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Abstract

Extracellular signal-regulated kinase 1/2 (ERK1/2) plays diverse roles in the central nervous 

system. Activation of ERK1/2 has been observed in various types of neuronal excitation, including 

seizure activity in vivo and in vitro. However, studies examining ERK1/2 activity and its substrate 

phosphorylation in parallel are scarce especially in seizure models. We have been studying the 

phosphorylation state of the presynaptic protein, synapsin I at ERK1/2-dependent and -

independent sites in various types of seizure models and showed that ERK1/2-dependent 

phosphorylation of synapsin I was indeed under control of ERK1/2 activity in vivo. To further 

expand our study, here we examined the effects of prolonged seizure activity on ERK1/2 activity 

and synapsin I phosphorylation by using status epilepticus induced by kainic acid (KA-SE) in rats 

in vivo. In KA-SE, robust ERK1/2 activation was observed in the hippocampus, a representative 

limbic structure, with lesser activation in the parietal cortex, a representative non-limbic structure. 

In contrast, the phosphorylation level of synapsin I at ERK1/2-dependent phospho-site 4/5 was 

profoundly decreased, the extent of which was much larger in the hippocampus than in the parietal 

cortex. In addition, phosphorylation at other ERK1/2-independent phospho-sites in synapsin I also 

showed an even larger decrease. All these changes disappeared after recovery from KA-SE. These 

results indicate that the phosphorylation state of synapsin I is dynamically regulated by the 

balance between kinase and phosphatase activities. The contrasting features of robust ERK1/2 

activation yet synapsin I dephosphorylation may be indicative of an irreversible pathological 

outcome of the epileptic state in vivo.
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1. Introduction

Extracellular signal-regulated kinase 1/2 (ERK1/2) belongs to a subfamily of mitogen-

activated protein kinases (MAPKs) and plays diverse roles in the central nervous system, 

including regulation of neuronal survival or death, synaptic plasticity, and learning and 

memory through phosphorylation of a number of substrates, such as transcription factors, 

cytoskeletal proteins, regulatory enzymes and kinases, and presynaptic proteins in 

postmitotic neurons (Sweatt, 2004; Thomas and Huganir, 2004; Kushner et al., 2005; 

Subramaniam and Unsicker, 2006). A number of studies using cultured neurons have shown 

that ERK1/2 is activated in response to excitatory glutamatergic stimulation and following 

Ca2+-influx into neurons (Bading and Greenberg, 1991; Fiore et al., 1993; Kurino et al., 

1995; Murphy et al., 1994). Robust ERK1/2 activation has also been observed in various 

types of seizure models, implicating a close relationship between neuronal excitation and 

ERK1/2 activation in vivo (Baraban et al., 1993; Gass et al., 1993; Kim et al., 1994; Murray 

et al., 1998; Merlo et al., 2004; Jeon et al., 2000; Lugo et al., 2008; de Lemos et al., 2010; 

Yamagata et al., 2002, 2013).

Elucidating signaling cascades that involve ERK1/2 has been a focus of attention, especially 

in the context of synaptic plasticity and learning and memory, and a number of direct targets 

of ERK1/2 have been documented (Sweatt, 2004; Thomas and Huganir, 2004). Studies 

using transgenic mice also revealed closely associated downstream targets in vivo (Nateri et 

al., 2007; Kelleher, et al., 2004; Kushner et al., 2005). Conditional expression of a 

constitutively active form of the ERK kinase, MEK1, in the mouse brain caused increased 

phosphorylation of ERK1/2, eukaryotic translation initiation factor 4E (eIF4E) and cAMP 

response element-binding protein, which was associated with spontaneous epileptic seizure 

(Nateri et al., 2007). In an opposite manner, conditional expression of a dominant-negative 

form of MEK1 in the mouse brain resulted in suppression of an increase in phosphorylation 

of ERK1/2, ribosomal protein S6 and elF4E in response to LTP-inducing stimuli or 

contextual fear conditioning (Kelleher, et al., 2004). Moreover, transgenic mice expressing a 

constitutively active form of H-ras, which localizes abundantly in axon terminals, showed 

increased phosphorylation of ERK1/2 and phospho-site 4/5 of synapsin I, facilitation of 

neurotransmitter release and long-term potentiation, and enhancement of hippocampus-

dependent memory (Kushner et al., 2005). However, these studies using transgenic mice 

may not necessarily reflect physiological consequences in vivo, because the balance between 

kinase and phosphatase activities in these animals are different from that in normal animals. 

Therefore, further studies using normal animals to examine ERK1/2 activity and the 

phosphorylation state of substrate proteins in various conditions in parallel are essential to 

understand physiological consequences of ERK1/2 activation in vivo.

