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BACKGROUND AND PURPOSE

Little information exists on the mechanisms that precipitate brain stem death, the legal definition of death in many developed
countries. We investigated the role of tropomyocin receptor kinase B (TrkB) and its downstream signalling pathways in the
rostral ventrolateral medulla (RVLM) during experimental brain stem death.

EXPERIMENTAL APPROACH

An experimental model of brain stem death that employed microinjection of the organophosphate insecticide mevinphos
bilaterally into the RVLM of Sprague-Dawley rats was used, in conjunction with cardiovascular, pharmacological and
biochemical evaluations.

KEY RESULTS

A significant increase in TrkB protein, phosphorylation of TrkB at Tyrs'® (pTrkBY*'¢), Shc at Tyr*'” (pShc"*'”) or ERK at
Thr?°2/Tyr?%4, or Ras activity in RVLM occurred preferentially during the pro-life phase of experimental brain stem death.
Microinjection bilaterally into RVLM of a specific TrkB inhibitor, K252a, antagonized those increases. Pretreatment with
anti-pShc"®'7 antiserum, Src homology 3 binding peptide (Grb2/SOS inhibitor), farnesylthioacetic acid (Ras inhibitor),
manumycin A (Ras inhibitor) or GW5074 (Raf-1 inhibitor) blunted the preferential augmentation of Ras activity or ERK
phosphorylation in RVLM and blocked the up-regulated NOS I/protein kinase G (PKG) signalling, the pro-life cascade that
sustains central cardiovascular regulation during experimental brain stem death.

CONCLUSIONS AND IMPLICATIONS

Activation of TrkB, followed by recruitment of Shc/Grb2/SOS adaptor proteins, leading to activation of Ras/Raf-1/ERK
signalling pathway plays a crucial role in ameliorating central cardiovascular regulatory dysfunction via up-regulation of NOS
I/PKG signalling cascade in the RVLM in brain stem death. These findings provide novel information for developing
therapeutic strategies against this fatal eventuality.
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Abbreviations

aCSF, artificial CSF; BDNF, brain-derived trophic factor; FTA, farnesylthioacetic acid; Grb2, growth factor receptor-
bound protein 2; GW5074, 3-(3,5-dibromo-4-hydroxybenzylidine)-5-iodo-1,3-dihydro-indol-2-one; HR, heart rate; LF
component, low-frequency component; MEK, MAPK kinase; Mev, Mevinphos; MNK, MAPK signal-interacting kinase;
MSAP, mean systemic arterial pressure; NGS, normal goat serum; RVLM, rostral ventrolateral medulla; SAP, systemic
arterial pressure; SOS, Son of Sevenless; SH3b-p, Stc homology 3 binding peptide; TrkB, tropomyocin receptor kinase B;

TrkC, tropomyocin receptor kinase C

Introduction

Whereas brain stem death is the legal definition of death
stipulated in professional or statutory documents from the
UK (Anonymous, 1976; 1979), USA (Anonymous, 1981), EU
(Haupt and Rudolf, 1999) and Taiwan (Hung and Chen,
1995) and is of great clinical importance, a dearth of infor-
mation exists in its mechanistic underpinning. The invariable
prognosis that asystole occurs within hours or days after the
diagnosis of brain stem death (Pallis, 1983) strongly suggests
that permanent impairment of the brain stem circulatory
control precedes death. It follows that better understanding
of the cellular mechanisms that account for the progressive
failure of brain stem cardiovascular regulation during the
advancement towards brain stem death should offer new
leads for the development of a therapeutic strategy against
this fatal eventuality. Previous clinical work from our labora-
tory on critically ill patients (Kuo et al., 1997b; Yien etal.,
1997; Yen et al., 2000) demonstrated that a dramatic reduc-
tion in or loss of the power density of the low-frequency (LF)
component (0.04-0.15 Hz in human) in the power spectrum
of systemic arterial pressure (SAP) signals consistently takes
place before significant hypotension occurs in patients with
confirmed brain stem death. We also showed (Kuo et al.,
1997a) that the origin of this life-and-death signal resides in
the rostral ventrolateral medulla (RVLM), which has been
known for a long time to be responsible for the maintenance
of sympathetic vasomotor tone and stable SAP (Spyer, 1994).
As such, RVLM presents itself as a logical neural substrate for
the mechanistic delineation of brain stem death (Chan et al.,
2005Db). It follows that evaluation of biochemical changes in
the RVLM, whose neuronal activity is reflected in the waxing
and waning of the life-and-death signal, should shed light on
the cellular and molecular mechanisms of brain stem death.

Mevinphos  (3-(dimethoxyphosphinyl-oxyl)-2-butenoic
acid methyl ester; Mev), a US Environmental Protection
Agency Toxicity Category I organophosphate pesticide, acts
directly on the RVLM to elicit cardiovascular toxicity (Yen
et al., 2001). Furthermore, the consecutive phases of augmen-
tation followed by reduction of the LF component of the SAP
spectrum manifested during Mev intoxication, which mirror
those exhibited by patients who succumb to organophos-
phate poisoning (Yen et al., 2000), can be designated the
pro-life and pro-death phase in this animal model of brain
stem death (Chan et al., 2005b). Based on this Mev intoxica-
tion model (Chan et al., 2007a,b), we have found that NO
generated by NOS I in RVLM, followed by activation of the
soluble guanylyl cyclase/cGMP/ PKG cascade, is responsible
for the pro-life phase; peroxynitrite formed by a reaction
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between NOS II-derived NO and superoxide anion underlies
the pro-death phase via progressive induction of apoptotic
cell death in RVLM.

