






 
Figure 20. PAI-1-deficient pups were more vulnerable to ethanol-

induced neurodegeneration in the cortex.  WT, tPA-/-, and PAI-1-/- P7 

pups were injected with ethanol or saline, and sacrificed 24 hrs later to 

determine neuronal death using FJB staining.  PAI-1-/- mice showed 

increased neurodegeneration in the cortex when compared to WT treated 

mice (A and C; *, P < 0.05).   
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Figure 21. PAI-1-deficient pups were more vulnerable to ethanol-

induced neurodegeneration in the thalamus.  WT, tPA-/-, and PAI-1-/- P7 

pups were injected with ethanol or saline, and sacrificed 24 hrs later to 

determine neuronal death using FJB staining.  PAI-1-/- mice showed 

increased neurodegeneration in the cortex when compared to WT treated 

mice (A and C; *, P < 0.05). 
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Figure 22.  Blood ethanol concentrations are similar in WT and PAI-1-/-.  

WT and PAI-1-/- P7 pups were injected with ethanol or saline as a control 

(N=5/group).  Mice were sacrificed at 0hr after treatment, and every 2 hrs 

for the remaining 12 hrs after injection, trunk blood was collected, and 

ethanol concentrations were obtained from plasma.  There were no 

differences in ethanol levels between WT and PAI-1-/-, suggesting the rate of 

metabolism was similar in both genotypes. 

 

3.13 tPA promotes ethanol-induced neurodegeneration in PAI-1-/- mice           

     To determine whether the increased tPA activity seen in the PAI-1-/- brain 

following ethanol treatment was associated with neuronal loss, we injected 

i.p. PAI-1-/- pups with the small molecular weight inhibitor tPA-STOP  

(10ug/g) 30 minutes before ethanol treatment.  We have previously shown 
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this drug can significantly decrease tPA activity both in vitro and in vivo 

(Figure 7I and 7K), and consequently attenuated ethanol-induced 

neurodegeneration in WT mice (Figure 7).  PAI-1-/- mice pretreated with 

tPA-STOP showed a significant attenuation of neurodegeneration after 

ethanol as observed by decreased FJB staining (Figure 23).  The number of 

FJB-positive cells after ethanol was reduced ~100-fold, in both the cortex  

(Figure 23B and 23E) and the thalamus (Figure 23D and E), in comparison 

to PAI-1-/- animals treated only with ethanol (Figure 23A and 23C).  These 

findings indicate that tPA promotes ethanol-induced neurodegeneration in 

the PAI-1-/- brain.  
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Figure 23.  tPA promotes ethanol-induced neurodegeneration in PAI-1-/- 

mice.  PAI-1-deficient P7 pups were administered different treatments: tPA-

STOP (10ug/g) 30 mins prior to acute binge ethanol, tPA-STOP alone, acute 

binge ethanol alone, or saline control.  Pre-treatment with tPA-STOP 

significantly attenuated ethanol-induced neurodegeneration as observed by 

decrease FJB staining in both the cortex (B) and thalamus (D), when 

compared to non-tPA STOP-treated ethanol exposed PAI-1-/- mice (A and C; 

***, P < 0.0001). 
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3.14 Ethanol decreased nNOS expression in PAI-1-/- mice 

     NO is produced by neuronal nitric oxide synthase (nNOS) after calcium 

induced activation of calmodulin.  Mice deficient in nNOS exhibited 

increased vulnerability to ethanol-induced neurodegeneration, particularly in 

the cingulate cortex and nuclei of the thalamus (Bonthius et al, 2006).  Since 

ethanol increased nNOS expression in the tPA-/- mice suggesting it might be 

part of a survival pathway that protects these mice from ethanol-induced 

neurotoxicity, we evaluated nNOS levels in the PAI-1-/- brain after ethanol 

treatment.  Western blot analysis showed ethanol decreased below baseline 

levels nNOS expression 24 hours after treatment in PAI-1-/- mice (Figure 

24). The ethanol-induced reduction in nNOS in the PAI-1-/- mice was 

significant when compared to WT and tPA-/- treated with ethanol (Figure 

24).  These results are consistent with the pro-survival role that has been 

described for nNOS activity after ethanol exposure of the immature brain, 

and concomitant with our neurodegeneration findings.   
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Figure 24. Ethanol decreased nNOS expression in PAI-1-/- mice.  Since 

ethanol increased nNOS expression in the tPA-/- mice suggesting it might be 

part of a survival pathway that protects these mice from ethanol-induced 

neurotoxicity.  We evaluated nNOS levels in the PAI-1-/- P7 mice after 

ethanol treatment (N=4).  Western blot analysis showed ethanol decreased 

below baseline levels nNOS expression 24 hours after treatment in PAI-1-/- 

mice (A). The ethanol-induced reduction in nNOS in the PAI-1-/- mice was 

significant when compared to WT and tPA-/- treated with ethanol (B; *, P < 

0.05; ***, P < 0.0001). 
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3.15 PAI-1 promotes neuronal survival and tPA promotes neuronal 