Only a few such studies have been conducted so far (Lugo et al., 2008; Yamagata et al., 

2002, 2013). Lugo et al. (2008) showed increased levels of both phospho-ERK1/2 and 

phospho-Kv4.2, the voltage-dependent K+ channel α-subunit, at the ERK1/2-dependent site, 

Yamagata and Nairn Page 2

Brain Res. Author manuscript; available in PMC 2016 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the hippocampus following 1 h of kainic acid-induced status epilepticus (KA-SE). On the 

other hand, we have been studying the phosphorylation state of the presynaptic protein, 

synapsin I, in various types of seizure models. Synapsin I is a synaptic vesicle-associated 

phospho-protein that regulates the reserve pool of synaptic vesicles at the presynaptic 

terminal in a phosphorylation-dependent manner (Greengard et al., 1993; Hilfiker et al., 

1999; Gitler and Augustine, 2009; Cesca et al., 2010). It is phosphorylated by different 

kinases at distinct sites: phospho-site 1 (Ser-9) by cyclic AMP-dependent protein kinase 

(PKA) and Ca2+/calmodulin-dependent protein kinase I; phospho-sites 2 and 3 (Ser-566 and 

Ser-603) by Ca2+/calmodulin-dependent protein kinase II (CaMKII); phospho-sites 4, 5 and 

6 (Ser-62, Ser-67 and Ser-549) by ERK1/2; and phospho-sites 6 and 7 (Ser-551) by cyclin-

dependent protein kinases. These phospho-sites are preferentially dephosphorylated by 

different phosphatases: phospho-sites 1, 2 and 3 by protein phosphatase 2A; phospho-sites 4, 

5 and 6 by Ca2+/calmodulin-dependent protein phosphatase 2B, calcineurin (Jovanovic et 

al., 2001; Yamagata, 2003; Cesca et al., 2010). By using a cortical slice model of seizure 

activity, we recently showed that N-methyl-D-aspartate-type glutamate receptor (NMDA-

R)-dependent seizure activity introduced by Mg2+-free condition did not cause ERK1/2 

activation, but caused dephosphorylation of phospho-site 4/5, whereas when combined with 

blockade of γ-aminobutyric acid type A receptor (GABAA-R) to induce strong 

glutamatergic excitation, profound ERK1/2 activation occurred, which was accompanied by 

a large increase in phosphorylation at phospho-site 4/5 (Yamagata et al, 2013). Additionally, 

we previously reported bidirectional changes in synapsin I phosphorylation at ERK1/2-

dependent sites after electroconvulsive treatment (ECT) in rats in vivo (Yamagata et al, 

2002). The phospho-site 4/5 level of synapsin I first showed a large decrease during brief 

seizure activity and a subsequent large increase in response to ERK1/2 activation in the 

hippocampus and parietal cortex. Prior injection of SL327, a MEK inhibitor, suppressed 

both ERK1/2 activation and the increase in phosphorylation at phospho-site 4/5, 

demonstrating that phospho-site 4/5 is indeed under control of ERK1/2 activity in vivo.

To further understand the physiological consequences of ERK1/2 activation on synapsin I 

phosphorylation in vivo, we examined the effects of prolonged seizure activity, and found 

contrasting features of ERK1/2 activation and dephosphorylation of the ERK1/2-dependent 

phospho-site 4/5 of synapsin I in the rat brain in KA-SE. Combined with our previous 

studies, we propose a model illustrating a dynamic relationship between neuronal excitation, 

ERK1/2 and phosphatase activities, and the phosphorylation state of synapsin I, which may 

help predict an irreversible pathological outcome of the epileptic state in vivo.

2. Results

2.1. Activation of ERK1/2 in the hippocampus and parietal cortex in status epilepticus 
induced by kainic acid injection (KA-SE)

We first measured ERK1/2 activity in brain homogenates obtained from rats expressing 

status epilepticus for 30-60 min by kainic acid injection (KA-SE), as compared to that in 

control rats that received vehicle injection (Fig. 1A). As expected, ERK1/2 activity was 

profoundly increased in samples from the hippocampus (215.0±22.6% of control, p<0.01, 

one sample t-test, n=7), a representative limbic structure preferentially activated by systemic 
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KA injection (Fig. 1A, left). The increase in ERK1/2 activity was smaller in samples from 

the parietal cortex (150.8±14.0% of control, p<0.05), representative of a non-limbic 

neocortical structure less activated by systemic KA injection. Immunoblot analysis also 

revealed a prominent increase in the level of phospho-ERK1/2, the active form, compared to 

control, while the total ERK1/2 level remained unchanged (Fig. 1A, right). The extent of the 

increase in phospho-ERK1/2 was more evident in the hippocampus than in the parietal 

cortex. Preferential involvement of the hippocampus is a characteristic of limbic seizure 

activity induced by systemic KA injection as previously described (Lothman and Collins, 

1981).

