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Abstract
Increased brain-derived neurotrophic factor (BDNF) levels and extracellular-signal regulated kinase
(ERK) signaling are associated with reduced brain injury after cerebral ischemia. In particular, mild
hypothermia after cardiac arrest increases BDNF and ERK signaling. This study tested whether
intracerebroventricular infusions (0.025 µg/ hr × 3 days) of BDNF also improved recovery of rats
resuscitated from cardiac arrest and maintained at 37°C. BDNF infusions initiated at the time of
cardiac arrest did not alter survival, neurological recovery, or histological injury. Separate
experiments confirmed that BDNF infusions increased tissue levels of BDNF. However, these
infusions did not increase ERK activation in hippocampus. These data suggest that increased BDNF
levels are not sufficient to explain the beneficial effects of mild hypothermia after cardiac arrest, and
that exogenous BDNF administration does not increase extracellular ERK signaling.
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Brain derived neurotrophic factor (BDNF) is a eurotrophic factor that binds to the neurotrophin
receptor tyrosine kinase receptor B (TrkB). BDNF signaling can increase neuronal survival in
some model systems [11]. The beneficial effects of BDNF have been associated with increased
activation of p42/p44 mitogen-activated protein kinase (extracellular signal-related kinase,
ERK) [2].

In vivo, the effect of exogenous BDNF on ischemic brain injury is unclear. BDNF infusions
[3,15,22,27] or pretreatment of brain with BDNF-producing cells [9] decrease neuronal injury
after both focal and global cerebral ischemia. Conversely, inhibition of BDNF activity worsens
recovery from forebrain ischemia [16]. However, intracranial BDNF infusion does not improve
recovery or reduce histological damage in rat brain after resuscitation from ventricular
fibrillation cardiac arrest [21].

In other studies of cardiac arrest, BDNF signaling is associated with improved neuronal
survival after ischemia. Therapeutic hypothermia (33–34°C) for 12–24 hours improves
neurological recovery and survival after resuscitation from cardiac arrest [4,10]. In rats,
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therapeutic hypothermia increased tissue levels of BDNF [7] and activated ERK [13]. These
observations suggested the hypothesis that therapeutic hypothermia produced some of its
beneficial effects via BDNF-induced stimulation of intracellular ERK signaling [7,26].
Therefore, this study tested whether BDNF infusion increases ERK activation in vivo and
improves neurological recovery after normothermic cardiac arrest in rats.

METHODS
Asphyxial cardiac arrest and resuscitation in rats were conducted as described previously [7,
8,12,17] according to protocols approved by the University of Pittsburgh IACUC. At 48 hours
prior to cardiac arrest, wireless temperature probes (MiniMitter, Sun River, OR, U.S.A.) were
implanted into the peritoneal cavity, and stainless-steel injectors (25 gauge) were implanted
bilaterally into the lateral ventricles (AP−2.0 mm, ML +2.0 mm, DV −3.0 mm relative to
bregma [20]. Injectors were connected by PE-50 tubing to two osmotic minipumps (1003D,
Alzet, Cupertino CA), which were implanted subcutaneously in the neck and that delivered
fluid at 1 µl/hour. At this first surgery, both pumps were filled with saline. On the day of cardiac
arrest, the reservoirs for both osmotic minipumps were exchanged with reservoirs containing
the BDNF (0.025 µg/µl) or placebo (saline). The tubing volume from the reservoirs to the
cannula allowed BDNF infusion (0.025 µg/hour/side × 72 hours) to commence at the time of
cardiac arrest without requiring a separate intracranial procedure.

One series of rats (N=32) was subjected to cardiac arrest with BDNF or placebo infusions. On
the day of cardiac arrest, temperature was monitored telemetrically every 3 seconds by a
computer using commercial software (Vital View; MiniMitter, Sun River, OR), Temperature
was regulated via software-driven relays connected to a 100-W heating lamp and a cooling
fan, which keeps temperature within 0.1°C of 37°C [5,12,17]. Anesthesia was induced with
4.0% halothane in oxygen, which was reduced to 1.5% halothane during surgery and
intraperitoneal ampicillin (50 mg/kg) was administered. Rats were orotracheally intubated with
a 14-gauge catheter, and mechanically ventilated (tidal volume of 9 mL/kg, 40 respirations/
min, positive end-expiratory pressure of 5 cm H2O) (Harvard Rodent Ventilator; Harvard
Apparatus, South Natick, MA, U.S.A.). The left femoral vein and artery were exposed via an
incision and cannulated with catheters (PE-50 tubing; Harvard Apparatus, South Natick, MA)
for continuous arterial blood pressure recording, blood gas analysis (I-STAT, Heska,
Waukesha, WI) and drug administration. Ventilation was adjusted to maintain eucapnia
(PCO2= 35–45 mm Hg) and normal pH before asphyxia.

