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Abstract

Plasminogen activators play an active role in synaptic plasticity associated with the crossed phrenic
phenomenon (CPP) and recovery of respiratory function following spinal cord injury. A genetic
approach has been used to identify molecular mechanisms underlying this synaptic plasticity.
Knockout mice lacking different genes in the plasminogen activator/plasmin system demonstrate
that expression of urokinase plasminogen activator (UPA) is required during the critical 1-2h delay
period following C2-hemisection for acquisition of a good CPP response. uPA knockout mice fail
to show the structural remodeling of phrenic motor neuron synapses that underlie the CPP response.
Potential mechanisms by which uPA may promote phrenic motor neuron synaptic plasticity have
been explored. Expression of uPA receptors, uPAR and LRP-1, are both up-regulated in the ipsilateral
phrenic motor nucleus (PMN) following C2-hemisection. A comparison of microarray data and real-
time PCR analysis of MRNAs induced in the PMN after hemisection indicate potential cell signaling
pathways downstream of uPA’s interaction with these cell surface receptors in the PMN. Knowledge
of these uPA-mediated signaling pathways may identify potential means for pharmacological
activation of the synaptic plasticity required for recovery of phrenic motor neuron activity.

1. Introduction

There are two plasminogen activators (PA) in mammals, tissue plasminogen activator (tPA)
and urokinase plasminogen activator (UPA). Plasminogen activators are best known for their
proteolytic action as “clot busters”, when they activate the proenzyme plasminogen to the
broad-acting and fibrin-degrading protease plasmin in the vascular system (Collen, 1980).
However, plasminogen activators play important roles in numerous tissues where they have
been shown to promote cellular remodeling associated with a number of physiological events,
including angiogenesis, ovulation and trophoblast implantation, bone growth, muscle
differentiation, and tumor cell metastasis (for review see Dano et al., 1999); as well as,
activating other proenzymes such as matrix metalloproteases (Keski-Oja et al., 1992;
Baramova et al., 1997; Siconolfi and Seeds, 2003). In the nervous system PAs play an active
role in neural development, where they are secreted by both CNS and PNS neurons to facilitate
neuronal cell migration and axonal outgrowth (Krystosek and Seeds, 1981; Pittman, 1985;
McGuire and Seeds, 1990; Verrall and Seeds, 1989; Friedman and Seeds, 1995; Seeds et al.,
1999); as well as, being up-regulated to promote axonal regeneration following nerve injury
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(Hayden and Seeds, 1996; Nakajima et al., 1996: Siconolfi and Seeds, 2001a,b). In addition,
PAs in the nervous system can directly activate pro-neurotrophic factors including the
motorneuron survival factor hepatocyte growth factor (HGF) (Mars et al., 1993; Thewke and
Seeds, 1996), or indirectly via plasmin formation activate pro-BDNF (brain-derived
neurotrophic factor) and pro-NGF (nerve growth factor) to their active forms (Pang et al.,
2004). Furthermore, PAs play an active role in dendritic spine formation (Oray et al., 2004)
and have been implicated in synaptic remodeling associated with cerebellar motor learning,
visual cortex ocular dominance columns, and both hippocampal and corticostriatal long-term
potentiation (LTP) (Seeds etal., 1995; Seeds et al., 2003; Muller and Griesinger, 1998; Mataga
et al., 2004; Huang et al., 1996; Baranes et al., 1998)

The crossed phrenic phenomenon (CPP) is one of the most dramatic examples of spinal cord
plasticity resulting in the recovery of respiratory function following a high cervical spinal cord
injury (for a review see Goshgarian, 2003). The CPP occurs in several mammalian species
including the mouse (Minor et al., 2006) following a cervical C2 spinal cord hemisection
(C2HS), which paralyzes the ipsilateral hemidiaphragm by interrupting the descending flow
of respiratory impulses from the medulla to phrenic motorneurons (Fig. 1). The hemisection
leads to a stronger respiratory drive to the contralateral phrenic motor nucleus (PMN) via the
contralateral rostral ventral respiratory group (rVRG) fibers, a small population of which cross-
over the spinal cord midline during development and contact phrenic motorneurons (Zimmer
and Goshgarian, 2005). The loss of ipsilateral rVRG input to the PMN coupled with this
increased activity from crossed contralateral rVRG fibers is thought to convert some of their
presumptive synaptic contacts on phrenic motorneurons on the paralyzed side of the spinal
cord from a pre-hemisection “functionally ineffective” state to a post-hemisection
“functionally latent” state; ie. an anatomically/physiologically modified cell contact that
requires a specific time interval for conversion in mice and rats, yet still does not restore
hemidiaphragm functional activity under normal conditions (Goshgarian, 2003). Subjecting
the animal to additional respiratory stress by transecting the contralateral phrenic nerve,
“activates” these latent synapses and function is restored to the paralyzed hemidiaphragm.
Activation of these synapses and the crossed pathway requires an interoperative delay of
several hours between hemisection and phrenicotomy to elicit the CPP in rats and mice (O’Hara
and Goshgarian, 1991; Minor et al., 2006). During this delay period, ultrastructural changes
occur in the PMN including elongation of the synaptic active zones and increased numbers of
multiple axo-dendritic synapses on phrenic motorneurons (Castro-Moure and Goshgarian,
1997; Liou and Goshgarian, 1997; Minor and Seeds, 2008). However, the molecular
mechanisms underlying this cellular remodeling, synaptic plasticity and functional recovery
associated with the CPP, and its inter-operative delay are not well defined. Plasminogen
activator is a likely candidate for playing an active role in these early cellular remodeling events
promoting the CPP.