Such an increase in ERK1/2 activity was reversible and no longer detected in samples from 

rats that had recovered for at least 24 h after the suppression of KA-SE by diazepam 

injection (KA-recovery) (114.8±7.3% of control in the hippocampus; 87.4±6.2% of control 

in the parietal cortex; n=5) (Fig. 1B).

2.2. Increased phospho-ERK1/2 staining in KA-SE

To obtain an overall view of ERK1/2 activation in the brain in KA-SE, we additionally 

performed immunohistochemical analysis using anti-phospho-ERK1/2 antibody (Fig. 2). 

Intense phospho-ERK1/2 staining was observed in the hippocampus, amygdala and piriform 

cortex from rats in KA-SE, whereas minimal staining was observed in the control rat brain, 

again revealing a characteristic of limbic seizure activity of KA-SE (Fig. 2A, left). On the 

other hand, the pattern of total ERK1/2 staining was unchanged between KA-SE and control 

(Fig. 2A, right). With higher magnification, strong phospho-ERK1/2 staining was observed 

in the stratum radiatum of the CA3 region and in the granular cell layer of the dentate gyrus 

of the hippocampus, the most affected area, whereas only moderate staining was observed in 

the lateral portion of the cerebral cortex corresponding to the parietal cortex, the less 

affected area, in KA-SE (Fig. 2B, left). In contrast, virtually no staining was observed in the 

control brain. Total ERK1/2 staining was almost the same between KA-SE and control with 

higher magnification (Fig. 2B, right).

2.3. Decreased phospho-synapsin I levels in KA-SE

We then examined the phosphorylation levels of synapsin I, a representative presynaptic 

substrate of ERK1/2, in brain homogenates obtained from rats in KA-SE, as compared to 

those from controls (Fig. 3). In contrast to robust activation of ERK1/2, a profound decrease 

was observed in the level of the ERK1/2-dependent phospho-site 4/5 without any changes in 

the total synapsin I level in both brain regions (Fig. 3A). Quantitative immunoblot analysis 

revealed that the extent of the decrease was much larger in the hippocampus than in the 

parietal cortex (Fig. 3B), again reflecting the characteristics of limbic seizure activity of KA-

SE. It is interesting to note that the phosphorylation levels of other phospho-sites of synapsin 

I, i.e., CaMKII-dependent phospho-site 3 and PKA-dependent phospho-site 1, also showed a 

marked decrease in both brain regions, with the extent of the decrease even larger than that 

at phospho-site 4/5. The fact that discrete sites that are subject to regulation by different 

kinases and phosphatases all showed a decrease in the phosphorylation levels indicates that 

KA-SE resulted in a profound but selective increase in activities of different kinds of 

phosphatases in the affected brain regions. Such a decrease in the phosphorylation levels of 
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discrete sites was reversible and no longer detected in both hippocampal and parieto-cortical 

homogenates from rats in KA-recovery (Fig. 4).

Since we previously observed bidirectional changes in the phospho-site 4/5 level after ECT, 

i.e., first a large decrease during brief seizure activity followed by a large increase after the 

termination of seizure activity, we suspected that there might be a possible increase in the 

phospho-site 4/5 level soon after the suppression of KA-SE. Thus, we additionally examined 

samples from rats that experienced one hour of recovery after the suppression of KA-SE 

(KA-1h-recovery). However, we did not detect any changes in the phospho-site 4/5 level, as 

well as in the phospho-site 3 level, at this time point (Table 1).

3. Discussion

In this study, we showed that during prolonged seizure activity in KA-SE, robust ERK1/2 

activation occurred in the hippocampus, a representative limbic structure, but that this was 

less prominent in the parietal cortex, a representative non-limbic structure (Figs. 1A, 2). 

Unexpectedly however, phosphorylation at ERK1/2-dependent phospho-site 4/5 of synapsin 

I was largely decreased in KA-SE (Fig. 3). In addition, phosphorylation at ERK1/2-

independent phospho-sites 3 and 1 also showed an even larger decrease than that at 

phospho-site 4/5. All these changes disappeared after recovery from KA-SE (Figs. 1B and 4; 

Table 1).