death after ethanol treatment 

      To investigate the potential role of PAI-1 in the neuronal protection from 

ethanol-induced toxicity observed in tPA-/- mice, we developed mice that are 

deficient in tPA and heterozygous for PAI-1 (i.e. tPA-/-:PAI-1+/-) by crossing 

double knock-out (tPA-/-:PAI-1+/-) mice with tPA-/-.  Analysis of FJB-

positive staining revealed tPA-/-:PAI+/- mice are more vulnerable to 

neurodegeneration than tPA-deficient mice, but less susceptible than WT 

mice (Figure 25).  Ethanol-induced neurodegeneration, as reflected by FJB 

staining, was observed in the cortical (Figure 25A) and thalamic (Figure 

25B) regions of tPA-/-:PAI+/-. These results suggest PAI-1 promotes neuronal 

survival in tPA-/- mice after ethanol treatment, since lack of a PAI-1 allele, 

which presumably results in reduced protein levels, is sufficient to enhance 

neuronal death in the absence of tPA.  
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Figure 25. PAI-1 promotes neuronal survival and tPA promotes 

neuronal death after ethanol treatment. 

To investigate the potential role of PAI-1 in the neuronal protection from 

ethanol-induced toxicity observed in tPA-/- mice, we developed mice that are 

deficient in tPA and hemizygous in PAI-1 (i.e. tPA-/-:PAI-1+/-). Analysis of 

FJB-positive staining revealed tPA-/-:PAI+/- mice are more vulnerable to 

neurodegeneration than tPA-deficient mice, but less susceptible than WT 

mice.  Ethanol-induced neurodegeneration, as reflected by FJB staining, was 

observed in the cortical (A) and thalamic (B) regions of tPA-/-:PAI+/- (**, P < 

0.001; ***, P < 0.0001). Figure 25 G shows PCR analysis used to determine 

the genotype of the animals used in the experiment. 
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3.16 Chronic stress increases hippocampal tPA activity in WT and PAI-1-

deficient adult mice 

     Chronic restraint stress causes hippocampal-dependent cognitive deficits that 

are consistent with hippocampal structural changes.  Chronic stress results in 

the atrophy of dendritic spines, and decreased expression of NR1 and NR2B 

subunits in the CA1 region that lead to impaired learning of the Morris water 

maze task in WT mice.  tPA-/- mice are protected from these stress-induced 

molecular, structural and behavioral effects (Pawlak  et al, 2005). In addition, 

PAI-1, has also been shown to be modulated by stress (Norris and Strickland, 

2007).  To investigate whether chronic stress leads to increased tPA activity in 

the hippocampus, adult WT and PAI-1-/- mice were restrained 6 hours a day for 

21 days, and sacrificed the following morning after the end of stress.  Increased 

extracellular tPA activity was observed via in situ zymography in the 

hippocampus of WT and PAI-1-/- mice that had been chronically stressed 

(Figure 26).  The area of lysis (indicative of tPA activity) was increased 200% 

in the WT mice that had been chronically stressed over the non-stressed levels 

(Figure 26A and B).  The increase in area of lysis observed in the PAI-1-/- mice 

exceeded 200% (Figure 26C and D), when compared to non-stressed animals of 

the same genotype.   
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Figure 26. Chronic stress increases hippocampal tPA activity in WT 

and PAI-1-/- mice.   To investigate if chronic stress regulates hippocampal 

tPA, adult WT and PAI-1-/- mice were restrained for 21 days and sacrificed 

on day 22 following the end of stress.  The brains were sectioned and 

analyzed for extracellular tPA activity.  Increased tPA activity was observed 

in the mossy fiber pathway of the hippocampal formation of chronically 

restrained WT and PAI-1-/- mice (A and C).  Stress increased the area of 

lysis in the hippocampus from ~20% to ~40% in both genotypes (B and D; 

***, P < 0.0001). 
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3.17 Chronic stress decreases hippocampal PAI-1 levels in WT mice 

     Since chronic stress increased extracellular tPA activity in the hippocampus 

of WT and PAI-1-/- mice, we investigated if PAI-1 is also regulated by chronic 

stress.  Upon completion of 21 days of restraint, stressed and non-stressed WT 

mice were sacrificed and PAI-1 levels in hippocampal homogenates were 

determined using an ELISA.  Chronic stress significantly decreased by 200% 

total PAI-1 antigen when compared to non-stressed WT mice (Figure 27).  

 
 
 
Figure 27. Chronic stress decreased hippocampal PAI-1 levels in WT 

mice.  To further determine if stress modulates the tPA/PAI-1 system, we 

analyzed PAI-1 levels in the hippocampus of chronically restrained WT 

mice with ELISA.  Results indicate PAI-1 levels were significantly 

decreased after chronic stress (*, P < 0.05). 

