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Abstract

Pathophysiological conditions such as cerebral ischemia trigger the production of new neurons 

from the neurogenic niche within the subgranular zone (SGZ) of the dentate gyrus. The functional 

significance of ischemia-induced neurogenesis is believed to be the regeneration of lost cells, thus 

contributing to post-ischemia recovery. However, the cell signaling mechanisms by which this 

process is regulated are still under investigation. Here, we investigated the role of mitogen and 

stress-activated protein kinases (MSK1/2) in the regulation of progenitor cell proliferation and 

neurogenesis after cerebral ischemia. Using the endothelin-1 model of ischemia, wild type (WT) 

and MSK1−/−/MSK2−/− (MSK dKO) mice were injected with BrdU and sacrificed 2 days, 4 

weeks, or 6 weeks later for the analysis of progenitor cell proliferation, neurogenesis, and neuronal 

morphology, respectively. We report a decrease in SGZ progenitor cell proliferation in MSK dKO 

mice compared to WT mice. Moreover, MSK dKO mice exhibited reduced neurogenesis and a 

delayed maturation of ischemia-induced newborn neurons. Further, structural analysis of neuronal 

arborization revealed reduced branching complexity in MSK dKO compared to WT mice. Taken 

together, this dataset suggests that MSK1/2 plays a significant role in the regulation of ischemia-

induced progenitor cell proliferation and neurogenesis. Ultimately, revealing the cell signaling 

mechanisms that promote neuronal recovery will lead to novel pharmacological approaches for the 

treatment of neurodegenerative diseases such as cerebral ischemia.

Introduction

Cerebral ischemia causes widespread neuronal degeneration, particularly in cortical and 

limbic regions, such as the hippocampus (Benveniste et al., 1984, Mattson et al., 1989). 
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Given that hippocampal neuronal degeneration after ischemia leads to long-term functional 

and cognitive impairments (Rempel-Clower et al., 1996), there has been a longstanding 

interest in studying potential mechanisms of hippocampal neuronal repair. Importantly, some 

of the hippocampal vulnerability to cell death is mitigated by local neurogenesis: a process 

that is sustained throughout adulthood and is induced by ischemic injury (Jin et al., 2001, 

Yagita et al., 2001, Türeyen et al., 2004). Indeed, neural stem cells (NSCs) in the dentate 

gyrus subgranular zone (SGZ) are capable of regenerating a small, but significant, portion of 

the cell loss through ischemia-induced production of new neurons (Kee et al., 2001, Bendel 

et al., 2005). The majority of these immature neurons migrate to the granule cell layer, and 

integrate into the existing hippocampal network (Emsley et al., 2005). Importantly, 

interventions that increase post-ischemic neurogenesis promote greater functional and 

cognitive recovery (Chu et al., 2004, Matsumori et al., 2006b), while attenuation of 

neurogenesis has been shown to worsen post-ischemic recovery (Raber et al., 2004).

Given the inducible nature of SGZ neural progenitor proliferation, a good deal of effort has 

been focused on understanding the kinase signaling events that regulate this process. 

Consistent with this, an examination of the p42/44 mitogen activated protein kinase (MAPK) 

cascade (Wu et al., 2000b) in the SGZ progenitor cell population has revealed that this 

pathway is activated within minutes following ischemic and other brain insults, and that it 

plays a key role in regulating inducible cell proliferation (Okuyama et al., 2004, Choi et al., 

2008, Tian et al., 2009, Li et al., 2010).

The MAPK cascade is formed by a three kinase signaling cassette, with the phospho-

activation of extracellular signal-regulated kinases 1 and 2 (collectively referred to as ERK) 

(Chen et al., 1992) serving as its functional endpoint. Activation of MAPK occurs in 

response to extracellular stress signals produced by cerebral ischemia (Sugino et al., 2000, 

Lennmyr et al., 2002). Specifically, ERK phosphorylation occurs in response to growth 

factors, oxidative stress, glutamate receptor activation and cytokine release (Nozaki et al., 

2001). These factors induce rapid activation (phosphorylation) of the MAPK/ERK pathway, 

measurable within minutes following cerebral ischemia (Wu et al., 2000a, Ferrer et al., 

2003). Following phosphorylation, ERK translocates from the cytosol to the nucleus where 

it regulates transcription via the direct targeting of transcription factors, and via the actuation 

of effector kinase pathways. In line with this idea, our recent work has indicated that much 

of the proliferative capacity of MAPK signaling in the SGZ (Okuyama et al., 2004, Choi et 

al., 2008, Tian et al., 2009) is mediated by the ERK effector kinases mitogen and stress-

activated kinases MSK1 and MSK2 (hereafter referred to as MSK1/2). MSK1/2 are a 

nuclear-localized family of serine/threonine kinases that tightly regulate the transactivational 

potential of numerous transcription factors (Deak et al., 1998, Wiggin et al., 2002, Hauge 

and Frödin, 2006). We recently reported that both basal and seizure-evoked progenitor cell 

proliferation, as well as adult neurogenesis, are disrupted in MSK1/2 null mice (Choi et al., 