As death represents the end of existence for an individual,
we proposed previously (Chan et al., 2005b) that multiple
pro-life and pro-death programmes must be activated in the
RVLM during the advancement towards brain stem death. In
this regard, the tropomyocin receptor kinase B (TrkB) and its
downstream signalling pathways present themselves as
another reasonable candidate for the pro-life programme.
TrkB activation mediates neuroprotection against focal cere-
bral ischaemia (Krikov et al., 2008) and raises blood pressure
transiently (Xu etal.,, 2010). Likewise, Ras/MAPK kinase
(MEK)/ERK in the RVLM participates in sympatho-excitation
(Kishi etal., 2010). Shc is an important adaptor protein
(Nakamura et al., 1996) that links TrkB to the docking growth
factor receptor-bound protein 2 (Grb2)/Son of Sevenless
(SOS) complex (Egan et al., 1993; You et al., 2010). The Shc/
Grb2/SOS complex determines Ras activity (Li et al., 1995;
Rao, 1996), and the most common upstream regulator of
MEK/ERK is Ras/Raf-1 (Marais and Marshall, 1996; Zebisch
et al., 2007; McCubrey et al., 2008). We very recently found
(Chan et al., 2010) that activation of MEK/ERK/MAPK signal-
interacting kinase (MNK) in the RVLM plays a preferential
pro-life role by sustaining central cardiovascular regulatory
functions during brain stem death via up-regulation of NOS
I/PKG signalling in the RVLM. Interestingly, ERK activation is
induced by an overexpression of TrkB but is depressed by
mutation of the Shc activation domain (Hollis et al., 2009).

In the present study we evaluated the hypothesis that
TrkB in the RVLM, by activating the NOS I/PKG cascade, with
the participation of Shc/Grb2/SOS adaptor protein complex
and Ras/Raf-1 cascade as interposing signals between TrkB
and MEK/ERK, sustains the central cardiovascular regulatory
machinery and has a pro-life role in experimental brain stem
death. Using our Mev intoxication model of brain stem
death, we demonstrated that activation of TrkB, followed by
recruitment of Shc/Grb2/SOS adaptor proteins, which leads
to activation of the Ras/Raf-1/ERK signalling pathway, plays a
crucial role in ameliorating central cardiovascular regulatory
dysfunction via upregulation of NOS I/PKG signalling
cascade in the RVLM.

Methods

All animal care and experimental procedures complied with
the guidelines of the Association for Assessment and Accredi-
tation of Laboratory Animal Care (AAALAC) International



and were approved by the Laboratory Animal Committee of
Chang Gung Memorial Hospital-Kaohsiung Medical Center.

Animals

Adult male Sprague-Dawley rats (280-345 g, n = 252) pur-
chased from the Experimental Animal Center of the National
Science Council, Taiwan, Republic of China were used.
Animals were housed in groups of two to three in individu-
ally ventilated cages, in a temperature-controlled room (22 =
2°C) with 12 h light/12 h dark cycles (lights on at 07:00 h)
and with free access to rat chow and water. All efforts were
made to minimize animal suffering and to reduce the number
of animal used.

General preparation

Preparatory surgery, which included cannulation of a femoral
artery and a femoral vein, together with tracheal intubation,
was carried out under pentobarbital sodium (50 mg-kg™', i.p.)-
induced anaesthesia. SAP signals were recorded from the
femoral artery, and heart rate (HR) was derived instanta-
neously from SAP signals. During the recording session,
which routinely commenced 60 min after the administration
of pentobarbital sodium, anaesthesia was maintained by i.v.
infusion of propofol (Zeneca, Macclesfield, UK) at
20-25 mg-kg'-h™'. We have demonstrated previously (Yang
etal.,, 1995) that this scheme provided satisfactory anaes-
thetic maintenance while preserving the capacity of central
cardiovascular regulation. Thus, stable mean SAP (MSAP;
119.5 = 3.8 mmHg), HR (340.5 = 13.6 beats min') and
power density of LF component (14.1 = 2.5 mmHg? was
achieved across all experimental groups (mean = SEM, n =
252). Body temperature of the animals was maintained at
37°C with a heating pad, and rats were allowed to breathe
spontaneously with room air during the entire recording
session.

Mev intoxication model of brain stem death

Since Mev induces comparable cardiovascular responses
when given systemically or directly to the RVLM, in our
animal model a microinjection of Mev was administered
bilaterally into the RVLM to elicit site-specific effects (Yen
etal.,, 2001). SAP signals were subjected to simultaneous
power spectral analysis using a computer algorithm devel-
oped by our laboratory (Kuo and Chan, 1993). In brief, SAP
signals were digitized at a rate of 2048 Hz, followed by a
bunching (64-point average) algorithm to reduce the sam-
pling rate to 32 Hz. The SAP data to be analysed were then
truncated into successive 32 s (1024 points) time segments
with 50% overlapping. For each time segment, our algorithm
estimated the power density of the spectral components
based on fast Fourier transform. The resultant two-
dimensional spectrogramme and values of each spectral com-
ponent were recorded either graphically or numerically. By
repeating the procedures continuously, we were able to
examine the spectral changes of SAP signals over time in an
on-line and real-time manner. We were particularly interested
in the LF (0.25-0.8 Hz) component of the SAP spectrum
because it is the best experimental index for mechanistic
evaluation of central cardiovascular regulatory dysfunction
during brain stem death. There are three reasons for this.

