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Abstract Hypoxia induces a cerebral inflammatory

response, which contributes to brain injury. Inflamma-

somes are complex intracellular molecular structures that

initiate the inflammatory cascade. Caspase-1 and interleu-

kin 1-b (IL-1b), have been established as markers of in-

flammasome activation. Src kinase, a cytosolic non-

receptor protein tyrosine kinase, is linked to cell prolifer-

ation and differentiation and is up regulated during

hypoxia. The role of Src kinase in the above pathway is not

fully understood. The present study tests the hypothesis

that inhibition of Src kinase, by a selective inhibitor, PP2,

will prevent the activation of caspase-1 and production of

IL-1b acutely, as well as at 1 and 15 days after hypoxia in

the cerebral cortex of the newborn piglet. Piglets were

divided into: Normoxia (Nx), Hypoxia acute (Hx),

Hypoxia-day 1 (Hx-day 1), and Hypoxia day 15 (Hx-day 15).

Piglets pretreated with Src kinase inhibitor, PP2, 1 mg/kg

IV, 30 min prior to hypoxia were divided into: Hypoxia

acute (Hx ? PP2), 1 day (Hx ? PP2-day 1), and day 15

(Hx ? PP2-day 15). Hypoxia was induced by exposing the

piglets to an FiO2 of 0.07 for 1 hour. Caspase-1 activity

and expression were determined with spectrophotometry

and Western blot respectively, while IL-1b levels were

measured by solid phase ELISA. Caspase-1 activation was

achieved immediately (within 1 h) after hypoxia and per-

sisted for 15 days. IL-1b level was also increased after

hypoxia reaching a maximum level at 24 h following

hypoxia and returned to baseline by 15 days. Administra-

tion of PP2 attenuated the activity acutely, but not the

expression of the caspase-1. IL-1b level at 24 h after

hypoxia returned to baseline in piglets that were pretreated

with PP2. We provide evidence that inhibition of Src

kinase in the acute phase after hypoxia involves changes in

the production or processing of caspase-1 subunits. Our

data suggest that Src kinase mediates hypoxia-induced

caspase-1 activation in the cerebral cortex of newborn

piglets. Inhibition of Src kinase may attenuate the neuro-

inflammatory response and could represent a potential

target for neuroprotection after hypoxic injury.
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Abbreviations

IL-1b Interleukin 1 beta

NMDA N-methyl-D-aspartate

PP2 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)

pyrazolo [3,4-d] pyrimidine

NLR Nucleotide-binding oligomerization domain

receptors

SD Standard deviation

Introduction

Hypoxic-ischemic brain injury during the perinatal period is

a major cause of mortality and severe neurologic morbidity

in infants and children. Apoptosis is a well-established

mechanism of programmed cell death following hypoxia.

Hypoxia also induces a cerebral inflammatory response,
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which can further contribute to brain injury. In the central

nervous system, both the resident immune cells (microglia)

and the infiltrating macrophages play an important role in the

inflammatory cascade by producing a variety of inflamma-

tory mediators which result in changes in blood flow, cap-

illary permeability and further recruitment of neutrophils

and monocytes. A key mediator of neutrophil and monocyte

recruitment is IL-1 [1]. IL-1 exists in two forms designated as

IL-1a and IL-1b. Although these proteins are coded by dif-

ferent genes and share some homology, IL-1b is the major

form of IL-1 and is involved in inflammation, while IL-1a is

a non-secreted analog that does not participate in the

inflammatory process [2].

IL-1b production is achieved through the formation of

complex intracellular structures, the inflammasomes, which

usually are named after their specific intracellular receptor

that can sense danger signals. These receptors are known as

NOD-like receptors (NLRs). Although there are several

different types of inflammasomes, their assembly follows a

common pathway. Caspase-1 is the main inflammatory

caspase associated with inflammasomes and IL-1b is the

main target of caspase-1. When caspase-1 is blocked, IL-1b
is released only in small amounts as an inactive, precursor

form [3, 4]. Caspase-1 cleaves also the precursor of IL-18 to

an active molecule. IL-1b and IL-18 share similar properties

and structure and have been implicated in neuronal loss and

neurodegeneration [5].

