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Figure 7. A PKA target, but not a non-PKA target, is hyper-phosphorylated in 
astrocyte-poor cultures. A. Left: MAP2, GABA, and phospho-CREB (PKA 
phosphorylation site) immunoreactivity in neurons on multi-cell islands from astrocyte-
rich or astrocyte-poor cultures. Scale bar represents 20 μm. Right: quantification of 
background-subtracted phospho-CREB intensity from GABA-negative nuclei (n=60-89 
neurons; p=3.7x10-13, Student’s unpaired t test). B. Left: phospho-dynamin 1 (PKC 
phosphorylation site) immunoreactivity in autaptic neurons from astrocyte-rich and 
astrocyte-poor cultures. Scale bar represents 20 μm. Right: quantification of background-
subtracted phospho-dynamin 1 intensity from a single primary and two secondary 
dendrites averaged per neuron (n=30 neurons; *p<0.05, Bonferroni corrected).  As a 
positive control, we treated for 30 min with phorbol ester (1 μM PDBu) to increase PKC-
dependent phosphorylation. 
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Discussion 

Here we have demonstrated that astrocytes serve as permissive partners in the 

development of a form of persistent synaptic depression, presynaptic muting.  In 

glutamatergic neurons from astrocyte-poor cultures, basal presynaptic function remained 

intact, suggesting that astrocytes modulate presynaptic plasticity competence differently 

than they regulate other types of presynaptic development.  Astrocytic signaling was 

permissive, but not acutely instructive, for muting induction.  Astrocyte-derived TSPs 

promoted the development of muting ability, as induced with varied stimuli, likely 

through α2δ-1 calcium channel subunits.  Although the signaling pathways immediately 

downstream of α2δ-1 remain to be clarified, PKA appears to be an important downstream 

effector.  PKA-dependent phosphorylation and synaptic behavior were abnormal in 

astrocyte-poor cultures but restored by TSP1 treatment, providing a potential mechanism 

by which TSP modulates muting competence.  

TSPs are a class of proteins originally discovered in intact human blood platelets 

(Baenziger et al., 1971).  In the brain, at least 4 TSPs are expressed in various regions and 

cell types (Iruela-Arispe et al., 1993; Adams and Tucker, 2000).  TSPs are released from 

astrocytes and known to promote synaptogenesis (Asch et al., 1986; Christopherson et al., 

2005; Xu et al., 2010), but because TSP-induced glutamate synapses in retinal ganglion 

cells are postsynaptically silent (Christopherson et al., 2005; Eroglu et al., 2009), TSPs 

may be involved mainly in presynaptic rather than postsynaptic differentiation.  This is 

especially interesting given that TSPs act postsynaptically to produce these presynaptic 

effects (Eroglu et al., 2009; Xu et al., 2010).  TSP increases the total number of synapses 

in retinal ganglion cells (Christopherson et al., 2005; Eroglu et al., 2009) but accelerates 
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synaptogenesis without altering total synapse number in hippocampal neurons (Xu et al., 

2010).  This regional difference in TSP’s synaptogenic effects could explain why 

astrocyte deprivation failed to change total synapse number in our study of hippocampal 

neurons and why these effects of TSP on hippocampal plasticity have been previously 

overlooked.  Because TSP expression increases after injury and is important for 

behavioral recovery after stroke (Lin et al., 2003; Liauw et al., 2008), TSP may be 

important generally for adaptive neuronal responses.  Presynaptic muting, which reduced 

network activity during an excitatory insult during this study, and protected neurons 

against hypoxia in a prior study (Hogins et al., 2011), could be one such TSP-mediated 

synaptic ability contributing to adaptive neural responses during brain insults. 

 TSP promoted muting competence through its interaction with the α2δ-1 calcium 

channel subunit.  This subunit serves as the TSP receptor for synaptogenesis in retinal 

ganglion cells (Eroglu et al., 2009) and as the receptor for the antinociceptive and 

anticonvulsant drug gabapentin (Gee et al., 1996).  Gabapentin’s therapeutic effects may 

arise from alterations in calcium channel organization (Arikkath and Campbell, 2003; 

Field et al., 2006; Bauer et al., 2009; Bauer et al., 2010; Hoppa et al., 2012), among other 

neuronal changes (Freiman et al., 2001; Gu and Huang, 2001; Stefani et al., 2001; Surges 

et al., 2003).  Gabapentin binding to α2δ-1 antagonizes TSP-induced synaptic 

development in retinal ganglion neurons (Eroglu et al., 2009), and we found that 

gabapentin prevented the development of muting competence in hippocampal neurons, 

implicating TSP binding to α2δ-1 in this effect.   

