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Abstract 

Stimulation of NMDA receptors is thought to underly long-term memory formation and 

excessive NMDA receptor activation has been linked to several neuropathological 

conditions. Phosphorylation and activation of p42/44 MAP kinase (ERK) is believed to 

mediate many of these effects, but the downstream targets of ERK in response to 

NMDA activation have not been determined. In primary cultures of rat cortical 

neurones, we found that NMDA was able to elevate phosphorylation of MSK1 as well as 

ERK. Similarly BDNF treatment increased phosphorylation of MSK1 and ERKs. The 

NMDA induced MSK1 phosphorylation was sensitive to the MEK inhibitor PD98059 

and the p38 inhibitor SB20350. MSK1 activation by NMDA was transient, although 

ERK remained phosphorylated within the neuronal cytoplasm for several hours. 

Whereas BDNF increased RSK phosphorylation, NMDA had no discernable effect on 

the phosphorylation of RSKs. Thus phosphorylation and activation of MSK1 but not 

RSK, could be an important step in the pathway linking NMDA induced ERK 

phosphorylation to the activation of transcription factors required for formation of long  

term memory.   
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Introduction 

 

Activation of the N-methyl-D-Aspartate (NMDA) class of ionotropic glutamate receptor 

is a key stimulus for the induction of long-term plasticity (LTP) in neuronal cells. 

Stimulation of NMDA receptors in neurones underlies not only activity dependent 

changes in synaptic strength such as long term potentiation (LTP) but is linked to 

pathological changes leading to neurotoxic damage, as for example during stroke. 

 

The NMDA receptor is a ligand gated sodium/calcium ion channel and maximum ion 

flow requires the coincidence of both presynaptic activity, which releases glutamate to 

bind the receptor, as well as postsynaptic depolarisation, which is needed to relieve 

blockade of the receptor channel by extracellular magnesium. Calcium entry leads to 

activation of signalling intermediates such as protein kinase C, ERKs and 

Ca2+/calmodulin-dependent kinases which are necessary for LTP induction (English and 

Sweatt, 1996; English and Sweatt, 1997; Morris, 2004). Activation of these pathways 

subsequently leads to phosphorylation of the transcription factor cAMP-response-

element binding protein (CREB), which together with CREB-binding protein may 

initiate transcription of immediate early genes required for LTP.  

 

The later phases of LTP are dependent on gene transcription and protein synthesis, and 

CREB has been implicated in mediating enhanced gene transcription in response to 

NMDA receptor stimulation (Impey et al., 1996; Impey et al., 1998). However the 

signalling pathways that link activation of NMDA receptors to phosphorylation of 

CREB have only begun to be understood. The best-characterised CREB kinases belong 
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to the ribosomal S6 kinase (RSK) family consisting of RSKs 1-4. The fact that phospho-

ERKs are activators of RSK phosphorylation in many cell types (Frodin and 

Gammeltoft, 1999), coupled with the observation that NMDA induces ERK 

phosphorylation in neurones, has resulted in the general assumption that RSKs are 

activated in response to NMDA receptor stimulation, and mediate NMDA induced 

CREB phosphorylation (West et al., 2002). This has been reinforced by the observation 

that massive depolarisation of hippocampal neurones causes RSK to phosphorylate 

CREB (Impey et al., 1998). 

 

Brain derived neurotrophic factor (BDNF) can mimic the long-term effects of NMDA 

receptor stimulation, in that application of BDNF to cortical or hippocampal tissue 

induces LTP (Messaoudi et al., 2002; Ying et al., 2003). As with the results of NMDA 

receptor stimulation, ERKs and CREB are also activated by BDNF.  However, there is a 

similar lack of direct evidence that BDNF can induce phosphoylation and activation of 

RSKs. 