The Src family kinases are a family of non-receptor

tyrosine kinases that consist of nine subtypes: Src, Yes,

Fyn, Fgr, Yrk, Hck, Lck, Lyn, Blk [6]. Three of these

members (Src, Fyn and Yes) are expressed extensively in

all cell lines, including the central nervous system [7].

Experimental data support the role of Src kinase in

numerous cellular functions including cell migration and

invasion by regulating the formation of the actin rich

‘‘movement’’ structures called podosomes or invadosomes

in macrophages and other cell types [8, 9]. Src kinases

mediate neuronal differentiation [10] as well as ion channel

regulation, with notable involvement in the activation of

the NMDA receptor [11]. We have previously shown that

hypoxia results in increased activity of Src kinase, in the

brain of newborn piglets [12]. Src kinase mediates the

increased tyrosine phosphorylation of caspase-9 and the

related NLR (Apaf-1) [8, 13] as well as of caspase-8 [14],

modulating the apoptotic cascade. Caspase-1 activation has

been shown to increase after hypoxia in neurons [15, 16]. It

is not clear though, whether hypoxia induced caspase-1

activation is mediated by Src kinase.

The aim of this study was to characterize the changes

that occur in caspase-1 and IL-1 b after hypoxia in the

acute phase, as well as over time at 1 and 15 days after

hypoxia in the brain of term newborn piglets. We measured

caspase-1 activity and expression as well as IL-1b
expression as surrogate biological markers for the inflam-

masome activation. We hypothesized that hypoxia induced

caspase-1 activation is mediated by Src kinase.

Results

Table 1 summarizes the baseline characteristics of the

piglets in normoxic, hypoxic and the hypoxic pretreated

with PP2 groups. Blood pressure, pH, partial pressure of

oxygen and carbon dioxide before (pre) and after (post) the

institution of hypoxia are presented. The blood pressure,

pH and PaO2 were significantly decreased in the hypoxic

groups as expected. Similar changes occurred also in pig-

lets, during the reoxygenation (recovery) period. No sig-

nificant side effects were recorded in animals treated with

PP2.

Caspase-1 Activity

Caspase-1 activity (nmols/mg protein/hr, mean ± SD) was

0.74 ± 0.1 in Nx versus 1.2 ± 0.1 in Hx. In the recovery

phase caspase-1 was 1.23 ± 0.1 in Hx-day 1, 1.14 ± 0.2 in

Hx-day 15. Oxygen deprivation for 1 hour triggered an

increase in caspase-1 activity which was maintained during

the recovery phase (P \ 0.05 vs. baseline) (Fig. 1). In

piglets that were treated with PP2 and then subjected to

Acute Day 1 Day 15
Nx Nx* Hx Hx+PP2 Hx Hx+PP2 Hx Hx+PP2

*

Fig. 1 Caspase-1 activity (in nmoles/mg protein/hour) at Normoxic

(Nx), Hypoxic (Hx), and hypoxic pretreated with PP2 groups

(Hx ? PP2). Results are expressed as mean ± SD. In this graph we

also include a forth group of normoxic piglets that were pretreated

with PP2 (Nx*), in order to investigate the effects of Src kinase

inhibition on caspase-1 activity under normoxic conditions. Caspase-

1 activity increased immediately following hypoxia and this effect

was maintained until 15 days. Administration of Src kinase inhibitor

resulted in attenuation of caspase-1 activity following hypoxia

acutely, but this effect was not maintained on day 1 and day 15.