2. CPPin the mouse

Recently has the CPP been shown to occur in the mouse, an animal model readily amenable
to a molecular genetic approach to dissect mechanisms underlying the CPP (Minor et al.,
2006; Minor and Seeds, 2008). Axons from the premotor rVVRG descend in the lateral and
ventral funiculi of the spinal cord and enter the grey matter between C3 and C6 to innervate
phrenic motorneurons. Although careful anatomical mapping has not yet been done for the
mouse, organization of the vestibulospinal tracts is consistent among amniote vertebrates
(Watson and Harvey, 2009). A C2HS disrupts the descending input leading to paralysis of the
ipsilateral hemidiaphragm, and an immediate increase in the duration of respiratory bursts and
the amplitude of individual spikes within each burst by the contralateral diaphragm is seen in
spontaneously breathing mice (Minor et al., 2006). Although this response is similar to that
seen in other mammals (Golder et al., 2001), mice show no change in spike frequency within
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a burst in marked contrast to the increase in spike frequency seen in spontaneously breathing
rats 24h after a C2HS (EI-Bohy and Goshgarian, 1999). If the C2-hemisected mice are subjected
to additional respiratory stress by transection of the contralateral phrenic nerve immediately
after hemisection, the mice must be ventilated or they will die; whereas, if the phrenicotomy
is delayed until the next day there is an immediate and rapidly building recovery of function
by the previously silent hemidiaphragm; i.e., the CPP response (Fig. 2). Although this
immediate classic CPP response in mice and rats is similar, rats have been reported to undergo
spontaneous recovery of the silent diaphragm after several weeks to a month (Nantwi et al.,
1999; Fuller et al., 2006). In contrast, mice fail to show any spontaneous recovery even when
examined three months after a C2HS; yet they give an immediate and strong CPP response
upon contralateral phrenicotomy at three months post-surgery (Fig. 3). This finding suggests
a potential difference in the long-term CPP recovery mechanisms between these species. In
this regard, rat phrenic motorneuron dendrites have been shown to cross the midline and may
form contacts with the contralateral rVRG fibers (Lindsay et al., 1991; Prakash et al., 2000;
Boulenguez et al., 2007) facilitating spontaneous recovery; however, whether mouse phrenic
motoneurons also display contralateral dendritic projections is not presently known.

As the inter-operative interval between the spinal cord lesion and the contralateral
phrenicotomy was reduced, the strength of the crossed phrenic respiratory signal decreased.
Although greater than 90% of the mice demonstrated a good CPP response at 6hr post-
hemisection, at earlier times the number of mice showing a CPP response decreased as did the
strength of the response (Minor et al., 2006). A critical latent period of 1-2h post-hemisection
was required prior to any CPP response, similar to the 2—4h latency period seen in rats (O’Hara
& Goshgarian, 1991). The important molecular events required for the CPP that occur during
this 1-2hr window post-hemisection have been the focus of our attention.

3. Plasminogen activator and the critical period for the CPP

The premise that synaptic plasticity associated with the CPP may be similar to the synaptic
remodeling associated with the different learning paradigms discussed above, where the
extracellular protease PA plays an active role was explored. In situ hybridization with 3°S-
cRNA antisense probes to uPA or tPA showed that mRNAs for both molecules were rapidly
induced in C4-5 phrenic motorneurons immediately following a C2HS (Minor and Seeds,
2008). Induction of uPA mRNA was restricted to a limited number of large retrogradely WGA-
labeled phrenic motorneurons in the ipsilateral PMN and was not seen at the C2-3 interface
or the C6-7 interface ventral spinal cord above and below the PMN (Fig. 4). The limited number
of motorneurons expressing uPA mRNA is not surprising since fewer than 10% of the phrenic
motorneurons, which represent only 11% of the total motoneurons at the C4-5 level, appear
to be activated during the CPP response (Zimmer and Goshgarian, 2005). Interestingly, uPA
MRNA expression was transient and seen from 0.3h to 8h, but was absent at 20h post-
hemisection. In contrast to uPA mRNA expression which is not commonly seen in the uninjured
spinal cord, tPA mRNA is apparent at a low level throughout the cervical spinal cord. However,
tPA mRNA expression also increased in the ipsilateral PMN about 2-fold greater than the
contralateral PMN following C2HS, but in contrast to uPA mRNA it was not specific to the
retrogradely WGA-label phrenic motorneurons (Minor and Seeds, 2008). Dramatic induction
of uPA protein was seen within 1h in ipsilateral phrenic motorneurons, reaching maximal levels
by 6h and disappearing by 20h post-hemisection. tPA protein showed similar increases in both
phrenic motorneurons and Neu-N positive interneurons within the PMN; however, elevated
tPA levels were still seen 20h post-hemisection (Minor and Seeds, 2008). Thus, PA induction
was concomitant with the critical latent period in recovery of diaphragmatic function during
the CPP.
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The potential importance and relationship of PA induction to the presumptive synaptic changes
and activation of phrenic motorneurons during the CPP was assessed using knockout mice.
Mice deficientin uPA, tPA or plasminogen (Plgn) genes, were compared to their heterozygous
littermates or wildtype C57BI/6 mice for recovery of diaphragm function via the CPP at 6h
post-hemisection, when >85% of wildtype mice show a good CPP response (as defined by
Minor et al., 2006). All the uPA +/— heterozygotes showed a CPP response at 6h, and most
tPA—/—and Plgn—/— mice give a CPP response, although the overall strength of the CPP
response was not as strong as that seen in the heterozygotes or wildtype mice (Fig. 5) (Minor
and Seeds, 2008). Interestingly, most of the uPA—/— mice fail to generate a good CPP response
at 6h. Typical diaphragm electromyographic responses are shown for these knockout mice
(Fig. 5). To assess whether acquisition of the CPP response was just delayed in these knockout
mice, several mice of each genotype were not given a phrenicotomy until 20h post-hemisection.
All the tPA—/— and Plgn—/— mice now gave a good CPP response; however, the uPA—/— mice
still failed to respond, indicating that uPA gene expression was critical for the CPP.