2012). In a separate line of work, the deletion of MSK1 was found to impair environmental 

enrichment-induced hippocampal neuron plasticity, as well as cognition (Karelina et al., 

2012). Given the role that MSK1/2 plays in progenitor cell proliferation and neuronal 

plasticity, the experiments described here were designed to specifically assess the regulatory 

role of MSK1/2 in ischemia-induced neurogenesis. Using the endothelin-1 (ET-1) model of 

transient cerebral ischemia, we report a reduction in ischemia-induced progenitor cell 
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proliferation in MSK1−/−/MSK2−/− mice (hereafter referred to as “MSK dKO”) compared to 

wild type mice. Moreover, our analysis of immature newborn neurons indicates that MSK 

dKO mice exhibit impaired neuronal development after ischemia. Finally, the dendritic 

branching complexity of mature neurons was reduced in MSK dKO mice compared to WT. 

Taken together, our dataset reveals that MSK1/2 signaling is critical for the regulation of 

ischemia-induced progenitor cell proliferation, neuronal differentiation, and neurite 

outgrowth.

Experimental Procedures

Generation of MSK1−/−/MSK2−/− mice

Double knockout (MSK dKO) and wild type (WT) mice were generated by crossing 

MSK1−/+/MSK2−/+ heterozygous mice (kindly provided by Dr. J. Simon Arthur; University 

of Dundee, Dundee, Scotland). Mice were backcrossed into a C57/bl6 line for over 10 

generations. A subset of WT and MSK dKO mice were crossed with a line of transgenic 

mice expressing GFP under the Thy1 promoter (Thy1-GFP mice were kindly provided by 

Dr. Gouping Feng; Duke University). Mouse genotype was confirmed using tail DNA 

samples subjected to PCR amplification as previously described (Karelina et al., 2012).

Stereotaxic surgery and endothelin-1 infusion

Adult WT and MSK dKO mice (6–9 weeks old/mixed sex) were anesthetized with an 

intraperitoneal (i.p.) injection of ketamine (95.2 mg/kg) and xylazine (30.8 mg/kg) 

approximately 15 minutes before surgery. The scalp was cleaned and sterilized and ointment 

was applied to the eyes. Mice were then placed in the stereotaxic apparatus (Cartesian 

Research, Inc), a single hole was drilled into the skull (coordinates AP - 2.06 mm; ML +1.30 

mm), and the tip of a 5 μL syringe was then lowered −2.00 mm to the position above the 

upper blade of the dentate gyrus. Mice were infused with 0.5 μL of ET-1 (1μg/μL), a potent 

vasoconstrictor, or the vehicle saline, at the rate of 1 μL/minute (Karelina et al., 2014). The 

needle was left in place for 5 minutes before retraction and suturing. All mice were returned 

to their home cages and monitored for the duration determined by experimental conditions.

BrdU administration

Following ischemia induction via ET-1 infusion, newly generated cells were labeled via i.p. 

injections of 5-bromo-2′-deoxyuridine (BrdU: 50 mg/kg in saline, Sigma Aldrich). BrdU-

positive cell analysis was performed at 2 days, 4 weeks, or 6 weeks post injury. For the 2 day 

time point, BrdU was injected 4 and 2 hours before sacrifice (Choi et al., 2008, Karelina et 

al., 2014). For the 4 and 6 week time points, BrdU was injected twice daily, 6 hours apart, on 

days 6, 7, and 8 after injury. A parallel BrdU injection protocol was used for saline-infused 

control animals.

Tissue processing

Two days, 4 weeks, or 6 weeks after the induction of ischemia (or control), mice were 

anesthetized with an overdose of ketamine/xylazine and sacrificed via transcardial perfusion 

of cold saline, followed by 4% paraformaldehyde. Brains were post-fixed in 4% 

paraformaldehyde overnight, then cryoprotected with 30% sucrose. Coronal sections (40 μm 
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for the 2 day and 4 week tissue, 80μm for the 6 week tissue) through the hippocampus were 

prepared using a freezing microtome.

Immunolabeling

All immunohistochemical labeling was performed as previously described (Karelina et al., 

2014). Briefly, sections were washed with phosphate buffered saline with 0.1% Triton-X 

(PBST), and blocked with 10% normal goat serum before overnight incubation at 4°C with 

rabbit anti-phosphorylated MSK1 (pMSK1, 1:250: Ser360, Cell Signaling, catalog # 9594). 