 

The idea of RSKs being the major CREB kinases within neurons has been challenged 

with the recent discovery of the mitogen and stress activated kinase (MSK) proteins - 

MSK1 and MSK2 (Deak et al., 1998; New et al., 1999; Pierrat et al., 1998). MSKs are 

activated by EGF and FGF in various cell types, and the activation can occur either via 

ERK or p38 Map Kinase (p38) (Deak et al., 1998; New et al., 1999; Pierrat et al., 1998; 

Wiggin et al., 2002).  There is good evidence that MSKs are highly efficient and 

physiologically important CREB kinases (Arthur and Cohen, 2000; Deak et al., 1998; 

Wiggin et al., 2002). The evidence for compromised CREB phosphorylation in MSK-

deficient cells (Wiggin et al., 2002) is complemented by evidence that CREB 
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phosphorylation is normal in RSK2-deficient cells (Bruning et al., 2000). This raises the 

possibility that some of the downstream effects of NMDA stimulation or BDNF 

exposure might be mediated via MSK rather than RSK. Indeed, recent evidence suggests 

that neuronal CREB phosphorylation in response to BDNF may involve MSKs rather 

than RSKs (Arthur et al., 2004). We therefore investigated the characteristics of both 

MSK and RSK phosphorylation to see to what extent they were activated in response to  

NMDA and BDNF in cultured rat cortical neurones. 
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Materials and Methods 

 

Antibodies towards phospho-ERK (pERK), total ERK, phospho-p38 (p-p38), phospho-

T581-MSK1 (pMSK1), phospho-S298-MEK (pMEK), phospho-S380-Rsk and 

phospho-S112-Bad (pBad) were purchased from Cell Signalling Technology (Hitchin); 

the antibody towards total MSK1 was provided by GlaxoSmithKline (Harlow), and the 

antibody for MEK was obtained from Santa Cruz (CA. USA). 

 

Preparation, dissociation and culture of embryonic rat cortical cells  

Primary neuronal cultures were prepared as described (Morris, 1995; Simpson and 

Morris, 2000). The cortex was dissected out from between ten and fifteen embryos at 

the seventeenth day of pregnancy and pooled. The tissue was collected in MEM 

(Invitrogen) and minced finely, then dispersed in a solution of trypsin/EDTA for an 

hour at 37oC. After trituration through a sterile pastette, the cells were suspended in 

DMEM (Invitrogen) containing penicillin/streptomycin and 20% foetal calf serum. 

Cortical cells were plated on laminin/poly-D-Lysine coated sterile culture plates and 

after 24 hours, the medium was changed to Neurobasal medium (Invitrogen) with B27 

supplement to promote selective growth of neuronal cells. Cells were routinely 

stimulated after 7 days in culture (Morris, 1995; Simpson and Morris, 2000). 

 

Preparation of nuclear fractions 

After stimulation, cells were washed in phosphate buffered saline (PBS) and scraped 

into 1ml PBS. Cells were centrifuged at 500g and the supernatant discarded, the cell 

pellet being dissolved in nuclear extraction buffer (5 mM HEPES, 1.5 mM MgCl2, 0.2 

mM EDTA, 26% Glycerol, 300 mM NaCl, 0.1% DTT and 0.025% NP40). Pestles were 
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used to aid grinding of cellular material. This was then frozen and thawed three times in 

quick succession and then centrifuged (2100g, 20 minutes). The supernatant, which 

contains nuclear material was added to X2 gel loading sample buffer (0.25 M TRIS, 2 

mM Na4P2O7, 5 mM EDTA, 5% Glycerol, 2% SDS, pH 6.7) boiled, and then loaded on 

a gel. 

 

SDS-PAGE and Western analysis of samples 

Neurones in Neurobasal medium grown on culture plates were stimulated for various 

times and with different drugs as specified after which the medium was aspirated off 

and replaced with X2 gel loading sample buffer, boiled and loaded on a gel. 

Proteins were separated by the method of Laemmli using a 10% polyacrylamide gel and 

western blotted onto nitrocellulose paper. The blots were incubated in TBST (10 mM 

TRIS, 0.1 M NaCl, .1% TWEEN 20, pH 7.5) plus 5% non-fat milk for 1 hour to block 

nonspecific binding. This was followed by incubation in primary antibody made in 

TBST in 1% BSA (bovine serum albumin) for 18 hours at 4oC. The blots were then 

washed 3X 5 mins in TBST and incubated with secondary antibody conjugated to 

horseradish peroxidase for 1 hour, washed again and bands were detected by a chemi-

luminescence kit (Amersham). Integrative optical density readings for bands were 

obtained using NIH Image (W. Rasband, NIH). To normalise data between 

experiments, optical density (O.D.) values after drug treatment were expressed as the 

change in O.D. (∆ O.D.) after subtraction of the corresponding value after vehicle 

treatment. Data for kinase inhibitor studies were log-transformed prior to analysis due 

to the large range of absolute values obtained. Results were analysed using paired t-test 