TrkB and central cardiovascular regulation

Firstly, the power density of the LF component represents the
most crucial link between our animal model and clinical
observations, and is a more sensitive prognostic index than
SAP for brain stem death (Chan et al., 2005b). A dramatic
reduction or loss of the LF power is associated with brain stem
death (Kuo etal.,, 1997b), which consistently takes place
before significant hypotension occurs in patients who
succumb to organophosphate poisoning (Yen et al., 2000).
However, whereas a patient proclaimed brain stem dead (legal
death) invariably exhibits asystole (clinical death), this even-
tuality may occur within hours or days and there is no fixed
time-interval between these two events. As such, the sequen-
tial increase and decrease in LF power exhibited in our Mev
intoxication model can only be used to reflect lower (pro-life)
or higher (pro-death) probability of exhibiting brain stem
death and cannot be related to clinical death. Secondly, the
LF component of the SAP spectrum originates from the RVLM
(Kuo et al., 1997a). Thirdly, the power density of the LF com-
ponent mirrors the prevalence of baroreflex-mediated sym-
pathetic neurogenic vasomotor discharges that emanate from
the RVLM (Li etal., 2001) and is, therefore, a reasonable
indicator of brain stem cardiovascular regulation. Temporal
changes in pulsatile SAP, MSAP, HR and power density of the
LF component were routinely followed for 180 min after the
administration of Mev, in an on-line and real-time manner
(Yen et al., 2001; Chang et al., 2009a).

Microinjection of test agents

Microinjection bilaterally of test agents into the RVLM, each
at a volume of 50 nL, was carried out stereotaxically and
sequentially (Chan et al., 2007a,b) via a glass micropipette
connected to a 0.5 uL Hamilton (Reno, NV) microsyringe.
The co-ordinates used were: 4.5-5 mm posterior to lambda,
1.8-2.1 mm lateral to midline and 8.1-8.4 mm below the
dorsal surface of cerebellum. Test agents used included Mev
(kindly provided by Huikwang Corporation, Tainan, Taiwan;
10 nmol); a TrkB inhibitor (Levine et al., 1995; Katsuki et al.,
2009), K252a (Calbiochem, San Diego, CA; 1 pmol); a deple-
tor of endogenous TrkB ligands (Sahenk et al., 2010), mouse
recombinant TrkB-Fc fusion protein (R&D Systems, Minne-
apolis, MN; 5 nmol); a specific inhibitor of Grb2/SOS inter-
action (Su et al., 1996; Upadhyay et al., 2004), Src homology
3 binding peptide (SH3b-p; Calbiochem; 25 fmol); two spe-
cific inhibitors of Ras activity (Amos et al., 2006; Park et al.,
2006; 40 pmol), farnesylthioacetic acid (FTA; Enzo Life Sci-
ences, Farmingdale, NY; 40 pmol) or manumycin A (Sigma-
Aldrich, Saint Louis, MO; 40 pmol); a specific inhibitor of
c-Rafl activity (Hughes and Brown, 2006; Park et al., 2006),
GWS5074 (Sigma-Aldrich; 40 pmol); goat polyclonal antise-
rum (Santa Cruz Biotechnology, Santa Cruz, CA) against
phosphorylated Shc at tyrosine 239/240 (pShc¥#*/24%; 1:20) or
317 (pShc™; 1:20) (Ishihara et al., 1998) site or normal goat
serum (NGS, Sigma-Aldrich). All test agents were dissolved in
artificial CSF (aCSF), with the exception of K252a, FTA, manu-
mycin A and GWS5074, which was prepared with 0.2%
DMSO. As in previous studies (Chan etal., 2007a,b), we
added 0.02% Triton X-100 (Sigma-Aldrich) to anti-pShc¥¥/24
or anti-pShc**"” antiserum or NGS to facilitate its transport
across the cell membrane of RVLM neurons. All test agents
used for pretreatments were given 30 min before the admin-
istration of Mev. The doses used were adopted from previous
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reports (Upadhyay et al., 2004; Amos et al., 2006; Hughes and
Brown, 2006; Park et al., 2006; Katsuki et al., 2009) that used
those test agents for the same purpose as in this study and
were found to effectively inhibit Mev-induced cardiovascular
responses in preliminary experiments. Application of the
same amount of aCSE, 0.2% DMSO or NGS served as the
vehicle control to account for possible volume effects of
the microinjection. The composition of aCSF was (mM): NaCl
117, NaHCO; 25, glucose 11, KCl 4.7, CaCl, 2.5, MgCl, 1.2
and NaH,PO, 1.2. To avoid the confounding effects of drug
interactions, each animal received only one pharmacological
treatment.

Collection of tissue samples from
ventrolateral medulla

We routinely collected tissue samples for subsequent bio-
chemical evaluations (Chan etal.,, 2007a,b) during the
peak of phase I or II (Mev group), or 30 or 180 min after
microinjection of aCSEF, 0.2% DMSO or NGS into RVLM
(vehicle control group). Animals were killed with an overdose
of pentobarbital sodium and tissues from both sides of the
ventrolateral medulla, at the level of RVLM (0.5-1.5 mm
rostral to the obex), were collected by micropunches made
with a 1 mm (i.d.) stainless steel bore to cover the anatomical
boundaries of the RVLM, with a diameter of 625-650 pm
(Supporting Figure S1). Medullary tissues collected from
anaesthetized animals that had not received pharmacological
treatments served as the sham controls. The total concentra-
tion of proteins extracted from those tissue samples was
determined by the BCA protein assay (Pierce, Rockford, IL).

