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Translational Downregulation
of the Noncatalytic Growth Factor

Receptor TrkB.T1 by Ischemic
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Short episodes of ischemia can protect neuronal cells and tissue against a subsequent lethal ischemia by a
phenomenon called ischemic preconditioning. The development of this tolerance depends on protein synthesis
and takes at least 1 day. It therefore seems reasonable that preconditioning leads to upregulation and translation
of protective genes or posttranslational modification of pro- or antiapoptotic proteins. We recently used suppres-
sion subtractive hybridization to identify transcripts upregulated in rat primary neuronal cultures preconditioned
by oxygen glucose deprivation. In this contribution, we describe the previously unknown 7-kb full-length se-
quence of an upregulated expressed sequence tag and show that it constitutes the 3′ end of the large untranslated
region of the noncatalytic “truncated” growth factor receptor TrkB.T1. TrkB.T1 is expressed most prominently
in the adult brain and its mRNA was found to be 2.1-fold upregulated by ischemic preconditioning. At the
protein level, however, TrkB.T1 was clearly downregulated, possibly by increased degradation in preconditioned
cultures. TrKB.T1 can act as a dominant-negative inhibitor of its catalytic counterpart TrkB, which is the receptor
for brain-derived neurotrophic factor (BDNF), a factor induced by ischemia that can protect from ischemia-
induced neuron loss. We hypothesize that the downregulation of TrkB.T1 at the protein level can prolong BDNF-
mediated protective signaling via the catalytic receptor and thus participates in the development of ischemic
preconditioning.

Key words: Ischemic preconditioning; Oxygen-glucose deprivation; SMART cDNA synthesis;
Subtractive suppression hybridization; TrkB.T1

SHORT episodes of ischemia followed by reperfu- 22,38) from oxygen and glucose over a defined pe-
riod. Reperfusion is simulated by subsequent expo-sion protect mammalian cells and tissue against a

subsequent lethal ischemia and reperfusion. This phe- sure to normally oxygenized cell culture medium.
The mediators implicated in IP so far have been iden-nomenon is called ischemic preconditioning (IP) and

was reported first for the heart, where a series of tified by a candidate approach and include adenosine
and the A1-adenosine receptor (31), ATP-sensitiveshort coronary artery occlusions followed by reperfu-

sion protected the myocardium from a subsequent le- K+ channels (19), protein kinase C (18), nitric oxide
(7), mitogen-activated kinase (20), and heat shockthal ischemia (30). Even the brain can be protected

by IP from an otherwise lethal ischemia. This was proteins (27).
As the development of tolerance is dependent onshown in vivo (23,24,27) and in vitro. In vitro, ische-

mia can be mimicked by depriving organotypic brain protein synthesis (3), it seems reasonable to speculate
that preconditioning of neuronal cells leads to upreg-slices (1,16,31) or primary neuronal cultures (8,9,
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ulation and translation of protective genes. Therefore, glutamine. After 4 days in vitro (DIV), medium was
changed to supplemented NeurobasalTM medium with-the transcriptional analysis of preconditioned cells

could lead to the identification of novel neuroprotec- out glutamate.
tive genes. We recently subtracted the mRNA content
of preconditioned and control rat primary neuronal Ischemic Preconditioning and Viability Assay
cultures by subtractive suppression analysis and de-

For ischemic preconditioning, DIV8 rat cortical
posited the sequences of upregulated transcripts online.

cultures were supplemented with 2% fetal calf serum
In this contribution, we show that one expressed

(FCS) and left in the incubator for another 24 h be-
sequence tag with a significant regulation in the used

fore two washes with phosphate-buffered saline
screening procedure corresponds to the 3′ untrans-

(PBS) and subsequent exposure to deoxygenated
lated region of the noncatalytic growth factor recep-

OGD buffer containing NaCl (115 mM), KCl (5.4
tor TrkB.T1. We cloned and sequenced the hitherto

mM), MgSO4 (0.8 mM), CaCl (1.8 mM), HEPES-
unknown full-length transcript and investigated its

NaOH (20 mM), 2-deoxy-D-glucose (20 mM), and
regulation in preconditioned and control cultures at

2% FCS. Cultures were placed in an airtight plastic
mRNA and protein levels.

