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Abstract

Objective—An epileptic seizure is frequently the presenting sign of intracerebral hemorrhage
(ICH) caused by stroke, head trauma, hypertension and a wide spectrum of disorders. However the
cellular mechanisms responsible for occurrence of seizures during ICH have not been established.
During intracerebral bleeding, blood constituents enter the neuronal tissue and produce both an
acute and delayed effect on brain functioning. Among the blood components only thrombin has
been shown to evoke seizures immediately after entering brain tissue. In the present study we
tested the hypothesis that thrombin increase neuronal excitability in the immature brain through
alteration of voltage-gated sodium channels.

Methods—The thrombin effect on neuronal excitability and voltage-gated sodium channels was
assessed using extracellular and intracellular recording techniques in the hippocampal slice
preparation of immature rats.

Results—We show that thrombin increased neuronal excitability in the immature hippocampus
in an NMDA-independent manner. Application of thrombin did not alter transient voltage-gated
sodium channels and action potential threshold. However thrombin significantly depolarized the
membrane potential and produced a hyperpolarizing shift of TTX sensitive persistent voltage-
gated sodium channel activation. This effect of thrombin was attenuated by application of
protease-activated receptor-1 and protein kinase C antagonists.

Interpretation—Our data indicates that thrombin amplifies the persistent voltage-gated sodium
current affecting resting membrane potential and seizure threshold at the network level. Our
results provide a novel explanation as to how ICH in newborns results in seizures, which may
provide avenues for therapeutic intervention in the prevention of post-ICH seizures.

INTRODUCTION

Intracerebral hemorrhage (ICH) is a significant cause of morbidity and mortality throughout
the world. This condition is complicated by acute seizures which commonly accompany
ICH in children as well as adult patients—3. Newborns are at particularly high risk for ICH
and seizures due to traumatic deliveries, stroke, subarachnoid and intraventricular
hemorrhage and vitamin K deficiency*-5. Studies on premature infants show a highly
significant correlation between intracranial hemorrhage and seizures*”. Since seizures
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contribute to both mortality and morbidity, and patients with post-ICH seizures have worse
outcomes than ICH patients without seizures?~4, understanding the cellular mechanisms
responsible for the occurrence of seizures during ICH is important for developing proper
medical treatment and management of ICH.

Following head and brain injury accompanied by ICH, concentrations of extracellular K*
and glutamate increase altering the overall excitability of neuronal environment in the
vicinity of the injury locus®®. Also it is generally acknowledged that the immediate seizures
during intracerebral bleeding are associated with proepileptic effect of blood components.
Among the possible blood components which can be involved in seizures generation after
ICH (albumin, iron, thrombin) only thrombin has been shown to produce early-onset
seizures®-12 Intracerebral infusion of thrombin into rat basal ganglia produces focal motor
seizures in animals with behavioral seizures occurring immediately after recovery from
isoflurane anesthesiall. However the mechanism by which thrombin leads to seizure
generation is unclear.

Protease-activated receptors (PAR), which belong to the superfamily of seven
transmembrane domain G protein-coupled receptors widely expressed in the brain, are
activated by thrombin and upregulated during pathological conditions such as ischemial314,
Activation of PAR by thrombin triggers a signal transduction cascade, resulting in the
activation of phospholipase C and protein kinase C (PKC), as well as the inhibition of
adenyl cyclasel®. Thrombin potentiates the activity of N-methyl-D-aspartate (NMDA)
receptors in hippocampal cells through PAR118. It has been proposed that epileptic activity
induced by thrombin is secondary to its effect on NMDA receptors. However, while
application of thrombin /n vitro enhances the sensitivity of hippocampal tissue to epileptic
seizures, this effect is not abated by the NMDA antagonists ifenprodil and (2 /)-amino-5-
phosphonopentanoate (D-APV)7, raising questions whether the seizure-enhancing effect of
thrombin is solely explained by activation of NMDA receptors.

In the present study we tested the hypothesis that thrombin affects neuronal excitability of
the immature brain through the alteration of voltage-gated sodium channels. We developed
this hypothesis since there are several lines of evidence indicating that thrombin can affect
neuronal voltage-gated sodium channels: i) application of thrombin produces a
hyperpolarizing shift of activation of sodium channels in Chinese hamster ovary cells
expressing the rat brain type 1A a subunit; ii) PKC activation increases excitability of
neurons through modulation of voltage-gated sodium channels; iii) thrombin or PAR1
receptor agonists increase transient and persistent sodium currents in human
cardiomyocytes18-21 However, there is no direct evidence that thrombin affects naive
neuronal voltage-gated sodium channels. Using a hippocampal slice preparation from
immature rats we show that application of thrombin does not affect transient voltage-gated
sodium current and AP characteristics. However, thrombin produces a significant
hyperpolarizing shift in activation of the TTX-sensitive persistent voltage-gated sodium
current thereby affecting membrane potential and seizure threshold at the network level.