How do we interpret the contrasting features of ERK1/2 activation and dephosphorylation of 

phospho-site 4/5 of synapsin I during prolonged seizure activity in KA-SE? In our recent 

study using a cortical slice model of seizure activity, NMDA-R activation induced by Mg2+-

free condition did not induce ERK1/2 activation, but caused dephosphorylation of phospho-

site 4/5 (Yamagata et al., 2013). On the other hand, when NMDA-R activation was 

combined with GABAA-R blockade to induce strong glutamatergic excitation and enhanced 

seizure activity, profound ERK1/2 activation was observed, which was accompanied by a 

concurrent increase in phosphorylation at phospho-site 4/5. In another previous study using 

an ECT-induced seizure model in vivo, the phospho-site 4/5 level of synapsin I was 

decreased to less than a half of the control level during brief seizure activity and 

subsequently increased to three times as large as the control level, peaking soon after the 

termination of seizure activity (Yamagata et al., 2002). The latter increase was in response to 

preceding ERK1/2 activation because prior systemic administration of SL327, a MEK 

inhibitor unambiguously suppressed the increase in the phospho-site 4/5 level, as well as 

that in ERK1/2 activity, demonstrating the dependency of phospho-site 4/5 on ERK1/2 

activity in vivo. In another preceding study using synaptosomal preparations, high K+-

depolarization in the presence of extracellular Ca2+ induced a large decrease in the phospho-

site 4/5 level, which was blocked by cyclosporin A, a calcineurin inhibitor (Jovanovic et al., 

2001). In vitro studies using purified proteins also confirmed that phospho-site 4/5 is 

dephosphorylated by calcineurin, but not by other protein phosphatases, such as 

phosphatases 1 and 2A (Jovanovic et al., 2001). Taken together, the observed large decrease 

in the phospho-site 4/5 level during prolonged seizure activity in KA-SE, as well as the 

initial decrease during ECT-induced brief seizure activity, appears likely to be mediated by 

calcineurin. To support this assumption, calcineurin activity was increased in cortical and 
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hippocampal homogenates from rats in pilocarpine-induced SE (Kurz et al., 2001, 2003). In 

addition, KA-SE for 30 min caused dephosphorylation of cofilin, a regulatory actin-binding 

protein in hippocampal and cortical neurons, which was suppressed by prior administration 

of FK506, a calcineurin inhibitor (Zeng et al., 2007). Thus, it is most probable to assume 

that calcineurin activity surpassed ERK1/2 activity, which resulted in dephosphorylation of 

phospho-site 4/5 of synapsin I in KA-SE in the present study (Fig. 3).

Another factor that may influence the contrasting features of ERK1/2 activation and 

dephosphorylation of phospho-site 4/5 is localization of activated form of ERK1/2. 

Immunohistochemical analysis revealed that phospho-ERK1/2 staining was especially 

prominent in the stratum radiatum of the CA3 region of the hippocampus (Fig. 2B), 

indicating strong ERK1/2 activation in the dendritic region, i.e., on the postsynaptic side. 

Thus, activation of ERK1/2 in the presynaptic compartment where synapsin I exists may not 

be enough to exert its effect on phosphorylation of synapsin I in KA-SE. Such localization 

may also explain a discrepancy between decreased phosphorylation of a presynaptic 

substrate, synapsin I in the present study and increased phosphorylation of a postsynaptic 

substrate, Kv4.2 in KA-SE in a previous study (Lugo et al., 2008).

Another interesting issue to be addressed is that phosphorylation at CaMKII-dependent 

phospho-site 3 and PKA-dependent phospho-site 1 of synapsin I showed an even larger 

decrease during prolonged seizure activity in KA-SE (Fig. 3). A similar decrease was also 

observed previously during ECT-induced brief seizure activity (Yamagata et al., 2002; 

Yamagata, 2003). As for kinase activities, a profound decrease was observed in the Ca2+/

calmodulin-independent, autonomous activity of CaMKII during ECT- and KA-induced 

seizure activity (Yamagata and Obata, 1998; Yamagata, 2003; Yamagata et al., 2006), 

whereas an increase in PKA activity was reported in cortical, but not hippocampal 

homogenate in pilocarpine-induced SE (Bracey et al., 2009). Considering that phospho-site 

4/5 is preferentially dephosphorylated by calcineurin, and phospho-sites 3 and 1 by protein 

phosphatase 2A (Jovanovic et al, 2001), it is most probable to assume that activities of both 

calcineurin and protein phosphatase 2A surpassed kinase activities during brief and 

prolonged seizure activity at least on the presynaptic side.

Combined with our previous studies, we propose a model illustrating a relationship between 

neuronal excitation, ERK1/2 and phosphatase activities and phosphorylation at phospho-site 

4/5 of synapsin I in the brain during seizure activity in vivo (Fig. 5). In this model, we 

assume calcineurin is responsible for dephosphorylation of phospho-site 4/5. When seizure 

activity is rather weak (Fig. 5, far left), such as that induced by NMDA-R activation in 

cortical slice preparations (Yamagata et al., 2013), phosphatase activity increases, but 

ERK1/2 activity does not, resulting in dephosphorylation of phospho-site 4/5 of synapsin I. 