chamber, flooded with argon (25), and kept at 37°C
for the mentioned time. Control sister cultures were
treated with buffered saline solution (BSS, same buffer

MATERIALS AND METHODS as mentioned above containing 15 mM D-glucose in-
stead of 2-deoxy-D-glucose) and were placed in aFull-Length Cloning of BU198076
CO2 incubator for the corresponding times. After

To elucidate the identity of the sequence tag OGD or BSS, cultures were washed twice with PBS
BU198076 we used the wealth of data available for and the conditioned medium stored during the experi-
human expressed sequence tags. The human ortho- ment reconstituted. For ischemic preconditioning ex-
logue was obtained by blasting BU198076 against the periments, DIV9 cultures treated with 60-min OGD
human EST subset of dbEST. Assembling all avail- or BSS were kept for 24 h in the CO2 incubator and
able overlapping ESTs with SEQMAN (DnaStar, Mad- then subjected to 120-min OGD or BSS. Viability
ison, WI) resulted in an in silico sequence bearing was assessed 24 h after the second OGD by the
high homology to the growth factor receptor TrkB.T1 amount of blue formazan produced by viable cells
at its 5′ end. We designed a forward primer in the from the tetrazolium salt 3-[4,5-dimethylthiazol-2-
TrkB receptor sequence common to all isoforms and yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma),
performed a long-distance PCR using human retinoic which is proportional to the number of cells (29).
acid-induced NT2 cell cDNA as template (26) and Briefly, MTT was diluted in PBS, added to the cul-
the PfuTurbo Hotstart DNA Polymerase system (Strata- ture media in a final concentration of 1 mg/ml, and
gene, La Jolla, CA). Cycle parameters were 95°C for incubated at 37°C. After 2 h cells were lysed for 24
2 min, 57°C for 30 s, and 72°C for 4 min (+ 5 s from h with a buffer containing 50% DMF, 20% SDS,
cycle 10 to 30). The expected 5.2-kb fragment was 2.5% acetic acid, and 2.5% 1 M HCl (pH 4.7). Fi-
excised, purified, digested with EcoRI, ligated into nally, 100 µl medium was removed and the formation
pSK+, sequenced, and submitted to Genbank (Acces- of formazan monitored by reading the optical density
sion AF508964). at 550 nm using a microplate reader.

Preparation of Rat Primary Cortical Cultures Real-Time Quantitative RT-PCR

Ten sister cultures containing approximately 2 ×To investigate the regulation in preconditioned and
control cultures, we prepared cortical neurons from 107 cells from a successful experiment defined as a

significant difference in viability between precondi-whole cerebral cortices of fetal Wistar rats (E16–18)
as described previously (9). After removing the me- tioned and not-preconditioned cultures (p < 0.001)

were used for mRNA and protein preparation withninges the tissue was minced and digested with tryp-
sin (0.005%; 0.002% EDTA; 15 min, 37°C) followed the TRIzolTM reagent 24 h after OGD or BSS treat-

ment. Poly (A)+ RNA was isolated by DynaBead pu-by mechanical dissociation. Cells (2 × 106) were
seeded in 35-mm culture dishes coated with 10 µg/ rification (Dynal Biotech GmbH, Hamburg, Ger-

many) and single-stranded cDNA synthesized usingml poly-L-lysine (Biochrom, Germany) and 10 µg/ml
collagen G (Biochrom) in plating medium consisting the SMARTTM (Switching Mechanism At 5′ end of

RNA Template) PCR cDNA synthesis kit (Clontech,of NeurobasalTM medium with B-27 serum-free sup-
plement (Gibco, Germany), 100 U/ml penicillin, 100 Palo Alto, CA). Virtual Northern blots were per-

formed as described in the SMART PCR cDNA syn-µg/ml streptomycin, 25 µM glutamate, and 2 mM L-
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thesis system (Clontech). Briefly, first-strand cDNA Northern Blotting
synthesis includes incorporation of the SMART II A

For Northern blots, 10 µg of total RNA from DIV9
oligonucleotide at the 5′ end of all cDNA species.

rat primary cortical neurons was separated by de-
This 5′ oligonucleotide functions as primer binding

naturing 1.2% agarose gel electrophoresis and then
site and together with the corresponding site on the

was transferred to a nylon membrane. A rat-specific
3′ oligo(dT) cDNA synthesis primer allows PCR am-

BU198076 probe was generated by linear radioactive
plification of cDNAs if starting material is limited.

