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ABSTRACT 

 

CYCLIC AMP AND THE INDUCTION OF REACTIVE ASTROGLIOSIS 

 

by 

 

Mayuri Pankaj Patel, B.A. 

 

Texas State University-San Marcos 

May 2010 

 

SUPERVISING PROFESSOR: JOSEPH KOKE 

 

Astrocytes play a major role in nerve regeneration of the central nervous system.  

In response to central nervous system (CNS) trauma or pathology such as 

neurodegeneration or ischemia, astrocytes react by exhibiting hypertrophy of their 

cellular processes and hyperplasia (proliferation), a process referred to as reactive 

astrocytosis. Reactive astrogliosis can be modeled in vitro using mechanical (scratch 

wound) or chemical stimuli to activate F98 rat glioblastoma cells from a quiescent state 

to a reactive-like state. Studies have shown monoclonal antibody (mAB) J1-31 may 

recognize a phosphoepitope found on the nuclear intermediate filament, lamin, as well as



 

 x 

the cytoplasmic intermediate filament characteristic to mammalian astrocytes, glial 

fibrillary acidic protein (GFAP), suggesting that mAB J1-31 is an appropriate marker for 

astrocytes entering the reactive state. 

Reactive astrogliosis, as detected by increased labeling of cytoplasmic and 

nuclear epitopes by mAB J1-31, can be modeled in vitro by treatment of F98 cells with 

forskolin, an activator of adenylyl cyclase.  Here I tested the hypothesis that a cAMP-

mediated intracellular pathway is involved in eliciting forskolin-induced reactivity in F98 

cells, and I attempted to elucidate that pathway using inhibitors of known cAMP-

dependent downstream signaling molecules and fluorescent Ca
+2

 indicators and 

characteristic nuclear labeling of F98 cells by mAB J1-31.  Forskolin was found to 

significantly increase labeling with mAB J1-31 in as little as 7 minutes, reaching a 

maximum after 30 minutes.  Pretreatment of F98 cells with the protein kinase A (PKA) 

inhibitor H89 abolished the effect of forskolin, while inhibitors of protein synthesis and 

L-type calcium channels had no effect.  Forskolin was found to induce transient 

cytoplasmic increases in Ca
+2

 levels (as measured by Oregon Green conjugated BAPTA), 

and the relation of this to PKA is currently under investigation.  On the basis of these 

results, it appears that induction of cAMP production in F98 cells results in a PKA-

dependent increase in phosphorylation of cytoplasmic and nuclear intermediate filaments, 

which may indicate the first stages of F98 cell transition from normal to a reactive state.
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  CHAPTER I 

 

INTRODUCTION 

 

The brain is composed of two major cell types: neurons and glia (Svendsen, 

2002).  Glial cells outnumber neurons 10:1 although neurons have long been considered 

the key players in the nervous system (Temburni and Jacob, 2001).  Glia comprise four 

types of cells: oligodendrocytes, Schwann cells, microglia, and astrocytes.  Glial cells 

were once thought to play a supportive role holding neurons in place; however, each glial 

cell has now been characterized to have a specialized function (Agulhon et al., 2008).  

Here I focus on astrocytes and the cell signaling pathway leading to reactive astrogliosis. 

 Astrocytes, the most abundant glial cell, have multiple functions in the central 

nervous system (CNS), including maintaining homeostasis, releasing and taking up 

neurotransmitters, and stabilizing neuronal synapses (Chen and Swanson, 2003).  

Astrocytes express various neurotransmitter receptors and ion channels, which enable 

them to respond to neuronal activity via calcium waves (Braet et al., 2004; Schemes and 

Giaume, 2006). 

 Astrocytes also play a major role in forming a barrier to nerve regeneration of the 

central nervous system.  In response to any central nervous system (CNS) trauma such as 

neurodegeneration or ischemia, astrocytes react by exhibiting hypertrophy of their 

cellular processes and proliferation, a reaction often referred to as reactive astrogliosis
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(Eng and Ghirnikar, 1994; Pekny and Pekna, 2004; García and Koke, 2009).  Reactive 

astrogliosis is characterized by an upregulation or reorganization of the intermediate 

filaments glial fibrillary acidic protein (GFAP), nestin and vimentin (Pekny and Nilsson, 

2005) and also phosphorylation of lamin B (García et al., 2003).  In this way, the 

astrocytes form a glial scar that prevents further damage to healthy tissues but may also 

produce pathological effects that interfere with residual neuronal circuits, prevent 

remyelination or form a physical barrier impeding axonal regeneration (Malhotra et al., 

1990; Silver and Miller, 2004).  It is therefore important to identify the intracellular 

molecular mechanisms involved in the activation of astrocytes. 

 The extracellular signaling pathways causing astrocytes to become reactive are 

many; for a review, see Malhotra et al. (1990) or Correa-Cerro and Mandell (2007).  

Intracellular signaling pathways triggering astrocytes to leave the quiescent state and 

reactivate the cell cycle, leading to hypertrophy and hyperplasia, are much less well 

characterized.  These pathways are likely overlapping and redundant and may vary 

according to the external signal evoking the response. For example, Jagged1, a ligand for 

the Notch signaling pathway, is upregulated when cultured astrocytes are exposed to 

lipopolysaccharide (LPS).  Jagged1 inhibition by siRNA has anti-inflammatory effects in 

astrocytes shown by a decrease of proinflammatory cytokines (IL1 , IL1 , and TNF ), 

suggesting that the Notch signaling pathway regulates inflammation in the CNS through 

possible crosstalk with NF B and JAK/STAT/SOCS pathways (Morga et al.,  2009). 