ELISA

Commercial kits for ELISA were used (Chan et al., 2010; Dai
et al., 2010) to detect Ras activity (Millipore, Billerica, MA),
PKG activity (CycLex, Nagano, Japan), or to determine the
levels of total Trk protein (Cell Signaling, Danvers, MA), TrkB
protein (Cell Signaling), phosphorylated TrkB at Tyr'
(pTrkBY*'%) (Cell Signaling), ERK1/2 (Cell Signaling), phospho-
rylated ERK1/2 at Thr?*?/Tyr?** (Cell Signaling), NOS I (Cell
Signaling), NOS II (Cell Signaling) or 3-nitrotyrosine (Cell
Biolabs, San Diego, CA) in cell lysate from RVLM. The final
absorbance of reaction solution was determined by spectro-
photometry using an ELISA microtiter plate reader (Anthros
Labtec, Salzburg, Austria) and expressed as fold changes
against sham-controls, except 3-nitrotyrosine.

Western blot analysis

Western blot analysis, including gel electrophoresis and
transfer to or blotting on PVDF membrane (Millipore) was
carried out (Chan et al., 2007a,b; Chang et al., 2009a) using
primary antisera that included a rabbit polyclonal antiserum
against TrkC (Santa Cruz Biotechnology); a goat polyclonal
antiserum against phosphorylated Shc at Tyr** or Tyr*
(pShcY?*7%4%) (Santa Cruz Biotechnology) or phosphorylated
Shc at Tyr*" (pShc*®V) (Santa Cruz Biotechnology), or a
mouse monoclonal antiserum against B-actin (Chemicon,
Temecula, CA). This was followed by incubation with horse-
radish peroxidase-conjugated donkey anti-rabbit IgG (Amer-
sham Biosciences, Little Chalfont, Bucks, UK) for TrkC, rabbit
anti-goat IgG (Amersham Biosciences) for pShc'®9240 or
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pShc*®Y, or sheep anti-mouse IgG (Amersham Biosciences) for
B-actin. As a routine, 20-30 ug of protein per sample was
loaded, and each antiserum was applied to a fresh blot. Spe-
cific antibody-antigen complex was detected by an enhanced
chemiluminescence Western blot detection system (NEN,
Boston, MA). The amount of protein product was quantified
by the ImageMaster Video Documentation System (Amer-
sham Pharmacia Biotech) and was expressed as the ratio to
B-actin protein.

Histology

In some animals that were not used for biochemical analysis,
the brain stem was removed at the end of the physiological
experiment and fixed in 10% formaldehyde-saline solution,
that contained 30% sucrose, for at least 72 h. Frozen 25 um
sections of the medulla oblongata mounted in glycerin were
used for histological verification of the microinjection sites.

Statistical analysis

All values are expressed as mean = SEM. The averaged value
of MSAP or HR calculated every 20 min after administration
of test agents or vehicle, the sum total of power density for
the LF component in the SAP spectrum over 20 min or the
activity or protein expression level in RVLM during each
phase of experimental brain stem death, was used for statis-
tical analysis. One-way or two-way ANOVA with repeated mea-
sures was used, as appropriate, to assess group means. This
was followed by the Scheffé’s multiple-range test for post hoc
assessment of individual means. P < 0.05 was considered to be
statistically significant.

Results

Biphasic cardiovascular responses in Mev
intoxication model of brain stem death
Microinjection bilaterally of Mev (10 nmol) into the RVLM of
animals pretreated with vehicle elicited progressive hypoten-
sion (Figure 1) that became significant 120 min after applica-
tion, accompanied by insignificant alterations in HR.
Concurrent changes in power density of the LF component of
SAP signals revealed two distinct phases (Yen etfal., 2001;
Chan et al., 2005a; Chang et al., 2009a). The pro-life phase I
entailed a significantly augmented LF power (Figure 1) that
endured for 100 min to reflect sustained central cardiovascu-
lar regulatory functions. The pro-death phase II, which lasted
the remainder of our 180-min observation period, exhibited
further and significant reduction (Figure 1) in LF power to
below baseline to reflect failure of the central cardiovascular
regulatory machinery that precedes brain stem death (Chan
et al., 2005b).

Activation of TrkB in the RVLM ameliorates
cardiovascular regulatory dysfunction during
experimental brain stem death

In our first series of experiments (n = 24 rats), we determined
whether a causal relationship exists between activation of
TrkB in RVLM and central cardiovascular regulation
during experimental brain stem death. Pretreatment by
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multiple-range test.

microinjection bilaterally into the RVLM of a cell-permeable
and reversible inhibitor of TrkB, K252a (1 pmol), which pre-
vents TrkB activation (Levine et al., 1995; Katsuki et al., 2009),
accelerated the occurrence of significant hypotension and
partially reduced the increase in power density of LF compo-
nent of SAP signals during phase I Mev intoxication
(Figure 1), without affecting HR. On the other hand, the
hypotension and reduced LF power exhibited during phase II
were not significantly affected. Pretreatment with a lower
dose of K252a (0.1 pmol; data not shown) or the vehicle was
ineffective, as was K252a (1 pmol) in aCSF-pretreated
animals. To ascertain the specific involvement of TrkB in the
RVLM in ameliorating cardiovascular regulatory dysfunction
during experimental brain stem death, we carried out an

additional series of experiment (n = 20 rats) using a recombi-
nant mouse TrkB-Fc fusion protein, which sequesters endog-
enously released TrkB ligands and blocks TrkB receptors
(Schneider and Schweiger, 1991; Huang and Reichardt, 2003).
Microinjection of TrkB-Fc fusion protein (5 nmol) bilaterally
into the RVLM essentially duplicated the results obtained
with K252a (Figure 1). Thus, pretreatment with K252a
(1 pmol) was employed in subsequent experiments to reduce
the number of animals used.