(data within a single culture paired) or ANOVA (Minitab software).  
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Results 

Phosphorylated ERK1 and 2 appeared as two bands at 42 and 44 kD respectively, with 

the 42kD band predominating. Both NMDA (in the presence of 15mM K+, to provide a 

slight depolarisation) and BDNF produced dramatic increases in the levels of pERK 

immunoreactivity (Figure 1). Either agent seemed to saturate the response, since 

combination of NMDA and BDNF together did not produce any further increase in 

pERK levels (Figure 1). Pretreatment with the selective NMDA channel blocker 

MK801 abolished this ERK1/2 phosphorylation response to NMDA, although the cells 

still responded normally to the neurotrophin BDNF (Figure 1).  

 

Whole cell ERK1/2 phosphorylation rose rapidly within 5 minutes of adding NMDA, 

and the elevation was maintained for at least 2 hours (Figure 2b). Phosphorylation of 

the upstream activator of ERK1/2, MEK was observed as a characteristic 45 kD band 

(Figure 2a). Basal phosphorylation of MEK as with ERK in these cells was very low.  

MEK was already maximally phosphorylated by 5 minutes of NMDA stimulation and 

this declined gradually over the course of the hour.  

 

Possible phosphorylation of MSK1 in response to NMDA was then investigated. The 

pMSK 1 band was detected at about 90 kD. Treatment with NMDA induced a clear, 

transient increase in MSK phosphorylation (Figure 2c). MSK appeared to be 

phosphorylated rapidly on addition of NMDA and reached a peak within ten minutes, 

after which it declined. In the cortical neurons NMDA could consistently induce MSK1 

phosphorylation at concentrations greater than 10 µΜ (Figure 3a).  The MSK response 

was also sensitive to MK108 thus verifying the kinase is selectively activated by 

NMDA receptors. Both BDNF and TNFα could also activate MSK 1 phosphorylation 
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(Figure 3a).   NMDA and BDNF were then tested for their ability to activate p38 

MAPK in cortical neurones. While H2O2, a known activator of p38, produced robust 

p38 phosphorylation, no bands were detected in response to BDNF or NMDA 

stimulation (Figure 3b). 

 

Since NMDA and BDNF clearly stimulate phosphorylation of ERK1/2, and its 

downstream target MSK1, in cortical neurones, we investigated whether 

phosphorylation of another ERK target, RSK could be also detected. We compared the 

effects of NMDA and BDNF with those of a known RSK activator - 8-bromo cGMP 

(8BrcGMP) (Ho et al., 2003). 

 

Figure 4 shows the phosphorylation levels of ERK, RSK and MSK1 in whole cell 

lysates of cortical neurones in response to BDNF and NMDA. ERK was 

phosphorylated robustly and consistently by both BDNF and NMDA. The levels of 

pERK, however, appeared unaffected by exogenous addition of 8-bromo-cGMP (Fig 

4a). BDNF and NMDA also induced MSK1 phosphorylation, but no response to 8-

bromo-cGMP was observed (Fig 4b). In contrast, pRSK levels were increased by 8-

bromo-cGMP and by BDNF, but were not affected by NMDA treatment (Fig 4c). For 

comparison, PC12 cells were treated with vehicle or NGF, and the cell lysates 

processed similarly. NGF induced marked phosphorylation of RSK and ERK, with a 

slight increase in pMSK levels (Fig 4d-f). 

 

Semi-quantitative analysis of the western blots confirmed that BDNF significantly 

increased phosphorylation of both MSK1 and RSK. In contrast, NMDA receptor 

stimulation resulted in phosphorylation of ERK and MSK1, but not RSK, in cortical 
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neurones (Fig 5 a,b). The potency of NMDA in inducing MSK1 phosphorylation 

appeared slightly lower than its potency at inducing ERK phosphorylation (Fig 5 c). 

 

As expected, the MEK inhibitor PD98059 reduced the phosphorylation of ERK in 

response to NMDA and BDNF, while the p38 inhibitor SB203580 had little effect on 

ERK phosphorylation (Figure 6a,d,e). However, PD98059 and SB203580 were both 

able to attenuate MSK 1 activation by NMDA, (figure 6b,d,e). By comparison, BDNF-

induced phosphorylation of pMSK1 seemed largely via the ERK pathway, as PD98059 

but not SB203580 was able to attenuate the increased phosphorylation. The same blot 

re-probed for total MSK 1 shows that there was equal loading throughout the lanes 

(Figure 6c).  