After chemical paralysis with intravenous vecuronium (2 mg/kg), halothane was discontinued
and rats were ventilated with room air for two minutes. This interval is too brief for rats to
regain consciousness but reduces residual halothane. Asphyxial cardiac arrest was induced by
disconnecting the ventilator at end-expiration for 8 minutes, resulting in complete circulatory
arrest lasts for 5 minutes [12,17]. After 8 minutes, the ventilator was reconnected, with 100%
oxygen at a rate of 60 respirations/min. Intravenous epinephrine (0.005 mg/kg) and bicarbonate
(1.0 mEq/kg) were administered, and external chest compressions were performed at a rate of
200 compressions/min until spontaneous pulses returned (~60 seconds). After stabilization for
at least 60 minutes and confirmation of adequate spontaneous respirations, rats were extubated
and weaned from oxygen to room air. Hemodynamic and blood gas values were recorded at
10, 30, and 60 minutes after reuscitation. Rats were maintained at 37°C for 24 hours and
received additional doses of ampicillin (50 mg/kg) at 12 and 24 hours. Animals were supported
with subcutaneous fluids (50% D5W and normal saline at 40 ml/kg/d) and hand-fed oral fluids
until they were able to feed independently.

Rats were weighed and evaluated daily using a standardized neurological score described
previously [8,12,17]. Rats losing greater than 20% of baseline body weight were sacrificed.
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Neurological scores measured sensorimotor function (grooming, forepaw grasp, limb
movement, and sensation for each limb), axial body tone, righting, locomotion, and balance.
Scores range from 0 to 26, with a lower number corresponding to a more severe insult and a
score of 26 representing a normal rat.

After 14 days, halothane-anesthetized rats were transcardially perfused with 100 mL of PBS,
followed by 100 mL of 10% formalin. Brains were removed into formalin at 4°C for at least
48 hours and transferred to 20% sucrose in PBS at least 24 hours prior to sectioning on a
freezing microtome. Serial 20 µm sections were stored at −20°C in a cryopreservative solution
(30% ethylene glycol, 30% sucrose, 1% polyvinyl-pyrrolidone, 0.1M PBS, pH 7.4) prior to
further processing. Free-floating sections were labeled using anti-neuronal nuclear antigen
antibodies (anti-NeuN, Chemicon, Temecula, CA, USA). Sections were washed at room
temperature in PBS for 15 minutes, followed by 1% horse serum (in 0.01M PBS with 0.1%
Tween-20, pH 7.4) for 30 minutes. Sections were then incubated overnight at 4°C in 1:1000
dilutions of primary antibody and washed with PBS-T. Immune complexes were visualized
using the Vectastain Elite ABC kit with a 3, 5-diaminobenzamide chromagen (Vector
Laboratories Inc, Burlingame, CA, USA). Sections were mounted on slides, dehydrated in
ethanols, cleared in xylenes and covered. Photomicrographs of the anterior hippocampus
(corresponding to −3.60 mm from bregma [20] were acquired with a digital imaging system
(Kodak MDS290, Kodak, Rochester, NY, USA) and a Nikon E400 microscope (Nikon
Corporation, Tokyo, Japan). Labeled neurons in the CA1 region of the hippocampus were
counted in separate sections at the same level (0.7 mm strip centered above the tip of the upper-
blade of the dentate gyrus) by observers blinded to treatment group. This region has
reproducible injury in this same model [8,13,17].

A separate series of rats (N=28) were implanted with osmotic minipumps containing saline or
BDNF in an identical fashion. These rats were sacrificed at 12, 24, 48 or 72 hours after starting
infusions (n=3–4 per group), and the brains collected for measurement of tissue BDNF and
activated ERK levels. A final series of rats (N=6) were injected with boluses of BDNF (2.5
µg) into the right lateral ventricle via the guide cannula, and sacrificed at 2, 6 or 12 hours after
injection.