Ultrastructural analysis at the electron microscope level of PMN synapses showed that uPA—/
— mice failed to undergo the characteristic synaptic remodeling events, an increase in multiple
axo-dendritic synapses and a lengthening of the synaptic active zone, coincident with the
acquisition of a CPP response as elicited in wildtype mice. C2HS of wildtype mice showed an
increase in the number of multiple axo-dendritic synapses on identified phrenic motorneuron
dendrites from 3.76+0.6 per 100 dendrites in the uninjured mice to 8.73+1.3 per 100 dendrites
by 4 h post-hemisection. Similarly, the average length of the synaptic active zone significantly
increased from 0.28um in the control mice to 0.39um in the hemisected mice. Both of these
synaptic changes are congruent with an increased synaptic input by the latent rVRG crossed
pathway on the ipsilateral PMN, leading to enhanced phrenic nerve output and diaphragm
function, and are similar to those seen in the rat during acquisition of the CPP (Castro-Moure
& Goshgarian, 1997). tPA—/— mice showed changes similar to wildtype mice following
hemisection. Strikingly, the hemisected uPA—/— mice showed no increases in multiple axo-
dendritic synapses (3.35+0.9 per 100 dendrites) nor in active zone length (0.29um) (Minor and
Seeds, 2008). Thus, uPA gene expression promotes synaptic remodeling in the PMN coincident
with the CPP response and recovery of diaphragm function.

4. Potential mechanisms for uPA action in the CPP response

How might uPA act to bring about the structural changes and functional recovery that occur
during the CPP? Most PIgn—/— mice show a functional CPP response, suggesting that plasmin
formation by uPA during the critical latent period may play a minor role in the CPP response.
However, UPA is capable of proteolytically cleaving substrates other than plasminogen,
including the extracellular matrix molecule fibronectin (McGuire and Seeds, 1990) and
activating extracellular pro-matrix metalloproteases (Keski-Oja et al., 1992; Baramova et al.,
1997; Siconolfi & Seeds, 2003) that may act in tissue remodeling events (Fig. 6). Also, uPA
can proteolytically activate the pro-neurotrophic factor HGF (Naldini et al., 1992; Mars et al.,
1993; Thewke and Seeds, 1996) that promotes motorneuron survival and axonal growth (Ebens
etal., 1996).

Alternatively, uPA may be acting as a cytokine by binding to either of its two cell surface
receptors UPAR or LRP-1 (the LDL-like receptor protein), both of which are capable of cell
signaling events. Interestingly, both UPAR and LRP-1 expression are dramatically up-regulated
in the ipsilateral PMN immediately following a C2HS (Fig. 7), and may be targets for uPA
mediated cell signaling. Both uPA and tPA interact with LRP-1 to signal an up-regulation of
PKA activity and cAMP levels within neurons (Zhuo et al., 2000;Herz & Bock, 2002).
Furthermore, tPA interaction with LRP-1 has recently been shown to be coupled to
phosphorylation of LRP-1’s cytoplasmic NPxY-motif to promote interaction with neuronal
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PSD95 that binds to and opens the NMDA-R for calcium influx leading to MAPK signaling
(Martin et al., 2008). The possibility that uPA can also signal via LRP1 to open NMDA-R
calcium channels is currently under investigation (Seeds, unpublished observations). The
NMDA-R and other glutamate receptors are present on phrenic motorneurons; thus calcium
influx may promote synaptic activity in the CPP.

UPA binding to its glycosyl phosphatidylinositol (GPI)-linked receptor uPAR leads to
interaction with several different cell surface molecules with subsequent cell signaling events
producing a variety of activities favoring structural remodeling events in different tissues
including cell migration and invasiveness (for review see Blasi & Carmeliet, 2002). For
example in non-neural tissue, UPAR is known to interact with EGF-R leading to stimulation
of the Erk pathway, and uPAR interaction with the G-protein coupled receptor FPRL1 is
required for cell migration (Mazzieri et al., 2006). Furthermore, uPAR interaction with 1
integrin leads to activation of a Src pathway (Monaghan-Benson & McKeown-Longo, 2006),
and such interactions with integrins can organize both matrix molecules and the underlying
cytoskeleton in the process of cell attachment/detachment, mechanisms that may favor
structural remodeling events.

Other studies on a molecular level have shown increased levels of serotonin in ventral spinal
cord following a C2HS (Hadley et al.,1999) and that blockers of 5-HT receptors inhibit CPP
respiratory recovery (Zhou et al., 2001), antagonists of adenosine receptors enhance the CPP
response (Nantwi and Goshgarian, 2002), while elevated cAMP-mediated PKA activation
appears necessary for recovery of diaphragm function following a C2HS (Kajana and
Goshgarian, 2008). Up-regulation of the NR2A subunit of the NMDA-R, as well as the GIuR1
subunit of the AMPA-R have also been reported following C2 injury and have been implicated
in spontaneous recovery of diaphragm function (Alilain and Goshgarian, 2007; Grossman et
al., 1999). Using a different model of respiratory functional recovery, phrenic long-term
facilitation (pLTF) Mitchell and coworkers (Baker-Herman et al., 2004; Golder & Mitchell,
2005) found that enhanced activation of 5-HT2A receptors leads to increased BDNF synthesis,
TrkB activation and MAPK that may strengthen inputs on phrenic motorneurons. Similarly,
adenosine A2a receptor agonists can elicit pLTF presumably by up-regulating the same MAP
kinases (pERK1/2) via a different pathway (Golder et al., 2008). However, these molecular
changes occur days to weeks after C2HS and would not appear to be changes directly associated
with the 1-2h “critical latent period” necessary for acquisition of the uPA-dependent CPP as
described above.

5. Potential uPA-mediated cell signaling pathway activation for the CPP

If UPA is acting as a cytokine or protease & cytokine in facilitating the CPP response it is
important to identify molecules influenced by uPA mRNA induction. Knowledge of the
signaling pathway(s) and downstream molecules activated by uPA signaling will provide a
more thorough understanding of this novel form of synaptic plasticity. Such plasticity may
well be able to occur at other sites further down the spinal cord and lead to a similar recovery
of function. Furthermore, if uPA appears to signal via a unique or more limited cellular pathway
it may then be a potential target for drug therapy via agonists and antagonists that may help
promote synaptic plasticity leading to functional recovery following SCI.