 

To confirm that the cortical cultures exhibited some response representative of 

RSK/MSK activation, we tested the ability of BDNF to induce phosphoylation of Bcl-

2-associated death protein (Bad). Both Msk1 and Rsk2 have been suggested to be 

involved in Bad phosphorylation (She et al., 2002; Tan et al., 1999).  We detected a 

clear increase in phospho-Bad (pBad) levels following exposure of the cortical 

neurones to BDNF (Fig 7). 
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Discussion 

In cortical or hippocampal neurons, ERK activation is thought to mediate many of the 

long term effects of stimulating NMDA receptors, such as the changes in synaptic 

efficiency associated with LTP. There are also reports that suggest that NMDA induced 

excitotoxicity in primary neurones is mediated by activated ERKs. However although 

ERK seems to be an intermediate in these diverse signals in neurones it is not 

understood how for instance the NMDA mediated ERK signal that causes LTP differs 

from the ERK activity that signals excitotoxic apoptosis. Thus, it is important to 

investigate both the mechanism by which NMDA generates ERK phosphorylation and 

the characteristics and profile of this signal as well as the subsequent activations of 

downstream elements that result.  

 

MSK1 phosphorylation has previously been characterised in terms of the response to 

growth factors such as EGF and FGF in peripheral cell lines. In addition, MSK can be 

activated by oxidative or osmotic stress, or heat shock. We report here that MSK1 can 

be phosphorylated in neurones in response to stimulation of NMDA receptors – a 

finding that implicates MSK1 in the signalling responses to excitatory synaptic 

stimulation.  

 

MSKs have a similar structure to RSKs, containing two kinase domains in a single 

polypeptide chain and multiple phosphorylation sites. Because of the high degree of 

similarity between RSKs and MSKs and conservation of the four key phosphorylation 

sites, it has been largely assumed that the activation mechanism of MSKs corresponds 

broadly to that for RSKs (Deak et al., 1998). This would imply that activation of the C-

terminal kinase domain by ERK or p38 would then be essential for autophosphorylation 
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and activation of the N-terminal domain of MSK1. The antibody used here to detect 

phosphorylated MSK recognises MSK1 phosphorylated at Thr581 which corresponds 

to Thr573 on RSK1 within the activation loop of the C-terminal kinase domain, a 

residue thought to be critical for kinase activation, and predicted to be phosphorylated 

by ERK, or possibly p38 (Dalby et al., 1998; Deak et al., 1998; Pierrat et al., 1998).  

 

It has previously been observed that Ca 2+ influx (via a Ca2+ ionophore) is a powerful 

stimulus for MSK1 phosphorylation (Tomas-Zuber et al., 2000), so it is likely that the 

influx of Ca2+ ions through the activated NMDA receptor channel triggers the 

phosphorylation of MSK1. It has also become clear that either ERK or p38 can 

phosphorylate and activate MSKs (Deak et al., 1998; Markou and Lazou, 2002; Tomas-

Zuber et al., 2001; Tomas-Zuber et al., 2000; Wiggin et al., 2002). We confirmed many 

previous reports that neuronal NMDA receptor stimulation results in pronounced 

phosphorylation of ERKs (English and Sweatt, 1996; English and Sweatt, 1997; Fuller 

et al., 2001; Iida et al., 2001). However, we did not detect any increased 

phosphorylation of p38 following NMDA treatment, a finding that is also consistent 

with previous reports (Fuller et al., 2001). Hence stimulation of NMDA receptors in 

cortical neurones activates ERKs but not p38. Interestingly, the phosphorylation of 

MSK1 resulting from NMDA receptor stimulation was attenuated both by the MEK 

inhibitor PD098059, and the p38 inhibitor SB203580. Since a dramatic increase in 

pERK was induced by treatment with NMDA, this implies that, while ERK activation 

is probably the major influence driving MSK1 phosphorylation in cortical neurones, 

some basal level of p38 activity is necessary for this effect of NMDA to be observed. 
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SB203580 inhibits both alpha and beta forms of p38 MAP kinase with sub-micromolar 

IC50s (Clerk and Sugden, 1998; Davies et al., 2001; Lali et al., 2000; Lee et al., 1999). 