METHODS

Sprague-Dawley rats (n=46) were used throughout the study and were treated in accordance
with the guidelines set by the National Institute of Health and Dartmouth Medical School for
the humane treatment of animals.

As thrombin acts through PAR, we used hippocampal slice preparations to eliminate
enzymatic treatment. Rats at postnatal (P) days 6—7 were used to evaluate the effect of
thrombin on transient voltage-gated sodium currents recorded in whole-cell configuration.
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All other experiments were done on P6-15 rats. Rats were anaesthetized with isoflurane and
decapitated, brains were removed, and transversal hippocampal slices (500um) were
sectioned in a cold (4°C) oxygenated artificial cerebrospinal fluid (ACSF). All recordings
were made from visually identified hippocampal CA3 pyramidal cells. To estimate effect of
thrombin in voltage-clamp studies we used 10 U/ml of thrombin. Recordings were
performed in outside-out and whole-cell configurations. In outside-out patches sodium
current was elicited using the following protocol: holding potential =70 mV; 50 ms pulse to
-130 mV; 30 ms test pulse to various test potentials; and step back to =70 mV. In whole-cell
experiments sodium current was elicited during a 100 ms test pulse to various test potentials
from a holding potential of =70 mV or —90 mV. Steady-state activation and inactivation
were calculated as in our previous study?2.

Membrane potential (£,;) and AP threshold were recorded using current-clamp mode in
whole-cell configuration. All recordings were performed in the presence of 10 UM 6,7-
Dinitroguinoxaline-2,3-dione (DNQX), 50 uM D-APV and 10uM gabazine to block
synaptic activity. Only cells with £, more negative than —60 mV were included into
analysis. Thrombin effect (10 U/ml) on £,, was estimated from £, held at =60 mV by
steady current injection and determined as a mean value of £, obtained during 3-5 min
recording under control conditions or in the presence of thrombin. The effect of thrombin
was estimated five minutes after thrombin application. APs were evoked by injecting a
depolarizing rectangular current pulses from £, held at =60 mV by steady current injection.
Current strength was stepwise increased until spike failure occurred within the 100-300 ms
duration pulse. Spike threshold was determined as in our previous study?2. Extracellular
recordings were performed from CA3 pyramidal cell layer using a differential amplifier (0.1
Hz-1 kHz; x1000) and recordings were digitized (10 kHz) online.

The Shapiro-Wilk and Kolmogorov-Smirnov tests were used to estimate normality of the
data for each group. Statistical analysis was performed using the two-tailed paired Student’s
ttest when the data was assumed to be normally distributed. Otherwise statistical analysis of
data was done using the non-parametric Wilcoxon matched-pairs signed rank test. All data
in the text were expressed as the mean=SD. Errors for summarized voltage dependences of
conductance and steady-state inactivation in figures were presented as mean+SE. The
whiskers in the box graphs represented the 1st and 99th percentiles. The number of cells/
slices was designated as “n”.

A more detailed description of the methods is provided in Supplementary Materials.

Application of thrombin increases spontaneous firing and facilitates the effects of
proconvulsants in the hippocampal slice from adult ratsl’. Thus we initially determined if
thrombin affects the immature neuronal network. In field potential recordings from CA3
hippocampal region of P6-15 rat we did not observe an increase in neuronal firing after
application of 10 U/ml thrombin (n=8). In previous work on adult rats, Maggio and
coauthors!’ showed that thrombin evokes seizure-like activity (SLA) in the presence of 7.2
mM of K* or 100 uM of glutamate in the extracellular solution. Increasing the concentration
of K* above 7 mM often evokes SLA in the hippocampus of young rats likely due to
increased excitability of the immature brain23. Increasing extracellular concentration of K*
([K*]o) to 5 mM and the addition of 10 uM 4-aminopyridine (4 AP) to the extracellular
solution produced only a slight and transient (4.1+£1.0 min) increase in synchronization (Fig
1A). Concentrations of K* and 4AP used in our experiments were found in pilot studies. 10
U/ml thrombin was added after 25-30 min of superfusion with 5 mM [K*],/10 uM 4AP
ACSF. All of the slices superfused with 5 mM [K*],/10 uM 4AP and 10 U/ml thrombin
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ACSF showed SLA (n=11). SLA was consistent during application of thrombin for 20-30
min and in 4 of 11 slices showed persistent epileptic activity even after thrombin washout.
In slices preapplied with 50 uM D-APV and 5 mM [K*],/10 uM 4AP ACSF we did not see
pronounced synchronization, however the application of 10 U/ml thrombin evoked SLA in
all tested slices (n=5) (Fig 1B). In 2 out of 5 slices SLA persisted after thrombin was
removed from the perfusion solution. These observations were consistent at all ages (P6 to
P15) studied with no apparent age-depended difference in SLA probability, duration and
seizure manifestation. In in vivo studies Lee and colleagues (1997) used a concentration of
thrombin 100-400 U/ml to induce seizures!!. Increasing the thrombin concentration to 50
U/ml did not increase neuronal firing or produce further facilitation of the effect of the
proepileptics in our study (data not shown).