Immunoblotting was performed as in previous studies (Hicks 2000b, D’Cruz 2002). Brains
were hand-dissected into cold PBS. After 1 minute, the right and left hippocampus were
separated and frozen at −70°C. Frozen tissue was sonicated for 5 seconds in 50 mmol/L Tris-
Cl, 100 mmol/L NaCl, 5 mmol/L EDTA, (pH 7.4) containing 1% Nonidet P-40, protease
inhibitors (100 mmol/L phenylmethylsulfonyl fluoride, 1 µg/mL aprotinin, 5 µg/mL leupeptin,
1 µg/mL pepstatin) and phosphatase inhibitors (1 mmol/L Na3VO4 and 1 mmol/L NaF).
Supernatant was separated by centrifugation at 12,000g for 15 minutes and stored at −70°C.
Protein (5–20 µg according to Bradford method, Bio-Rad) was denatured by 5 minutes of
boiling in sodium dodecyl sulfate sample buffer. separated by electrophoresis in denaturing
10% polyacrylamide gels, and transferred to polyvinyl difluoride membranes (Immobilon-P;
Millipore Corp., Bedford, MA). Membranes were blocked for 1 hour with 5% dry milk in PBS
with 0.5% Tween-20 (PBS-T) before overnight incubation at 4°C with primary antibodies in
1:2,000 dilution. Primary antibodies included total and phospho-p44/42 MAP kinase (Thr202/
Tyr204) (Cell Signaling, Beverly, MA, USA) and BDNF (N-20, Santa Cruz Biotechnology,
Santa Cruz, CA). Blots were visualized using1:5000 dilution horseradish peroxidase–
conjugated species-specific anti-IgG secondary antibody (Bio-Rad Laboratories, Hercules,
CA, USA) in 5% dry milk / PBS-T followed by enhanced chemiluminescence using a
commercial kit (Renaissance, New England Nuclear, Boston, MA, U.S.A.). Membranes were
exposed to x-ray film (X-OMAT; Kodak, Rochester, NY, USA) (30 seconds - 20 minutes) and
images were scanned and quantified using NIH Image software.
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Protein molecular weights were determined by comparison with protein molecular weight
markers (Full Range Rainbow; Amersham Life Science, Little Chalfont, Buckinghamshire,
U.K.). Equal loading of lanes and transfer of protein was confirmed by stripping each
membrane and reprobing with antibody against total p44/p42. In all instances, total protein
levels did not differ significantly between lanes, and uncorrected densitometry for the original
antibody was used for data analysis. Exposure times and concentrations were adjusted
empirically to achieve a linear relation between protein concentration and densitometry within
gels, as confirmed by loading different volumes of the same sample in separate lanes. Samples
were run in duplicate, and results were confirmed by separate duplicate experiments.

Survival was compared between groups using Kaplan-Meier curves with log-rank test.
Neurological scores were compared using nonparametric Kruskal-Wallis or Wilcoxon tests.
Other continuous variables were compared using ANOVA or t-test.

RESULTS
32 rats were resuscitated from cardiac arrest and received continuous infusions of saline (n=17)
or BDNF (n=15). Physiological measurements were similar to prior studies, with rats exhibiting
an initial metabolic acidosis that resolved over 30 minutes. Groups did not differ in baseline
or post-resuscitation physiological measurements (TABLE 1). Baseline characteristics of rats
in other experiments also were not different.

Cardiac arrest produced neurological injury and mortality that did not differ between treatment
groups. Rats with the greatest neurological deficits died or were sacrificed between 1 and 7
days after resuscitation (FIGURE 1 A). Survival did not differ between groups (log-rank =
0.20; p = 0.65). Histology from surviving rats revealed decreased numbers of surviving neurons
in the CA1 region of the hippocampus, but the number of surviving neurons did not differ
between groups (FIGURE 1B) (mean difference=0; 95% CI: −24, 24). Neurological scores
changed over time (Kruskal-Wallis =159.5; df=14; p=0.0001), but were not different between
BDNF-treated and saline-treated groups at any time point (FIGURE 1 C and D).

BDNF infusions in separate rats (n=15) increased hippocampal BDNF levels (FIGURE 2A)
with mean levels increasing 2-fold over levels in rats with saline infusions (n=13) (FIGURE
2B) ((F[4,23]=4.69, p=0.006). This increase in tissue BDNF immunoreactivity is similar in
time-course and magnitude to that observed after cardiac arrest and hypothermia treatment in
the same model [7]. Immunoblotting of the tissue from brains after BDNF infusions did not
reveal any increase in P-ERK levels. To exclude the possibility that the levels of BDNF after
infusions was inadequate to detect an effect, unilateral bolus injections of BDNF (2.5 µg) were
also conducted in separate rats (n=6). These brains also did not show any increase in ERK
activation in the hippocampus on the BDNF-injected side at 2, 6 or 12 hours after injection,
despite clear increases in BDNF immuoreactivity (FIGURE 2C).

