCT-3 517

R 5-CCCACTCTGGACCTCAGGTT-3'

Primers for HPRT were drawn from [25]; reverse primer for GFAP was drawn from [26].
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amount of cDNA corresponding to 1/25, 1/250, and 1/2500 parts of
serially diluted volume after reaction with reverse transcriptase. PCR
was performed in a total volume of 20 pl containing cDNA, 0.4 uM
each of 5 and 3’ primers, and 0.5U Tagq polymerase (Sigma). The
sequences of oligonucleotides used as primers are shown in Table 1.
PCRs with HPRT primers were performed to test the amount and
quality of ¢cDNAs. Samples were subjected to 35 cycles (for tested
genes) or 30 cycles (for HPRT) of PCR according to the following
scheme: 94 °C for 45's, 60 °C (for tested genes) or 56 °C (for HPRT) for
455, and 72 °C for 1 min. The absence of contaminating genomic DNA
in the RT-PCR analysis was demonstrated with parallel RT reactions
from the same RNA in which the reverse transcriptase was omitted.
Total brain RNA was used in the RT-PCR as a positive control. The
amplified products were resolved on 2% agarose gels and visualized by
ethidium bromide staining under UV illumination.

Results
MB-G cells express neuron-specific tubulin BIII protein

In a preliminary experiments, using primers comple-
mentary to the sequence encoding extracellular domain
of TrkC, RT-PCRs were performed with cDNAs of cells
isolated from brains of 15- to 16-day-old embryos of
transgenic tsA58-SV40 mice and maintained in different
culture conditions. For more detailed study we have
selected mouse brain-derived neural cells, denoted as
MB-G, which expressed mRNA encoding TrkC recep-
tor. The cells appeared flat, polygonal or elongated in
shape, with short or long processes (Fig. 1). Next, MB-
G cells and H19-7 cells were stained immunocyto-
chemically for tubulin BIII, a neuron-specific marker.
Immortalized rat hippocampal H19-7 cells were used as
reference cell line expressing markers indicative of
commitment to neuronal lineage. Using confocal mi-
croscopy, the expression of tubulin BIII protein was
found in both MB-G and HI19-7 cells, whereas C6
glioma cells that served as negative control remained
unstained with anti-tubulin BIIT antibody (Fig. 2 shows
result for MB-G).

Fig. 1. Phase-contrast photomicrograph of MB-G cells cultured at
33°C.

Fig. 2. Expression of neuron-specific tubulin BIII protein in MB-G
cells. Cells were immunostained for tubulin BIII (red) with monoclonal
anti-BIII tubulin antibody plus Cy3-conjugated donkey anti-mouse
1gG, stained for nuclei (green) with YO-PRO-1 iodide, and analyzed
by confocal microscopy. Specificity of the protein expression was
confirmed by lack of staining of C6 glioma cells with anti-BIII tubulin
antibody (not shown). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
paper.)

MB-G and HI19-7 cells express mRNA encoding neuron-
specific cytoskeletal proteins

RT-PCR assays were performed to determine expres-
sion of genes encoding neuron-specific cytoskeletal pro-
teins. Using specific oligonucleotides complementary to
the analyzed sequences yielded the expected size of am-
plified fragments when PCRs were carried on total RNA
of mouse brain (positive control). We first confirmed the
presence of mRNA encoding tubulin BIII in MB-G and
H19-7 cells (Fig. 3A). Results indicate that both MB-G
and H19-7 cells express the mRNA and the protein of
tubulin BIII, well-known neuron-specific antigenic mar-
ker expressed in the neuronal precursors and their
progeny. Next, we examined expression of genes encod-
ing microtubule-associated protein 2 (MAP2), o-intern-
exin, and neurofilament light chain (NF-L), proteins
appearing later than tubulin BIII during the development
of neurons [21]. Expression of mRNA for MAP2 was
found both in MB-G and H19-7 cells (Fig. 3A). PCRs
with primers complementary to the mRNAs encoding
a-internexin and NF-L yielded faint product of amplifi-
cation of cDNA fragment for o-internexin but not for
NF-L in both MB-G and H19-7 cells (Fig. 3A). On the
other hand, it was found that mRNA encoding the glial
fibrillary acidic protein (GFAP, marker of astrocytes)
was not detected by RT-PCR using total RNA from
different cultures of MB-G cells (Fig. 3B).

Taken together, MB-G as well as H19-7 cells have
mRNAs encoding tubulin BIII and MAP2, neuron-spe-
cific markers appearing in neuronal precursors termed
neuron-restricted precursors [22]. Note that the mRNA
level for MAP2 was repeatedly lower in MB-G cells than
in H19-7 cells. Transcript for NF-L, late appearing mar-
ker of neurons, was absent in MB-G and H19-7 cells.
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A H19-7 brain

tubulin BIII = e
V. —— -

B MB-G H19-7 brain
C H19-7  brain

Fig. 3. RT-PCR assays for mRNAs encoding cytoskeletal proteins and
isoforms of TrkC in MB-G cells and H19-7 cells. The PCRs were
performed on cDNAs serially diluted (1/25, 1/250, and 1/2500). Brain
cDNA was used as positive control of primers. HPRT primers were
used to test the amount and quality of cDNAs. Results are represen-
tative of several experiments using cells from three different refrozen
samples. (A) Neuron-specific markers: tubulin BIII, MAP2, o-intern-
exin, and NF-L. (B) Glial-specific marker GFAP. (C) mRNAs for
catalytic (TrkC-K) and non-catalytic (TrkC-NC2) isoforms of TrkC.

Differential expression of transcripts encoding catalytic
and truncated isoforms of TrkC in MB-G and H19-7 cells

Finally, the MB-G and H19-7 cells were tested by
RT-PCR with the use of four pairs of primers (see
Table 1) for the expression of catalytic (TrkC-K) and
non-catalytic (TrkC-NC2) isoforms. H19-7 cells were
found to express mRNAs encoding both the TrkC-K
and TrkC-NC2 isoforms (Fig. 3C). In contrast, MB-G
cells were shown to express mRNA for TrkC-NC2
without concomitant expression of transcripts encoding
TrkC-K (Fig. 3C).

Discussion

Here we have compared expression of transcripts en-
coding catalytic and non-catalytic isoforms of TrkC re-
ceptor in two cell lines, MB-G and H19-7, derived from
developing brain and immortalized with SV40-Tag. Both
MB-G and HI19-7 cells, when cultured at 33°C (tem-
perature permissive for the activity of SV40-Tag), ex-
press early (tubulin BIII, MAP2) but not late (NF-L)
appearing markers of neurons. It was shown here that
H19-7 cells express transcript for non-catalytic isoform
(TrkC-NC2) together with transcript for catalytic
isoform (TrkC-K) of TrkC receptor. On the other hand,
MB-G cells were found to express mRNA on clearly
detectable level only for TrkC-NC2. Transcript for

TrkCK was absent in MBG cells or it was barely detected
in some RT-PCRs.

TrkC-K was detected in undifferentiated HiB5 mul-
tipotent neural precursor cell line [23]. Moreover, results
of Menn et al. [24] have indicated that whilst TrkC-K
isoforms were expressed both in mitotic and postmitotic
cells, TrkC-NC2 was present only in differentiating
neural stem cell progeny. As major issue we have pre-
sented here results showing that cells with phenotype of
the neuron-restricted precursors may express mRNA
encoding TrkC-NC2 without accompanying expression
of mRNA for TrkC-K.
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