Muting incompetence due to gabapentin could also have clinical implications.  

Previous studies have demonstrated a wide variety of effects of gabapentin on synaptic 



173 
 

and behavioral plasticity including no effect (Cilio et al., 2001; Heidegger et al., 2010), 

reduced plasticity (Blake et al., 2007; Eroglu et al., 2009; Kurokawa et al., 2011), and 

enhanced learning (Buccafusco et al., 2010).  In our study gabapentin blocked adaptive 

network changes in response to a stimulus known to selectively induce muting.  Although 

we saw a non-significant increase in total network activity after gabapentin treatment, 

this likely does not explain the lack of muting since muting is promoted by increased 

network activity (Moulder et al., 2004; Moulder et al., 2006).  Our study and a previous 

study (Eroglu et al., 2009) suggest that synaptogenic periods might be particularly 

vulnerable to unintended effects of gabapentin.   

Our work implicates PKA signaling in TSP’s promotion of muting competence.  

Gi/o-linked receptor agonists and PKA inhibitors, which normally produce muting 

(Moulder et al., 2008; Crawford et al., 2011), persistently potentiated EPSCs in astrocyte-

poor cultures.  Additionally, PKA substrates in the presynaptic terminal and the nucleus 

were hyper-phosphorylated in astrocyte-deprived cultures, indicating an abnormal 

increase in PKA site phosphorylation or a decrease in dephosphorylation.  This surprising 

synaptic facilitation may suggest that multiple cAMP-dependent pathways regulate 

synaptic transmission.  It is possible that PKA inhibition normally suppresses 

transmission by dominating or masking other potentiating effects that are then revealed in 

the context of astrocyte deprivation and hyper-phosphorylated PKA substrates, although 

our work does not definitively address whether these changes alter synaptic transmission 

presynaptically, postsynaptically, or both.  Astrocyte-released TSPs, therefore, may 

restrain PKA activity, or phosphorylation levels of downstream substrates, during 

synapse development so that PKA inhibition can produce a meaningful decrease in 
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synaptic function upon exposure to the depolarization challenge.  Other models to explain 

these results are possible, and future work may distinguish them.   

In addition to effects on synaptic plasticity, we also observed effects of astrocyte 

deprivation on basal postsynaptic function.  Neuronal responses to AMPA and NMDA 

receptor agonists were depressed in parallel, supporting prior work suggesting that 

astrocytes are important for postsynaptic development (Beattie et al., 2002; Stellwagen 

and Malenka, 2006; Perea et al., 2009; Sullivan et al., 2011).  Because neurons near 

astrocytes in astrocyte-poor cultures produced EPSCs with the same amplitude as those 

that were not, this postsynaptic effect of astrocytes likely resulted from a deficit in global 

astrocytic signaling rather than a deficit in local signaling.  Astrocyte-derived TNFα 

controls postsynaptic receptor levels (Stellwagen et al., 2005; Stellwagen and Malenka, 

2006; Steinmetz and Turrigiano, 2010), but TNFα did not alter muting competence in our 

study, suggesting that the reduction in postsynaptic receptors was not responsible for the 

muting deficit in astrocyte-deprived cultures.  Additional evidence that postsynaptic 

receptors do not mediate muting includes current and prior work demonstrating muting in 

the presence of complete blockade of AMPA and NMDA receptor function (Moulder et 

al., 2004; Moulder et al., 2006) and the failure to mute in older, astrocyte-deprived 

cultures with larger basal EPSCs.  Our results do not exclude a role for TSP and α2δ-1 in 

basal postsynaptic development, however, but TSP’s role in muting appears independent 

of postsynaptic receptor function. 

 In summary, astrocyte-derived TSPs permit presynaptic muting at hippocampal 

glutamate terminals.  TSPs likely act through α2δ-1 binding to normalize PKA signaling 

in developing synapses.  These results reveal a novel mechanism by which glial-neuronal 
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communication controls adaptive synaptic malleability. 



176 
 

References 

Adams JC, Tucker RP (2000) The thrombospondin type 1 repeat (TSR) superfamily: 
diverse proteins with related roles in neuronal development. Dev Dyn 218:280-
299. 