 

 90



interactions.  Moreover, PAI-1 modulation after ethanol exposure occurred 

independently of changes in tPA activity, which favored the hypothesis of a 

tPA-independent modulation of PAI-1 after ethanol exposure. 

 

4.3 tPA-/- mice are resistant to ethanol-induced apoptotic signaling and 

neurodegeneration  

     Imaging studies of humans with FAS show a high incidence of 

microencephaly (Swayze et al, 1997), reductions in cortical gray matter and 

total brain volumes (Rivkin et al, 2008), decreased size of the basal ganglia 

(Mattson et al, 2006), and abnormal development or in some cases absence 

of the corpus callosum (Bookstein et al, 2002).  In our experiments, WT 

mice showed over a 100-fold increase in FJB staining in the thalamus and 

cortex when compared to the saline-treated control mice.  In comparison, 

tPA-deficient mice showed less than a 4-fold increase in FJB staining after 

ethanol.  Concomitantly, activation of caspase-3, a key effector molecule in 

the apoptotic cascade, was observed in WT, but not tPA-/-, confirming the 

results observed with FJB.  The effects of tPA appeared to be dependent on 

gene-dosage since hemizogous tPA mice (tPA+/-), which probably exhibit 

reduced production of tPA in the brain, showed intermediate susceptibility to 

neuronal death between what was observed in the WT and tPA-/- animals.  
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Furthermore, since blood ethanol levels were similar in WT and tPA-/- 

animals after treatment, we concluded the effects of tPA on ethanol-induced 

neurodegeneration were not due to underlying differences in the rate of 

metabolism, but on the acute effects of tPA on neuronal physiology.  In 

addition, ethanol treatment resulted in plasma concentrations that were 

consistent with the criteria required to induce neurodegeneration 

(Ikonomidou et al, 2000).  In addition, there were no obvious differences in 

the time of loss of righting reflex after ethanol between WT and tPA-/- mice 

(personal observation), supporting that rate of ethanol metabolism is not the 

underlying mechanism for tPA-mediated ethanol-induced 

neurodegeneration. 

 

4.4 tPA-induced neurodegeneration after ethanol is independent of 

proteolysis and plasmin production  

     Since tPA involvement in excitotoxic neuronal death is contingent on 

plasminogen activation (Tsirka et al, 1995), we investigated ethanol-induced 

neurodegeneration in plasminogen-deficient animals.  We found Plg-/- mice 

were just as vulnerable to ethanol-induced neurotoxicity as WT mice, 

suggesting a plasmin-independent pathway was activated in tPA-mediated 

neuronal death.  Indeed, in the brain tPA can function independently of the 
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typical plasminogen/plasmin proteolysis cascade through the modulation of 

the NMDA-R or stimulation of the LRP receptor (Pawlak et al, 2005; Norris 

and Strickland, 2007; Wang et al, 2003).  It was reported tPA can directly 

cleave the NR1 subunit of the NMDA-R leading to increased calcium influx 

and excitotoxicity  (Nicole et al, 2001).  However, our laboratory has not 

been able yet to replicate this finding.  Our data suggest tPA proteolytic 

activity is not a requirement to promote ethanol-induced neurodegeneration. 

The catalytically inactive S481A tPA, when administered to tPA-deficient 

mice, partially restored ethanol-induced neurodegeneration.  The attenuation 

in neurodegeneration observed after tPA-STOP treatment might arise from 

preclusion of tPA-PAI-1 acyl-enzyme complex formation and downstream 

LRP interactions.  It is also possible that association of tPA-STOP to tPA 

might have altered protease interactions with the NMDA-R or LRP, which 

has been reported to mediate a tPA-induced increase in matrix 

metalloproteinase-9 (MMP-9) resulting in neuronal death (Wang et al, 2003; 

Hu et al, 2006), or with a yet to de described binding partner.   Future 

research will address the nature of tPA’s interactions and signaling partners 

in ethanol-induced neurodegeneration.   
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4.5 tPA-mediated ethanol-induced neurodegeneration occurs via the 

NMDA-R 

    The NMDA-R is critical during development particularly since excitatory 

signaling is crucial for the formation of new synaptic contacts. During brain 

development, up to 25% of the neuronal population is eliminated in early 

postnatal stages during synaptogenesis (for reviews see Hidalgo et al, 2003; 

Benn and Woolf, 2004).  Blockade of the NMDA-R exacerbates the basal 

rate of apoptosis that occurs developmentally, consequently impairing the 

appropriate formation of synapses, and eventually of neuronal circuitry 

(Ikonomidou et al, 1999 and 2000; Ghiani et al, 2007). Our data suggest 

ethanol and, NMDA-R antagonists MK801 and Ro25-691, do not obliterate 

NMDA-R-dependent function in tPA-/- mice.  Interestingly, basal NMDA-R 

function might have been more robust in the tPA-/- mice since increased 

NR2A expression was observed in these mice when compared to WT.  