*P \ 0.05, Hypoxic groups versus Hx ? PP2 and Nx. Src kinase

inhibition did not affect the baseline caspase-1 activity under

normoxic conditions (P = NS)
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hypoxia, caspase-1 activity was noted to be attenuated

acutely (P \ 0.05). In the reoxygenation phase adminis-

tration of PP2 did not have any effect on caspase-1 activity

as shown in Fig. 1 (P = NS). Specifically, the caspase-1

activity was 0.83 ± 0.2 in Hx ? PP2, 0.98 ± 0.1 in

Hx ? PP2-day 1 and 1.08 ± 0.2 in Hx ? PP2-day 15. In

piglets that were pretreated with PP2 and remained under

normoxic conditions (Nx*), caspase-1 activity was

0.83 ± 0.1 (P = NS vs. Nx, Hx ? PP2, P \ 0.05 vs. Hx).

These data demonstrate that, by blocking Src kinase, cas-

pase-1 activity was attenuated in the acute phase after

hypoxia. This effect was not maintained in piglets that

were left to recover in a normoxic environment at 1 and

15 days.

Caspase-1 Expression

Levels of caspase-1 were determined by western blot and

expressed as mean ± SD. In Fig. 2a immunoblotting of

caspase-1 is demonstrated. Three bands are identified, one

at 45 kDa corresponding to the precursor (unprocessed)

caspase-1 and two at 10–12 kDa (Fig. 2a). The 20 kDa

band (heavy chain), as expected, was not visualized. Both,

a 45 kDa (p45) band for the precursor caspase-1 as well as

the 10 kDa (p10) band as a marker of the activated mole-

cule were analyzed (Fig. 2a, b). Oxygen deprivation

induced an increase of the precursor of caspase-1

(P \ 0.05). This effect was observed acutely and main-

tained at 1 and 15 days post hypoxia (Fig. 2b). The p45

density (OD x mm2) expressed as % of control was

94 ± 8 in Nx, 113 ± 6 in Hx, 112 ± 3 in Hx-day 1,

115 ± 8 in Hx-day 15. During hypoxia, there were no

significant changes in the levels of b-actin that served as an

internal control.

The 12 kDa band (p12) representing either a phos-

phorylated form of the p10 or an intermediate of the cas-

pase-1 production was analyzed. Based on our observation

that there were differences in the relative expression of p10

and p12 subunits among the groups, we calculated the

density ratios of the p10/p12 as a possible marker of acti-

vation of caspase-1 (Fig. 2c). Results are reported as

median with interquartile range [IQR: 25, 75th percentile]

and represented as box plots, with boxes to symbolize the

IQR. The density ratios of p10/p12 were 2.2 [1.3, 2.9] in

Nx, 0.84 [0.8, 1.2] in Hx, 0.98 [0.9, 1.1] in Hx-day 1, 0.99

[0.87, 1.1] in Hx-day 15. The data show that p10/p12 is

decreased during hypoxia when compared with normoxia

(P \ 0.05) and this difference persists in the recovery

Table 1 Baseline clinical characteristics of the study population

Characteristic Normoxia (n = 5) Hypoxia (n = 5) Hypoxia ? PP2 (n = 5) P value

Sex, no.

Male 3 3 3

Female 2 2 2

Mean (SD)

Weight (kg) 2.1 (0.3) 1.9 (0.38) 2.05 (0.34) NS

Temperature (�C) 38.33 (0.3) 38.16 (0.31) 38.25 (0.3) NS

Blood pressure (mmHg)

SBP pre 127.7 (5.56) 121.8 (13.3) 127.2500 (3.1) NS

SBP post 123 (4.2) 77.4 (13.18) 77 (14.3) *\0.01, #NS

DBP pre 85.5 (4.9) 78.4 (8.4) 81.8 (8.78) NS

DBP post 81.2 (3.6) 38.6 (10.9) 37.6 (9.2) *\0.01, #NS

MAP pre 99.5 (4.66) 92.4 (9.29) 97.4 (7.37) NS

MAP post 95 (2.71) 51.4 (11.39) 50 (11.69) *\0.01, #NS

Acid base balance

Mean (SD)