If UPA is acting through its binding to UPAR then, based on other tissues, we may expect to
see activation of Src and G-proteins, or Stat and ERK1/2 pathways, along with EGF-R and
integrin-associated signaling. If uPA is interacting through LRP-1 then MEK-1 and ERK1/2
may be activated. As a first approach to addressing this question real-time PCR 96-well plate
microarrays for gene profiling of signaling pathways (ie. Superarray Biosciences) were used.
RNA isolated from the ipsilateral grey matter of C4-5 ventral spinal cord of control uninjured
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wildtype mice or those 4h post-C2HS, and uninjured uPA—/— mice or those with C2HS 4h
post-surgery, was compared for relative mRNA expression on 96-well microarray JAK/STAT
or MAPK pathway genes using RT-PCR. Relative differences between RNA samples are
determined by normalizing the ACt to the housekeeping genes and the results expressed as
27AACt fold differences up or down. A change was considered when it appeared in all paired
experiments and the magnitude of the change (+ or —) had a minimum value of two; validation
of differences used the paired t test.

5.1 Src and Jak/Stat pathways

When gene changes are compared 4hr following a C2HS (Table 1), both wildtype and uPA-/
—mice show similar increases (blue) in Socs3, Cyclin-dep kinase inhibitor 1A, Protein tyrosine
phosphatase non-receptor typel, SH2B adaptor2, Myc, IL-4 receptor, and decreases in IL-10
receptor. Uninjured uPA—/— mice show a reduced expression of a number of genes (yellow)
when compared to uninjured wildtype mice, most notable are Smad1,2&5, Src, Stam, YY1,
Myc, Jak2, Nuclear receptor 3C1, Growth hormone receptor. C2HS in uPA—/—mice (red) leads
to a dramatic decrease in EGF-R, and decreases in Src, YY1, Socs2, SH2B-adaptorl that are
not seen in C2-hemisected wildtype mice. Furthermore, when C2-hemisected uPA—/—and C2-
hemisected wildtype gene expression are directly compared there are major decreases (red) in
Src, EGF-R, YY1 and Growth Hormone receptor. Two of the genes showing the greatest
increase with C2HS are Socs-3 and protein tyrosine phosphatase non-receptor type 1, both
negative regulators of the JAK/STAT pathway. Socs-3 is known to promote neuron survival
in response to IGF-1 stimulation (Yadav et al., 2005). Also, negative regulation of signal
transduction pathways is necessary for correct cellular response to cytokine stimulation.
Reductions in Src and EGF-R are not unexpected since both play a role in uPA mediated
signaling through uPAR. uPA signaling via UPAR and Src has been shown to promote
cytoskeleton reorganization and cell migration in smooth muscle cells (Degryse et al.; 1999).
Similar cytoskeletal changes may be important in the morphological re-structuring of phrenic
motorneuron dendrites during the crossed phrenic phenomenon.

5.2 MAPK pathways

When compared to wildtype mice the uPA—/— mice showed (Table 2) notable reductions in
expression of Cyclin B2, Cdki 1C, MAP3k1, MAP2k6, and modest reductions in several other
genes (yellow). However, CdkilA and 2C mRNAs show large increases at 4h post-hemisection
in both wildtype and uPA—/— mice (blue); interestingly, both genes are regulated by Erk1/2.
CdkilA (Rho-kinase inhibitor) is known to enhance axonal regeneration and functional
recovery after spinal cord injury (Tanaka et al., 2004), while Cdki2C shows highly specialized
expression in only a few regions of the adult nervous system and at specific times (Zindy et
al., 1997;Legrier et al., 2001). A third up-regulated protein, MAP2Kk6 is an upstream activator
of the widely active p38 MAPK. Previous reports (Hu et al., 2002;Velardo et al., 2004) have
shown a major decline in neural gene expression following spinal cord injury. CPP induction
in wildtype mice led to a decline in many of the mRNAs characteristic of the MAP kinase
pathway as shown (Cdkilc, Creb-1, Elk-1, Ets-1, Mapk14), while in C2HS uPA—/— mice
several MRNASs (Cyclin B2, Creb-1, Fos, MAP2k5) show apparent increases, but in genes
whose expression is decreased in the un-injured uPA—/— mouse compared to wildtype. These
decreased mRNAs following C2HS in the wildtype mouse may be indicative of critical gene
shutdown related to acquisition of the CPP. Also differences between uPA—/— and wildtype
mice following C2HS indicate potential critical components in the CPP as it occurs in wildtype
mice; the most dramatic effect is seen with decreases in MAP2k6, MAP3k1, and CdkilC &
2C.

A pilot study with these same mRNAs assayed on the new Affymetrix Mouse Gene 1.0ST chip
showed that C2HS led to an increased expression (the top 1-2% of genes by difference) in
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several of these same kinases and transcription factors, as well as cell surface receptors, most
interestingly uPAR when compared to uninjured C4-5 ventral spinal cord. Comparison of uPA
—/— hemisected to wildtype hemisected gene expression showed major (top 1-2%) decreases
in several kinases, transcription factors, growth factors and receptors including IGF, EGF,
patched, notch, EphB4, cadherin, vitronectin, and interestingly the axon midline crossing factor
Robo3. Current studies are assessing changes in the respective proteins, and monitoring mMRNA
differences at earlier time points following C2-hemisection.

6. Summary

These studies indicate that plasminogen activators play an active role in the acquisition of the
crossed phrenic phenomenon and may be important players in spinal cord motor neuron
synaptic plasticity; thereby, setting the stage for the potential use of plasminogen activators,
or their agonists, or drugs mimicking their action in a therapeutic regenerative model for spinal
cord injury.

Acknowledgments

The authors would like to express our gratitude to Dr. Harry Goshgarian for his instruction and advice when we initiated
our CPP studies some years ago. We thank Susan Haffke, Jacob Phillips and Steven Mikesell for expert technical
assistance during these studies. All the animal studies performed here were approved by the IACUC of the University
of Colorado Denver — AMC, and adhere to the American Physiological Society’s Guiding Principles in the Care and
Use of Animals. These studies were supported in part by grants from NIH-NS044129 (NWS), Paralyzed Veterans of
America #2047 (NWS), and the Paralysis Project of America (KHM).