We next evaluated the effect of thrombin on £, and characteristics of AP in CA3 pyramidal
cells. In current-clamp studies application of 10 U/ml thrombin consistently produced a
small but significant depolarizing shift of £, from —=59.9+1.4 mV to -57.7+1.6 mV, t19=8.8,
p<.001). This effect of thrombin was blocked by 1 pM TTX (-61.2+1.2 mV before and
—-61.0+£1.5 mV after application of thrombin, n=6) and PAR1 antagonist SCH79797 (3-5
M) (-59.5+1.4 mV before and —59.3+1.1 mV after application of thrombin; n=7), but was
observed in the presence of blockers of synaptic transmission D-APV, DNQX and gabazine.
Application of thrombin did not change AP threshold (-=39.9+2.8 mV in control vs
—39.2+3.0 mV in the presence of thrombin, n=10), amplitude (74.0£11.6 mV in control vs
74.5+10.4 mV in the presence of thrombin) or half-width (1.6+0.2 ms in control vs 1.7+0.2
ms in the presence of thrombin).

In voltage-clamp studies the effect of thrombin was first evaluated on TTX sensitive sodium
transient currents (/) recorded from outside out patches excised from CA3 pyramidal
neurons of P6-15 rats. TTX sensitive /x,,Was activated near —60 mV reaching its peak
between —20 mV and -15 mV (Fig 2A). Application of 10 U/ml thrombin did not alter
maximal /p,;ramplitude (=76.9+35.6 pA vs —69.4+35.9 pA in the presence of thrombin,
p=0.5, n=7). Midpoint potentials of the peak activation and inactivation curves were also
unaffected by thrombin (activation: —=35.8+1.7 mV vs -35.2+1.7 mV, inactivation:
-68.4+1.4 mV vs —69.2+1.5 mV, n=7). As experiments in the outside out configuration can
dissociate second messenger systems, we also performed experiments in the whole-cell
configuration. Recordings in whole-cell configuration were performed from slices of P6-7
rats to reduce space-clamp errors?2. /n,;was evoked by step depolarization (100 ms) from a
holding potential of —90 mV (Fig 2Bal). Figure 1Ba2 represents the effect of thrombin on
Ingramplitude. In 14 cells maximal /n,,; amplitude was not changed in the presence of
thrombin (=6.1£2.8 nA vs —5.9+£2.7 nA, p=0.3). Thrombin did not change /y;;activation
and inactivation (Fig 2C,D). In some experiments /n;;; Was evoked by step depolarization
from the holding potential of =70 mV. In these conditions we also did not observe any
significant effect of application of thrombin on the /5, maximal amplitude (less than 5%
decrease) and /¢ Kinetic properties (n=6).