pH pre 7.45 (0.0611) 7.43 (0.077) 7.47 (0.067) NS

pH post 7.44 (0.0573) 7.2 (0.094) 7.194 (0.072) *\0.01, #NS

PCO2 post 38.28 (1.22) 36.6 (3.74) 39 (2.6) NS

PaO2 post 87.5 (3.512) 21.6 (2.074) 21.4 (1.14) *\0.01, #NS

NS: No significant between-group differences were found; SD = standard deviation; SBP = systolic blood pressure; DBP = diastolic blood

pressure; MAP = mean arterial pressure; Pre = measurement was obtained before the institution of intervention (hypoxia); Post = measure-

ment was obtained 1 h after the institution of intervention; PCO2 = Partial pressure of carbon dioxide in arterial blood (mmHg). PaO2 = Partial

pressure of oxygen in arterial blood (mmHg)

* P Normoxia versus Hypoxia, Hypoxia ? PP2, # P: NS Hypoxia versus Hypoxia ? PP2
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phase (day 1 and 15). There was no significant difference in

the expression of either p10 or p12 bands if examined

separately.

In piglets in the Hx ? PP2 group, the expression of p45

was increased compared to Normoxia (P \ 0.05). There

was no effect of Src kinase inhibition on p45 expression

either acutely or in the re-oxygenation period (P = NS).

The p45 chain density (% of control) was 117 ± 5 in

Hx ? PP2, 118 ± 9 in Hx ? PP2-day 1, 118 ± 8 in

Hx ? PP2-day 15. The expression of caspase-1 in norm-

oxic piglets that were pretreated with PP2 (Nx*) was

90 ± 5 and did not differ when compared to the baseline

(P = NS vs. Nx, P \ 0.05 vs. Hypoxic groups). The p10/

p12 ratio was increased in the Hx ? PP2 group, 1.2 [1.1,

1.8] (P \ 0.05 vs. Nx, Hx). The p10/p12 ratios were ana-

lyzed also in hypoxic piglets, pretreated with PP2, in the

recovery phase (day 1, day 15) (P \ 0.05 vs. Nx, NS vs.

Hx). Pretreatment with PP2 did not affect the p10/p12 ratio

under normoxic conditions. Our data show that in the acute

phase, piglets that were pretreated with PP2 had higher

p10/p12 ratios.

Interleukin 1 Beta (IL-1b)

IL-1b levels were determined by ELISA and results were

expressed in pg/mL as mean ± SD. When compared to

normoxia, there was no difference in the IL-1b levels of the

untreated acute phase after hypoxia groups (Nx = 89 ± 34

and Hx = 77 ± 7; P = NS). IL-1b levels in the untreated

Hx-day 1 group were increased when compared to both

normoxia and hypoxia in the acute phase (Hx-day

1 = 139 ± 45; P \ 0.05). IL-1b levels in the Hx-day 15

group was 90 ± 33, which was lower than in Hx-day 1

(P \ 0.05), but there was no difference when compared to

acute hypoxia or normoxia. In piglets pretreated with PP2,

IL-1b levels were as follows: Hx ? PP2 = 100 ± 24,

Normoxia Hypoxia Hx+PP2 Hx-D15 Hx+PP2-D15

p45

p12
p10

p43

Caspase-1

ββ-actin

Acute Day 1 Day 15
Nx Nx* Hx Hx+PP2 Hx Hx+PP2 Hx Hx+PP2

*

#

Acute Day 1 Day 15

Nx Hx Hx+PP2 Hx Hx+PP2 Hx Hx+PP2

*

#

(a)

(b) (c)

Fig. 2 Immunoblotting was performed with an antibody specific for

the p10 subunit of caspase-1. Three bands were identified, one at

45 kDa corresponding to the precursor (unprocessed) caspase-1 and

two at 10-12 kDa [A]. The 20 kDa band (heavy chain) was not

visualized. Levels of precursor Caspase-1 (p45) at Normoxic (Nx),

Normoxic pretreated with PP2 (Nx*), Hypoxic (Hx), and hypoxic

pretreated with PP2 (Hx ? PP2) groups are shown [A, B]. Results are

expressed as OD values as % of control (mean ± SD). In this figure

also we include data from piglets that were left to recover after 1 h of

hypoxia (for 1 day and for 15 days). There was an increased

expression of pre-caspase-1 acutely after hypoxia that was maintained

up to 15 days. Pre-treatment with a Src inhibitor (PP2) did not have

any effect on the expression of caspase-1 either acutely or in the

recovery period. *P \ 0.05 Nx, Nx* versus the hypoxic groups,
#P = NS Nx versus Nx*. The density ratios of the 10/12 kDa chains