When seizure activity is moderate (Fig. 5, middle left), such as that induced by the 

combination of NMDA-R activation and GABAA-R blockade in cortical slice preparations 

(Yamagata et al., 2013), the increase in ERK1/2 activity exceeds that of phosphatase 

activity, resulting in increased phosphorylation at phospho-site 4/5. When seizure activity is 

rather strong but transient (Fig. 5, middle right), such as that observed in ECT-induced 

seizure activity (Yamagata et al., 2002), both phosphatase and ERK1/2 activities are 

increased, but due to the preceding increase in phosphatase activity, dephosphorylation of 
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phospho-site 4/5 dominates during brief seizure activity. When seizure activity is much 

stronger and prolonged (Fig. 5, far right), such as that observed in KA-SE in the present 

study, the increase in phosphatase activity exceeds that of ERK1/2 activity, resulting in 

dephosphorylation of phospho-site 4/5. Thus, according to the extent of neuronal excitation, 

synapsin I phosphorylation is dynamically regulated by the activity balance between 

ERK1/2 and phosphatase in vivo, whose balance may also change depending on their 

subcellular localization within neurons. Since KA-SE leads to delayed neuronal cell death in 

primarily affected limbic structures, especially in the hippocampus (Lothman and Collins, 

1981; Sperk et al., 1985), the contrasting features of robust ERK1/2 activation and 

dephosphorylation of phospho-site 4/5 (Fig. 5, far right) may implicate an irreversible 

pathological outcome of the epileptic state.

What might be the physiological or pathological consequences of decreased phosphorylation 

of synapsin I during prolonged seizure activity in KA-SE? Synapsin I associates and 

stabilizes synaptic vesicles in the reserve pool to prepare for vesicle mobilization to the 

recycling pool in response to repetitive stimulation (Greengard et al., 1993; Hilfiker et al., 

1999; Gitler and Augustine, 2009; Cesca et al., 2010). Repetitive stimulation induces 

synapsin I phosphorylation and its dispersion from synaptic vesicles, which affects synaptic 

vesicle turnover (Chi et al., 2001, 2003). Phosphorylation at phospho-sites 1, 2 and 3 seems 

to be necessary for the expression of post-tetanic potentiation, and that at phospho-sites 4 

and 5 for its enhancement by brain-derived neurotrophic factor (Valente et al, 2012). Thus, 

dephosphorylation of all these phospho-sites during seizure activity may result in 

suppression of further enhancement of neurotransmitter release, which may be a 

compensatory or protective mechanism against seizure activity. More studies are necessary 

to reveal the exact role of dephosphorylation of phospho-site 4/5 and other phospho-sites of 

synapsin I during seizure activity in vivo.

In conclusion, our study clearly demonstrated that : (1) Prolonged seizure activity in KA-SE 

caused profound activation of ERK1/2; but at the same time, (2) it caused a large decrease in 

phosphorylation at ERK1/2-dependent phospho-site 4/5 and at ERK-independent phospho-

sites 3 and 1 of synapsin I; and (3) the outcome of substrate phosphorylation seems to be 

controlled by dynamic activity changes of responsible kinases and phosphatases in the 

specific subcellular compartment in vivo.

4. Experimental Procedures

4.1. Animal experiments

Male Wistar rats (7 to 9-week-old) (Japan SLC, Hamamatsu, Japan) were used for 

experiments. All animal experiments were reviewed and approved by the Institutional 

Animal Care and Use Committee of National Institutes of Natural Sciences. All experiments 

were conducted in accordance with the Guide for Animal Experimentation in the Institute. 

Animals were housed in cages with ad libitum access to water and food and maintained on a 

12 h light/dark cycle.

Kainic acid (KA; Sigma, St. Louis, MO, USA) dissolved in phosphate-buffered saline (PBS) 

and adjusted to pH 7.5 was injected subcutaneously into rats (10-15 mg/kg) to induce limbic 
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seizure activity as previously described (Lothman and Collins, 1981; Sperk et al., 1985; 

Yamagata et al., 2006). Severe limbic seizure without pause, referred to as status epilepticus 

(SE) became apparent 1.5 to 2 h after systemic KA injection (Yamagata et al., 2006), and 

samples from such animals were prepared 30-60 min after the onset of SE (KA-SE). Control 

animals received vehicle (PBS) injection, instead of KA, in exactly the same way.