Sections were processed using the ABC staining method (Vector Labs) and visualized with 

nickel-intensified DAB (Vector Labs).

For immunofluorescent labeling for BrdU, and doublecortin or GFP, sections were incubated 

overnight in rat anti-BrdU (1:200, Accurate Chemical & Scientific Corp., catalog code 

YSRTMCA2060GA), goat anti-doublecortin (1:1000, Santa Cruz Biotech, catalog code 

SC-8066) or chicken anti-green fluorescent protein (1:2500, Abcam, catalog code 

AB13970). Primary antibody labeling was visualized with AlexaFluor 488 and 594 

antibodies (1:500; Invitrogen). DraQ5 (1:5000; Biostatus Limited) was used as a 

counterstain for the imaging of hippocampal cell layers. Images were captured using a Zeiss 

510 Meta confocal microscope. Cresyl violet staining was performed as recently reported 

(Karelina et al., 2014).

For pMSK1 and Sox2 immunofluorescent labeling, we used a biotinylated tyramide labeling 

approach. Briefly, tissue sections were washed PBST (3X), and then treated with 0.3% 

hydrogen peroxide (40 min). Tissue was then washed in PBST (3X), and blocked with 10% 

horse serum (HS: 1 hr). Next, tissue was incubated (overnight, 4°C) with a goat antibody 

against Sox-2 (1:1500, Santa Cruz Biochem, catalog code SC-17320) in 5% HS. Following 

our noted wash paradigm, tissue was incubated (2 hr) with a donkey anti-goat Alexa 594 

antibody (1:500, Invitrogen, catalog code A11058) in 5% HS. Next, tissue was incubated (1 

hr) in 10% normal goat serum (NGS), and then incubated (overnight, 4°C) with the noted 

primary pMSK1 antibody (1:100) in 5% NGS. Tissue was then incubated (2 hr, room 

temperature) with a goat anti-rabbit HRP-conjugated secondary antibody (1:500, Perkin 

Elmer, catalog code NEF812001EA) in 5% NGS. Tissue was then incubated (1 hr) with 

tyramide 488 (1:1000) in PBS containing 0.0015% hydrogen peroxide, 10 mM imidazole, 

0.2% BSA and 0.05% Tween 20. Both the tyramide labeling and the preparation of the 

tyramide substrate followed the methodological approach outlined in Vize (2009). Lastly, 

tissue was counterstained with Draq5 as described above and images were captured using a 

Zeiss 510 Meta confocal microscope.

Cell quantitation

To quantify BrdU expression, photomicrographs were captured at a 10X magnification. 

Cells were counted unilaterally (ipsilateral to the infusion) in every 6th dorsal hippocampal 

section (defined as Bregma −1.70 through Bregma −2.06) spaced 120 μm apart, summed, 

and multiplied by 6. The SGZ was defined as an approximately 50 μm-thick region between 

the hilus and GCL.
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Dendritic morphometric analysis

Tissue double labeled for GFP and BrdU was used for dendritic morphology analysis. 

Neurons in the GCL (Bregma −1.46 mm through −2.54 mm) were selected for analysis 

based on the following criteria: 1) clear co-labeling of GFP/BrdU, 2) the presence of intact 

dendritic arbors, and 3) lack of obstruction by overlapping dendrites of neighboring cells. 

Once a cell was identified, a z-stack was obtained using a Zeiss 510 Meta confocal 

microscope and 3D reconstructions of the arborization were obtained using the Simple 

Neurite Tracer plugin (Longair et al., 2011) in the image processing package Fiji (Schindelin 

et al., 2012). Dendritic branching complexity was measured using Sholl analysis, by 

quantifying the number of intersections in each concentric ring, spaced 10 μm apart, and 

calculating the total dendritic length. Note that because only a small subpopulation of 

neurons express GFP (~ 10%: Feng et al., 2000), the probability of finding a neuron that co-

labeled with BrdU and that met the established criteria was very low, therefore out of 10 

animals per experimental condition, the morphometric analysis only includes data from 5–9 

cells per condition. All analyses were performed by an experimenter blinded to genotyping 

and experimental conditions.

Neurosphere culture

The neurosphere culture was established using published methods (Pacey et al., 2006) with 

minor modifications, as previously described (Karelina et al., 2014). Briefly, the 

hippocampus dentate gyrus was microdissected from 5 week-old WT and MSK dKO mice, 

and digested with trypsin for 90 minutes at 37 °C. The tissue was then treated with a trypsin 

inhibitor (Roche), mechanically triturated, and plated as a single cell suspension at a density 

of 15 cells/μL in serum-free medium containing EGF and bFGF. Neurospheres were 

passaged every 7 days, and proliferation was quantified after the second passage. 