Consistent with our results, enhanced basal NMDA-R currents in tPA-/- 

slices were observed in adult animals (Park et al, 2008).  It remains unclear 

what the underlying cause is for increased excitatory signaling in these mice.   

     Additionally, NMDA-R function in the tPA-/- mice might have been 

further enhanced as a result of ethanol exposure.  tPA-deficient animals 

showed elevated NR2B, NR2A, BDNF, NGF, and nNOS, 24 hours post 
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ethanol administration. These are proteins that function downstream of the 

NMDA-R and are dependent on calcium signaling.  Ethanol also up-

regulated the expression of the activity-dependent immediate early gene 

cFOS 8 hours post-treatment in the tPA-/-, but not WT mice which suggested 

excitatory signaling was surprisingly improved or enhanced after ethanol.  

Increased NR2A and NR2B might be responsible for downstream increases 

in cFOS, nNOS, and neurotrophic factors.   

     In addition, western blot analysis of crude synaptosomal homogenates 

showed reduced basal PSD-95 protein in the tPA-/- forebrain, consistent with 

a previous study that found reduced association of PSD-95 with the NR2B 

subunit of the NMDA-R (Norris and Strickland, 2007).  These results are 

incredibly fascinating, and support the hypothesis of tPA as a key modulator 

of the receptor, perhaps enabling the appropriate interactions between NR2B 

and PSD-95.  Indeed NR2B -/- mice die within the first week of birth 

(Kutsuwada et al, 1996; Tovar et al, 2000), while PSD-95-/- mice survive 

into adulthood (Kim et al, 2003) suggesting there might be other molecules 

that are essential during early development.  A potential candidate is 

synaptic ras GTPase-activating protein (SynGAP), and just like NR2B-/- 

mice, SynGAP null mutants die early after birth (Komiyama et al, 2002). 

Although SynGAP binds PSD-95 in the adult PSD, both genes have distinct, 
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as well as overlapping expression. The expression of SynGAP in the murine 

brain peaks during synaptogenesis and developmental plasticity in contrast 

to PSD-95, which is expressed throughout the brain from early embryonic 

stages.  Furthermore, SynGAP shows a spatial pattern restricted mostly to 

the forebrain in contrast to PSD-95, which is also found in mid- and 

hindbrain (Porter et al, 2005). These report indicate that synaptic signaling 

complexes are heterogeneous, and individual components show temporal 

and spatial specificity during development, and might account for the 

discrepancies observed between the neonatal WT and tPA-/- forebrain.  

     As discussed in the introductory section, the NR2 subunits undergo a 

developmental shift after birth.  NR2B is the predominant NR2 subunit at 

birth and early post-natal stages.  NR2A expression begins close to post-

natal day 6, and slowly becomes the predominant subunit at the synapse, 

displacing most of NR2B to extrasynaptic sites (Sheng et al, 1994; Liu et al, 

2004).  NR2A-containing receptors promote neuronal survival while NR2B-

containing receptors promote apoptosis in adult neurons. The mechanism for 

NR2A-mediated survival depends on the activation of the Akt pathway, and 

this molecular cascade involves NO (Liu et al, 2007).  Synaptic NMDA-R 

activation leads to the stimulation of the cAMP response element binding 

(CREB) and extracellular signal-regulated kinase (ERK), whereas 
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extrasynaptic NMDA-R stimulation leads to shutoff of the CREB pathway 

(Hardingham et al, 2002).  In cerebellar granule neurons, NO-mediated 

survival after ethanol-induced neurodegeneration required CREB activation 

and NGF, which we found was increased in the “ethanol-resistant” tPA-/- 

brain.  Consistent with our data, neonatal nNOS-deficient mice showed 

increased neurodegeneration after ethanol in the same FAS paradigm we 

used in our studies  (Bonthius et al, 2006).  And ethanol-induced increase in 

nNOS and NGF, which are in the same neuroprotective pathway (Bonthius 

et al, 2003 and 2006), was observed in the tPA-/- mice.  Enhanced NR2A in 

the tPA-/- brain, as opposed to the decreased observed in the WT, might have 

engaged downstream signaling molecules like NO and NGF thus serving as 

a starting advantage against neurotoxicity from ethanol.   

     We also observed increased association of the clathrin-associated ß-

adaptin to the NR2B subunit of ethanol-treated WT 24 hours after treatment.  

We did not observe changes in the tPA-/- mice after ethanol.  Clathrin-

mediated endocytosis serves as a regulatory mechanism for NMDA-R 

surface expression and function (Lavezzari et al, 2004).  Our 

immunoprecipitation results suggest increased clathrin-mediated endocytosis 

of the NMDA-R complex after ethanol exposure.   The observed reduction 
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in NR2A in conjunction to endocytosis of NR2B-containing receptors in the 

WT mice after ethanol might underlie neurodegeneration after treatment.  