In recovery experiments, diazepam (Takeda Chemical Industries, Osaka, Japan) was injected 

intraperitoneally (10-15 mg/kg) after 30-60 min of KA-SE, i.e., 2-2.5 h after KA injection, 

to completely suppress seizure activity, and then rats were allowed to recover at least for 24 

h before sacrifice (KA-recovery; Yamagata et al., 2006). In some experiments, samples were 

obtained from animals recovered for 1 h after complete suppression of seizure activity by 

diazepam injection (KA-1h-recovery). Control animals for KA-recovery experiments first 

received PBS and then diazepam injection, in a similar time course as the corresponding 

KA-recovery animals that received KA followed by diazepam injection.

4.2. Sample preparation

We analyzed two major parts of the brain as previously described (Yamagata et al, 2006). 

One was the hippocampus as a representative of limbic structure preferentially activated by 

systemic KA injection, and the other was the parietal portion of the cerebral cortex (the 

parietal cortex), as a representative of non-limbic neocortical structure less activated by 

systemic KA injection (Lothman and Collins, 1981). At the indicated times described above, 

animals were decapitated under carbon dioxide anesthesia, and brain homogenates from the 

hippocampus and parietal cortex were prepared as described (Yamagata et al., 2006).

4.3. ERK1/2 activity assay

ERK1/2 activity was determined by using p42/p44 MAP Kinase enzyme assay system 

(Amersham, Buckinghamshire, UK), according to manufacturer's assay procedures with 

some modifications (Yamagata et al., 2002, 2013). The amount of protein used was 1.0 μg 

from hippocampal and cortical homogenates. The reaction was linear in terms of both 

protein concentration and incubation time. When relative activity of KA-treated samples 

was calculated, it was expressed as a percentage against the value of vehicle-injected control 

animals in the same experimental group performed on the same day.

4.4. Immunoblot analyses

Immunoblot analysis to detect the phospho- and total ERK1/2 was performed by using 

monoclonal anti-phospho-p44/42 MAPK antibody (anti-phospho-ERK1/2; Cell Signaling, 

Beverly, MA, USA) directed to dually phosphorylated ERK1/2 at Thr202/Tyr204, and 

polyclonal anti-p44/42 MAPK antibody (anti-ERK1/2; Cell Signaling) as primary 

antibodies, followed by peroxidase-conjugated secondary antibodies and Western Lightning 

Plus-ECL (PerkinElmer Life and Analytical Sciences, Boston, MA, USA), and by exposing 

to an X-ray film, as previously described (Yamagata et al., 2002, 2013). The amount of 

protein used was 10 μg from hippocampal and cortical homogenates.

Quantitative immunoblot analysis for synapsin I was performed by using anti-phospho-site 

4/5 (Ser-62 and Ser-67) (G-526; Jovanovic et al., 1996), anti-phospho-site 3 (Ser-603) 
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(RU20; Czernik et al., 1995; Yamagata et al., 1995), anti-phospho-site 1 (Ser-9) (G-257; 

Czernik et al., 1991) and anti-synapsin I (G-454/455; Czernik et al., 1995) as primary 

antibodies, followed by 125I-protein A (PerkinElmer) for secondary reaction, and by 

exposing to an X-ray film, as previously described (Yamagata et al., 2002, 2013). The 

immunoreactive bands were cut out, and their radioactivity was quantitated by using a 

gamma counter (Hitachi Aloka Medical, Mitaka, Japan). We also used an Image analyzing 

system (BAS5000; Fujifilm, Tokyo, Japan) and verified that both results were basically the 

same. The amounts of protein used were 30 μg (anti-phospho-site 4/5), 4 μg (anti-phospho-

site 3 and anti-synapsin I) and 10 μg (anti-phospho-site 1) from hippocampal homogenate, 

and 30 μg (anti-phospho-site 4/5), 8 μg (anti-phospho-site 3 and anti-synapsin I) and 10 μg 

(anti-phospho-site 1) from cortical homogenate. The measured immunoreactivity was linear 

in terms of protein amounts used for each antibody. The value obtained from KA-treated 

animals was expressed as a percentage against the value of vehicle-injected control animals 

in the same experimental group performed on the same day on the same blots.

We scanned the X-ray films taken by chemiluminescence or by autoradiography and used 

for presentation in the figures.