Neurosphere proliferation was quantified by calculating the total number of neurospheres 

and by profiling the neurosphere size distribution over 50 μm intervals (from 50–250 μm in 

diameter). All analyses were performed by an individual blinded to genotyping and 

experimental conditions. A total of three replicates were performed using 2–4 mice each.

Statistical Analysis

Immunohistochemistry, neurosphere proliferation, and dendritic length data comparisons 

were analyzed using an ANOVA, and specific group comparisons were determined via a 

post hoc Tukey analysis.

Results

Intrahippocampal endothelin-1 infusion and MSK1 activation

Transient hippocampal ischemia was induced via a single unilateral infusion of the potent 

vasoconstrictor ET-1 (Figure 1A). Our previous work validated that ET-1 leads to marked 

cell death within the hippocampus CA1, GCL and hilus at the 2-day post-infusion time point 

(Karelina et al., 2014). Depending on the experiment, post-ischemia tissue collection 

occurred at one of three time points: 2 days-post injury (2 DPI) for analysis of progenitor 

cell proliferation and MSK1 activation, 4 weeks-post injury for analysis of neurogenesis and 
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newborn neuronal development, and 6 weeks-post injury for analysis of neuronal 

morphological maturation (Figure 1B). Initially, 2 DPI tissue was processed for the 

immunohistochemical detection of MSK1 activation via phosphorylation at Ser-360. Of 

note, the Ser-360 phosphorylation site on MSK1 is a direct target of ERK1/2, and is 

essential for its kinase activity (McCoy et al., 2005). Representative images presented in 

figure 1C reveal that ET-1 increased expression of phospho-MSK1 in the SGZ relative to the 

control, saline injection, condition. This interpretation is supported by quantitative analysis 

(Figure 1D), showing that ET-1 infusion induced a greater than 3-fold increase in SGZ 

phospho-MSK1 (pMKS1) expression. Further, fluorescent immunolabeling for pMSK1 and 

the progenitor cell marker Sox-2, indicated that the activated form of the kinase is expressed 

in progenitor cell populations of the SGZ at 2 DPI (Figure 1E). These data, coupled with 

prior work from our lab (Choi et al., 2012) showing MSK1 expression in SGZ progenitor 

cells, strongly suggest that ischemia triggers MSK1 activation in progenitor cells

MSK1/2 regulation of progenitor cell proliferation

Next, we tested whether MSK1/2 plays a role in ischemia-evoked progenitor proliferation. 

To assess this possibility, hippocampal ischemia was induced in WT and MSK dKO mice, 

and BrdU was injected prior to sacrifice (2 DPI). Consistent with other reports (Takagi et al., 

1999, Yagita et al., 2001, Nakatomi et al., 2002), immunohistochemical labeling for BrdU in 

the dentate gyrus revealed an increase in SGZ progenitor cell proliferation following 

ischemia in WT mice, compared to the saline controls. In striking contrast, ischemia did not 

increase the number of BrdU-positive cells in the SGZ of MSK dKO mice (Fig. 2A–B). It is 

important to note that the reduction of BrdU-positive cells in the SGZ of MSK dKO mice 

does not appear to be due to a global reduction of proliferation in these mice. Indeed, 

quantification of the total number of BrdU-positive cells in the molecular layer, which is 

likely a reflection of proliferating glial cells (Liu et al., 1997), revealed a comparable level of 

proliferation betweeen WT and MSK dKO mice after ET-1 treatment (Figure 2C). This 

dataset indicates that MSK1/2 plays a critical role in cell proliferation specifically among the 

pool of NSCs in the hippocampal SGZ.

One limitation to the in vivo approach is that it is difficult to definitively conclude that the 

reduction in progenitor cell proliferation is specifically due to reduced MSK1/2 activation in 

stem/progenitor cells rather than in other CNS cell types that express MSK1/2 (Heffron and 

Mandell, 2005). Hence, it is conceivable that the progenitor proliferation phenotype in MSK 

dKO mice could result from a disruption of neuronal and/or glial cell trophic support to the 

NSCs of the SGZ. Thus, in order to determine whether MSK1/2 regulates progenitor cell 

proliferation in a cell autonomous manner, we used the neurosphere culture approach to 

isolate NSCs from WT and MSK dKO mice. NSCs were isolated from the dentate gyrus and 

grown in suspension for 7 days, and then proliferation was quantified by measuring the 

diameter and total number of neurospheres in each well (Figure 3). Our analysis revealed 

reduced NSC proliferation of MSK dKO neurospheres compared to WT. In particular, we 

detected fewer MSK dKO neurospheres that were 100–200 μm in diameter. SGZ-derived 

neurospheres typically do not reach larger sizes (i.e. >200 μm; Bonaguidi et al., 2008), and 

indeed were rarely detected in the present experiments. Taken together, these data indicate 

that MSK1/2 plays a critical role in the regulation of ischemia-induced progenitor cell 
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proliferation. Moreover, the neurosphere assay indicates that this is a cell-autonomous effect. 