Kohyama et al. (2008) has shown the JAK/STAT pathway to induce differentiation of 

oligodendrocytes into GFAP-positive cells. GFAP expression in oligodendrocytes was 

observed in vitro when the oligodendrocytes were stimulated by leukemia inhibitory 
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factor (LIF), an astrocyte-inducing cytokine.   In vivo studies indicate that 

oligodendrocytes transition to GFAP-positive astrocytes in lesioned rat but not in 

unlesioned rats, indicating that oligodendrocytes to astrocytes transition occurs via the 

JAK/STAT pathway after injury (Kohyama et al., 2008).  Reports indicate that cross-talk 

between PKA/CREB and JAK/STAT pathways occur in cells other than astrocytes, such 

as osteoblasts.  Murrills et al. (2009) investigated non-cyclic AMP pathways resulting in 

CREB phosphorylation using Saos-2 human osteosarcoma cells that were transfected 

with CRE linked to a luciferase reporter.  They used epidermal growth factor (EGF) 

which activates multiple pathways including JAK/STAT in a non-cAMP induced 

manner, and found that EGF has little effect on CRE when used alone; however, in 

combination with parathyroid hormone (PTH), EGF induced a synergistic and dose-

dependent stimulation of CRE-Luciferase activity (Murrills et al., 2009).  Cross-talk 

among signaling pathways leading to cAMP response element (CRE) activation or 

repression seems likely given the large size of the cAMP response element binding 

protein (CREB) family and the wide range of possible hetero- and homodimerizations. 

 The involvement of CREBs in transitioning astrocytes to the reactive state raises 

the possibility that intracellular production of cAMP by activation of adenylyl cyclase 

may be an initial step in conversion of quiescent to reactive astrocytes.  Cyclic-AMP is 

produced by the conversion of ATP into cAMP by adenylyl cyclase, usually under the 

influence of G-protein coupled receptors.   However, other activators of adenylyl cyclase 

may exist in astrocytes.  Hydrogen sulfide (H2S) has been shown to act as a cell to cell 

signal in the CNS, and its target in astrocytes appears to be adenylyl cyclase (Nagai et al., 

2004).  Elevation in cAMP seems to activate cAMP-gated Ca
+2

 channels leading to an 
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increase in intracellular calcium levels.  The rapid rise in cytoplasmic Ca
+2

 may 

propagate from cell to cell via gap junctions as the well characterized calcium "waves" 

that can be visualized both in situ and in vitro in primary cultures of astrocytes (Qu et al., 

2008). 

Cyclic AMP has multiple downstream targets, of which the best characterized is 

protein kinase A (PKA).  Inactive PKA is a tetrameric structure consisting of two 

catalytic subunits and two regulatory subunits.  Cyclic AMP binds to the two regulatory 

subunits causing the dissociation of the catalytic subunits.  The liberated catalytic 

subunits phosphorylate downstream target protein phospho-motifs containing serine or 

threonine, in the cytoplasm or in the nucleus (Kim et al., 2005; Kamenetsky et al., 2006; 

see Figure 1).   
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Figure 1.  Diagrammatic representation of possible signaling pathway involving cAMP 

and reactive astrocytes. There are multiple pathways that may be implicated in forskolin-

induced reactivity.  Forskolin activates adenylyl cyclase which catalyzes the conversion 

of ATP to cAMP.  Cyclic AMP then binds to the regulatory subunits of PKA and 

liberates the catalytic subuntis of PKA to affect downstream targets.  I have found that 

inhibiting the catalytic subunits of PKA using H89 yields a decrease in mAB J1-31 

labeling indicating a PKA mediated pathway may be involved in forskolin-induced 

reactivity.  Other possible pathways need to be investigated further.  Cyclic-AMP may 

open cAMP-gated Ca+2 channels located on the plasma membrane or located on the 

endoplasmic reticulum.  Activated PKA may also open these calcium channels or have an 

affect on gap junctions or phosphorylate lamins through CaM kinase mechanisms.  

Finally, another mechanism may involve activated PKA/CREB pathways 

phosphorylating nuclear lamins.  Modified from Figure 15-41a, Molecular Biology of the 

Cell.  (c) 2008 From (or Adapted from) Molecular Biology of the Cell 5E by Alberts et 

al. Reproduced by permission of Garland Science/Taylor and Francis LLC. 
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 Reactive astrogliosis has been modeled in vitro using primary cultures, C6 cells 

and rat glioma F98 (a.k.a. 9L) cells grown on coverslips (Yang et al., 2009) and subjected 

to chemical or mechanical stimulation ("scratch-wound," Malhotra et al., 1997).  

Astroglial cells in scratched monolayers exhibit the hallmarks of reactive astrogliosis of 

F98 cells, i.e., cell hypertrophy and increased immunostaining for GFAP and a shift in 

cell morphology from a flat, polygonal shape into a stellate, compact cell with numerous 

thin cytoplasmic processes (Won and Oh, 2000).   

Cyclic AMP has been shown to have important roles in astrocytes.  The addition of 

cAMP to primary astrocyte cultures, which are normally not stellate, leads to astrocyte 

stellation (Won and Oh, 2000), a characteristic of reactive astrocytes.  Ramsey et al. 