We next examined the effect of thrombin application on persistent sodium current (/pzp).
Recordings of /x,, were performed using two different protocols. In nine cells /p, was
recorded in response to 100 ms depolarizing pulses from a holding potential of —90 mV. The
Ingp amplitude was measured as the mean current calculated from 80 to 100 ms after the
beginning of the depolarization to separate /j, from Inae 2. Ingp Was activated near —70
mV reaching its peak at about —40 mV and completely abolished by application of 1 uM
TTX. Thrombin did not change the maximal /y,,, amplitude (130.2+59.3 pA in controls and
122.7+43.9 pA in the presence of thrombin, n=9), however thrombin increased /p
amplitude recorded in response to more negative depolarization steps (Fig 3A). This effect
can be attributed to a significant hyperpolarizing shift of steady-state activation of /., (Fig
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3B). The voltage of half-maximal conductance of persistent sodium channels was shifted
from —48.5+3.1 mV in controls to —=51.4+3.6 mV in the presence of thrombin (p=0.02,
tg=3.0). In twelve cells, /x4, Was activated by depolarizing voltage ramps (=70 mV to 0 mV,
24 mV/s, Fig 3C). In agreement with previous reports?425 /., activated at around ~70 mV
reaching its peak between —50 mV and —40 mV and at potentials more positive then —40
MV /ngp Was superimposed with a large outward TTX-insensitive current. Thrombin did not
change maximal /p,, amplitude (75.8+35.0 pA in controls and 76.6+22.2 pA in the presence
of thrombin, n=12). However, /x4, activation curve shifted in the hyperpolarizing direction
from —49.7+4.0 mV to -52.6+3.3 mV, t11=7.6, p<0.001) which produced an increase in /xzp
amplitude at potentials more negative than -50 mV (Fig 2C,D). In the presence of TTX (1
uM) thrombin did not affect the remaining outward current (n=4). In addition, the effect of
thrombin on /y,, was completely abolished in slices preincubated with specific PAR1
receptor antagonist SCH79797 (3 uM) (the potential for half-maximum conductance was
-49.6£1.9 mV before and —50.2+2.5 mV after thrombin application, n=5). To verify that the
effect of thrombin is mediated through PKC activation six slices were preincubated with H7
(10 M), a blocker of PKC. Application of thrombin did not affect /,, recorded from H7
pretreated slices (the potential for half-maximum conductance was —51.2+3.5 mV before
and -51.6+£3.5 mV after application of thrombin).

Lidocaine in low concentrations has been shown to selectively block persistent sodium
current?6:27_In order to verify our hypothesis that thrombin decreases seizure threshold
through facilitation of persistent sodium current, we preapplied 10 uM lidocaine with 5mM
[K*]o/10 uM 4AP and 50 uM D-APV ACSF and tested the effect of thrombin on neuronal
activity in field potential recordings from the CA3 hippocampal region (n=5). Adding 10 U/
ml thrombin did not evoke either an increase of extracellular activity or SLA (data not
shown).

DISCUSSION

In vivoand in vitro studies have demonstrated that thrombin entry into the brain is a
contributing factor to seizures during ICHL17, but the mechanism of the thrombin
proepileptic action has not been established. Thrombin produces a long-lasting increase in
spontaneous firing and lowered the threshold for generating epileptic seizures in
hippocampal CA3 region in slice preparation from adult animals®’. In our study we did not
observe an increase in neuronal activity recorded from the same region of the hippocampus
of P6-15 rats. However, thrombin markedly facilitated the effect of proconvulsants. To test
the hypothesis whether thrombin provoked SLA through NMDA receptor activation, we
blocked NMDA receptors by D-APV before thrombin application. We found that even in
the absence of NMDA receptor signaling thrombin exerted a strong proepileptic influence
on hippocampal neurons. Our data suggests that thrombin exerts a proepileptic effect on the
immature hippocampus and similarly to investigations conducted on hippocampal slices
from adult animals?’, this effect cannot be explained solely by activation of NMDA
receptors.

Application of thrombin results in a leftward shift of activation of TTX sensitive sodium
current recorded in human cardiomyocytes and CHO cells transected with a cDNA encoding
the a subunit of rat brain type I1A sodium channel1821, Such effects on /5, would affect the
AP threshold and as a result increase neuronal firing and the ability of the network to
synchronize?8:2%_ In our voltage clamp experiments application of thrombin did not affect
Inae AS expected in current-clamp experiments with a fixed £, we found no effect of
thrombin on either threshold or other AP characteristics. To reduce space clamp errors in
whole-cell configuration we performed voltage-clamp experiments on P6-7 animals.
Current-clamp studies were performed on slices from P6-15 rats and no differences were
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found between recordings on cells from P6-7 and older rats in tested parameters. Our data
indicate that increasing of neuronal activity by thrombin is not due to the effect of thrombin
on the transient voltage-gated sodium channels. However, the depolarizing shift of £,
caused by thrombin was not observed in the presence of TTX, suggesting that thrombin
enhanced the noninactivating component of the TTX-sensitive sodium current.