[p10/p12] are shown [C]. Results are expressed as median (25th, 75th

IQR). The p10 subunit forms the active caspase-1 (p50) after

combining with the 20 kDa (p20) in a 1:1 ratio. During this process a

12-kDa product of moderate activity is produced. In hypoxia the p10/

p12 ratio is decreased versus the normoxia. In piglets after acute

hypoxia that were pretreated with a Src kinase inhibitor (PP2) there

was an increased ratio in p10/p12 when compared with hypoxic

controls. These differences were not maintained in piglets during the

recovery period. *P \ 0.05 Nx versus Hypoxic groups, #P \ 0.05

Hx ? PP2 versus Hx
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Hx ? PP2-day 1 = 102 ± 10, and Hx ? PP2-day 15 =

81 ± 15 (P \ 0.05 vs. Hx day 1, NS vs. Nx or Hx). IL-1b
level was increased after hypoxia reaching a maximum at

24 h after the acute hypoxic insult. IL-b levels returned to

baseline within 2 weeks (Fig. 3). In piglets that were pre-

treated with PP2, hypoxia did not induce an increase in

IL-1b.

Discussion

In the current study we provide evidence that caspase-1

activation occurs immediately (within 1 h) after hypoxia

while IL-1b production peaks at 24 h post hypoxia. We

also show that caspase-1 activation persists for 15 days

while IL-1b returns to baseline at 15 days after hypoxia.

These molecular events are linked to cell death, as caspase-

1 deficient mice, are resistant to hypoxia and ischemia [17].

IL-1b also has a direct neurotoxic effect on the white

matter of the brain [5] and has been shown to induce

apoptosis via the mitogen-activated protein kinase (MAPK)

transduction pathway [18–20]. Caspase-1 activation is

achieved with the production of complex intracellular

structures, the inflammasomes and occurs through NLRs.

The central nervous system can form at least 2 types of

inflammasomes, designated as NLR1 and NLR3. Reactive

oxygen species (ROS) provide an important link between

hypoxia and inflammation and is considered as a pre-

requisite for the inflammasome activation [21]. Hypoxia

induces mitochondrial complex III to produce ROS. ROS

are sensed by NLR and activate the inflammasome [22]. In

turn, high concentrations of ROS activate cellular protec-

tive mechanisms, such as hypoxia inducible factor [23, 24].

We investigated a possible link between the activation

of inflammasomes and Src kinase after hypoxia. In our

experiments the hypoxic groups that were not treated with

the Src kinase inhibitor demonstrated higher levels of

caspase-1 activity and IL-1b expression when compared to

the treated groups. The role of Src kinase in the caspase-1

pathway has only recently started to be investigated. Src

kinase plays an important role in the regulation of immu-

nity and the inflammatory response [8, 9]. Bacterial or viral

pathogens have been shown to cause a Src kinase mediated

activation of the NLR3 inflammasome [25]. Interestingly,

Src kinase mediated autophagy has been linked to E3

ubiquitin ligase (c-Cbl), which has been shown to provide a

negative feedback to the production of Src kinase. Exper-

iments that involved gene silencing of c-Cbl resulted in

increased secretion of both IL-1b and IL-18 [26]. These

results suggest a possible link of c-Cbl and Src kinase in

the pathway that leads to inflammasome activation.

Recently, Src Kinase has been shown to modulate caspase-1

activity in hippocampal neurons derived from mice. In

these experiments, Src kinase deficient neurons exhibited

significantly increased caspase-1 activity [27].