(2005) used forskolin (an activator of adenylyl cyclase) and dibutyryl cAMP (dbcAMP, a 

membrane permeant cAMP derivative resistant to phosphodiesterase) and found both 

effective in induction of the reactive state in F98 glioblastoma cells.  Elevation of cAMP 

by dbcAMP has also been shown to induce a reactive state in primary cultures of C6 

cells, a rat glioblastoma similar to the F98 cell line.  They observed astrocyte 

differentiation and measured reactivity by showing an increase in catalase activity 

(Makino et al., 2008).    

 Immunocytochemistry identifies reactive astrocytes by increases in expression of 

GFAP protein, the accepted marker for reactive astrocytes (Silver and Miller, 2004).  In 

1984, Malhotra et al. raised mAB J1-31 against human brain homogenates from multiple 

sclerosis (MS) plaques. García et al. (2003), on the basis of strong circumstantial 

evidence, speculated that mAB J1-31 binds to a phosphorylated epitope on GFAP and 
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nuclear lamins.  The putative phosphorylation amino acid sequences of GFAP and lamin 

B contain a single serine (Ser-68) residue that was located in a PKA consensus sequence 

(García et al., 2003).  These observations led Ramsey et al. (2005) to test if elevating 

cAMP levels in F98 cells, either by the activation of adenylyl cyclase using forskolin or 

by addition of dbcAMP would result in increased mAB J1-31 labeling, which it did.  

Ramsey et al. (2005) further verified that mAB J1-31 labeled cytoplasmic filaments also 

labeled by anti-GFAP and nuclear rings and "dots" also labeled by anti-lamin B, and that 

forskolin treatment of F98 cells did not increase the labeling intensity of anti-GFAP or 

anti-lamin B.  However, some of the results obtained by Ramsey et al. conflict with the 

present study, particularly regarding the effect of PKA inhibition by H89.  

 Here, I test the hypothesis that a cAMP-mediated intracellular pathway is 

involved in eliciting forskolin-induced activation of F98 cells, as a proxy for reactive 

astrocytes.  Using mAB J1-31 as an indicator, I attempt to better understand the cAMP 

pathway in activation of astrocytes.  As shown by Ramsey et al. (2005), treatment of F98 

cells in vitro with forskolin can activate cells as measured by staining with mAB J1-31.  I 

treated ~90% confluent F98 glioma cultures with forskolin for to analyze the time course 

of the forskolin effect.   This study revealed that forskolin induced the F98 cells to 

become reactive, as measured by a statistically significant increase in mAB J1-31 

binding, as early as 7 minutes after addition of forskolin, reaching a maximum at 30 

minutes.    

 To further explore the effects of elevated cAMP in this model, I addressed three 

questions: Is forskolin-induced activation of F98 cells PKA-dependent, protein synthesis 

dependent, or dependent on L-type or other calcium channels?  I also investigated the 
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specificity of mAB J1-31 for phosphoepitopes further by phosphatase treatment of F98 

cell extracts followed by SDS-PAGE and western blot analysis.



 

 9 

CHAPTER II 

 

 

MATERIALS AND METHODS 

 

Cell Culture  

F98 rat glioblastoma (ATCC, #CRL-2397, Manassas, VA) and J1-31 hybridoma 

(ATCC, #CRL-2253, Manassas, VA) cells were obtained from the American Type 

Culture Collection and were seeded from frozen stock cultures in fetal bovine serum 

(FBS, Sigma, St. Louis, MO) with 10% dimethyl sulfoxide (DMSO, Sigma, St. Louis, 

MO) stored in liquid nitrogen.  Cells were rapidly thawed and DMSO was removed by 

centrifugation at 2500 rpm followed by resuspension of the cell pellet in minimum 

essential medium (MEM, Sigma, St. Louis, MO) containing 10% FBS, 2 mM L-

glutamine and 10,000 U penicillin and10,000 mg/ml streptomycin.  The cell density was 

determined using a hemacytometer (Fisher Scientific, Pittsburg, PA) and diluted 

appropriately to maintain an initial seeding density of 4.0 x10
4
 cells/cm

2
 of surface area. 

Cell cultures were seeded into 25 cm
2
 culture flasks with 5 ml MEM or 150 cm

2
 culture 

flasks with 15 ml MEM and maintained at 37 C in a humidified atmosphere containing 

5% CO2 for 24-96 hours.  Cells cultured on glass coverslips were also seeded from frozen 

stock cultures, and plated into 40 mm x 11 mm or 150 mm x 20 mm petri dishes 

containing (22 mm x 22 mm) glass coverslips and 2 ml or 20 ml of MEM, respectively.  

The cells were allowed to grow in culture for 24-96 hours.  
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Forskolin Time Course 

 Cells were grown to approximately 90% confluency.  Each experiment was done 

on the same batch of cells at the same stage of growth.  It is important for all the cells to 

be at the same stage of growth because García et al. (2003) showed a relationship 

between time in culture and mAB J1-31 labeling of nuclei. 

 The time-course of the forskolin effect on mAB J1-31 labeling was determined by 

adding 4 M forskolin (prepared from a stock solution of such and such concentration 

dissolved in DMSO) to cultures of F98 cells grown on coverslips, and then withdrawing 

the coverslips at these intervals: 1, 3, 5, 7, 15, 30, 45, 60, 75, 90, 105, and 120 minutes.  