Preferential activation of TrkB in the RVLM
during the pro-life phase

We next established the fundamental premise that TrkB in
the RVLM is activated preferentially during the pro-life phase
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of experimental brain stem death (1 = 26 rats). Quantification
by ELISA revealed a significant increase in total Trk protein,
TrkB protein and phosphorylated TrkB at Tyr*'® in the RVLM
during phase I Mev intoxication (Figure 2A). However, the
level of these three determinants during phase II was
comparable with the vehicle group. Pretreatment with a
microinjection of K252a (1 pmol) into the bilateral RVLM
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Figure 2

(A) Changes in total Trk, TrkB or phosphorylated TrkB at the Tyr®' site
(pTrkB¥*'6) determined by ELSA and (B) illustrative gels and a
summary of changes in protein expression of TrkC determined by
Western blot analysis from the ventrolateral medulla obtained during
phases | or Il after rats had been administered, by microinjection
bilaterally into the RVLM, Mev (10 nmol), given alone or after pre-
treatment with K252a (1 pmol). In this and subsequent figures, fold
changes are determined with reference to the sham control. Values
are mean = SEM of triplicate analyses on samples from four to six
animals in each group. *P < 0.05 versus vehicle group and #P < 0.05
versus Mev group in the Scheffé’s multiple-range analysis. Note
numbers on top of the gels correspond to columns in the data
summary.
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<

significantly blunted the Mev-induced elevation in total Trk,
TrkB or pTrkB**'¢ (Figure 2A). On the other hand, the level of
TrkC in the RVLM remained unchanged during both phases
of Mev intoxication and was not significantly affected by
K252a pretreatment (Figure 2B).

Preferential activation of Shc by TrkB in the
RVLM during the pro-life phase

Our third series (n = 26 rats) of experiments assessed the
engagement of Shc, an important adaptor protein that links
TrkB activation to its downstream signalling cascades (Naka-
mura et al., 1996; You et al., 2010). Microinjection bilaterally
of Mev (10 nmol) into the RVLM augmented significantly the
phosphorylation of Shc at Tyr*' site during phase I, but not
at the Tyr?2%° site (Figure 3). More importantly, pretreatment
with K252a (1 pmol) antagonized the preferential phospho-
rylation of pShc**" (Figure 3). However, the level of phospho-
rylation of Shc at all three sites in the RVLM during phase II
was comparable with the vehicle group, and was not signifi-
cantly affected by K252a pretreatment (Figure 3).

Preferential activation of Ras/ERK by TrkB in
the RVLM during the pro-life phase

Figure 4 (n = 25 rats) shows that the preferential increase in
Ras activity or ERK phosphorylation in the RVLM during
phase I Mev intoxication was significantly blunted by pre-
treatment with K252a (1 pmol). Both Ras activity and pERK
level returned to baseline during phase II and were not
affected by K252a pretreatment (Figure 4). Similarly, K252a
did not affect the essentially unaltered ERK levels in the
RVLM during both phases of Mev intoxication (Figure 4).

Preferential activation of NOS I/PKG by TrkB
in the RVLM during the pro-life phase

We demonstrated previously (Chan et al., 2005a; Chang et al.,
2009a) that up-regulation of the NOS I/PKG signalling
pathway, but not the NOS II/peroxynitrite cascade, plays a
crucial role in sustaining central cardiovascular regulation
during the pro-life phase of experimental brain stem death.
Our fifth series (n = 27 rats) of experiments investigated
whether the NOS I/PKG pathway in the RVLM is activated by
TrkB. Pretreatment with K252a significantly antagonized the
preferentially augmented NOS I and PKG protein expression
in the RVLM during phase I Mev intoxication (Figure 5). On
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lllustrative gels and a summary of fold changes in protein expression
of phosphorylated Shc at the Tyr?3%/240 (pShc'23%/240) and Tyr3' sites
(pShc'®'7) determined by Western blot analysis from the ventrolateral
medulla obtained during phases | or Il after rats had received a
microinjection, bilaterally into the RVLM, of Mev (10 nmol), given
alone or in addition to pretreatment with K252a (1 pmol). Values are
mean * SEM of triplicate analyses on samples from four to six
animals in each group. *P < 0.05 versus vehicle group and #P < 0.05
versus Mev group in the Scheffé’s multiple-range analysis. Note
numbers on top of the gels correspond to columns in the data
summary.

the other hand, the progressive up-regulation of NOS II and
nitrotyrosine, an experimental index of peroxynitrite, in the
RVLM during both phases was minimally affected (Figure 5).