Of note, the reduction in the in vitro proliferation of MSK dKO progenitor cells is somewhat 

more subtle than was observed in the in vivo ischemia model. This raises the possibility that 

MSK activation in supporting cells (e.g., glia) could contribute to ischemia-evoked 

progenitor cell proliferation.

MSK1/2 regulation of ischemia-induced neurogenesis

Given the role that MSK1/2 activation plays in post-ischemia hippocampal progenitor cell 

proliferation, we conducted additional experiments to determine whether MSK1/2 activity is 

also important for neuronal differentiation within a pathophysiological environment. An 

additional group of WT and MSK dKO mice were injected with BrdU on days 6, 7, and 8 

after ET-1 or saline infusion, and sacrificed 4 weeks later. Hippocampal tissue was then 

immunolabeled for doublecortin (DCX: a marker of immature neurons) and BrdU. The time 

points for BrdU injections correspond to the greatest rate of post-ischemia neurogenesis 

(Takagi et al., 1999, Zhang et al., 2001). Note that because the BrdU injections occurred 

approximately 1 week following the infusion of ET-1/saline, the age of the newborn DCX-

positive cells at the time of sacrifice is around 3 weeks. Based on the labeling pattern and 

timing, co-labeled (DCX/BrdU-positive) cells were indicative of immature neurons that 

were born after ischemia (Figure 4). Quantification of the total number of DCX/BrdU co-

labeled cells indicates a significant increase in neurogenesis in WT mice following ET-1 

infusion, compared to the saline controls. On the other hand, MSK dKO mice did not exhibit 

a significant increase in neurogenesis after ischemia. Importantly, the basal rate of 

neurogenesis (e.g. the saline group) was not significantly affected by the deletion of 

MSK1/2. Rather, it is inducible neurogenesis that appears to require MSK1/2 activation. 

Given the observation that MSK1/2 deletion reduces ischemia-induced proliferation (Figure 

2), these data indicate that the significant reduction in neurogenesis is a consequence of an 

attenuated proliferative response in MSK dKO mice.

In addition to quantifying neurogenesis, we performed an extensive analysis of hippocampal 

neuronal development in both saline and ET-1 treated WT and MSK dKO mice. Using the 

same set of DCX/BrdU labeled tissues, co-labeled cells were qualitatively categorized into 

stages of neuronal development based on morphology (Figure 5). Stages were defined as 

previously reported (Choi et al., 2012). Briefly, stage 1 cells were defined as having no 

processes; stage 2 cells were defined as having short processes extending into the GCL; 

stage 3 cells were defined as those extending long processes into the molecular layer; and 

stage 4 cells were defined as having long processes and branches extending into the 

molecular layer. Our analysis revealed that following ET-1 treatment, WT and MSK dKO 

mice had similar numbers of stage 1 and 2 newborn neurons. On the other hand, MSK dKO 

mice exhibited significantly fewer late stage (stages 3 and 4) immature neurons as compared 

to WT mice following ischemia. Importantly, under control (saline) conditions, WT and 

MSK dKO mice exhibited similar numbers of newborn neurons at each stage analyzed. 

These data are consistent with the idea that MSK1/2 is part of a stimulus-dependent 

signaling cascade; as such, the effect of the MSK1/2 deletion on neuronal development is 

particularly evident under a pathophysiological condition. Taken together, these datasets 
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indicate that MSK1/2 play a significant role in inducible neurogenesis and neuronal 

development.

Neuronal maturation following ischemia

Given that MSK1/2 appears to play an important role in neuronal development after 

ischemia, we conducted an additional set of experiments to determine the extent to which 

MSK1/2 may regulate dendritic morphology in mature neurons. The development of a 

transgenic mouse strain expressing GFP in a subpopulation of neurons under the control of 

the thy-1 promoter (Feng et al., 2000) provides an ideal model system for examining granule 

cell neuronal morphology. This transgenic line consistently drives robust GFP expression in 

the dendritic and axonal arbors of neurons and allows for accurate morphometric analysis of 

the structure of granule cell neurons (Danzer and McNamara, 2004). For these studies, WT 

and MSK dKO mice were initially crossed with Thy1-GFP transgenic mice. The GFP-

expressing mice were then injected with BrdU on days 6, 7, and 8 after ET-1 or saline 

infusion, and sacrificed 6 weeks later. Hippocampal tissue was then labeled for GFP and 

BrdU expression, which allowed us to identify neurons that were born within a week of 

saline/ET-1 infusion (Figure 6A). This time course dates the newborn cells to around 5 

weeks of age, which is consistent with the time it takes a newborn neuron to mature and 

integrate into the hippocampal network (Zhao et al., 2006). Of note, GFP-expressing 

neurons in this transgenic line do not express DCX, indicating that GFP is not expressed 

until neurons are mature (Walter et al., 2007).