After withdrawing the coverslips from the treatment each coverslip was fixed in ice-cold 

methanol, and immunostaining using mAB J1-31 followed by an Alexa-fluor 488-

conjugated (Invitrogen, Eugene, OR) secondary antibody.  Staining intensity was 

measured using Olympus FV10-ASW ver.01.07 (Olympus Corporation, Tokyo, Japan) 

by outlining individual cells (N=10) and calculating mean pixel intensity/unit area ( m
2
).  

I analyzed the data, with or without log transformation as appropriate to satisfy the 

assumption of homoscedasticity.  The data were exported to an Excel spreadsheet, and 

StatPlus (Analystsoft statistical package for Mac - 

www.analystsoft.com/en/products/statplus/) was used to calculate means, standard errors, 

and perform the ANOVA with significance determined from the Tukey’s HSD post-hoc 

tests. 

Experimental Treatments 

All materials and reagents were supplied by Sigma St. Louis, MO, unless 

otherwise specified.  All treatment reagents were dissolved in 3 ml fresh culture medium 
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at the concentration indicated in Table 1.  Cells were exposed to the reagents by replacing 

3 ml of culture medium with 3 ml of the experimental treatment medium.  Reagents listed 

in Table 1 include forskolin, an adenylyl cyclase activator; cycloheximide, a protein 

synthesis inhibitor; H89, a selective inhibitor of PKA catalytic subunits; Rp-cAMPS, a 

selective inhibitor of PKA regulatory subunits; puromycin, a protein synthesis inhibitor; 

and verapamil, a Ca
2+

 L-type channel inhibitor.  Each experimental treatment lasted 10 

minutes followed by a 20-minute forskolin treatment.  Forskolin was applied into the 

culture medium that contained the inhibitor, as indicated in Table 1. 

 

Table 1.  Treatment reagents, dilutions, solvent, and literature references.  All reagents in 

the table were supplied by BIOMOL International, Plymouth Meeting, PA.   

Agent Final 

Concentration 

Solvent Literature Reference 

Forskolin 4 M DMSO Seamon et al., 1981 

*Cycloheximide 10 M DMSO Obrig et al., 1970 

Puromycin 10 M H20 Nathans, 1964 

H89 48 nM DMSO Chijiwa et al., 1990 

Rp-cAMPS 100 M H20 Gjertsen et al., 1995 

Verapamil 2 M H20 Agrawal et al., 2000 

*Cycloheximide treatments were examined and concluded to not be representative of 

actual results due to the detachment of most of the F98 cells during treatment.  Therefore 

the results from this treatment group are not reported. 

 

At the end of the treatment period, coverslips bearing cells were removed, washed 

in phosphate buffered saline (PBS; 137mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 

mM KH2PO4, pH 7.4) in order to remove all residual medium remaining on the culture 

surface, then fixed by immersion in ice cold methanol (-20˚C) for 1 minute.  After 

fixation, cells on coverslips were allowed to air dry and were stored at -20˚C, then 

rehydrated in PBST at room temperature prior to immunostaining. 
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Immunohistochemistry 

 Coverslips bearing cells were treated with 20% non-fat powdered milk in PBS for 

2 hours at room temperature to block non-specific binding sites.  The coverslips were 

then washed three times in PBS containing 0.2% Tween-20 (PBST) over a period of 30 

minutes. 

Coverslips were incubated overnight at 4˚C in mAB J1-31 (see Table 2), washed 

three times in PBS, then incubated in secondary antibody at room temperature for 2 

hours.  Appropriate secondary antibody was diluted as recommended by their suppliers 

(Table 3).  After incubation in secondary antibody, the coverslips were incubated in 

DAPI for 5 minutes and again washed three times in PBS, then mounted using 90% 

glycerol in PBS.  Immunostaining negative controls were performed by replacing the 

primary antibody with PBS.  

 

Table 2.  Primary antibodies and dilutions used for immunofluorescence (mAB J1-31) 

and western blot analysis (all).   

Antibody (Catalog 

#) Specificity 

Species/Isotype Dilution for 

fluorescence and 

western blot 

analysis 

Source 

J1-31 mAB from 

hybridoma cell line 

(CRL-2253) 

Mouse IgG Undiluted culture 

supernatant 

American Type 

Culture Collection, 

Rockville, MD 

Anti-GFAP pAB 

(G9269) 

Rabbit IgG 1:400 in PBS Sigma Chem. Co., 

St. Louis, MO 

Anti-phosphoserine 

mAB (P3430) 

Mouse IgG1 1:1000 in PBS Sigma Chem. Co., 

St. Louis, MO 

Anti-laminin B2 

(33-2100) 

Mouse IgG1-kappa 1:200 in PBS Invitrogen, Eugene, 

OR 
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Image Acquisition 

 Images were acquired using the Olympus FV1000 confocal microscope.  All 

images collected for qualitative and quantitative analysis were done so at an optical 

magnification of 60X.  Gain and dynamic range settings were calibrated on forskolin 

treated cells, and then kept unchanged for recording of the experimental control and 

inhibitor treated cells, thus allowing quantitative comparisons to be made.  Final 

production of images for publishing was done on an Apple Macintosh G5 (Cupertino, 

CA) running Adobe Photoshop CS3 (San Jose, CA).  Images shown in Results are 

examples.  Each of the experiments in which the outcome was determined by 

immunofluorescence labeling was performed in triplicate. 