Persistent TTX-sensitive voltage-gated sodium current is present in many cortical
structures?425:30, /., activated near resting membrane potential can affect £,,and its
activation leads to increase of neuronal bursting activity31:32. /p,, lasting several hundreds
of milliseconds plays an important role during prolonged depolarization and in sustaining
recurrent firing3133. /5, has been shown to be important in initiation and maintenance of
ictal epileptiform activity34. In the present study thrombin application produced a small but
significant hyperpolarizing shift of /5, activation. This effect of thrombin on /p;, was
attenuated by application of PAR1 and PKC antagonists, indicating that thrombin modulates
Ingp through activation of PKC. PKC-mediated modulation of transient and persistent
sodium channels has been demonstrated in different neuronal regions!9:20:35.36 pKC
dependent increase in neuronal excitability due to PKC modulation of sodium channels has
also been shown in neocortical neurons®20. As /u,, is activated at subthreshold potentials,
the shift of its activation increases the probability of neurons discharging due to membrane
depolarization. Thus, a lower depolarizing step is required to evoke AP. Our experiments
with application of 10 puM lidocaine before thrombin perfusion suggest that thrombin
decreases seizure threshold through a shift in /x, activation.

In summary, the present study supports the idea that thrombin can increase seizure
susceptibility of the immature hippocampus in an NMDA-independent mannerl’. We also
show that in immature hippocampus thrombin increase the excitability of neuronal network
through modulation of TTX-sensitive persistent sodium channels. This effect of thrombin at
least partly explains the mechanism of development of epileptic activity following ICH in
the immature brain. While this study was performed on immature animals, the similarity in
the effect of thrombin in extracellular studies allows us to presume that thrombin can exert a
similar action on /yzrand /pgp in adult preparationsl’. However future studies should
evaluate the age-dependence of excitatory effect of thrombin.

Finally, the implications of our finding go beyond ICH-related seizures. Thrombin, its
precursor and its receptors are widely distributed in the brain and play an important role in
various neuronal processes such as response to injury, apoptosis, cell growth and
regeneration37-39, Thrombin also serves as an endogenous mediator of neuroprotection0.
Thus thrombin may be a double-edged sword, protecting the brain at low concentration but
causing injury, including seizures at high concentrations. Our findings suggest that
thrombin, through its effect on neuronal activity via alteration of the sodium channel
properties; can have a critical role in both normal development of the brain and in seizures
following ICH.
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Figure 1.

Thrombin evoked seizure-like activity in the hippocampal slices of immature rat.
Extracellular field potential recordings from CA3 pyramidal cell layer. (A) Only initial
bursting activity was evoked in the presence of 5[K*],/10 uM 4AP. Application of 10 U/ml
thrombin evoked seizure-like activity in P9 hippocampal slice. (B) Addition of 50uM D-
APV did not prevent seizure-like activity induced by thrombin. Spontaneous discharges
marked with a,b,c shown for A and B in expanded scales below each graph.
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Effect of thrombin on transient voltage-gated sodium currents. (A) Traces of /p,;recorded
from a CA3 pyramidal cell outside out patch at different test pulse potentials. Insert shows
current-voltage relationship of /x;recorded from the same patch in control conditions
(white) and in 10 min of the thrombin presence (grey); (B) Examples of whole-cell voltage-
clamp recordings from CA3 pyramidal cell of P7 hippocampal slice. Bal upper panel pulse
protocol: holding potential, =90 mV; 100 ms test pulse to membrane potentials between —90
and +20mV (10 mV increments); 30ms step to —20mV; and step back to holding potential.
Lower panel traces of /x,; recorded using this protocol. Ba2 time course of effect of
application of 10 U/ml thrombin on the maximal peak amplitude of /5, Recordings were
made at depolarizing pulse to =20 mV. (C,D) Summarized voltage dependences of the
normalized conductance (C) and steady-state inactivation (D) of /y,;recorded from CA3
pyramidal neurons in whole-cell configuration from control cells (white) and in the presence
of thrombin (grey) fitted by a Boltzmann function. Inserts represent summarized box plots
of mid-point potentials of the steady-state activation (C) and inactivation curves (D). Values

are MeanzSE.
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Figure 3.

Thrombin produces a hyperpolarizing shift of TTX-sensitive persistent sodium current
activation. (A) Representative sodium current traces obtained under control conditions and
in the presence of thrombin from CA3 pyramidal cell using the stimulus protocol shown in
the upper panel. (B) Summarized voltage dependences of the normalized conductance of
Ingp recorded using depolarizing step protocol from control cells (white) and in the presence
of thrombin (grey) fitted by a Boltzmann function. (C) Representative sodium current traces
obtained under control conditions, in the presence of thrombin or TTX from CA3 pyramidal
cell using a slow ramp voltage protocol. (D) Summarized voltage dependences of the
normalized conductance of /j,, recorded using a slow ramp voltage protocol from control
cells (white) and in the presence of thrombin (grey) fitted by a Boltzmann function. Inserts
represent summarized box plots of the mid-point potentials of the steady-state activation of
Inap recorded using step (C) and ramp voltage protocols (D). Values are Mean + SE.
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