There is evidence that SB203580 can also inhibit a small number of other kinases 

including JNK2 (Clerk and Sugden, 1998; Lee et al., 1999),  Lck (Davies et al., 2001), 

and PKB/Akt (Lali et al., 2000), although with less potency. Certainly, at 

concentrations above 5µM there is a substantial risk of loss of selectivity. Therefore we 

cannot unequivocally ascribe the effect of SB203580 on MSK1 phosphorylation 

observed here to p38 inhibition. However, this apparent permissive effect of p38 on 

activation of MSK1 by ERK has also been reported previously in HEK293 cells 

(Tomas-Zuber et al., 2001), where it was suggested that targetting of Thr687 of MSK 

by p38 is necessary for activation by ERK (via phosphorylation at Thr581), suggesting 

that p38 inhibition is the most likely mechanism. However, since SB203580 did not 

appear to cause any appreciable inhibition of the ability of BDNF to phosphorylate 

MSK1 in our experiments, the permissive effect of p38 activity may be overcome by 

some aspect of BDNF signalling. Further investigation is required to characterise the 

mechanisms for these effects..  

 

The finding that NMDA receptor activation leads to MSK1 phosphorylation is highly 

relevant in the context of a recent report that increased MSK1 phosphorylation is 

observed during excitotoxicity in cultured neurones, and that the activation of MSK1 

may in fact contribute to the neurotoxicity observed (Hughes et al., 2003). 

Neurotoxicity in this model is linked to excessive glutamate receptor activation, 

including activation of NMDA receptors. Hence our data indicate that the 

phosphorylation of MSK1 observed following an excitotoxic stimulus is likely to be a 
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direct result of NMDA receptor stimulation, and further implicate MSK1 in the long-

term manifestations of NMDA receptor–dependent plasticity. 

 

In this study, we also observed that MSK1 can be phosphorylated by BDNF. Hence 

BDNF joins a growing list of growth factors, acting through distinct but related tyrosine 

kinase signalling pathways, that appear to be able to activate MSKs. Hippocampal 

neurons exposed to BDNF show activation of ERK and CREB, along with an enhanced 

synaptic sensitivity that is sustained in the long-term by mechanisms dependent on 

protein synthesis (Messaoudi et al., 2002; Ying et al., 2003). This is very similar to the 

physiological effects of NMDA receptor stimulation. Hence, commonalities in the 

signalling pathways activated by NMDA and BDNF may be components of the 

plasticity-response. The fact that MSK1 is phosphorylated in response to both NMDA 

receptor stimulation and BDNF treatment raises the possibility that MSK1 may be 

involved in the signalling pathways linked to synaptic plasticity.  

 

The potency of NMDA and BDNF in inducing ERK phosphorylation in cortical 

neurones in our hands was very similar to the results of other groups (Iida et al., 2001). 

Interestingly, we observed that NMDA appeared to be slightly more potent at inducing 

ERK phosphorylation relative to MSK phosphorylation. This might implicate MSK 

activation in the response to higher levels of glutamate receptor stimulation, as for 

example during excitotoxicity. 

 

It is interesting that NMDA-induced ERK phosphorylation within the cytoplasm is 

active over at least two hours. The pattern of phosphorylation of MSK1 seems to peak 

and decline within 30 minutes with maximal activation at ten minutes. This is in 
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agreement with findings in HeLa cells in which TNF induced peak MSK1 activity at 15 

mins and this reached basal levels by 30 mins (Deak et al., 1998). This transient 

phosphorylation of MSK1 compared to the longer time that its upstream activator, ERK 

remains phosphorylated suggests that although pERK may switch on initial 

phosphorylation of MSK, the duration it remains phosphorylated is not dependent on 

the continued presence of pERK. 

 

When cortical neurones were probed for pRSKs, NMDA was not seen to generate 

pRSK. The antibody used here was against p90RSK of RSKs 1-3, phosphorylated at 

Ser380, and phosphorylation of this amino-acid is known to be important for its 

activitation (Dalby et al., 1998). The activation mechanism of the RSKs involves initial 

phosphorylation and activation of the C-terminal kinase by ERK (Dalby et al., 1998; 

Frodin and Gammeltoft, 1999). The activated C-terminal kinase autophosphorylates 

RSK on sites that are important for the activation of the N-terminal kinase which is then 

responsible for further autophosphorylation of RSK and substrate phosphorylation. 