Shc mediates Ras/Raf-1/ERK activation by
acting on Grb2/SOS

Phosphorylation of Shc at the Tyr®" site on TrkB activation is
crucial to the recruitment and binding of the Grb2/SOS
complex to TrkB, and for subsequent activation of the Ras/
Raf-1/ERK signalling pathway (Ishihara et al., 1998; Patrussi
et al., 2005). In our sixth series (n = 31 rats) of experiments we
determined the causal relationship between Shc/Grb2/SOS
signalling and Ras/Raf-1/ERK activation in the RVLM during
Mev intoxication. The preferential augmentation of Ras activ-
ity (Figure 6) or ERK phosphorylation (Figure 7) in the RVLM
during phase I was significantly antagonized by pretreatment,
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Figure 4

Fold changes in the activity of Ras and the protein expressions of ERK
and phosphorylated ERK at the Thr?%?/Tyr?** site (pERK) determined
by ELISA from the ventrolateral medulla obtained during phases | or Il
after rats had received a microinjection, bilaterally into the RVLM, of
Mev (10 nmol), given alone or in addition to pretreatment with
K252a (1 pmol). Values are mean = SEM of triplicate analyses on
samples from four to six animals in each group. *P < 0.05 versus
vehicle group and #P < 0.05 versus Mev group in the Scheffé’s
multiple-range analysis.

by microinjection into the bilateral RVLM, with an anti-
pShc*” antiserum (1:20) that binds specifically to this phos-
phorylation site to prevent its activation. A similar
antagonism was elicited by SH3b-p (25 fmol), which blocks
the Grb2/SOS interaction and prevents Ras activation because
of its strong affinity for the N-terminal SH3 domain of Grb2
(Su et al., 1996; Upadhyay et al., 2004); or FTA (40 pmol) or
manumycin A (40 pmol), which inhibits Ras activation
(Amos etal., 2006; Park etal.,, 2006). Pretreatment with
GWS5074 (40 pmol), which blocks kinase activity of Raf-1
(Hughes and Brown, 2006; Park et al., 2006), inhibited Mev-
induced up-regulation of phosphorylated ERK (Figure 7), but
not Ras activity (Figure 6). On the other hand, immunoneu-
tralization of pShc'®”#° in RVLM was ineffective against
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Figure 5

Summary of fold changes in protein expression of NOS I, NOS Il or
nitrotyrosine (NT; marker for peroxynitrite) or activity of PKG deter-
mined by ELISA from the ventrolateral medulla obtained during
phases | or Il after rats had received a microinjection, bilaterally into
the RVLM of Mev (10 nmol), given alone or in addition to pretreat-
ment with K252a (1 pmol). Note that NT is presented as % relative
to absorbance detected from vehicle control group. Values are
mean * SEM of triplicate analyses on samples from four to six
animals in each group. *P < 0.05 versus aCSF group and #P < 0.05
versus Mev group in the Scheffé’s multiple-range analysis. ND, below
detection limit.

Mev-induced Ras (Figure 6) or ERK (Figure 7) activation
during phase I. Likewise, none of the pretreatments exerted
significant effects on the essentially unaltered Ras activity
(Figure 6) or ERK phosphorylation (Figure 7) in the RVLM
during phase II Mev intoxication. Similar observations were
obtained from the minimally affected ERK protein expression

(Figure 7).
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Fold changes in activity of Ras determined by ELISA from the ventro-
lateral medulla obtained during phases | or Il after rats had received
a microinjection, bilaterally into RVLM, of Mev (10 nmol), given
alone or in addition to pretreatment with immunoneutralization of
phosphorylated Shc (pShc'?3%/24% Ab; 1:20 or pShc"*'” Ab; 1:20) or
pharmacological blockade of Grb2/SOS (SH3b-p; 25 fmol), Ras (FTA;
40 pmol or manumycin A; 40 pmol) or Raf-1 (GW5074; 40 pmol).
Since comparable results were obtained from pretreatments with
aCSF, 0.2% DMSO or normal goat serum, only one set of data is
presented (Vehicle) in this and Figures 7-9 for clarity. Values are
mean * SEM of triplicate analyses on samples from four to six
animals in each group. *P < 0.05 versus vehicle group and #P < 0.05
versus Mev group in the Scheffé’s multiple-range analysis.

Activation of Shc and Raf-1 underlies the
preferential augmentation of NOS 1/PKG in
RVLM during the pro-life phase

We next evaluated whether activation by the Shc/Grb2/SOS
complex and Ras/Raf-1 cascade in the RVLM leads to the
up-regulated NOS I/PKG signalling seen during the pro-life
phase of experimental brain stem death (n = 31 rats). Pretreat-
ment with SH3b-p (25 pmol) or GW5074 (40 pmol) signifi-
cantly blunted the preferentially augmented NOS I or PKG
protein expression in RVLM during phase I (Figure 8).
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However, those pretreatments exerted minimal influence on
the progressive increase in NOS II or nitrotyrosine levels
during both phases of Mev intoxication, or on the insignifi-
cant changes in the expression of NOS I and PKG during
phase II.

Activation of Shc/Grb2/SOS, Ras/Raf-1 in the
RVLM also ameliorates cardiovascular
regulatory dysfunction during

Mev intoxication

In our final series (n = 42 rats) of experiments we further
established a causal relationship between Shc/Grb2/SOS or
Ras/Raf-1 signalling in the RVLM and central cardiovascular
regulation during experimental brain stem death. In animals
pretreated with anti-pShc™" (1:20) antiserum, SH3b-p
(25 pmol), FTA (40 pmol), manumycin A (40 pmol) or
GW35074 (40 pmol), the Mev-induced hypotension during
phase I was significantly potentiated, and the increase in
power density of the LF component of SAP signals was signifi-
cantly blunted (Figure9). In contrast, pretreatment with
vehicle or anti-pShc**724° antiserum (1:20) affected minimally
the Mev-induced cardiovascular responses during both phases
(Figure 9). Similarly, pretreatment with a lower dose of anti-
pShc*?' antiserum (1:50), SH3b-p (2.5 pmol), manumycin A

(4 pmol), FTA (4 pmol) or GW5074 (4 pmol) was ineffective
(data not shown).