DISCUSSION
This study demonstrated that exogenous infusions of BDNF that were sufficient to increase
tissue levels of BDNF did not alter brain injury after cardiac arrest. The sample size for this
study was about twice that required to demonstrate the beneficial effects of hypothermia in the
same model [7,8,12,17]. In addition, direct infusion of BDNF into the brain did not increase
ERK signaling. These data contradict the original hypothesis that BDNF infusions would
promote neuronal survival by increasing intracellular ERK signaling [7], and differ from the
results with other models of brain ischemia [3,15,22]. These data suggest that increased levels
of BDNF are not sufficient to reproduce the beneficial effects of post-resuscitation mild
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hypothermia on brain injury after cardiac arrest. In addition, this experiment points out that the
effects of BDNF may vary between different models of brain injury.

The neurological outcomes confirm other observations that BDNF (6–168µg) does not alter
outcome after cardiac arrest [21] but differ from data derived from arterial occlusion models
of brain ischemia in which BDNF (0.8 – 20 µg) does improve outcome [3,15,22]. It is possible
that the ischemic brain injury created by cardiac arrest and resuscitation differs qualitatively
from the injury produced by the arterial occlusion models. For example, qualitative histological
differences have been noted between asphyxial and ventricular-fibrillation-induced cardiac
arrest in dogs, suggesting that systemic factors also contribute to brain injury [25]. Furthermore,
after resuscitation from cardiac arrest, there is a significant systemic cytokine release that may
result in vascular or glial responses in brain, which may not occur in arterial occlusion models
[1].

One limitation of this study is that the neurological score measures very global functions and
is not specific for any particular brain region. Recovery of these global behaviors reflect the
emergence from coma and vegetative function, and this level of recovery is most important for
survival after cardiac arrest in humans [1,4,10]. Deficits in spatial memory or learning do occur
after cardiac arrest, and might be more specifically associated with histological damage in the
hippocampus [13]. However, hippocampal cell loss is measured simply as a convenient and
reliable marker of histological brain injury after ischemia. The analysis is limited by the fact
that histology is not available for rats that did not survive for the entire 14 days. The goal of
this study was not to draw links between histological injury and behavioral recovery, but to
screen for any behavioral or histological improvement after BDNF infusion. Given that there
was no improvement in global behaviors (neurological scores) or in hippocampal neuronal
survival (NeuN-positive CA1 cells), it is unlikely that more detailed behavioral testing would
have revealed BDNF effects on spatial memory or learning.

Furthermore, BDNF signaling may have beneficial effects on some types of brain injury that
are not sufficient to protect ischemic brain. For example, BDNF-induced ERK signaling may
reduce apoptotic cell death, but be ineffective at reducing necrotic cell death [2,14]. Cerebral
ischemia in vivo results in a pattern of cell death that has features of both apoptosis and necrosis
[6]. It is possible that successful inhibition of apoptosis merely allows damaged neurons to
succumb to necrosis. Thus, the exogenous BDNF in this study may have reduced one possible
mechanism of cell death without affecting the other.

Other hypotheses may explain the failure of BDNF to improve recovery. First, injury produced
in this study may have been too severe to be improved by BDNF. This hypothesis is unikely,
because hypothermia improves neurological recovery in this model [7,12,17], and only partial
loss of neurons was observed in the hippocampus (Figure 1B). Even if the insult to the brain
was too global to be affected by infusions into the ventricles, some effect on the histological
damage to periventricular structure like the hippocampus should be apparent.

Another possibility is that higher concentrations of BDNF were required for neuronal
preservation. However, during hypothermia treatment, BDNF levels increase over a similar
24-hour time-course. An additional possibility is that exogenous BDNF was unable to reach
or affect its receptors. Cerebral ischemia may increase expression and change the subcellular
localization of TrkB receptors [9,18]. The techniques used in this study are too gross to
determine whether receptor localization or receptor coupling to intracellular effectors was
altered in these rats, which might be explored in future experiments.