Mutation studies showed that Ser221, Ser363, Ser380 and Thr573 are essential for the 

activation of RSK1, and there is evidence indicating that ERK catalyzes the 

phosphorylations at Thr363 and Thr573, whereas Ser380 is phosphorylated by the C-

terminal kinase (Dalby et al., 1998; Frodin and Gammeltoft, 1999).  Hence it seems 

likely that we would have detected any activation of RSK with the antibody used here. 

Indeed, the antibody detected activation of RSK by 8BrcGMP and BDNF in the cortical 

neurones, and by NGF in PC12 cells, as predicted (Finkbeiner et al., 1997; Ho et al., 

2003; Xing et al., 1998). Thus our data suggest that NMDA receptor stimulation does 

not produce any dramatic RSK phosphorylation and activation in cortical neurones. 
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The lack of phosphorylation of RSKs after NMDA treatment was surprising, as it has 

been widely assumed that RSK activation would result from the profound ERK 

activation induced by NMDA receptor stimulation in neurones (West et al., 2002). To 

our knowledge, however, RSK phosphorylation in response to NMDA in neurones has 

not been reported. 

 

There have been several studies emphasising the emerging physiological importance of 

MSK1. For instance, a recent report shows that EGF induced c-jun expression required 

MSK1 phosphorylation (Gupta and Prywes, 2002), while NF-KappaB can be 

transcriptionally activated by MSK1 (Vermeulen et al., 1313). MSK1 was also shown 

to phosphorylate the N-terminal of histone H3,  suggesting roles in modulation of gene 

expression, chromatin remodelling and chromosome condensation (Soloaga et al., 

2003; Thomson et al., 1999; Zhong et al., 2001). There is substantial overlap between 

the protein targets phosphorylated by RSKs and MSK1, and it is not entirely clear at 

present how the consequences of cellular MSK1 activation differ from those of RSK 

activation. It is well-known that exposure to BDNF, or stimulation of NMDA receptors, 

in cortical, hippocampal or striatal neurones, leads to phosphorylation of the 

transcription factors CREB and Elk-1(Arthur et al., 2004; Finkbeiner et al., 1997; 

Hardingham et al., 1999; Iida et al., 2001; Minichiello et al., 2002; Tong et al., 2001). 

There is evidence that, at least in some cell types, CREB-dependent transcription may 

be activated by MSKs rather than RSKs (Wiggin et al., 2002), while Elk-1/serum-

response factor-dependent transcription may be activated by RSKs rather than MSKs 

(Bruning et al., 2000). It seems likely that, as our understanding of these kinases 

increases, it will become evident that they perform distinct roles, either in cell-specific 

activation pathways and/or in the activation of distinct target proteins. 
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Since this study used cultured neurones, the results may provide an indication of MSK 

responsiveness to NMDA receptor stimulation and BDNF in immature neurones, as for 

example during developmental processes. However, the results are also likely to be 

applicable to the mature CNS. Indeed, we have recently obtained evidence for MSK1 

phosphorylation following high frequency stimulation in mature hippocampal slices 

(C.J.Clark, C. Guilding, C.T.O’Shaughnessy and B.J.Morris, manuscript in 

preparation).   

 

Our data therefore support a scheme whereby both NMDA- and BDNF-activated 

pERK, with some p38 involvement, is able to phosphorylate MSK1. The lack of RSK 

phosphorylation observed suggests that MSKs rather than RSKs may be the more 

important intermediates downstream of ERKs activated by NMDA receptor 

stimulation, and MSKs may link NMDA- and BDNF-induced ERK phosphorylation to 

transcriptional activation in neurones. 
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Legends: 
 
Fig 1 
Effect of NMDA or BDNF treatment on ERK phosphorylation. 
Cortical neurones were exposed to 100 µM NMDA and/or 20ng/ml BDNF,  for 
10 mins, in the absence or presence of 10 µM MK801, and the whole cell 
lysates processed for western blotting with anti-pERK antibody. Results shown 
are from a typical experiment which was replicated 3 times. 
 