 

4.6 tPA-/- mice have increased neurotrophic factor expression 

      A “neurotrophic theory” has been proposed based on data from the 

sympathetic and motor nervous system (Linden 1994; Sendtner, 2000) 

where the select subset of neurons that survive during synaptogenesis do so 

via connection to appropriate targets that supply them with neurotrophic 

factors.  This model of activity-dependent survival comes from in vivo and 

in vitro studies where cortical neurons have shown dependence on the 

activation of the NMDA-R and the consequent synthesis/release of BDNF 

for survival (Lessman et al, 2003; Suzuki et al, 2007).  tPA-/- mice showed 

enhanced expression of BDNF and NGF 24 hrs after ethanol.  It is likely the 

increase in these proteins began at an earlier time-point and provided a 

source of trophic support from ethanol toxicity.  Furthermore, it is likely the 

changes in these proteins in the tPA-/- arise from initial changes observed in 

the NMDA-R subunit composition. 
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4.7 Neonatal ethanol-induced neurodegeneration leads to adult cognitive 

impairments 

     Early exposure to ethanol interferes with the formation of synaptic 

contacts possibly affecting the later development of neural circuits.  The 

cortex, thalamus, and hippocampus, which comprise part of the limbic 

system, are some of the most vulnerable brain regions to ethanol-induced 

neurodegeneration during synaptogenesis.  Consistent with previous reports, 

we show that neonatal exposure of the WT brain, but not tPA-/-, to ethanol 

results in decreased contextual fear conditioning, a learning task that 

depends on intact hippocampal function  (Chen et al, 1996).  Indeed, the 

hippocampus is essential for memory storage, and the thalamus, typically 

referred to as the relay station of the brain, allows communication between 

the cortex and other brain regions, including the hippocampus.  Therefore, it 

was not unexpected that ethanol-induced neurodegeneration was 

commensurate with the behavioral deficits observed in the WT mice.  

 

4.8 tPA is a key regulator of ethanol-induced neurodegeneration and 

FAS development  

     Overall, our data suggests a novel role for the NMDA-R in 

neuroprotection from ethanol’s effects that are opposite from what is 
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observed during excitotoxicity. Increased basal levels of NR2A in the tPA-/- 

brain might be an advantageous starting point through which the NMDA-R 

compensates the blockade of ethanol.  The advantage that increased NR2A 

might provide to the tPA-/- brain is probably enhanced by increased NR2B 

and NR2A at a later timepoint in the presence of ethanol.  These NR2 

subunit differences, and, subsequent changes after ethanol probably boost 

NMDA-R function, nNOS-dependent signaling, and neurotrophic factor 

support.  In fact, nNOS has been shown to protect cultured cerebellar 

neurons from ethanol-induced death via the PKG pathway and NGF 

production.  So it is possible that increased NR2A and NR2B can lead to 

downstream changes such as enhanced nNOS activity, and increased 

neurotrophic signaling that protects cells from the toxic effects of ethanol. 

     It still remains unclear what the trigger for the increased tPA in the WT 

brain might be.  Ethanol depresses synaptic activity through inhibition of the 

NMDA-R and the GABAA-R.  However, tPA is not a constitutively secreted 

protease, it is synthesized and stored in synaptic vesicles in axon terminals, 

and released into the extracellular space upon depolarization (Gualandris et 

al, 1996).  In the adult brain, the answer to ethanol-induced increase in tPA 

might lie in the NMDA-R since chronic exposure stimulates the production 

of more receptors, probably as a compensatory mechanism from ethanol-
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induced inhibition.  As a result, tPA was also increased, and its interaction 

with the NR2B subunit was found necessary for ethanol-induced NMDA-R 

upregulation (Pawlak et al, 2005), thus leading to a positive feedback 

mechanism between the NMDA-R and tPA that was initially stimulated by 

ethanol.  However, this mechanism does not account for what we observed 

in our model with neonatal animals, since we did not observe any evidence 

of ethanol-induced NMDA-R stimulation in the WT brain.  An explanation 

could lie in the cellular source of increased tPA in the brain after acute 

ethanol exposure.  Besides neurons, tPA is also synthesized by microglia 

cells in the brain (Rogove et al, 1999), and these cells can also be activated 

by tPA independently of proteolysis.  As a result, the ethanol-induced 

increase in tPA we observe could be partly due to microglia activation.  This 

is consistent with our findings that suggest tPA induces neurodegeneration 

after ethanol independently of plasminogen and proteolytic activity.  An 

experiment could evaluate neuronal death after the administration of ethanol 

to neonatal mice that are deficient in neuronal- or microglial-specific tPA.  

Furthermore, microglia involvement is likely to only be part of the 

explanation since we observed many basal and ethanol-induced differences 

in NMDA-R subunit composition, NMDA-R-dependent signaling, and PAI-

1 involvement between WT and tPA-/- mice. 
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     Our study shows tPA is a novel molecule crucial in the development of 

FAS.  Exposure of neonatal mice to ethanol leads to widespread 

neurodegeneration, prolonged increase in tPA activity in WT mice, and 

cognitive impairments in adult animals.  tPA-/- mice however do not undergo 

neurodegeneration or develop subsequent cognitive impairment 

characteristic of FAS.  The pharmacological manipulation of tPA levels in 

the brain might be a therapeutic avenue for the treatment of FAS and 

NMDA-R blockade related pathologies.  