A previous analysis of GCL neurons from adult MSK dKO mice revealed reduced 

arborization in MSK dKO mice, as compared to WT mice (Karelina et al., 2012). Because 

MSK1/2 deletion also appears to slow the rate of development in immature neurons after 

ischemia (Figure 5), we hypothesized that in MSK dKO mice, mature neurons would exhibit 

further changes in arborization after ischemia. As previously reported, our analysis of GCL 

neurons revealed an overall reduction in dendritic length and branching complexity in MSK 

dKO mice compared to WT (Figure 6B–C). We did not observe any differences in 

arborization between the control and ischemia groups in either the WT or MSK dKO mice; 

however, the total number of neurons that could be analyzed in the MSK dKO/ischemia 

group is considerably lower than the other groups, suggesting that MSK1/2 may regulate the 

rate of neuronal maturation following ischemia. Additionally, although ischemia tends to 

produce ectopic migration of newborn neurons (Parent et al., 2002, Niv et al., 2012), we did 

not observe ectopic cells in any of the ET1-treated animals likely because this model yields 

a relatively mild ischemic injury in mice (Horie et al., 2008). This model of cerebral 

ischemia was deliberately chosen for this set of experiments because it maintains a 

permissive environment for neuronal development. Overall, our data confirm the previous 

finding that MSK1/2 is an important regulator of neuronal arborization.

Discussion

The birth and migration of new neurons in ischemic brain regions is a prominent example of 

an endogenous repair mechanism that persists into adulthood. While the functional relevance 

of hippocampal neurogenesis is becoming better understood, the cell signaling mechanisms 
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that drive this process are still under investigation. Given that ischemia results in a rapid and 

sustained induction of ERK signaling (Nozaki et al., 2001), the goal of this set of 

experiments was to identify the role of the ERK effector kinases MSK1/2 in the regulation 

of ischemia-induced proliferation and neurogenesis. Our experiments reveal that MSK1 

activation in the SGZ is indeed associated with ischemia-induced progenitor cell 

proliferation, as the deletion of MSK1/2 eliminates the increase in SGZ proliferation that is 

typically observed after ischemia in adult WT mice (Figure 2). Further, given that the 

neurosphere culture medium contains EGF and bFGF, growth factors that induce progenitor 

cell proliferation, our neurosphere data indicate that the role of MSK1/2 in this process is 

cell-autonomous (Figure 3). These data are both in-line with prior data from our lab showing 

that MSK1/2 couples seizure-activity to SGZ proliferation (Choi et al., 2012) and shed 

further light on mechanisms that drive the activity-dependent proliferative capacity of 

dividing cells.

We have previously reported a regulatory role of MSK1 in stimulus-induced progenitor cell 

proliferation using an environmental enrichment paradigm (Karelina et al, 2012). 

Environmental enrichment has been shown to promote progenitor cell proliferation and 

neurogenesis via mechanisms involving an upregulation of growth factors including BDNF, 

VEGF, FGF2, and NGF (Van Praag et al., 2000, During and Cao, 2006, Rossi et al., 2006). 

Importantly, similar mechanisms involving enhanced growth factor production regulate 

progenitor cell proliferation following cerebral ischemia (Kokaia and Lindvall, 2003). 

Moreover, both environmental enrichment and administration of growth factors (i.e. BDNF 

or VEGF) increase post-ischemia progenitor cell proliferation and neurogenesis in the SGZ 

and SVZ (Chen et al., 2005, Matsumori et al., 2006a). Given that growth factors function in 

large part via activation of the MAPK/ERK signaling cascade, our data on the role of MSK1 

as a mediator of both environmental enrichment- (Karelina et al, 2012) and cerebral 

ischemia-induced progenitor cell proliferation indicate that this process is induced by the 

same mechanism.