Quantification of Staining Intensity 

 Staining intensity was measured using Olympus Fluoview software by outlining 

individual cells (n=10) and calculating mean pixel intensity/unit area ( m
2
).  I analyzed 

the data, with or without log transformation as appropriate to satisfy the assumption of 

homoscedasticity.  The data were exported to an Excel spreadsheet, and StatPlus 

(Analystsoft statistical package for Mac - www.analystsoft.com/en/products/statplus/) 

was used to calculate means, standard errors, and perform the ANOVA with significance 

determined from the Tukey’s HSD post-hoc tests. 

BAPTA Cell Loading 

F98 cells cultured on coverslips were loaded with Oregon Green 488 BAPTA-1 

dextran (O6798, Invitrogen, Carlsbad, CA) by placing coverslips bearing cells on a 

pedestal and incubating in 100 µl of hypertonic loading medium at 37  for 10 minutes 

according to the manufacturer's instructions.   
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 Live cell imaging was conducted using the FV1000 confocal microscope.  One-

thousand frames were collected for each trial.   The first 200 frames of each trial serve as 

controls by viewing only F98 cells loaded with Oregon Green 488 BAPTA-1.  The next 

800 frames served as experimental treatments after 4 M forskolin was added to the dish 

containing the coverslip with F98 cells.  Image acquisition was done in near real-time, 

collecting approximately 1 frame/sec for a total observation time of 17 minutes. 

Preparation of Cell Lysates for Electrophoresis and Western Blot Analysis 

 F98 cells were seeded at an initial density of 4.0 x 10
4
 cells/cm

2
 and grown in 75 

cm
2
 flasks for 3 days.  At the time of treatment 15 ml of culture medium was replaced 

with 15 ml of fresh medium or 15 ml of fresh medium containing forskolin.  After 20 

minutes, the MEM was removed and cells were detached from the substrate using 15 ml 

EDTA/trypsin solution and incubated at 37 C for 5-10 minutes.  The detached cells were 

transferred to a centrifuge tube and spun at 2500 rpm for 5 minutes.  The pellet was 

resuspended in 2 ml of PBS and spun at 2500 rpm for 5 minutes.  Homogenization buffer 

(5 volumes of 0.02 mM leupeptin, 0.01 mg/ml aprotinin, 0.1 mg/ml PMSF) was added to 

the cells and incubated on ice for 30 minutes.  The lysates were run through a 20 gauge 

needle and aliquots of lysates were stored at -20 C.  Lysates from untreated and forskolin 

treated cells were used to generate samples treated with or without H89 and protein 

phosphatase 2A1 (PP2A1) (#SE-119, BIOMOL, Plymouth Meeting, PA) for 30 minutes.  

Following phosphatase treatment, cell lysates were combined (4 parts to 1 part) with 5X 

sample buffer (60 mM Tris-HCL, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 

and 0.1% bromophenol blue).  
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 SDS-PAGE was performed as previously described (García et al., 2003).  In some 

cases, 8.0 M urea was added to the sample buffer and TBE-Urea gels (#161-1116 Bio-

Rad, Hercules, CA) were used to promote solubilization of the intermediate filament 

proteins, specifically GFAP and lamins.  See Tables 2, 3 for the antibodies used. 

 

Table 3. Secondary antibodies and probes used for immunofluorescence and western blot 

analysis. 

Antibody/Probe 

(Catalog #) 

Conjugate Dilution Supplier 

Goat anti-mouse 

IgG (A11001) 

Alexa Fluor 488 1:200 in PBS Invitrogen, Eugene, 

OR 

Goat anti-mouse 

polyvalent (A0162) 

Alkaline 

Phosphatase 

1:4000 in PBS Invitrogen, Eugene, 

OR 

Goat anti-rabbit IgG 

(A3812) 

Alkaline 

Phosphatase 

1:30,000 in PBS Sigma Chem. Co., 

St. Louis, MO 
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CHAPTER III 

 

 

RESULTS 

 

A. What is the time course of the forskolin effect on mAB J1-31 labeling?   

 In order to determine at the response time for maximal J1-31 labeling in response 

to forskolin, cells were fixed at various intervals after treatment.  Forskolin was found to 

cause a statistically significant increase in labeling intensity within 7 minutes.  The mean 

pixel intensity caused by mAB J1-31 labeling reached its peak at 30 minutes.  After 30 

minutes of exposure to forskolin, the intensity of mAB J1-31 labeling decreased with 

continued exposure to forskolin.  A second increase in labeling was observed at 90 

minutes.  Since exposure of F98 cells to forskolin for 20-30 minutes showed the greatest  

mean pixel intensity/ m
2
 among the time points examined,

 
cells were exposed to 

forskolin for 20 minutes in subsequent experiments (Figure 2).
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Figure 2. The effect of forskolin on mAB J1-31 labeling intensity as a function of time.  

N = 10 cells for each data point. Treatments in forskolin for 30 minutes and 90 minutes 

each are statistically different from 1 minutes and 3 minute treatments.  The five minute 

treatment is also statistically significantly different from the 30 minute treatment.  The 30 

minute treatment is statistically different from the 60 minute treatment.
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B.  Is PKA involved in transitioning cells from a quiescent to reactive state, as 

measured by increased J1-31 labeling? 