 

4.9 Ethanol treatment increased neuronal-associated tPA activity in 

perinatal PAI-1-/- mouse pups 

    PAI-1 serves as the major inhibitor of tPA in the brain and as such is an 

important regulatory component of the tPA/plasmin pathway that is engaged 

in excitotoxicity (Tsirka et al, 1996).  We have shown here that ethanol 

exposure during synaptogenesis differentially modulates tPA activity and 

PAI-1 levels in the forebrain of WT neonatal P7 mice.  Ethanol induced a 

prolonged increase in tPA activity and temporarily upregulated PAI-1 soon 

after treatment.  Levels of PAI-1, however, were downregulated 24 hrs after 

ethanol exposure. Since PAI-1 was regulated by ethanol in WT mice, we 

were interested in evaluating tPA activity in PAI-1-deficient animals.   
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Ethanol treatment increased tPA activity in the forebrain of PAI-1-/- mice, 

but contrary to what is observed in WT, the observed increase in tPA was 

rapid and short-lasting. Though the timeline for increased tPA activity is 

slightly different in WT and PAI-1-/- mice, the increase in tPA in both 

genotypes precede the activation of caspase-3 and consequently 

neurodegeneration, suggesting tPA is an important component of the 

neurodegenerative cascade after ethanol in PAI-1-/- mice.   

 

4.10 Ethanol modulates PAI-1 in a tPA-independent manner 

     PAI-1 modulation by ethanol had been previously observed in cultured 

human endothelial cells where ethanol treatment induced a transcriptional 

decrease of PAI-1 mRNA (Grenett et al, 2000).  In our acute binge paradigm 

that serves as a model for FAS, ethanol initially increased, and progressively 

decreased PAI-1.  The effects observed in PAI-1 after ethanol occur 

independently of tPA, since tPA-/- mice showed a similar pattern of 

modulation after ethanol exposure. Interestingly, we observed PAI-1 

baseline levels were significantly greater in the tPA-/- mice than in WT, and 

since tPA-/- mice are resistant to neurodegeneration, we hypothesized 

elevated levels of PAI-1 might confer neuroprotection from ethanol toxicity 

to these mice.  The feasibility for this proposition is supported by studies 
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that have implicated PAI-1 in neuritogenesis and neuronal survival (Kimura 

et al, 2000; Soeda et al 2001; Guizzeti et al, 2008). 

 

4.11 tPA promotes ethanol-induced neurodegeneration in PAI-1-/- mice  

Indeed, PAI-1-deficient mice showed enhanced vulnerability to 

neurodegeneration after ethanol exposure seen by increased FJB staining in 

the cortical and thalamic regions of the forebrain in comparison to the WT 

mice.  It was possible that the difference in neurodegeneration in PAI-1-/- 

and WT could have been an artifact of differing blood ethanol 

concentrations, perhaps due to underlying metabolic differences between the 

WT and PAI-1-/- mice, and not to a primary difference in neuronal 

physiology.  To address this possibility, we determined the blood ethanol 

concentrations following treatment.  We found no differences in blood 

ethanol concentrations at any time-point studied, suggesting the differences 

observed are not due to the rate of ethanol metabolism. 

     Enhanced neuronal death vulnerability after ethanol exposure was 

partially dependent on increased tPA activity, since treatment with the 

synthetic inhibitor tPA-STOP before EtOH exposure led to attenuation of 

the severity of neurodegeneration in these animals.  This evidence is not 

surprising, since in addition to tPA, PAI-1 interacts with other molecules in 
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the brain (e.g. uPA, vitronectin, and LRP).   Our data suggests that PAI-1 is 

acting independently of tPA, and an interaction of PAI-1 with any of these 

molecules could potentially influence the effects of ethanol, additionally to 

the effects stemming from increased tPA activity.  Furthermore, these results 

suggest that while tPA mediates ethanol-induced neurotoxicity, PAI-1 

mediates a survival-signaling cascade that protects neurons from 

neurodegeneration.  As a result, absence of PAI-1 exacerbates the neurotoxic 

insult by ethanol, supporting the hypothesis that PAI-1 promotes neuronal 

survival after ethanol exposure.   

     What could be the mechanism for PAI-1 in neuronal survival?  PAI-1 is 

secreted by astrocytes and a potential mechanism could entail modifications 

of the extracellular matrix that favor the extension of neurites, thus 

abrogating the effects of ethanol on neuronal activity and consequently 

synaptogenesis.  A recent report showed that PAI-1 upregulation was 

deemed necessary for laminin- and fibronectin-mediated neuritogenesis and 

the extension of neurites during development (Guizzeti et al, 2008).  It is 

unclear though, whether PAI-1 actions are dependent or independent of tPA 

in this study.   