The production of new neurons after ischemia plays a role in ameliorating the physiological 

and behavioral consequences of stroke. Indeed, the ablation of newborn neurons after 

ischemia increases the infarct volume and leads to greater functional deficits (Raber et al., 

2004, Jin et al., 2010). An endogenous mechanism of repair includes ischemia-induced 

production of various growth factors, including NGF (Lee et al., 1998), bFGF (Lin et al., 

1997), BDNF (Arai et al., 1996) and VEGF (Cobbs et al., 1998), which promote 

neurogenesis in part through ERK signaling-dependent mechanisms (Ménard et al., 2002, 

Xiao et al., 2007, Shioda et al., 2009). Consistent with this, the administration of compounds 

that stimulate ERK activation has been shown to further enhance neurogenesis after 

ischemia (Yan et al., 2007, Shioda et al., 2008, Shioda et al., 2009). Specifically, 

downstream of ERK, CREB activation has been shown to be a critical component of both 

ischemia-induced proliferation and survival of newborn cells (Zhu et al., 2004). Thus, 

because MSK1/2 is the principal kinase that couples ERK to CREB activation, it is ideally 

positioned to regulate the proliferative capacity of progenitors. Indeed, our data indicate that 

MSK1/2 deletion resulted in a cell autonomous reduction of neural stem cell proliferation 

(Figure 3). Here, we posit further that MSK1/2 is a critical component downstream of ERK 

that couples brain ischemia to neurogenesis. In support of this idea, we report reduced 
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neurogenesis in the dentate gyrus of MSK dKO mice after ischemia (Figure 4). Additionally, 

an examination of the morphological development of the surviving newborn neurons 

revealed fewer late stage developing neurons in MSK dKO mice after ischemia (Figure 5). 

This is likely a function of both a smaller pool of proliferating progenitor cells and possibly 

a reduced rate of newborn cell survival (Choi et al., 2012). Further, it is important to note 

that the numbers of newborn neurons in early stages (1 and 2) are similar in WT and MSK 

dKO mice, whereas the numbers of late stage neurons (3 and 4) are reduced in MSK dKO 

mice following ischemia (Figure 5). Thus, MSK1/2 deletion may have reduced the rate of 

neuronal development after ischemia. Additional experiments using long-term live cell 

imaging techniques will be necessary to more definitively determine a role for MSK1/2 in 

the rate of cell development. Taken together, our data indicate that MSK1/2 signaling is 

critical for the proliferation, differentiation, and development of newborn neurons after 

ischemia.

Within approximately 4–7 weeks after birth, newborn hippocampal neurons begin to express 

mature neuronal markers, migrate into the GCL and develop extensive dendritic 

arborizations, spines and synapses, (Kempermann et al., 2004, Emsley et al., 2005). Once 

the new neurons are integrated into the existing hippocampal network, they are believed to 

be functionally indistinguishable from the surrounding cells (Jessberger and Kempermann, 

2003). Data revealing a role for MSK1/2 in the regulation of GCL neuronal morphology 

(Karelina et al., 2012 and Figure 5), coupled with the well-characterized role of MSK1/2 to 

function in an activity-dependent manner, led us to speculate that ischemia would give rise 

to marked abnormalities in the dendritic morphology of MSK dKO neurons born into the 

post-ischemic environment. However, surprisingly, MSK dKO mice did not exhibit any 

change in dendritic morphology following ET-1 ischemia, relative to the control, MSK dKO, 

mice. Likewise, ischemia did not alter dendrite morphology of WT mice. With respect to the 

WT mice, this lack of an effect of ET-1 is similar to the findings of Niv et al (2012), who 

reported that a mild ischemic event induced via photothrombosis did not produce significant 

changes in the arborization patterns of newborn cells. In total, our data are consistent with a 

role of MSK1/2 as an important regulator of ischemia-evoked progenitor proliferation and 

neuronal maturation.

Conclusions

This dataset sheds light on a mechanism by which MAPK activation regulates injury-

induced neurogenesis. Given the functional and cognitive benefits attributed to post-

ischemia neurogenesis in animal models, there is now a great push to identify treatment 

options that may help to facilitate neurogenesis in stroke patients. Indeed, some clinical 

trials have initiated treatment options directed at enhancing neuronal survival (and 

presumably neurogenesis) after stroke, and have thus far demonstrated limited efficacy 

(Kondziolka et al., 2005, Ortega and Jolkkonen, 2013). A clearer understanding of the role 

of cellular signaling cascades in mediating stroke recovery may ultimately help guide the 

development of novel therapeutic options.
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Highlights

• Cerebral ischemia induces progenitor cell proliferation in the dentate 

gyrus SGZ.

• This study examined the role of the ERK effector kinase MSK1/2 in 

this process.

• Cerebral ischemia induced MSK activation in SGZ neural stem cells.