Immunostaining of nearly confluent F98 cells using mAB J1-31 revealed a 

nuclear lamin cortex and discrete dot-like objects within the nucleus of nearly confluent 

untreated F98 cells.  To determine if forskolin-induced activation of F98 cells is PKA 

dependent, F98 cells were treated with two different PKA inhibitors: H89, which inhibits 

the catalytic site of PKA, and Rp-cAMPS which inhibits the regulatory site of PKA.  H89 

caused a reduction in mAB J1-31 labeling (Figure 3).  This inhibition is visible in both 

F98 cells treated with H89 followed by forskolin treatment and F98 cells treated with 

H89 alone.  Quantification of mAB J1-31 labeling revealed that treatment of F98 cells 

with H89 prior to treatment with forskolin resulted in a statistically significant decrease 

in mAB J1-31 labeling (Figure 8).  However, quantification of mAB J1-31 labeling of 

F98 cells treated with Rp-cAMPS prior to treatment with forskolin (Figure 4) did not 

result in statistically significant decrease in comparison to F98 cells treated with forskolin 

alone (Figure 8).   
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Figure 3.  Confocal images of F98 cells treated to modulate PKA (H89).  Cells 

were treated with H89 for 10 minutes followed by a 20 minute incubation in 

forskolin with subsequent fixation in methanol and processing for 

immunocytochemical analysis, as described in the text.  All panels show F98 cells 

probed with mAB J1-31 and labeled with a secondary antibody conjugated to 

Alexa Fluor 488. 

 

A. No treatment 

B. Forskolin treatment 

C. H89 followed by forskolin treatment 

D. H89 treatment 
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Figure 4. Confocal images of F98 cells treated to modulate PKA (Rp-cAMPS).  

Cells were treated with Rp-cAMPS for 10 minutes followed by a 20 minute 

incubation in forskolin with subsequent fixation in methanol and processing for 

immunocytochemical analysis, as described in the text.  All panels show F98 cells 

probed with mAB J1-31 and labeled with a secondary antibody conjugated to 

Alexa Fluor 488. 

 

 

A. No treatment 

B. Forskolin treatment 

C. Rp-cAMPS followed by forskolin treatment 

D. Rp-cAMPS treatment
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To determine if the forskolin-induced increase in mAB J1-31 labeling is  

dependent on protein synthesis, cells were treated with cycloheximide and puromycin as 

described in Methods.  The results indicate an increase in mAB J1-31 labeling.  This 

increase is visually seen in both F98 cells treated with cycloheximide or puromycin 

followed by forskolin treatment, as well as F98 cells treated with cycloheximide or 

puromycin only.  Puromycin showed a statistically significant increase in mAB J1-31 

labeling in comparison to the forskolin on treated F98 cells. (Figure 5-6).   
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Figure 5.  Confocal images of F98 cells treated to modulate protein synthesis 

(cycloheximide).  Cells were treated with cycloheximide for 10 minutes followed 

by a 20 minute incubation in forskolin with subsequent fixation in methanol and 

processing for immunocytochemical analysis, as described in the text.  All panels 

show F98 cells probed with mAB J1-31 and labeled with a secondary antibody 

conjugated to Alexa Fluor 488. 

 

 

A. No treatment 

B. Forskolin treatment 

C. Cycloheximide followed by forskolin treatment 

D. Cycloheximide treatment 
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Figure 6.  Confocal images of F98 cells treated to modulate protein synthesis 

(puromycin).  Cells were treated with puromycin for 10 minutes followed by a 20 

minute incubation in forskolin with subsequent fixation in methanol and 

processing for immunocytochemical analysis, as described in the text.  All panels 

show F98 cells probed with mAB J1-31 and labeled with a secondary antibody 

conjugated to Alexa Fluor 488. 

 

 

A. No treatment 

B. Forskolin treatment 

C. Puromycin followed by forskolin treatment 

D. Puromycin treatment 
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To address the question on whether forskolin-induced activation of F98 cells is 

dependent on calcium influx from L-type calcium channels, the cells were treated with 

verapamil, an L-type calcium channel inhibitor.  The results indicate an increase in mAB 

J1-31 labeling.  This increase is seen in both F98 cells treated with verapamil followed by 

forskolin treatment as well as F98 cells treated with verapamil only.  Quantification of 

mAB J1-31 labeling revealed that treatment of F98 cells with verapamil prior to 

treatment with forskolin resulted in a statistically significant increase in mAB J1-31 

labeling when compared to cells treated with forskolin only (Figure 7).   
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Figure 7. Confocal images of F98 cells.  Cells were treated with verapamil for 10 

minutes followed by a 20 minute incubation in forskolin with subsequent fixation 

in methanol and processing for immunocytochemical analysis, as described in the 

text.  All panels show F98 cells probed with mAB J1-31 and labeled with a 

secondary antibody conjugated to Alexa Fluor 488. 

 

 

A. No treatment 

B. Forskolin treatment 

C. Verapamil followed by forskolin treatment 

D. Verapamil treatment 

 

 

 



 

 

26 

 
 

Figure 8.  The effects of forskolin and various inhibitors on pixel intensity resulting from 

mAB J1-31 staining.  N = 10 for each data column, and the error bars represent the 

standard errors of the mean.
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C.  Does forskolin cause opening of Ca
+2

 channels in F98 cells? 

 Previous research by Ramsey (2005) suggested that verapamil treatment reduced 

mAB J1-31 labeling in F98 cells.  Therefore I tested for calcium transients in F98 cells in 

the presence and absence of forskolin.  When live F98 cells loaded with Oregon Green 

488 BAPTA-1 were viewed by confocal microscopy, minimal fluorescence was seen.  

Within 5 minutes of addition of forskolin, significant numbers of green flashes or 

"sparks" began to appear.  These flashes were always cytoplasmic and most had durations 

of 5 to 15 seconds, although some persisted much longer and were still present at the end 

of the experiment.  These observations were repeated three times, with similar results 

each time (Figure 9, see also http://public.me.com/joekoke to view the actual images as a 

QuickTime movie).  