     Another possibility entails PAI-1 in neuronal anti-apoptotic signaling 

(Kimura et al 2000 and Soeda et al 2001).  These studies showed that PAI-1 
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deficiency in NGF-differentiated PC12 cells resulted in a significant 

reduction of Bcl-2 and Bcl-XL mRNAs, which typically promote cellular 

survival, and an increase in Bcl-XS and Bax mRNAs, which typically 

promote apoptosis (Soeda et al., 2001).  As a result, changes in the balance 

between mRNAs expressed by the anti- and pro-apoptotic Bcl-2 family 

favored pro-apoptotic signaling, and resulted in cell death.  Ethanol-induced 

neurodegeneration in our model is apoptotic, and requires caspase-3 

activation and cytochrome c release.  It might have been possible that 

elevated levels of PAI-1 in the tPA-/- favored expression of anti-apoptotic 

signaling molecules, thus protecting against ethanol-induced neuronal death 

in these mice.  Thus there are several scenarios through which PAI-1 might 

be exerting neuroprotection, and future studies will address the mechanism 

for PAI-1-mediated neuronal survival after ethanol in neonatal mice. 

 

4.12 Ethanol decreased nNOS expression in PAI-1-/- mice 

      Previous studies have reported that PAI-1 can prevent serum 

deprivation-induced loss of neurites in differentiated PC12 cells (Soeda et 

al., 2004). In the same model system, it was later shown that adding PAI-1, 

in the absence of NGF, can lead to the phosphorylation of Trk A receptors, 

and promote neurite outgrowth and the survival of PC12 cells (Soeda et al, 
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2006).  In the presence of NGF, however, PAI-1 was found to act as a 

synergist since the treatment of NGF-differentiated PC12 cells with anti-Trk 

A receptor antibodies caused neurite disappearance and cell death.  We’ve 

shown tPA-/- mice are resistant to neurodegeneration, and concomitantly, 

these mice show enhanced PAI-1, NGF, BDNF, and nNOS.  WT mice, 

however, have decreased NGF and PAI-1, and lack increased BDNF and 

nNOS.  A feasible mechanism for PAI-1-mediated neuroprotection could 

then be through the synergistic activation of TrkA receptors with NGF.  

      Concomitantly, PAI-1 and NGF could promote neuroprotection from 

ethanol toxicity through nNOS activation.  Particularly since the pro-

survival properties of nNOS after ethanol seem to require NGF (Bonthius et 

al, 2003). nNOS was significantly up-regulated in the tPA-/- mice.  However, 

nNOS expression was unchanged in the WT, and significantly decreased in 

the PAI-1-/- brain.  These results are consistent with the pro-survival role that 

has been described for nNOS activity after ethanol exposure of the immature 

brain, and concomitant with our neurodegeneration findings.  Decreased 

nNOS expression in the PAI-1-/- brain after ethanol exposure, suggest nNOS 

could be part of the neuroprotective pathway engaged by PAI-1 after 

ethanol.    
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4.13 PAI-1 promotes neuronal survival and tPA promotes neuronal 

death after ethanol treatment 

     In order to further dissect the individual contributions tPA and PAI-1 

have in neuronal death and survival after ethanol exposure, we created tPA-/-

:PAI-1+/- mice  by crossing double knock outs with tPA-/- mice.  We found 

that ethanol-induced neurodegeneration in these mice was above what is 

observed in the tPA-/-, but below WT levels.  These mice do not make tPA 

which makes them more resistant to neuronal death, but losing one allele of 

the PAI-1 gene, which likely results in reduced expression of PAI-1 protein, 

is sufficient to significantly increase neuronal death after ethanol.  It is 

possible the elevated levels of PAI-1 in the tPA-/- mice, in conjunction to the 

lack of tPA, serve as an advantage and help protect neurons when exposed to 

ethanol.  Further research into the trophic properties of PAI-1 during 

neonatal brain development might lead open new therapeutic avenues for the 

treatment of FAS-related pathologies. 
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Figure 29.  Model representing ethanol modulation of tPA and PAI-1 in 

the neonatal brain.  Early exposure of the brain to ethanol leads to changes 

in tPA and PAI-1 that result in neurotoxicity.  tPA-deficient animals are 

resistant to ethanol-induced neurotoxicity, implicating tPA as a key regulator 

of the effects of ethanol in the immature brain   We hypothesize that 

abnormal differences in NMDA-R composition and function between WT 

and tPA-/- mice underlies the changes observed in neurodegeneration.  The 

basal composition of the NMDA-R differs between WT and tPA-deficient 

animals, with higher NR2A expression observed in the tPA-/- brain, possibly 

serving as an advantageous starting point that protects against ethanol 

toxicity. NR2A is further increased after ethanol in these mice but decreased 

in the WT mice.  Furthermore, ethanol increased the association of AP-2 to 

NR2B in the WT, suggesting ethanol promoted the internalization of these 

receptors in WT mice.  Ethanol also increased neutrophic factor expression 

in the tPA-/-, suggesting these molecules might serve as a source of 

neuroprotection in the presence of ethanol.  Lastly, PAI-1-/- mice were more 

vulnerable to neurodegeneration, consistent with the observed increased 

basal PAI-1 expression in the tPA-/- brain, suggesting increased PAI-1 in the 

tPA-/- mice might preclude ethanol-induced neurodegeneration in these mice.   
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4.14 Ethanol exposure of the immature murine brain can lead to 