Discussion and conclusions

Based on a Mev intoxication model (Chan et al., 2005b), in
conjunction with pharmacological blockade or immunoneu-
tralization, the present study provided the first demonstra-
tion that activation of TrkB, followed by Shc phosphorylation
and formation of the Grb2/SOS complex in the RVLM ame-
liorates central cardiovascular regulatory dysfunction during
experimental brain stem death. We further showed that the
latter effect is mediated by the Ras/Raf-1/ERK signalling
pathway, which preferentially engages the pro-life NOS I/PKG
cascade in the RVLM (Figure 10).

Our findings revealed that preferential activation of TrkB
in the RVLM sustains central cardiovascular regulation during
the pro-life phase of experimental brain stem death. Because
TrkB is the cognate receptor for brain-derived neurotrophic
factor (BDNF) (Liang et al., 1998; Liu et al., 2007), our results
imply that in addition to its classical neurotrophic effects
(Frost, 2001; Tang et al., 2008), BDNF in the RVLM plays a
pro-life role during experimental brain stem death. The exac-
erbation of hypotension and antagonism of the increase in
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Figure 8

Summary of fold changes in protein expression of NOS I, NOS Il and
NT, and the activity of PKG determined by ELISA from the ventrolat-
eral medulla obtained during phases | or Il after rats had received a
microinjection, bilaterally into the RVLM, of Mev (10 nmol), given
alone or in addition to pretreatment with a pharmacological blocker
of Grb2/SOS (SH3b-p; 25 fmol) or Raf-1 (GW5074; 40 pmol). Note
that NT is presented as % relative to absorbance detected from
vehicle control group. Values are mean + SEM of triplicate analyses
on samples from four to six animals in each group. *P < 0.05 versus
vehicle group and #P < 0.05 versus Mev group in the Scheffé’s
multiple-range analysis.

power density of LF component of SAP signals or the elevated
levels of total Trk, TrkB or pTrkB¥*'¢ in the RVLM during the
pro-life phase induced by K252a or TrkB-Fc pretreatment
further support this notion.

A novel finding in the present study is the amelioration of
central cardiovascular regulatory dysfunction during experi-
mental brain stem death by Shc/Grb2/SOS signalling and its

2024 British Journal of Pharmacology (2011) 164 2015-2028

downstream target Ras in the RVLM. Shc is an important
adaptor protein that links TrkB to the docking Grb2/SOS
complex for the maintenance of cell survival, differentiation
and migration (Egan etal., 1993; Nakamura etal., 1996;
Patrussi ef al., 2005). Ras activity is determined by the guanine
nucleotide status and is regulated by guanine nucleotide
exchange factors such as SOS (Li et al., 1995; Rao, 1996), which
binds to the N-terminal SH3 domain of Grb2. Although both
Tyr®?24 and Tyr®" residues are potential sites for Shc phos-
phorylation, it is TrkB-induced phosphorylation of the Shc
Tyr*" residue that is important for its binding to Grb2, which
forms a complex with SOS that leads to Ras activation (Sasaoka
and Kobayashi, 2000). Our results from systematic pharmaco-
logical dissection showed that this repertoire of cellular events
indeed takes place in the RVLM during the pro-life phase,
leading to amelioration of central cardiovascular regulatory
dysfunction during experimental brain stem death.

The Ras/Raf-1/ERK pathway is generally taken to be an
important mediator for neuronal survival, differentiation and
protection (Marais and Marshall, 1996; Zebisch et al., 2007;
McCubrey et al., 2008). The present study further assigned a
novel pro-life role to this signalling cascade in the RVLM
during experimental brain stem death. Ras activity in the
RVLM is significantly elevated in stroke-prone spontaneously
hypertensive rats (Kishi ef al., 2010), and activation of Ras
and Raf-1 in the brain stem underlies angiotensin II-induced
hypertension (Yang and Raizada, 1998; Chan et al., 2007c).
Activation of TrkB mediates cell survival or protection via the
MAPK/ERK signalling (Zhu et al., 2005), and formation of the
Grb2/SOS complex is best known for its ability to link TrkB to
Ras activation and its downstream ERK1/2 pathway (Rao,
1996). Of interest is that phosphorylation of Shc at Tyr*”,
which we demonstrated to be crucially involved in sustaining
central cardiovascular regulation during experimental brain
stem death, selectively activates the MAPK/ERK pathway
(Nakamura et al., 1996). In contrast, pShc'*%2% which plays
only a minor role in our model of brain stem death, mediates
mainly Myc activation (Gotoh efal., 1996; Patrussi efal.,
2005). We demonstrated previously (Chan et al., 2010) that
activation of the MEK/ERK/MNK signalling pathway in the
RVLM plays a preferential pro-life role by sustaining the
central cardiovascular regulatory machinery during brain
stem death via up-regulation of the NOS I/PKG signalling
cascade. Results from the present study further suggest that
the Shc/Grb2/SOS/Ras/Raf-1 cascade acts as the interposing
cellular signals between TrkB, ERK and NOS I/PKG signalling
in this pro-life process in the RVLM.