 

 

 

http://public.me.com/joekoke
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Figure 9.  F98 cells loaded with Oregon Green 488 BAPTA-1 frame 1 of 250 used as a 

control and contains both DIC and fluorescent channels (A). F98 cells loaded with 

Oregon Green 488 BAPTA-1 frame 1 of 250 used as a control and contains the 

fluorescent channel only (B).  F98 cells loaded with Oregon Green 488 BAPTA-1 frame 

134 of 250 indicated increases in calcium channel activity and contains both DIC and 

fluorescent channels (C). F98 cells loaded with Oregon Green 488 BAPTA-1 frame 134 

of 250 indicated increases in calcium channel activity and contains the fluorescent 

channel only (D). 
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D.  Does mAB J1-31 recognize a phosphoepitope?  

 To identify if mAB J1-31 recognizes a phosphoepitope I conducted a SDS-PAGE 

and western analysis after the following treatments: no treatment F98 cell lysates, 

forskolin treated F98 cell lysates, no treatment with incubation in 48 nM of H89 for 5 

minutes followed by incubation in PP2A1 for 30 minutes, and forskolin treated F98 cell 

were extracted and then treated with H89 and PP2A1 incubation as described above.  

Preliminary immunoblot results show that when the above 4 treatments are probed for 

anti-phosphoserine, both no treatment and forskolin-induced activated F98 cells lysates 

that have been exposed to PP2A1 show a decrease in alkaline phosphatase signal.  No 

difference is seen when probed for lamin B, GFAP, and mAB J1-31.  I would expect to 

see if a difference when probing for mAB J1-31 if the hypothesis that mAB J1-31 

phosphorylates phospho-epitopes on both GFAP and lamin B.  
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Table 4.  Immunoblot results to identify whether mAB J1-31 recognizes a 

phosphoepitope on GFAP and lamin B. 
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CHAPTER IV 

 

DISCUSSION 

 

     My results indicate that exposure of F98 cells to forskolin for as little as 7 minutes 

causes a significant increase in nuclear and cytoplasmic labeling of intermediate 

filaments by mAB J1-31.   As seen in Figure 2, a significant increase in mean pixel 

intensity occurred within 7 minutes of forskolin incubation, reaching its peak at 30 

minutes.  After 30 minutes, the intensity of labeling decreases with increasing time of 

incubation in forskolin.  Finally, at 90 minutes another peak in labeling intensity is seen 

with a subsequent decline in mean pixel intensity.  The rapidity of the onset of forskolin 

activity indicates that the first peak at 30 minutes is most likely due to activation of 

cytoplasmic pathways (post-translational events), while the later peak at 90 minutes may 

result from PKA activation of CREB proteins, and activation of transcription and 

translation of new gene products.  Dahle et al. (2005) observed that by using competitive 

enzyme immunoassays to measure cAMP levels in Kupffer cells, forskolin significantly 

elevated cAMP levels after 10 minutes or less.     

In the present study, I found that pretreatment of F98 cells treatment with H89, a 

PKA catalytic subunit inhibitor (Chijiwa et al., (1990), abolishes the effect of forskolin 

and even leads to statistically significant decreases in mAB J1-31 labeling in F98 cells 

not treated with forskolin (Figure 7).  Fetal bovine serum (FBS) contains nerve growth 

factor (NGF), which is known to activate adenylyl cyclase (Cremins et al., 1986).  This
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evidence suggests cAMP-PKA pathways are already on before the activation by 

forskolin.  Perhaps for this reason, F98 cells treated with H89 only show a decrease in 

mAB J1-31 labeling.  These differences in measured pixel intensities of reactive F98 cells 

indicate that forskolin-induced activation of F98 cells occurs via a cAMP and PKA-

dependent pathway.  In the neuronal cell line PC12D, forskolin-induced neurite 

outgrowth was shown to be mediated through PKA as incubation in H89 prevented 

neurite outgrowth (Chijiwa et al., 1990).  These results suggest that cAMP activation of 

PKA may not only be involved in neurite outgrowth but also in glial scar formation as 

shown through this study. 

F98 cells treated with forskolin only and Rp-cAMPS followed by forskolin did 

not show statistically significant differences in labeling; however, they did significantly 

differ from no treatment and H89, puromycin and verapamil followed by forskolin 

treatments.  No treatment and H89 followed by forskolin did not show significant 

differences but the pair was significantly different from the other four treatments 

(forskolin only, Rp-cAMPS, puromycin, and verapamil followed by forskolin).  Finally, 

puromycin and verapamil treatments followed by forskolin did not show significant 

differences but were significantly different from the other four treatments (no treatment, 

forskolin only, Rp-cAMPS and H89 followed by forskolin).   

These observations indicate that it is the catalytic subunit of PKA that is active in 

causing increased mAB J1-31 labeling.  The catalytic subunit of PKA activates 

downstream targets in many other cell signaling pathways, both nuclear via PKA 

phosphorylation of CREBs (Kim et al., 2005), and cytoplasmic including cAMP-PKA 

regulation of voltage-gated Ca
+2

 channels (Dai et al., 2009).  Therefore, the conclusion 
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that inhibition of the catalytic subunit is significant in comparison to inhibition of the 

regulatory subunit is plausible.  Rp-cAMPS may not have shown inhibition due to 

permeability; however, Gjertsen et al. (1995) showed half-maximal inhibitory 

concentration of Rp-cAMPS to be between 3-20 M.  This study used a 100 M 

concentration which should have been a sufficient concentration to exclude permeability 

of the inhibitor as an explanation for why Rp-cAMPS did not show inhibition. 