learning deficits that are characteristic of FAS in humans 

     Prenatal exposure to ethanol leads to developmental defects in the brain 

that often result in long-lasting behavioral complications, as is the case in 

FAS.  Neonatal P7 rodents that are exposed to binge-like doses of ethanol, as 

we have done in our studies, leads to hyper-activity in the elevated plus 

maze and open field, and impairment of contextual fear conditioning (Ieraci 

and Herrera, 2006).  Our results show that adult WT mice that had been 

treated with ethanol at P7 have decreased contextual, but not cued, fear 

conditioning.  Adult tPA-deficient mice that had been treated with the same 

dose of ethanol did not show differences in fear conditioning when 

compared to saline-treated tPA-/-.  These results are consistent with previous 

reports, and support a causal link between ethanol-induced neuronal death 

with the cognitive impairments that are observed in patients with FAS.  

Furthermore, these results suggest that therapeutic agents that block, or 

attenuate ethanol-induced neurodegeneration, might also be able to prevent 

the cognitive deficits and possibly the development of other behavioral 

disturbances that stem from ethanol exposure. 
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4.15 Chronic stress regulates hippocampal-dependent behavior via 

modulation of the tPA/PAI-1 system 

     tPA has multiple effects in the physiology of the CNS. In particular, tPA 

modulates synaptic plasticity events that underlie several forms of learning 

and memory of spatial memory tasks, LTP, and addiction.  Furthermore, tPA 

is modulated by stress in the hippocampus and amygdala (Pawlak et al, 2003 

and 2005).  The stress-induced increase observed in tPA activity in the 

amygdala is mediated by the stress neuromodulator corticotropin releasing 

factor  (CRF) acting via corticotropin releasing factor receptor type 1 (CRF-

1) (Matys et al, 2004).  tPA-deficient mice exhibit reduced anxiety-like 

behavior to CRF but undergo a sustained corticosterone response after CRF 

administration.  These studies establish tPA as an important mediator of 

cellular, behavioral, and hormonal responses to CRF, and consequently 

stress. 

     We focused on the effects of stress on the hippocampal formation. 

Previous reports from our laboratory showed chronic stress differentially 

affected hippocampal NMDA-R expression, dendritic arborization, and 

Morris water maze learning in WT and tPA-/- mice (Pawlak et al, 2005).  We 

found 21 days of restraint stress significantly elevated extracellular tPA 

activity in WT and PAI-1-/-.   Simultaneously, chronic stress had the opposite 
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effect on PAI-1 levels, reducing it below the baseline in WT mice.  

Furthermore, these changes observed in tPA and PAI-1 were reflected 

behaviorally, as WT and PAI-1-/- animals that had been chronically stressed 

showed decreased contextual, but not cued, fear conditioning.  Chronically 

stressed tPA-/- animals did not undergo changes in either contextual or cued 

fear conditioning.  These data are consistent with the lack of hippocampal 

atrophy observed in the tPA-/- mice.  Furthermore, they implicate PAI-1 as a 

modulator of the stress response in the hippocampus.  It is likely that 

decreased hippocampal levels of PAI-1 in the WT, and the lack of PAI-1 in 

the PAI-1-/- mice, underlie the observed increase in tPA activity.  It might be 

possible the prolonged and elevated levels of tPA due to chronic stress lead 

to detrimental changes in the molecular composition of the extracellular 

matrix that contribute to neuronal atrophy.  Increased tPA might also result 

in degradation of the NMDA-R.  Plasminogen-deficient mice show a 

phenotype similar to that observed in tPA-/- animals (Pawlak et al, 2005), 

suggesting tPA acts via plasmin activation after chronic stress.  Since tPA-

derived plasmin can cleave the NR1 subunit of the NMDA-R (Matys and 

Strickland, 2003) we can speculate this could be an attractive mechanism for 

tPA action after stress.  Increased NR1 cleavage by plasmin could underlie 

the reduction in NMDA-R observed at the end of chronic stress (Pawlak et 
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al, 2005).  Furthermore, cleavage of NR1 could result in increased calcium 

influx and stimulate excitotoxicity and neuronal death.  Overall, these data 

support a role for the tPA/PAI-1 system as key regulators of the cellular and 

behavioral response to chronic stress stimuli.  
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