4.5. Immunohistochemistry

Rats were deeply anesthetized with ketamine (75 mg/kg, i.p.) followed by pentobarbital 

injection (35 mg/kg, i.p.), and trascardially perfused with saline, followed by 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4) containing phosphatase 

inhibitors, i.e., 10 mM sodium pyrophosphate, 50 mM NaF, 1 mM Na3VO4 (ortho). The 

brains were removed and post-fixed in the same fixative overnight at 4°C. Coronal slices 

with a thickness of 50 μm were obtained by using a vibratome, and processed for 

immunoperoxidase reaction. After blocking in 10 mM PBS containing 2% normal goat 

serum, 3% BSA and 0.3% Triton X-100 (TX), sections were incubated with anti-phospho-

ERK1/2 (1:2000) or anti-ERK1/2 (1:1000) in PBS containing 1% normal goat serum, 1% 

BSA and 0.3% TX overnight at 4°C. After washing in PBS, they were incubated in a 

biotinylated secondary antibody (anti-rabbit or anti-mouse, 1:200; Vector Laboratories, 

Burlingame, CA, USA) in PBS containing 1% normal goat serum, 1% BSA and 0.3% TX 

for 2 h at 4°C. After washing in PBS, sections were incubated in avidin-biotin complex 

reagent (1:50; Vector) in PBS containing 0.3% TX for 1 h at 4°C, washed in PBS and in 50 

mM Tris-HCl buffered saline (TBS), and then reacted with 3,3'-diaminobenzidine 

tetrahydrochloride and H2O2. After washing in TBS, followed by PBS and PB, sections 

were mounted on gelatin-coated slides, dried, dehydrated, cleared and coverslipped with 

Entellan New (Merck, Darmstadt, Germany). Images with lower magnification were 

reconstructed manually by using cellSens software (Olympus, Tokyo, Japan). The contrast 

and brightness of digital images were adjusted using Adobe Photoshop (Adobe Systems, San 

Jose, CA), and images were saved as TIFF files.

4.6. Data analysis

All data are expressed as mean ± SEM. Statistical analysis was performed by using 

GraphPad Prism 6 software.
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Abbreviations

anti-ERK1/2 anti-p44/42 MAPK antibody

anti-phospho-ERK1/2 anti-phospho-p44/42 MAPK antibody

CaMKII Ca2+/calmodulin-dependent protein kinase II

ECT electroconvulsive treatment

ERK1/2 extracellular signal-regulated kinase 1/2

GABAA-R γ-aminobutyric acid type A receptor

KA kainic acid

KA-SE kanic acid-induced status epileptcus

MAPK mitogen-activated protein kinase

MEK ERK kinase

NMDA-R N-methyl-D-aspartate-type glutamate receptor

PB phosphate buffer

PBS phosphate buffered saline

SE status epilepticus

TBS Tris-HCl buffered saline

TX Triton X-100
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Highlights

Kainic acid-induced status epilepticus caused profound ERK1/2 activation.

In contrast, ERK1/2-dependent phosphorylation of synapsin I was largely decreased.

ERK1/2-independent phosphorylation of synapsin I also showed a large decrease.

Balance of kinase/phosphatase activity regulates synapsin I phosphorylation in vivo.
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Fig. 1. Activation of ERK1/2 in brain homogenates from rats in status epilepticus induced by 
kainic acid injection (KA-SE)
A, Left, ERK1/2 activity measured by kinase activity assay in the hippocampus and parietal 

cortex (Parietal cx) from rats in KA-SE (KA, black columns, n=7), as compared to that from 

control rats that received vehicle injection (Cont, white columns, n=4). In KA-SE, kinase 

activity was profoundly increased in the hippocampus, a limbic structure, and moderately 

increased in the parietal cortex, a non-limbic structure. Relative activity: Hippocampus, 

215.0±22.6%; Parietal cortex, 150.8±14.0% of control; ** p<0.01, * p<0.05 (one sample t-

test, n=7). Right, Representative immunoblots showing the phospho-ERK1/2 (P-ERK1/2) 

and total ERK1/2 levels. The phospho-ERK1/2 level showed a prominent increase in the 

hippocampus and a smaller increase in the parietal cortex in KA-SE, as compared to 

controls. The total ERK1/2 level remained unchanged in both brain regions. B, Left, ERK1/2 

activity in the hippocampus and parietal cortex from rats recovered at least for 24 h after the 

termination of KA-SE by diazepam injection (KA-recovery) (KA, black columns, n=5), as 

compared to that from control rats similarly received diazepam injection after vehicle 

injection (Cont, white columns, n=3). ERK1/2 activation observed in KA-SE was no longer 

detected in KA-recovery. Relative activity: Hippocampus, 114.8±7.3%; Parietal cortex, 

87.4±6.2% of control. Right, Representative immunoblots showing similar levels of 

phospho-ERK1/2 and total ERK1/2 in KA-recovery to those in controls in both brain 

regions.
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Fig. 2. Increased phospho-ERK1/2 staining in the rat brain in KA-SE
A, Representative staining with anti-phospho-ERK1/2 (P-ERK1/2) and anti-ERK1/2 

antibodies in a frontal section. Intense phospho-ERK1/2 staining was observed in the 

hippocampus, amygdala and piriform cortex from rats in KA-SE (KA), but not in control 