References

Alilain WJ, Goshgarian HG. MK-801upregulates NR2A protein levels and induce recovery of the
ipsilateral hemidiaphragm following hemisection in adult rats. J. Spinal Cord Med 2007;30:346-354.
[PubMed: 17853656]

Baker-Herman TL, Fuller DD, Bavis RW, Zabka AG, Golder FJ, Doperalski NJ, Johnson RA, Watters
JJ, Mitchell GS. BDNF is necessary and sufficient for spinal respiratory plasticity following
intermittent hypoxia. Nat. Neurosci 2004;7:48-55. [PubMed: 14699417]

Baramova EN, Bajou K, Remacle A, L’Hoir C, Krell HW, Weidle UH, Noel A, Foidart JM. Involvement
of PA/plasmin system in the processing of pro-MMP-9 and in the second step of pro-MMP-2 activation.
FEBS Lett 1997;405:157-162. [PubMed: 9089282]

Baranes D, Lederfein D, Huang Y'Y, Chen M, Bailey CH, Kandel ER. Tissue plasminogen activator
contributes to the late phase of LTP and to synaptic growth in the hippocampal mossy fiber pathway.
Neuron 1998;21:813-825. [PubMed: 9808467]

Blasi F, Carmeliet P. uPAR: a versatile signalling orchestrator. Nat. Rev., Mol. Cell Biol 2002;3:932-
943. [PubMed: 12461559]

Boulenguez P, Gauthier P, Kastner A. Respiratory neuron subpopulations and pathways potential
involved in the reactivation of phrenic motorneurons after C2-hemisection. Brain Res 2007;1148:96—
104. [PubMed: 17379194]

Castro-Moure F, Goshgarian HG. Morphological plasticity induced in the phrenic nucleus following
cervical cold block of descending respiratory drive. Exp. Neurol 1997;147:299-310. [PubMed:
9344555]

Collen D. On the regulation and control of fibrinolysis. Thromb. Haemost 1980;43:77-89. [PubMed:
6450468]

Dano K, Romer J, Nielsen BS, Bjorn S, Pyke C, Rygaard J, Lund LR. Cancer invasion and tissue
remodeling—cooperation of protease systems and cell types. APMIS 1999;107:120-127. [PubMed:
10190288]

Degryse B, Renati M, Rabbani S, Villa A, Faziolli F, Blasi F. Src-dependence and pertussis-toxin

sensitivity of UPAR-dependent chemotaxix and cytoskeleton reorganization in rat smooth muscle
cells. Blood 1999;94:649-662. [PubMed: 10397732]

Respir Physiol Neurobiol. Author manuscript; available in PMC 2010 November 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeds et al.

Page 8

Ebens A, Brose K, Lenardo E, Hanson M, Bladt F, Birchmeir C, Barres B, Tessier-Lavigne M. Hepatocyte
growth factor/scatter factor is an axonal chemoattractant and a neurotrophic factor for spinal motor
neurons. Neuron 1996;17:1157-1172. [PubMed: 8982163]

El-Bohy A, Goshgarian HG. The use of single phrenic axon recordings to assess diaphragm recovery
after cervical spinal cord injury. Exp. Neurol 1999;156:172-179. [PubMed: 10192788]

Friedman GC, Seeds NW. Tissue plasminogen activator mRNA expression in granule neurons coincides
with their migration in the developing cerebellum. J. Comp. Neurol 1995;360:658-670. [PubMed:
8801257]

Fuller DD, Golder FJ, Olson EB Jr, Mitchell GS. Recovery of phrenic activity and ventilation after
cervical spinal hemisection in rats. J. Appl. Physiol 2006;100:800-806. [PubMed: 16269524]
Golder FJ, Reier P, Bolser D. Altered respiratory motor drive after spinal cord injury: supraspinal and

bilateral effects of unilateral lesion. J. Neurosci 2001;218680-2689

Golder FJ, Mitchell GS. Spinal synaptic enhancement with acute intermittent hypoxia improves
respiratory function after cervical spinal cord injury. J. Neurosci 2005;25:2925-2932. [PubMed:
15772352]

Golder FJ, Ranganathan L, Satriotomo |, Hoffman M, Lovett-Barr M, Watters J, Baker-Herman T,
Mitchell GS. Spinal adenosine A2a receptor activation elicits long-lasting phrenic motor facilitation.
J. Neurosci 2008;28:2033-2042. [PubMed: 18305238]

Goshgarian HG. The crossed phrenic phenomenon: a model for plasticity in the respiratory pathways
following spinal cord injury. J. Appl. Physiol 2003;94:795-810. [PubMed: 12531916]

Grossman S, Wolfe B, Yasuda R, Wrathall JR. Alterations in AMPA receptor subunit expression after
experimental spinal cord contusion injury. J. Neurosci 1999;19:5711-5720. [PubMed: 10407012]

Hadley SD, Walker PD, Goshgarian HG. Effects of the serotonin synthesis inhibitor p-CPA on the
expression of the crossed phrenic phenomenon 4 h following C2 spinal cord hemisection. Exp. Neurol
1999;160:479-488. [PubMed: 10619565]

Hayden SM, Seeds NW. Modulated expression of plasminogen activator system components in cultured
cells from dissociated mouse dorsal root ganglia. J. Neurosci 1996;16:2307-2317. [PubMed:
8601810]

Herz J, Bock HH. Lipoprotein receptors in the nervous system. Ann. Rev. Biochem 2002;71:405-434.
[PubMed: 12045102]

Hu J, Fink D, Mata M. Microarray analysis suggests the involvement of proteasomes, lysosomes, and
matrix metalloproteases in the response of motor neurons to root avulsion. Europ. J. Neurosci
2002;16:1409-1416.