There is increasing experimental evidence that increased

Src kinase activation is linked to apoptosis and cellular

death [28, 29]. Src and Fyn knockdown cells are resistant

to apoptosis after oxygen and glucose deprivation, dem-

onstrating an involvement of Src kinase in neuronal cell

apoptosis [30]. Interestingly in cellular cultures, Src kinase

was found to inhibit the extrinsic pathway of apoptosis by a

direct tyrosine phosphorylation of caspase–8 [14]. Similar

results have been found in sepsis. Neutrophils from septic

patients, when treated with PP2, developed increased

apoptosis [31]. These results need careful interpretation,

since they are derived from experiments that were per-

formed in the cellular level rather than in whole tissue and

the triggering stimuli were other than hypoxia. In our study

we investigated if the hypoxia-induced activation of cas-

pase–1 in the cerebral cortex was mediated by Src kinase.

We have shown that by blocking the Src kinase the hypoxia

induced inflammatory response was attenuated.

We provide evidence that inhibition of Src kinase in the

acute phase after hypoxia involves changes in the relative

production of caspase-1 subunits. Active caspase-1 consists

of two polypeptides of 20 and 10 kDa (p20 and p10)

associated in a 1:1 ratio, which are processed from an

inactive cytoplasmic 45 kDa precursor (p45) [4, 32].

During this process autocatalysis occurs and fragments of

different molecular weights (p35, p12) are produced until

the final products (p20, p10) emerge [33]. In our study, the

12 kDa band could represent either a phosphorylated chain

or the intermediate chain that is moderately active and is

Acute Day 1 Day 15
Nx Hx Hx+PP2 Hx Hx+PP2 Hx Hx+PP2

*

Fig. 3 IL-1b levels were determined by ELISA and results were

expressed in pg/mL (mean ± SD). IL-1b production is increased after

hypoxia reaching a maximum at 24 h after the acute hypoxic insult.

IL-1b levels returned to baseline within 2 weeks. In piglets that were

pretreated with PP2, a Src kinase inhibitor, hypoxia did not induce an

increase in IL-1b. *P \ 0.05 Hx-1 day versus Hx ? PP2 at 1 day
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further processed to the fully active p10 subunit. We

showed that under normoxic conditions there is an

increased expression of p10 subunits when compared to

p12. This ratio is reversed in hypoxic piglets (Fig. 2a, c).

Src Kinase exerts a variety of biologic actions through

tyrosine phosphorylation of key enzymatic pathways. It has

been previously described that Src kinase mediates the

increased tyrosine phosphorylation of caspase-9 and cas-

pase-8 [8, 13, 14]. Src kinase has not been shown to

interfere in a similar mechanism with the activation of

caspase-1. It is possible that the p10 and p12 subunits

represent a phosphorylated/dephosphorylated status of the

light chain subunit. We found that under normoxia,

dephosphorylated chains (p10) were increased in compar-

ison with the phosphorylated chains (p12). Upon activation

of caspase-1 in hypoxia, there was a quantitative increase

in the phosphorylated (p12) subunits, which could be

attributed to the concurrent activation of the Src kinase

[12]. By blocking the Src kinase, we were able to restore

the p10/p12 ratio, achieving levels similar to normoxia. In

our experiments, Src kinase appears to interfere with this

process in the acute phase only. Src kinase inhibition did

not result in changes in the production of the precursor

caspase-1 molecule, which could be regulated by different

mechanisms.

In our experiments we used PP2, which creates a

reversible, ATP-competitive inhibition of the Src

(IC50 = 36 nM) [34]. PP2 does not affect significantly the

EGFR kinase (IC50 = 480 nM), but does inhibit certain

other cellular kinases [35, 36]. PP2 also exerts biologic

actions and has been shown to induce apoptosis in cell

cultures of rat cortical cells [37]. Although the mechanism

is not clear it has been proposed that this occurs through

interference with the function of NMDA receptor [11]. Src

kinase plays a role in the phosphorylation of FAK–p85, a

complex that regulates NMDA receptor activation by glu-

tamate [38]. In our study, the activity of caspase-1 in

normoxic piglets that were pretreated with PP2, was not

significantly different than the activity in the control group.