PCR as described using 25 ng of a purified colony
The PCR product was separated by gel electrophore-

PCR product as template. Blots were hybridized
sis and transferred to a nylon membrane. Specific

overnight in UltraHyb (AMS Biotechnology GmbH,
probes were generated by radioactive linear PCR us-

Wiesbaden, Germany) solution at 42°C and washed
ing primer np1 for 30 cycles (conditions were: 94°C

twice under high-stringency conditions. Autoradiog-
for 2 min, 68°C for 2 min, and 72°C for 5 min).

raphy was performed using a phosphoimaging system
Unamplified cDNA and the Mouse Multiple Tissue

(Fujix) for various exposure times.
cDNA panel (MTCTM, Clontech) served as template
in real-time PCR performed on a ABI PRISM 7900HT Western Blotting
real-time PCR cycler (Applied Biosystems) using the

Proteins for Western blots were precipitated by theqPCRTM Core Kit for SybrTM Green I (Eurogentec)
addition of three volumes acetone to the TRIzolTM-according to the manual. PCR was done in triplicate
treated cultures used for mRNA preparation and pel-with primers and conditions as given in Table 1.
leted by centrifugation at 5000 × g for 2 min. ThePrimers used with the cDNA panel are based on a
pellet was dispersed by sonication in 100 µl of Tris-mouse sequence tag located downstream of the TrkB
HCl (pH 8.5) and the yield of proteins assessed byopen reading frame (Image clone ID 30622250)
the Micro BCA Protein Assay Reagent Kit (Pierce,showing 88% identity with BU198076 (BLAST p-
Rockford, IL). Thirteen and 20 µg of OGD and BSSvalue 5.1e-157). A standard dilution series of TrkB.T1
proteins were separated on a reducing 10% SDS-vector DNA was supplied as template to calculate
polyacrylamide gel and transferred to Immobilon-Pamplification efficiencies, perform absolute quantifi-
membranes. TrkB.T1 was detected on the blot usingcation, and test for differences in efficiency between
a polyclonal anti-TrkB.T1 antibody in a dilution of96-well plates. All runs were analyzed using the SDS
1:200 (C-13, Santa Cruz Biotechnology, Santa Cruz,2.1 software (Applied Biosystems). Baseline and
CA) and a polyclonal affinity purified β-actin (1:threshold were optimized empirically. PCR effi-
1000, Sigma-Aldrich) antibody. Subsequently, blotsciency was calculated using the slope of the regres-
were washed in TBS-T and incubated for 1 h withsion curve fitted to the standard dilution CT values.
the secondary antibody (anti-rabbit, 1:7000, Promega)Relative regulation x normalized to mean housekeep-
conjugated to alkaline phosphatase. After a seconding gene regulation was calculated using
wash, labeled proteins were detected using the ECL-
reagent (Lumi-Phos WB; Pierce).

x =
E∆CT

TrkB.T1

1

2�E∆CT
gapdh + E∆CTβ-actin�

RESULTS

BU198076 Corresponds to the Noncatalytic Growth
with E amplification efficiency, ∆CT difference of CT Factor Receptor TrkB.T1
values between two different samples. Mean and
standard error were calculated using Prism software We recently subtracted cDNA from preconditioned

and control cultures by subtractive suppression hy-(Graphpad).

TABLE 1
SEQUENCE AND CYCLE PARAMETERS OF OLIGONUCLEOTIDES

Name Forward Primer 5′-3′ Reverse Primer 5′-3′ Tanneal Cycles

GADPH ACCACAGTCCATGCCATCAG TCCACCACCCTGTTGCTGTA 65°C 18–33
β-Actin CGGGACCTGACAGACTACCTCA GGCCATCTCTTGCTCGAAG 61°C 18–24
Rat GGGTCCAAATCCATCTGCTG TTGAAAACCCAGAATATTATA 53°C 20–25
Mouse TCCCAAACCCACACTACACC TCTCCCTCCCAAGAACACTAA 60°C 20–30
LD PCR AAACCGGAATTCCCCTGAAGTCC TGATGGAATTCCGCAAGTACA 57°C 30
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bridization and identified, among other transcripts, cleotides. Blasting the human sequence against rat
genomic sequence resulted in only one significant hitone expressed sequence tag named BU198076. This

clone was significantly regulated in an initial screen- (BLAST p-value 1e-84) on rat chromosome 17 down-
stream of the rat TrkB receptor coding region, prov-ing process consisting of a dot blot and a virtual