Huang Y'Y, Bach ME, Lipp HP, Zhuo M, Wolfer DP, Hawkins RD, Schoonjans L, Kandel ER, Godfraind
JM, Mulligan R, et al. Mice lacking the gene encoding tissue-type plasminogen activator show a
selective interference with late-phase long-term potentiation in both Schaffer collateral and mossy
fiber pathways. Proc. Natl. Acad. Sci. U. S. A 1996;93:8699-8704. [PubMed: 8710934]

Keski-Oja J, Lohi J, Tuuttila A, Tryggvason K, Vartio T. Proteolytic processing of the 72,000-Da type
IV collagenase by urokinase plasminogen activator. Exp. Cell Res 1992;202:471-476. [PubMed:
1397099]

Kajana S, Goshgarian HG. Spinal activation of the cAMP-PKA pathway induces respiratory motor
recovery following high cervical spinal cord injury. Brain Res 2008;1232:206-213. [PubMed:
18656458]

Krystosek A, Seeds NW. Plasminogen activator secretion by granule neurons in cultures of developing
cerebellum. Proc. Natl. Acad. Sci. U. S. A 1981;78:7810-7814. [PubMed: 6950420]

Legrier ME, Ducray A, Propper A, Kastner A. Region-specific expression of cell cycle inhibitors in the
adult brain. Neuroreport 2001;12:3127-3131. [PubMed: 11568650]

Lindsay AD, Greer JJ, Feldman JL. Phrenic motoneuron morphology in the neonatal rat. J. Comp. Neurol
1991;308:169-179. [PubMed: 1716267]

Liou WW, Goshgarian HG. The superimposed effects of chronic phrenicotomy and cervical spinal cord
hemisection on synaptic cytoarchitecture in the rat phrenic nucleus. Exp. Neurol 1997;145:258-267.
[PubMed: 9184128]

Mars WM, Zarnegar R, Michalopoulos GK. Activation of hepatocyte growth factor by the plasminogen
activators uPA and tPA. Am. J. Pathol 1993;143:949-958. [PubMed: 8362987]

Respir Physiol Neurobiol. Author manuscript; available in PMC 2010 November 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeds et al.

Page 9

Martin A, Kuhlman C, Trossbach S, Jaeger S, Waldron E, Roebroek A, Luhmann H, Laatsch A, Weggen
S, Lessman V, Pietrzik C. The functional role of the second NPxY motif of the LRP1 -chain in tPA-
mediated activation of NMDA receptors. J. Biol. Chem 2008;283:12004-12013. [PubMed:
18321860]

Mataga N, Mizuguchi Y, Hensch TK. Experience-dependent pruning of dendritic spines in visual cortex
by tissue plasminogen activator. Neuron 2004;44:1031-1041. [PubMed: 15603745]

Mazzieri R, D’Alessio S, Kenmoe RK, Ossowski L, Blasi F. An uncleavable uPAR mutant allows
dissection of signaling pathways in uPA-dependent cell migration. Mol. Biol. Cell 2006;17:367-378.
[PubMed: 16267271]

McGuire PG, Seeds NW. Degradation of underlying extracellular matrix by sensory neurons during
neurite outgrowth. Neuron 1990;4:633-642. [PubMed: 2182079]

Minor KH, Akison LK, Goshgarian HG, Seeds NW. Spinal cord injury-induced plasticity in the mouse
—the crossed phrenic phenomenon. Exp. Neurol 2006;200:486-495. [PubMed: 16631169]

Minor KH, Seeds NW. Plasminogen activator induction facilitates recovery of respiratory function
following spinal cord injury. Mol. Cell. Neurosci 2008;37:143-152. [PubMed: 18042398]

Monaghan-Benson E, McKeown-Longo PJ. Urokinase-type plasminogen activator receptor regulates a
novel pathway of fibronectin matrix assembly requiring Src-dependent transactivation of epidermal
growth factor receptor. J. Biol. Chem 2006;281:9450-9459. [PubMed: 16461772]

Muller CM, Griesinger CB. Tissue plasminogen activator mediates reverse occlusion plasticity in visual
cortex. Nat. Neurosci 1998;1:47-53. [PubMed: 10195108]

Nakajima K, Reddington M, Kohsaka S, Kreutzberg G. Induction of urokinase-type plasminogen
activator in rat facial nucleus by axotomy of the facial nerve. J. Neurochem 1996;66:2500-2505.
[PubMed: 8632175]

Naldini L, Tamagnone L, Vigna E, Sachs M, Hartmann G, Birchmeier W, Daikuhata Y, Tsubouch H,
Blasi F, Comomgilo PM. Extracellular proteolytic cleavage by urokinase is required for activation
of hepatocyte growth factor/scatter factor. EMBO J 1992;11:4825-4833. [PubMed: 1334458]

Nantwi KD, EI-Bohy AA, Schrimsher GW, Reier PJ, Gosharian HG. Spontaneous functional recovery
in a paralyzed hemidiaphragm following upper cervical spinal cord injury in adult rats. Neurorehab.
& Neural Repair 1999;12:225-234.

Nantwi KD, Goshgarian HG. Actions of specific adenosine receptor A1 and A2 agonists and antagonists
in recovery of phrenic motor output following upper cervical spinal cord injury in adult rats. Clin.
Exp. Pharmacol. Physiol 2002;29:915-923. [PubMed: 12207572]

O’Hara TE Jr, Goshgarian HG. Quantitative assessment of phrenic nerve functional recovery mediated
by the crossed phrenic reflex at various time intervals after spinal cord injury. Exp. Neurol
1991;111:244-250. [PubMed: 1989900]

Oray S, Majewska A, Sur M. Dendritic spine dynamics are regulated by monocular deprivation and
extracellular matrix degradation. Neuron 2004;44(6):1021-1030. [PubMed: 15603744]

Pang PT, Teng HK, Zaitsev E, Woo NT, Sakata K, Zhen S, Teng KK, Yung WH, Hempstead BL, Lu B.
Cleavage of pro-BDNF by tPA/plasmin is essential for long-term hippocampal plasticity. Science
2004;306:487-491. [PubMed: 15486301]

Pittman RN. Release of plasminogen activator and a calcium-dependent metalloprotease from cultured
sympathetic and sensory neurons. Dev. Biol 1985;110:91-101. [PubMed: 2989045]

Prakash YS, Mantilla CB, Zhan WZ, Smithson KG, Sieck GC. Phrenic motoneuron morphology during
rapid diaphragm muscle growth. J. Appl. Physiol 2000;89:563-572. [PubMed: 10926639]

Seeds NW, Williams BL, Bickford PC. Tissue plasminogen activator induction in Purkinje neurons after
cerebellar motor learning. Science 1995;270:1992-1994. [PubMed: 8533091]

Seeds NW, Basham ME, Haffke SP. Neuronal migration is retarded in mice lacking the tissue
plasminogen activator gene. Proc. Natl. Acad. Sci. U. S. A 1999;96:14118-14123. [PubMed:
10570208]

Seeds NW, Basham ME, Ferguson JE. Absence of tissue plasminogen activator gene or activity impairs
mouse cerebellar motor learning. J. Neurosci 2003;23:7368-7375. [PubMed: 12917371]

Siconolfi LB, Seeds NW. Induction of the plasminogen activator system accompanies peripheral nerve
regeneration after sciatic nerve crush. J. Neurosci 2001a;21:4336-4347. [PubMed: 11404419]

Respir Physiol Neurobiol. Author manuscript; available in PMC 2010 November 30.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeds et al.