(Cont). Total ERK1/2 staining was unchanged between KA-SE and control. B, Phospho-

ERK1/2 and total ERK1/2 staining with higher magnification in the CA3 and dentate gyrus 

(DG) of the hippocampus, and the lateral portion of the cerebral cortex (Cx), corresponding 

to the parietal cortex. Phospho-ERK1/2 staining was especially increased in the stratum 

radiatum of the CA3 region and in the granular cell layer of the dentate gyrus. Total ERK1/2 

staining was similar between KA-SE and control. Scale bars, 1000 μm in A, 50 μm in B.
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Fig. 3. Decreased phospho-synapsin I levels in brain homogenates from rats in KA-SE
A, Representative immunoblots showing the ERK1/2-dependent phospho-site 4/5 (P-site 

4/5), CaMKII-dependent phospho-site 3 (P-site 3), PKA-dependent phospho-site 1 (P-site 1) 

and total synapsin I levels in the hippocampus and parietal cortex (Parietal cx) from rats in 

KA-SE (KA), as compared to those from control rats (Cont). All phospho-site levels were 

decreased in both brain regions in KA-SE, while the total synapsin I level was unaltered. B, 

Quantitative data obtained by immunoblot analyses, expressed as a percentage of control 

levels (n=7). The extent of the decreases in all phospho-site levels was larger in the 

hippocampus than in the parietal cortex. The phospho-site 3 level showed the largest 

decrease, followed by the phospho-site 1 and phospho-site 4/5 levels in both brain regions. 

** p<0.01, *** p<0.001, **** p<0.0001 (one sample t-test, n=7).
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Fig. 4. Recovery of phospho-synapsin I levels in brain homogenates from rats in KA-recovery
A, Representative immunoblots in the hippocampus and parietal cortex (Parietal cx) from 

rats in KA-recovery (KA), as compared to those from controls (Cont). Decreased phospho-

site levels observed in KA-SE (Fig. 3) were no longer detected in KA-recovery. B, 

Quantitative data obtained by immunoblot analyses, expressed as a percentage of control 

levels (n=5). No significant changes were observed in any phospho-site levels, as well as in 

the total synapsin I level, in both brain regions.
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Fig. 5. Schematic illustration showing the relationship between neuronal excitation, ERK1/2 and 
phosphatase activities, and ERK1/2-dependent phosphorylation of synapsin I
The ordinate indicates activities of ERK1/2 (black line) and phosphatase (black broken line), 

most probably calcineurin, and the phosphorylation state of synapsin I at ERK1/2-dependent 

phospho-site 4/5 (red line). The abscissa indicates the extent of neuronal excitation, 

represented by seizure activity. When seizure activity is rather weak (far left), phosphatase 

activity increases, but ERK1/2 activity does not, resulting in dephosphorylation of phospho-

site 4/5 of synapsin I. When seizure activity is moderate (middle left), the increase in 

ERK1/2 activity exceeds that of phosphatase activity, resulting in increased phosphorylation 

at phospho-site 4/5. When seizure activity is rather strong but transient (middle right), both 

phosphatase and ERK1/2 activities are increased, but due to the preceding increase in 

phosphatase activity, dephosphorylation of phospho-site 4/5 dominates during seizure 

activity. When seizure activity is much stronger and prolonged (far right), the increase in 

phosphatase activity exceeds that of ERK1/2 activity, resulting in dephosphorylation of 

phospho-site 4/5. Thus, according to the extent of neuronal excitation, synapsin I 

phosphorylation is dynamically regulated by the activity balance between ERK1/2 and 

phosphatase in vivo. Note that the contrasting features of ERK1/2 activation and 

dephosphorylation of phospho-site 4/5 in KA-SE may also be affected by differential 

localization of activated form of ERK1/2 and synapsin I, the former being prominent on the 

postsynaptic side and the latter being confined to the presynaptic compartment. The scheme 

is based on previous data obtained from a cortical slice model of seizure activity (Yamagata 

et al., 2013) and an ECT-induced seizure model in vivo (Yamagata et al., 2002), and the 

results of the current study of KA-induced seizure activity in vivo.
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Table 1
ERK1/2 activity and phospho-synapsin I levels in brain homogenates one hour after 
suppression of KA-SE (KA-1h-recovery)

Hippocampus (% of control) Parietal cortex (% of control)

ERK1/2 activity 103.0±8.2 91.0±10.8

Phospho-site 4/5 75.0±9.4 78.7±28.1

Phospho-site 3 99.5±28.1 84.3±25.1

Total synapsin I 101.1±3.7 108.9±7.6

n=3.
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