Fig 2 
Time course of NMDA effects on MEK, ERK and MSK1 phosphorylation. 
Cortical neurones were exposed to 100 µM NMDA,  for the times shown (mins), 
and the whole cell lysates processed for western blotting with a) anti-pMEK 
antibody, b) anti-pERK antibody, or c) anti-pMSK1 antibody. Results shown are 
from a typical experiment which was replicated 3 times. 
 
Fig 3 
a) Effect of NMDA, TNFα or BDNF treatment on phosphorylation of ERK and 
MSK1. Cortical neurones were exposed to 100 µM NMDA and/or 20ng/ml 
BDNF,  for 30 or 60 mins, and the whole cell lysates processed for western 
blotting with anti-pERK antibody (upper panel) or anti-pMSK1 antibody (lower 
panel). Results shown are from a typical experiment which was replicated 3 
times. 
b) Effect of NMDA, BDNF or hydrogen peroxide treatment on p38 Map Kinase 
phosphorylation. Cortical neurones were exposed to 100 µM NMDA, 20ng/ml 
BDNF or 200 µM hydrogen peroxide (H2O2), and the whole cell lysates 
processed for western blotting with anti-phospho-p38 antibody 
 
Fig 4 
Effect of NMDA, BDNF and 8BrcGMP on phosphorylation of ERK, MSK1 and 
RSK. Cortical neurones were exposed to vehicle or 100 µM NMDA, 20ng/ml 
BDNF, or 10 µM 8BrcGMP for 10 mins,  and the whole cell lysates processed 
for western blotting with anti-pERK antibody (a), anti-pMSK1 antibody (b) or 
anti-p90RSK antibody (c). Results shown are from a typical experiment which 
was replicated 3 times. Similarly, PC12 cells were exposed to vehicle or 
10ng/ml NGF for 10 mins, and processed for western blotting with anti-pERK 
antibody (d), anti-pMSK1 antibody (e) or anti-p90RSK antibody (f). 
 
Fig 5 
Semi-quantitative analysis of the effect of BDNF and NMDA on phosphorylation 
of ERK, MSK1 and RSK. Western blot band intensities were measured as 
described in Materials and methods, and significance assessed by ANOVA with 
post-hoc Fisher’s test. a), b)  Effect of 100 ng/ml BDNF, 100 µM NMDA , 10 µM 
MK801, or 100 µM NMDA + 10 µM MK801 on pERK (a), or pRSK and pMSK1 
(b): a) F(3,11) = 5.27, p<0.05: b) pMSK1): F (3,8) = 4.91, p<0.05. * p<0.05, ** 
p<0.01 vs vehicle treatment, # p<0.05 vs NMDA treatment. c) Effect of 
increasing doses of NMDA on pERK or pMSK1 signal. Data are expressed as a 
percentage of the signal intensity achieved by 100 µM NMDA. 2 way ANOVA, 
(factors: dose and pMSK/pERK) - F (1,6,9) = 25.82. pMSK-1 signal overall 
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significantly less than  pERK signal (p<0.01), and significant effect of dose 
(p<0.001), but no significant interaction between dose and pMSK/pERK. * 
p<0.05 vs vehicle treatment, # p<0.05 vs effect of corresponding NMDA dose 
on pERK signal. 
  
Fig 6 
Effect of PD098059 (10µM) or SB203580 (5µM) on phosphorylation of MSK1 
and ERK. Cortical neurones were exposed to 100 µM NMDA or 20ng/ml BDNF 
in the absence or presence of the inhibitors, and the whole cell lysates 
processed for western blotting with anti-pERK antibody (a), anti-pMSK1 
antibody (b) or total MSK1 antibody (c). Results shown are from a typical 
experiment which was replicated 3 times. d,e) Semi-quantitative analysis of the 
effect of (d) PD098059 (10µM) or (e) SB203580 (5µM) on phosphorylation of 
MSK1 and ERK by NMDA. Western blot band intensities were measured as 
described in Materials and methods, and significance assessed by paired t-test. 
** p<0.01 vs NMDA treatment. n=3-5 / group 
 
Fig 7 
(a) Effect of BDNF (100ng/ml) on pERK and (upper panel) and pBad (lower 
panel) levels in cortical neurones. (c) Semi-quantitative analysis. ** p<0.01 vs 
vehicle treatment (t-test) 
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