Page 10

Siconolfi LB, Seeds NW. Mice lacking tPA, uPA, or plasminogen genes showed delayed functional
recovery after sciatic nerve crush. J. Neurosci 2001b;21:4348-4355. [PubMed: 11404420]

Siconolfi LB, Seeds NW. Mice lacking tissue plasminogen activator and urokinase plasminogen activator
genes show attenuated matrix metalloproteases activity after sciatic nerve crush. J. Neurosci. Res
2003;74:430-434. [PubMed: 14598319]

Tanaka H, Yamashita T, Yachi K, Fujiwara T, Yoshikawa H, Tohyama M. Cytoplasmic p21ciplwafl
enhances axonal regeneration and functional recovery after spinal cord injury in rats. Neurosci
2004;127:155-164.

Thewke DP, Seeds NW. Expression of hepatocyte growth factor/scatter factor, its receptor, c-met, and
tissue plasminogen activator during development of the murine olfactory system. J.Neurosci
1996;16:6933-6944. [PubMed: 8824331]

Velardo MJ, Burger C, Williams P, Baker H, Lopez M, Mareci T, White T, Muzyczka N, Reier PJ.
Patterns of gene expression reveal a temporally orchestrated wound healing response in the injured
spinal cord. J. Neurosci 2004;24:8562-8576. [PubMed: 15456830]

Verrall S, Seeds NW. Characterization of 12|-tissue plasminogen activator binding of cerebellar granule
neurons. J. Cell Biol 1989;109:265-271. [PubMed: 2545726]

Watson, C.; Harvey, A. Projections from the brain to the spinal cord. In: Watson, C.; Paxinos, G.;
Kayalioglu, G., editors. The Spinal Cord. San Diego, CA: Academic Press; 2009. p. 168-179.

Yadav A, Kalitta A, Dhillon S, Banerjee K. JAK/STATS3 pathway is involved in survival of neurons in
response to IGF and negatively regulated by SOCS3. J. Biol. Chem 2005;280:31830-31840.
[PubMed: 15998644]

Zhou SY, Basura GJ, Goshgarian HG. Serotonin(2) receptors mediate respiratory recovery after cervical
spinal cord hemisection in adult rats. J. Appl. Physiol 2001;91:2665-2673. [PubMed: 11717232]

Zhuo M, Holtzman DM, Li Y, Osaka H, DeMaro J, Jacquin M, Bu G. Role of tissue plasminogen activator
receptor LRP in hippocampal long-term potentiation. J. Neurosci 2000;20:542-549. [PubMed:
10632583]

Zimmer MB, Goshgarian HG. Spontaneous crossed phrenic activity in the neonatal respiratory network.
Exp. Neurol 2005;194:530-540. [PubMed: 16022876]

Zindy F, Soares H, Herzog K, Morgan J, Sherr C, Roussel M. Expression of INK4inhibitors of cyclin-
D-dep. kinases during mouse brain development. Cell Growth Differ 1997;8:1149-1150.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2010 November 30.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seeds et al. Page 11

Medulla

rVRG rVRG

C2 Hemisection

____CPP

Phrenic Motor Ja 1
Nucleus ~ . L.
[ \{2( 3 “Synaptic Plasticity”
iy N
~N
~>\

Spinal Cord

Right
Phrenicotomy

-

Right Hemi-diaphragm Left Hemi-diaphragm

Figure 1. Schematic of the crossed phrenic pathway

A spinal hemisection was performed at C2 disrupting the rostral ventral respiratory group
(rVRG) descending axons that innervate the PMN, a column of motorneurons extending from
C3to C6. Thus, blocking phrenic motorneuron axonal output and silencing the ipsilateral left
hemidiaphragm. Subsequent transection of the contralateral phrenic nerve leads to asphyxia;
however, if performed after a critical delay period of synaptic remodeling, the r'VRG axons on
the contralateral side of the spinal cord now convey respiratory impulses across the midline
(arrows) via activated synaptic contacts on the silent phrenic motor nucleus (PMN) and
recovery of hemidiaphragm function (lower recording) on the hemisected left side. (reprinted
from Minor and Seeds, 2008).
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Figure 2. Crossed phrenic phenomenon in mice

Post-C2HS silencing of the left hemidiaphragm, a subsequent transection of the contralateral
(right) phrenic nerve at 24h post-hemisection silences the right hemidiaphragm, and leads to
immediate recovery (at Omin) of respiratory bursts that build with time (6min) in the previously
quiet left hemidiaphragm; thus, demonstrating the crossed phrenic phenomenon. (reprinted
from Minor and Seeds, 2008). Electrocardiographic artifacts are seen in these and subsequent
electromyographic (EMG) traces.
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Figure 3. Mice fail to show spontaneous recovery following a C2-hemisection
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Diaphragm activity and the CPP are only induced after phrenicotomy at one, two or three

months post-C2HS (A). Extensive cellular changes are seen at C2 on the ipsilateral side of the
spinal cord at three months post-C2HS, where extensive fill-in of the lesion site by astrocytes
has changed the tissue morphology (B). In contrast to rats where a cavity forms at the SC lesion

site, mice fill-in the lesion site with reactive astrocytes.
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Figure 4. Induction of uPA mRNA in the PMN following C2-hemisection