The present data do not support a relationship between BDNF and ERK in hippocampus [2].
In this same model, elevated BDNF levels parallel activation of ERK, and levels of both BDNF
and active ERK are increased by hypothermia [7]. In another study, pretreatment with an
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inhibitor of ERK activation, U0126, did not alter neurological recovery after cardiac arrest
[8]. Taken together, these data indicate that ERK activation is not necessary for the beneficial
effects of hypothermia, and BDNF activation is not sufficient to mimic hypothermia. Future
experiments with pharmacological inhibition of BDNF or knockdown of BDNF expression
might test whether BDNF is necessary for the effects of post-ischemic hypothermia.

It is possible that increased ERK activation and BDNF levels are epiphenomena of recovering
brains. Both ERK and BDNF are increased by activity, and therapies that accelerate behavioral
recovery might increase these signaling pathways [19,23]. Cerebral ischemia, including this
model, increases BDNF levels by specific regulation of gene transcription [24,26]. Future
experiments might determine what upstream effectors of BDNF and ERK activation have a
more fundamental relationship to the therapeutic interventions.
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FIGURE 1.
A. Survival curves did not differ for groups of rats treated with intracerebral saline or BDNF.
B. Total number of neurons (NeuN-positive cells per microscope field) in the CA1 region of
the hippocampus did not differ between saline and BDNF treated rats surviving to 14 days.
For comparison, sham-operated rats without cardiac arrest have ~100–110 cells per field [8,
17]. C. The neurological scores (median and interquartile range) for rats treated with saline or
BDNF improved over the first few days. Scores range from 0 (brain dead) to 26 (normal). Rats
with persistently low neurological scores did not survive for 14 days. Scores did not differ
between groups.

Callaway et al. Page 8

Neurosci Lett. Author manuscript; available in PMC 2009 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
A. Infusion of BDNF (2.5 µg per side over 72 hours) into the brain increased tissue levels of
BDNF in the hippocampus. Linearity control lanes (C) contain double-volumes of one of the
samples. B. Levels of BDNF in the hippocampi of individual rats during infusions of saline or
BDNF reveal two-fold increases during BDNF infusions that was different from controls at
24, 48 and 72 hours (p<0.05). C. After bolus injections of BDNF, hippocampal BDNF levels
increase, but active ERK (P-ERK) do not increase. Linearity controls (C) contain half-volumes
of one of the samples.
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TABLE 1
Physiological Variables in Outcome Experiment
Values are mean (SD). All variables were similar between groups.

Saline
(N=17)

BDNF
(N=15)

Baseline
  Weight (g) 320 (20) 317 (24)
  Anesthesia Duration (min) 44 (6) 38 (14)
  Heart Rate (beats / min) 334 (40) 341 (20)
  Mean Blood Pressure (mmHg) 107 (8) 112 (8)
  PH 7.44 (0.03) 7.44 (0.02)
  PCO2 (torr) 45 (3) 45 (3)
  PO2 (torr) 152 (38) 167 (36)
  Glucose (mg/dl) 137 (26) 126 (18)
  CPR Duration (s) 49 (7) 56 (15)
10 minutes after cardiac arrest
  Heart Rate (beats / min) 444 (33) 438 (26)
  Mean Blood Pressure (mmHg) 164 (23) 170 (18)
  PH 7.34 (0.05) 7.34 (0.05)
  PCO2 (torr) 41 (5) 41 (5)
  PO2 (torr) 261 (33) 275 (66)
  Glucose (mg/dl) 141 (54) 142 (52)
  Lactate (mEq/l) 4.1 (1.3) 4.3 (0.7)
30 minutes after cardiac arrest
  Heart Rate (beats / min) 437 (43) 432 (32)
  Mean Blood Pressure (mmHg) 88 (27) 95 (19)
  PH 7.43 (0.04) 7.41 (0.04)
  PCO2 (torr) 42 (5) 45 (5)
  PO2 (torr) 374 (39) 387 (45)
  Glucose (mg/dl) 96 (19) 93 (13)
  Lactate (mEq/l) 1.3 (0.6) 1.7 (1.1)
60 minutes after cardiac arrest
  Heart Rate (beats / min) 355 (30) 351 (50)
  Mean Blood Pressure (mmHg) 81 (28) 89 (25)
  PH 7.42 (0.05) 7.40 (0.05)
  PCO2 (torr) 44 (7) 47 (6)
  PO2 (torr) 411 (24) 442 (43)
  Glucose (mg/dl) 96 (17) 107 (9)
  Lactate (mEq/l) 0.8 (0.3) 0.9 (0.4)
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