Northern blot analysis (not shown). Virtual Northern ing that our strategy was successful. Our in silico se-
quence also corresponded to the size seen in a Northernblots contain amplified cDNA and are supposed to

correlate with results obtained by traditional Northern blot containing RNA from rat primary cultures (Fig.
1, right inset).blotting (10). We were able to assign the sequence

tag to a known gene by a combination of in silico
Tissue Distribution of TrkB.T1and traditional cloning. The wealth of human ESTs

was used to assemble a large virtual transcript start- The tissue distribution of TrkB.T1 has not been
investigated before. We therefore employed a com-ing with the putative human orthologue of BU198076

(Accession #AA779107) identified by cross-species mercial cDNA panel normalized for the expression
of 12 different housekeeping genes to investigate itsBLASTN. The 5′ end of the 7-kb in silico message

was identical with the noncatalytic growth factor re- expression pattern by quantitative PCR. TrkB.T1 was
most prominently expressed in adult brain followedceptor TrkB.T1. As 67% of the 136 human sequences

used for the assembly came from nervous system tis- by lung, skeletal muscle, and late embryonic tissue.
Testis, liver, heart, spleen, kidney, and early embry-sues, we used cDNA from neuronally differentiated

human NT2 cells in a long-distance PCR with a for- onic tissue, in contrast, only gave weak signals (Fig.
2, note the exponential scale). The major postnatalward primer situated in the extracellular domain of

the human TrkB gene common to all isoforms and upregulation in the brain is in concordance with a
previous report, where a sensitive ribonuclease-protec-the reverse primer in the identified EST orthologue.

This yielded a single product of the predicted size tion assay was used to study the developmental regu-
lation of different TrkB isoforms in the rat forebrain(Fig. 1, left inset), which was cloned, sequenced, and

deposited under the Genbank accession number (14), which further proves that BU198076 corre-
sponds to TrkB.T1.AF508964. It encoded a splice isoform of the growth

factor receptor TrkB named TrkB.T1 that lacks tyro-
Regulation of TrkB.T1 by Ischemic Preconditioningsine kinase activity. The large 3′ untranslated region
of Rat Cortical Cultureswas found to be very AT rich. Within this region, we

recognized an element with two ATTTA pentamers Rat primary cortical cultures DIV9 were subjected
to 60-min oxygen glucose deprivation (OGD) or con-and an ATTTTTA extended pentamer within 66 nu-

Figure 1. Clone BU198076 is part of the 3′ untranslated region of the noncatalytic growth factor receptor TrkB.T1 The human orthologue
of BU198076 was identified by BLAST and assembled with all available human expressed sequence tags. The relative position of human
BU198076 (EST), the previously known sequence of TrkB.T1 with its transmembrane domain (TM), and the long-distance PCR primers
are indicated. Inserts show a long-distance PCR product using human NT2 cell cDNA and the above primers separated by agarose gel
electrophoresis and a Northern blot loaded with 10 µg total RNA from DIV9 rat primary cortical cultures hybridized with labeled rat
BU198076. Sizes are indicated. M, marker.
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DISCUSSION

In this contribution, we focused on a previously
identified expressed sequence tag upregulated by is-
chemic preconditioning of rat primary cultures. We
used data from the human genome project to clone
the corresponding full-length gene and show that this
tag is part of the large 3′ untranslated region of the
noncatalytic growth factor receptor TrkB.T1. We
found an AU-rich element in the human and the puta-
tive rat 3′ untranslated region with similarity to the
EGF receptor, where this element regulates mRNA
stability and translation efficiency (2). Recently, the
genomic organization of three TrkB isoforms (35)

Figure 2. TrkB.T1 tissue expression as fold regulation over heart
was reported. The authors used a combination of RT-expression determined by real-time quantitative PCR. Bar graphs

represent mean ± SEM of two experiments done in triplicate. PCR and Northern blot analyses, but did not describe
cDNA is normalized to the expression level of 12 different house- the full-length sequence presented here.
keeping genes.