Puromycin was not effective in modifying F98 cell response to forskolin, as 

measured by mAB J1-31 labeling (Figure 7).  Cytoskeletal remodeling that occurs during 

reactive astrogliosis (Safavi-Abbasi et al., 2001) suggested that protein synthesis may be 

necessary for the increased mAB J1-31 labeling seen in forskolin-induced activation of 

F98 cells; however, this is unlikely here on the basis of puromycin's failure to prevent 

increased mAB J1-31 labeling and the rapidity of the forskolin effect, as discussed above.  

Interestingly, puromycin treatment of F98 cells caused increased labeling of F98 cells as 

compared to untreated cells (Figure 5) and forskolin-treated cells.  The reason for this is 

not known, but one could speculate that the toxicity of puromycin provoked a reactive 

response in the F98 cells that masked the effect of forskolin.  

Verapamil, an L-type calcium channel inhibitor, was also ineffective in modifying 

F98 cell response to forskolin, as measured by mAB J1-31 labeling (Figure 7).  Although 

inhibition of L-type calcium channels did not affect the forskolin induced increase in 

mAB J1-31 labeling, other calcium channels that may be regulated directly by cAMP or 

PKA cannot be ruled out.  Such a pathway in forskolin-induced activation of F98 cells 

may involve similar mechanisms as shown in recent studies of hydrogen sulfide (H2S) as 

a neuromodulator in neurons and glia.  H2S apparently directly activates adenlyly cyclase 
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in astrocytes, causing an increase in cytoplasmic Ca
+2

 that may enter through plasma 

membrane ion channels (Qu et al., 2008).  This effect of H2S on astrocytes suggests that 

cAMP-gated Ca
2+

 channels may be present on astrocytes.  The activation of these 

channels may impact forskolin-induced activation of F98 cells and would require further 

investigation.  Another pathway of interest may involve Ca
2+

-dependent phosphatase or 

phosphodiesterases, which regulate phosphorylation and cAMP levels. Also, calcium 

may serve an antagonist role, which could account for increased labeling seen in panel C 

and D of Figure 7.  

To test if forskolin treatment of F98 cells could cause Ca
+2

 transient increases in 

the cytoplasm, I implemented live cell imaging techniques using the calcium-sensitive 

fluorescent probe, Oregon Green 488 BAPTA-1.  The results suggested a role for calcium 

channels in forskolin-induced activation of F98 cells, as an increase of calcium "sparks" 

was observed upon addition forskolin.   

Finally to further investigate the role of J1-31 recognizing a phospho-epitope on 

GFAP and lamin B, I conducted immunoblots and western blot analysis of F98 cells 

treated with phosphatase protein PP2A.  Four different treatments were tested: F98 cells 

treated with PP2A, F98 cells untreated, F98 cells activated by forskolin and F98 cells 

activated by forskolin and treated with PP2A.  H89 was used to inhibit kinases.  

Preliminary immunoblots results, as seen in Figure 10, do not support the conjecture that 

mAB J1-31 is specific for a phosphoserine containing epitope.  One explanation for the 

inconclusive results may be due to the incomplete inhibition of kinases that are 

phosphorylating the phospho-epitope before phosphatases can remove the phosphate 
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groups from the substrate.  Another explanation for inconclusive results is that 

immunoblots are not quantitative.   

Western blot results (not shown) yielded inconclusive results.  When the transfer 

was probed using mAB J1-31 there were no bands.  This is due to using antibody that is 

not concentrated enough to produce a result.  However, previous research by García et al. 

(2003) has shown immunoblots of F98 cell lysates probed with mAB J1-31, polyclonal 

anti-GFAP, monoclonal anti-lamin B and monoclonal anti-phosphoserine. Anti-GFAP, 

mAB J1-31, and anti-phosphoserine recognized bands at 100 kDa.  Anti-GFAP, mAB J1-

31 and anti-lamin B recognized a band at 36 kDa.  Finally, mAB J1-31, anti-

phosphoserine, and anti-lamin B all recognized a band at 70 kDa.  These results provide 

strong circumstantial evidence that mAB J1-31 recognizes a phosphoepitope on GFAP 

and lamin B and future studies should investigate this conjecture using concentrated 

mAB J1-31 and protein phosphatase.        

Conclusions and Future Directions 

 The experiments presented here aimed to unfold cAMP-mediated pathways 

involved in astrocytes transitioning from a quiescent state to a reactive state.  Based on 

these results and results of others preceding me, I conclude that forskolin-induced 

activation of F98 cells proceeds through activation of adenlyly cyclase, increased 

production of cAMP which then activates the catalytic subunits of PKA, which then leads 

to increased labeling by mAB J1-31.  Does PKA directly phosphorylate IFs, or is the 

intracellular signaling pathway in astrocytes transitioning from a quiescent state to a 

reactive state dependent upon calcium channels?  In the scope of this project, this 

question will remain largely unanswered.  It is evident that L-type calcium channels are 
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not involved in increasing J1-31 immunoreactivity; however, the presence of other types 

of calcium channels may need to be further explored to investigate the role of calcium 

channels in reactive astrogliosis.  MALDI-MS should be used to further characterize 

mAB J1-31 and the phospho-epitopes that the antibody recognizes.
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