• Genetic deletion of MSK1/2 reduced ischemia-induced progenitor cell 

proliferation and neurogenesis

• MSK1/2 deletion reduced neurosphere proliferation.
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Figure 1. Experimental timeline and ischemia-induced MSK1 activation
A) Nissl staining showing needle track into the hippocampus dentate gyrus (DG). B) 

Animals were sacrificed 2 days, 4 weeks or 6 weeks after ischemia for analysis of progenitor 

cell proliferation, neurogenesis, and neuronal maturation, respectively. C) Ischemia induces 

phosphorylation of MSK1 in the DG subgranular zone (SGZ). Top image scale bar = 

200μm, bottom image scale bar = 50μm. D) Quantification of the number of pMSK1-

positive cells in the SGZ following ischemia (F1,10 = 7.199, p < 0.05). An asterisk (*) 

denotes a statistically significant difference between groups. E) Confocal Z-stack analysis of 

pMSK and Sox-2 labeling in the SGZ (2 days post ET-1 injection). Tissue was also labeled 

for DraQ5. An orthogonal Z-stack image is presented in the left panel. In the right panel, 

pMKS1 and Sox-2 labeling is presented separately; arrows denote pMSK1 and Sox-2 

positive cells in the SGZ. Scale bar: 20 microns.
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Figure 2. Ischemia-induced progenitor cell proliferation
Two days following ET-1 infusion, mice were injected with BrdU and sacrificed. A) 

Representative images of BrdU-labeled dentate gyrus. B) Quantitative analysis revealed that 

the number of BrdU-labeled cells in the SGZ is increased following ischemia in WT but not 

MSK dKO mice (F3,18 = 11.374, p < 0.05). C) The number of BrdU-positive cells in the 

molecular layer (MOL) is increased following ET-1 ischemia in both WT and MSK dKO 

mice (F3,18 = 10.189, p < 0.05). Scale bar = 200μm. Data are presented as mean ± SEM. An 

asterisk (*) denotes a statistically significant difference between groups.
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Figure 3. SGZ-derived neurosphere proliferation
Adult NSCs were derived from the subgranular zone of WT and MSK dKO mice. A) 

Representative images of neurospheres. Scale bar = 300μm. B) Quantitative analysis of the 

number and diameter of neurospheres per well reflects reduced proliferation of neurospheres 

derived from MSK dKO mice (100–150 μm diameter F1,10 = 15.948, p < 0.05; 150–200 μm 

diameter F1,10 = 11.575, p < 0.05; total number of neurospheres F1,10 = 10.193, p < 0.05). 

Data are presented as mean ± SEM. An asterisk (*) denotes a statistically significant 

difference between groups.
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Figure 4. Ischemia-induced neurogenesis
Post-ischemic neurogenesis was assessed 4 weeks following ET-1 or saline infusion. 

Newborn neurons were labeled immunohistochemically for doublecortin (green) and Brdu 

(red). Data are presented as the total number of BrdU-positive cells that are co-labeled with 

doublecortin. The number of newborn neurons is significantly increased in WT but not MSK 

dKO mice (F3,21 = 4.913, p<0.05). Scale bar = 50μm. Data are presented as mean ± SEM. 

An asterisk (*) denotes a statistically significant difference between groups, n.s. denotes that 

the group comparison is not significant.
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Figure 5. Neuronal development following ischemia
Four weeks following ET-1 or saline infusion, doublecortin and BrdU-positive co-labeled 

cells were assessed for stages of development. A post-hoc Tukey HSD analysis revealed a 

significant decrease in the number of stage 3 and 4 developing neurons following ischemia 

in MSK dKO mice compared to WT mice (F3,21 = 5.155, p < 0.05). Large image scale bar = 

100μm, small images scale bar = 20 μm. Data are presented as mean ± SEM. An asterisk (*) 

denotes a statistically significant difference between groups.

Karelina et al. Page 20

Neuroscience. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Maturation of ischemia-induced newborn neurons
In order to assess morphological maturation of newborn neurons after ischemia, WT and 

MSK dKO mice were crossed with a transgenic line expressing green fluorescent protein 

(GFP) under the control of the Thy1 promoter. WT and MSK dKO Thy1-GFP expressing 

mice were sacrificed 6 weeks following ET-1 or saline infusion. Immunohistochemical 

labeling techniques were used to label GFP (green) and BrdU (red), DraQ5 was used as a 

nuclear counterstain (blue). A) Shown are representative images of cells that co-label for 

GFP and BrdU. B) The total dendritic length was significantly smaller in MSK dKO mice 

compared to WT (F1,24 = 29.015, p < 0.01), regardless of treatment condition. C) ANOVA 

tests performed at each Sholl interval revealed significant reductions in dendritic branching 

complexity in MSK dKO mice, regardless of treatment condition. Large image scale bar = 

100μm, small images scale bar = 50 μm. Data are presented as mean ± SEM. An asterisk (*) 

denotes a statistically significant difference between genotypes (collapsed across treatment 

condition).
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