We found that IL-1b production was increased after

hypoxia, reaching a maximum level at 24 h and then

returned to baseline by 15 days, following a different

pattern of production than that of caspase-1. The timing of

the activation of caspase-1 with production of IL-1b as end

point after hypoxic insult is conflicting. When transient

global ischemia was induced in rats by bilateral carotid

artery occlusion, IL-1 mRNA in the brain increased within

15 min. This effect persisted for 7 days [39]. In other

studies changes in IL-1b levels were not seen until 3–6 h

post-occlusion and these changes did not involve all parts

of the brain [40]. In a model of cardiac arrest, a prolonged

increase of IL-1 in hippocampus was observed with a

maximal level at 14 days. This increase was maintained for

at least 28 days after injury [41]. Our experimental model

is designed to evaluate the brain injury caused by hypoxia.

During the period of hypoxia, we observed that there is a

decrease of the blood pressure of about 40 % from base-

line. Specifically within 20 min after the initiation of the

experiment, the mean arterial blood pressure (as measured

directly by an arterial catheter) was noted to fall to levels

near 50 mmHg (Table 1). In newborn piglets under

normoxic conditions, this level correlates with loss of auto-

regulation [42]. This decrease of blood pressure could

result in global ischemia, especially in lieu of hypoxia.

We found that caspase-1 remained activated at 15 days.

IL-1b expression decreased to levels similar to baseline.

These differences could be attributed to dynamic temporal

changes in immune cells populations, after hypoxic-ische-

mic brain injury [43]. Changes in the inflammatory cells

could result in different patterns of cytokine production

overtime [44]. It is also possible that in the recovery phase

the IL-1b is produced through a caspase-1 independent

pathway. There is recent evidence that IL-1b can be acti-

vated via alternative routes. One of these caspase-1 inde-

pendent pathways involves caspase-8. Caspase-8 was found

to stimulate IL-1b in murine bone marrow derived dendritic

cells stimulated by TLR4 agonists and chemotherapeutic

drugs such as doxorubicin [45]. A caspase-1 intermediate

(p12) also enhanced FAS-mediated apoptosis in part by

activating caspase-8 [46], showing that there is a bidirec-

tional connection in the functions of Caspase-1 and 8.

Conclusions

We have demonstrated involvement of Src kinase in the

activation of the caspase-1/IL-1b pathway after hypoxia in

the cortex of the brain of newborn piglets. Administration of

PP2 prior to hypoxia prevented hypoxia-induced increased

activity of caspase-1 at 1 hour and IL-1b expression at 24 h,

but not long term (at 15 days). These changes could occur

because of changes in the production or processing of the

caspase-1 subunits (p10/p12). Our study suggests that Src

kinase mediates hypoxia-induced caspase-1 activation, and

that inhibition of Src kinase may attenuate the neuroin-

flammatory response that leads to delayed hypoxia-induced

cell death following cerebral hypoxia.

Methods and Materials

Animal Experiments

The experimental protocol had the approval of the Institu-

tional Animal Care and Use Committee of Drexel Univer-

sity. Studies were conducted on anesthetized, ventilated
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3–5 days old term newborn piglets. Piglets were divided into