We are aware of the potential influence of anaesthesia on
the circulatory responses evaluated in the present study. In
this regard, we demonstrated previously (Yang et al., 1995)
that the anaesthetic maintenance scheme used in our study
induced minimal depressive action on the central cardiovas-
cular machinery. Our results further indicated that stable
MSAP, HR or LF power was manifested across all experimental
groups. We also recognize that since the design of our study
is based primarily on pharmacological treatments, the speci-
ficity of our test agents, particularly K252a, becomes crucial
to our conclusion. In this regard, we chose to use a low
concentration of K252a, 1 pmol. This is because K252a not
only mediates specific inhibition of TrkB activity at low con-
centrations (ICso, 3 nM) (Tapley et al., 1992) but also inhibits



OQO Veh +aCSF

@@ Veh + Mev

AA pShc™'7 Ab + Mev
DA pshc™2% Ap + Mev
[H3O SH3b-p + Mev

140

105

MSAP (mmHg)

70

TrkB and central cardiovascular regulation

QOQ Veh +aCSF

@@ Veh + Mev

AA FTA + Mev

A\ Manumycin A + Mev
[HJ GwW5074 + Mev

500

HR (bpm)

80 —
100
120
140
160
180 —

220

0 -
40
60 -
80 —
100
120
140

LF (mmHg?)

160 —

180 ~

20

0 -
20
40
60 -
80 —
100
120
140
160
180 —

.20 —
60
140

Figure 9

40
60
80 —
100

I I
o o
N

20
120
140

Post-injection time (min

~

Temporal changes in MSAP, HR or power density of the LF component of SAP signals in rats that pretreated with an immunoneutralizer of
phosphorylated Shc (pShc'??/240 Ab; 1:20 or pShc'®'” Ab; 1:20), a pharmacological blocker of Grb2/SOS (SH3b-p; 25 fmol), Ras (FTA; 40 pmol
or manumycin A; 40 pmol) or Raf-1 (GW5074; 40 pmol), or vehicle, 30 min before local application (at time zero) of aCSF or Mev (10 nmol) to
the bilateral RVLM. Values are mean + SEM, n = 5-7 animals per experimental group. *P < 0.05 versus vehicle + aCSF group, and *P < 0.05 versus
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other protein kinases, including MAP kinase (Morotti et al.,
2002) at higher concentrations (K;, 20-500 nM). We further
ascertained the specific engagement of TrkB in the RVLM by
showing that pretreatment with a recombinant mouse
TrkB-Fc fusion protein, which depletes endogenous TrkB
ligands and blocks TrkB receptors (Schneider and Schweiger,
1991; Huang and Reichardt, 2003), essentially duplicated the
effects of K252a. Similarly, we applied manumycin A at
40 pmol because it is a potent and specific inhibitor of p21™
that not only prevents Ras activation (Sugita et al., 2007) at
low doses but also inhibits MAP kinase activation at higher

concentrations, 10-30 uM (Nagase et al., 1996). FTA also pre-
vents Ras activation because of its potent and specific inhi-
bition of methylation of farneylated ras proteins (Park et al.,
2006). GWS5074 is a potent, specific and cell-permeable c-Rafl
kinase inhibitor (Park et al., 2006). SH3b-p is a synthetic
peptide that corresponds to amino acids 689-701 of human
SH3BP1 and interferes with TrkB and its adaptor Grb2/SOS
complex (Su et al., 1996). The anti-pShc**"7 or anti-pShc'??/24
antiserum was raised against a short amino acids sequence
that contains the corresponding 317 or both 239 and 240
phosphorylation sites of Shc.
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Figure 10
Signalling pathways in the RVLM that link activation of TrkB to

amelioration of central cardiovascular regulatory dysfunction via the
pro-life NOS I/PKG cascade during experimental brain stem death.

We noted that total Trk or TrkB expression in the RVLM
was significantly augmented 30 min after application of Mev,
concomitant with an enhanced phosphorylation of TrkB.
This short latency for up-regulation of Trk is not uncommon,
given that a significant elevation in TrkB mRNA, that peaks at
30 min, occurs in the hippocampus 15 min after stress (Shi
et al., 2010). Finally, the thrust of the present study is on the
pro-life role of the downstream signalling cascades in the
RVLM triggered by TrkB during experimental brain stem
death, which are based on cardiovascular evaluations. Recent
studies from our laboratory (Chang et al., 2009a,b; Dai et al.,
2010) indicated that, in response to transient hypoxia in the
RVLM caused by respiratory depression, transcriptional
up-regulation of haeme oxygenase-1 by hypoxia-inducible
factor-1o. also plays a pro-life role by sustaining central car-
diovascular regulatory function via activation of heat shock
protein 70. Since both signalling pathways converge on the
NOS I/PKG cascade, we are currently delineating whether
cross-talks exist between these two signalling pathways and
the role of respiratory functions in this process.

In conclusion, the results of the present study revealed
that up-regulation of the Shc/Grb2/SOS complex on activa-
tion of TrkB in the RVLM ameliorates central cardiovascular
regulatory dysfunction via the Ras/Raf-1/ERK cascade that
triggers the pro-life NOS I/PKG signalling in our Mev intoxi-
cation model of brain stem death. This information should
provide further insights into the deterioration of central car-
diovascular regulation during the advancement towards
brain stem death and offer novel leads for devising clinical
management or developing therapeutic strategies against this
fatal eventuality.
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Figure S1 Representative photomicrograph of the medulla
oblongata stained with hematoxyline and eosin showing the
punched area of RVLM. Scale bar = 250 um. Abbreviations:
10, inferior olive; NA, nucleus ambiguus; py, pyramidal tract;
RVLM, rostral ventrolateral medulla, SpS, spinal trigeminal
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