In situ hybridization of uPA mRNA using a 3°S-cRNA probe in the C4 mouse spinal cord 1h
following a left C2HS (B) compared to an uninjured mouse (A). Induced uPA mRNA
expression is restricted to the ventral spinal cord in a limited number of large motorneurons in
the ipsilateral PMN. The PMN induction is specific with no uPA mRNA expression in the
contralateral spinal cord, or above the PMN at the C2-C3 interface (C), or below the PMN at
the C6-C7 interface (D). The magnification bar in A is 250um and the same for all four panels,
while the bar in B inset is 50um.
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Figure 5. uPA knockout mice are impaired in the CPP response

(A) Typical electrophysiological recording of ipsilateral hemidiaphragm activity both pre- and
post-phrenicotomy done 6h post-C2HS in uPA+/— mice as compared to uPA—/—, tPA—/— or
plgn—/—knockout mice. Wildtype C57BI/6 and uPA+/— mice showed a similar response. Most
notable is a dramatic absence of a CPP response in uPA-knockout mice. (B) Graph compares
the percentage of mice giving a good CPP response (as defined, Minor et al., 2006) or Total
(good + weak) CPP response. Most of the uPA—/— mice fail to generate a good CPP response
and their response is significantly different (*P<0.001) from the heterozygote uPA+/— or
wildtype C57BI/6 mice. (reprinted from Minor and Seeds, 2008).
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Potential actions of uPA during the CPP
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Figure 6. Potential actions of uPA during acquisition of the Crossed Phrenic Phenomenon

UPA proteolytic cleavage can activate both pro-matrix metalloproteases to their active MMPs,
and can activate Pro-Hepatocyte Growth Factor to active HGF a potent neurotrophic factor for
motor neurons. uPA can directly cleave fibronectin to influence integrin signaling. uPA binding
to its cell surface receptor uPAR can set off several signaling cascades via UPAR interaction
with EGF-R, FPRL1 or B-integrin. uPA also binds to the cell surface receptor LRP1 where it
can up-regulate PKA and cAMP levels. Also uPA binding to LRP1 may act like tPA and lead
to the phosphorylation of LRP1’s cytoplasmic NPxY-motif to promote interaction with
neuronal PSD95 that binds to and opens the NMDA-R for calcium influx leading to MAPK
signaling and increased synaptic activity.
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Figure 7. Up-regulation of LRP1 and uPAR in the PMN following C-2 hemisection

Antibodies to LRP1 (panels A & B) and uPAR (panel C) show ipsilateral induction of both
UPA cell surface receptors in the C4-C6 ventral grey matter spinal cord 3h post-C2HS. Both
receptors are up-regulated on neurons in the PMN (boxed areas in panels A and C). Panel B is
the magnified boxed-area indicated in panel A. Bar in A & C = 100um, and 25um in B.
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Jak/Stat pathway gene expression following C2-hemisection (UPA—/— vs. wildtype)

Page 18

wt+/+  uPA-/— uPA—/—Con UPA—/— Hemi
Gene in JAK/STAT pathway ~ Hemi/ConHemi/Con wt+/+ Con wt+/+ Hemi
JAK 2 -1.59 1.67 -3.32
Stat 5b 195 -—1.34 -134 —-3.49
EGF-R —136 —3454 -2.28 —57.76
Growth hormone receptor 1.07 —2.89 —26.03
Interleukin 10 receptor beta -1.79 -157
Interleukin 4 receptor alpha 1.08 1.01
SH2B adaptor 1 128 268 1.01 -3.39
SH2B adaptor 2 -1.02 1.09
Src 191 476 —226.29
Stam 171 1.85 -21.01
Nuclear receptor 3C1 -1.88 -3.25 -1241
Myc 2.15 214 -8.35
YY1 transcription factor 1.13 -3.25 —65.89
Smad 1 131 2.39 —26.76
Smad 2 -1.32 231 —1.48
Smad 5 -1.35 -11.81
Oncostatin M 414 -1.25 21.68
Protein Tyr-phosphatase non-recpt —1.96 -141
Socs 2 -1.07 -3.01 -184 -5.18
Socs 3 -1.27 1.35
Bcl2-like 1 1.64 -4.93
Cyclin-dep kinase inhibitor 1A -1.16 -1.12

Comparison of JAK/STAT pathway gene expression 4h post-C2HS analyzed using real time PCR and probes for specific mRNAs. Only differences in

expression (Z_AACt) of two or greater are shown. Gene expression increased following hemisection relative to un-injured controls are b]ue’ and those

decreased are £F€Y. Gene expression decreased in the uPA—/— mice compared to wildtype control mice are yellow Those mRNASs that are decreased in

the uPA—/— mice following hemisection as compared to un-injured uPA—/— mice or hemisected wildtype mice are - while those that are increased are

green,
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Table 2
MAPK pathway gene expression following C2-hemisection (UPA—/— vs. wildtype)

wt+/+  uPA-/— uPA-/-Con uPA-/— Hemi
Gene in MAPK pathway Hemi/ConHemi/Con wt+/+ Con wt+/+ Hemi
MAP 3K 1 -1.53 -1.36 -12.62
MAP 2K 5 1.21 4.09 -4.32 -1.27
MAP 2K 6 -1.64 —34.25
MAPK 14 1.04 -1.21 2.75
Creb-1 4.18 —4.66 3.19
Elk 1 1.09 -2.38 1.31
Ets1 -1.79 —1.48 1.12
Fos -1.03 3.59 -2.38 1.55
Grb 2 1.16 1.92 -201
Cyclin B2 9.86 2.23
Cyclin D1 -161 1.06 -291
Cyclin-dep kinase inhibitor 1A —1.45 1.01
Cyclin-dep kinase inhibitor 1C 1.53 -331
Cyclin-dep kinase inhibitor 2C 1.95 —-5.02

Comparison of MAPK pathway gene expression 4h post-C2HS analyzed using real time PCR and probes for specific mnRNAs. Only gene expression
differences (Z_AACt) of two or greater are shown. Gene expression increases following hemisection are b]uey and those decreases are 8I€Y. Gene
expression decreases in the uPA—/—mice compared to wildtype control mice are yellow Those mRNAS that are decreased in the uPA—/— mice following

hemisection as compared to hemisected wildtype mice or their un-injured controls are . while those that are increased are BE€EH,
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