three groups: normoxic (Nx), hypoxic (Hx) and hypoxic pre-

treated with Src kinase inhibitor PP2 (Hx ? PP2) (acute

phase). Piglets that were left to recover after hypoxia were

followed, under normoxic conditions, for either 1 or 15 days

(recovery). Five piglets were included in each group. We

also included a forth group of normoxic piglets that were

pretreated with PP2 (Nx*), in order to investigate the effects

of Src kinase inhibition on caspase-1 activation under

physiologic (normoxic) conditions. Anesthesia was induced

with isoflurane and maintained with nitrous oxide and fen-

tanyl (50 lg/kg, IV). Pancuronium (0.3 mg/kg, IV) was

administered after placing the animal in pressure control

ventilator. Core body temperature was maintained at

38.5–39.5 �C. After stabilization following surgery, the

piglets assigned to the hypoxic group were exposed to

hypoxia (FiO2 = 7 %) for 1 hour, while the piglets assigned

to normoxia group were ventilated at FiO2 = 21 % for

1 hour. Piglets assigned to the Hx ? PP2 group received the

Src kinase inhibitor (PP2, 1 mg/kg, IV), 30 min prior to the

hypoxic exposure. At the end of the study, the animal was

sacrificed; cerebral cortex was removed and placed either in

homogenization buffer for isolation of the cytosolic fraction

or in liquid nitrogen and then stored at -80 �C for later

biochemical studies. The post-hypoxia recovery animals

were anesthetized and their brain was removed on day 1 and

15 of the recovery period for analysis.

Isolation of the Cytosolic Fraction

The cytosolic fraction of the cerebral tissue was isolated by

homogenizing one gram of cerebral cortical tissue by a

Dounce-type glass homogenizer. The homogenate was

centrifuged at 1,0009g for 10 min 4 �C and then again at

15,0009g for 1 h at 4 �C. The supernatant was centrifuged at

100,0009g for 60 min 4 �C to obtain the cytosolic fraction.

Caspase-1

Cytosolic caspase-1 activity was determined in a medium

containing 0.32 M sucrose, 10 mM Tris–HCl buffer (ph

7.0), 3 mM MgCl2, 500 lg cytosolic protein and 75 lL of

a specific fluorogenic substrate for caspase-1 (Alexis Bio-

chemicals, San Diego, Ca). The activity of caspase-1 was

measured by spectrophotometry at 460 nm at 37 �C con-

tinuously for 400 s. The rate of reaction was measured and

the activity was calculated using amino-4-methyl-coumarin

as a standard.

The expression of pro- and caspase-1 chains was

assessed by Western Blot analysis. Equal amount of each

cytosolic sample was separated by 12 % sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

and was transferred by electrophoresis to nitrocellulose

membranes. The membranes were subsequently incubated

with an anti- caspase-1 rabbit polyclonal antibody directed

against the p10 subunit (Santa Cruz Biotechnology, Ca).

Immunoreactivity was then detected by incubation with

horseradish peroxidase conjugated anti-rabbit secondary

antibody (Rockland, Gilbertsville, PA). Specific immuno-

complexes were detected by chemiluminence method using

the ECL detection system (GE Healthcare, Buckingham-

shire, England). The bands were analyzed by imaging

densitometry (GS-700 densitometer, Bio-Rad) and

expressed as autoradiographic values (OD 9 mm2) per

immunoblot protein. b-actin was used to verify homoge-

nous loading transfer. The data were expressed as percent

of a specific Normoxia sample.

IL-1b

Commercially available enzyme-linked immunosorbent

assay kits (R&D Systems, Minneapolis, Minnesota) were

used to measure IL-1b concentrations. Protein concentra-

tion was determined by Lowry et al. [47]. The cytosolic

preparation was diluted to a final concentration of 200 lg

protein/100 ll for all samples. An enzyme-linked poly-

clonal antibody specific for porcine IL-1b (mature mole-

cule), was added to the wells as per manufacturer’s

recommendations. The sample values were read off the

standard curve. Results were reported as pg/ml.

Statistical Analysis

One-way analysis of variance was used for comparisons

between the treatment groups at each time point. For post

hoc analysis, the Holm–Sidak test was used. For non-

parametric data, the Kruskal–Wallis analysis of variance on

ranks was used. For post hoc analysis in these cases, the

Newman–Keuls method was used. Values are presented as

mean ± SD for normal distributions, or median with

interquartile range (25–75 %) for skewed data. Statistical

analysis was performed using Sigma Stat version 3.0 (Sy-

stat Software, San Jose, California).
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