trol treatment with buffered saline solution. OGD
treatment led to a minimal decrease in cell survival,
but did not evoke changes in cell morphology, as
judged by phase contrast microscopy (not shown).
Sister cultures of those used for cDNA synthesis and
protein preparation were again subjected to 120-min
OGD the next day, which led to a significant increase
in viability only in those treated with OGD. Precondi-
tioned cultures significantly (Student’s t-test, p <
0.001, n = 3 done in quadruplicate) better survived
the second OGD by 32% (Fig. 3A). Unamplified
cDNA prepared from preconditioned and not-precon-
ditioned cultures was used as template in real-time
quantitative PCR; TrkB.T1 was only upregulated 2.1-
fold (SEM = 0.262, n = 3 in triplicates) in cDNA de-
rived from preconditioned cultures, which was in
contrast to a more prominent regulation observed in
the initial virtual Northern blot. This difference was
caused by an inefficiency of the SMART amplifica-
tion reaction for longer cDNA species (not shown),
which has not been noticed previously (10,34).

To validate these results at the protein level, we
used a specific antibody generated against the intra-
cellular part that differentiates TrkB.T1 from other
TrkB variants. The antibody labeled a singular band
of the correct size of 95 kDa in lysates from rat pri- Figure 3. Cell death caused by oxygen glucose deprivation and

protection by ischemic preconditioning. (A) Rat cortical culturesmary cultures subjected to 1 h OGD or BSS. Results
at DIV9 were subjected to 60-min oxygen glucose deprivation (IP)

were reproduced from three independent samples. or buffered saline solution (no IP) and 120-min OGD after 24 h.
Viability was assessed 24 h thereafter by MTT assay. Graphs rep-TrkB.T1 immunoreactivity was more prominent in
resent pooled data of three independent experiments each done inBSS-treated cultures, especially when compared with
quadruplicate. Viability is shown as mean ± SEM. (B) Real-time

the simultaneously stained control β-actin (Fig. 3C). PCR results generated from unamplified cDNAs. Bar graphs repre-
sent mean ± SEM of three experiments done in triplicate. InductionTherefore, TrkB.T1 was downregulated at the protein
was normalized to the expression level of β-actin and GADPH.level in preconditioned cultures probably due to in-
(C) Western blot containing the indicated amount of protein from

creased degradation of the protein in preconditioned preconditioned and control rat primary cultures DIV9 and stained
simultaneously with antibodies directed against β-actin and TrkB.T1.cells or other posttranslational mechanisms.
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It is conceivable that the above-mentioned ele- reduces ischemia-induced neuron loss (5,11,21,33,37).
Also, introduction of TrkB.T1 into neuronal PC12ments allow a posttranscriptional regulation of pro-

tein synthesis, explaining the observed downregula- cells that express the catalytic TrkB isoform inhibits
BDNF signaling (17), and transgenic mice overex-tion at the protein level. However, the apparent

contradictory results from the transcriptional and pressing TrkB.T1 in postnatal neurons show an in-
creased vulnerability to ischemia compared with wild-translational analysis underscore the importance of

validating mRNA results at the protein level. It ap- type littermates (32).
We therefore hypothesize that the downregulationpears that the increased mRNA is counteracted by

posttranslational mechanisms initiated by ischemic of TrkB.T1 at the protein level can increase the
amount of BDNF available to elicit protective signal-preconditioning, as this mechanism seems to be abro-

gated in not-protective paradigms of neuronal injury. ing via the catalytic TrkB receptor and thus partici-
pates in the development of ischemic precondition-TrkB.T1 was found by immunohistochemistry to be

upregulated in astrocytes surrounding the area of an ing. We hope that the identification of the 3′ end will
foster further research into TrkB.T1 regulation by fa-ischemic infarction 12 and 24 h after MCA occlusion

in rats (12). TrkB.T1 is similarly upregulated in mod- cilitating differential gene expression studies.
els of mechanical spinal cord injury (13,36), in the
hippocampus after lesions of the major afferent path-
ways (4), and after neurotoxic injury (6). ACKNOWLEDGMENTS
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