 
Arikkath J, Campbell KP (2003) Auxiliary subunits: essential components of the voltage-

gated calcium channel complex. Curr Opin Neurobiol 13:298-307. 
 
Asch AS, Leung LL, Shapiro J, Nachman RL (1986) Human brain glial cells synthesize 

thrombospondin. Proc Natl Acad Sci U S A 83:2904-2908. 
 
Baenziger NL, Brodie GN, Majerus PW (1971) A thrombin-sensitive protein of human 

platelet membranes. Proc Natl Acad Sci U S A 68:240-243. 
 
Bauer CS, Tran-Van-Minh A, Kadurin I, Dolphin AC (2010) A new look at calcium 

channel alpha2delta subunits. Curr Opin Neurobiol 20:563-571. 
 
Bauer CS, Nieto-Rostro M, Rahman W, Tran-Van-Minh A, Ferron L, Douglas L, 

Kadurin I, Sri Ranjan Y, Fernandez-Alacid L, Millar NS, Dickenson AH, Lujan 
R, Dolphin AC (2009) The increased trafficking of the calcium channel subunit 
alpha2delta-1 to presynaptic terminals in neuropathic pain is inhibited by the 
alpha2delta ligand pregabalin. J Neurosci 29:4076-4088. 

 
Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow M, Beattie 

MS, Malenka RC (2002) Control of synaptic strength by glial TNFalpha. Science 
295:2282-2285. 

 
Blake MG, Boccia MM, Acosta GB, Hocht C, Baratti CM (2007) Opposite effects of a 

single versus repeated doses of gabapentin on retention performance of an 
inhibitory avoidance response in mice. Neurobiol Learn Mem 87:192-200. 

 
Bolshakov VY, Golan H, Kandel ER, Siegelbaum SA (1997) Recruitment of new sites of 

synaptic transmission during the cAMP-dependent late phase of LTP at CA3-CA1 
synapses in the hippocampus. Neuron 19:635-651. 

 
Brown DA, Sihra TS (2008) Presynaptic signaling by heterotrimeric G-proteins. Handb 

Exp Pharmacol:207-260. 
 
Buccafusco JJ, Terry AV, Jr., Vazdarjanova A, Snutch TP, Arneric SP (2010) Treatments 

for neuropathic pain differentially affect delayed matching accuracy by macaques: 
effects of amitriptyline and gabapentin. Pain 148:446-453. 

 
Christopherson KS, Ullian EM, Stokes CC, Mullowney CE, Hell JW, Agah A, Lawler J, 

Mosher DF, Bornstein P, Barres BA (2005) Thrombospondins are astrocyte-
secreted proteins that promote CNS synaptogenesis. Cell 120:421-433. 



177 
 

 
Cilio MR, Bolanos AR, Liu Z, Schmid R, Yang Y, Stafstrom CE, Mikati MA, Holmes 

GL (2001) Anticonvulsant action and long-term effects of gabapentin in the 
immature brain. Neuropharmacology 40:139-147. 

 
Cousin MA, Evans GJ (2011) Activation of silent and weak synapses by cAMP-

dependent protein kinase in cultured cerebellar granule neurons. J Physiol 
589:1943-1955. 

 
Craig AM, Graf ER, Linhoff MW (2006) How to build a central synapse: clues from cell 

culture. Trends Neurosci 29:8-20. 
 
Crawford DC, Mennerick S (2012) Presynaptically Silent Synapses: Dormancy and 

Awakening of Presynaptic Vesicle Release. Neuroscientist 18:216-223. 
 
Crawford DC, Chang CY, Hyrc KL, Mennerick S (2011) Calcium-independent inhibitory 

G-protein signaling induces persistent presynaptic muting of hippocampal 
synapses. J Neurosci 31:979-991. 

 
Eroglu C, Barres BA (2010) Regulation of synaptic connectivity by glia. Nature 468:223-

231. 
 
Eroglu C, Allen NJ, Susman MW, O'Rourke NA, Park CY, Ozkan E, Chakraborty C, 

Mulinyawe SB, Annis DS, Huberman AD, Green EM, Lawler J, Dolmetsch R, 
Garcia KC, Smith SJ, Luo ZD, Rosenthal A, Mosher DF, Barres BA (2009) 
Gabapentin receptor alpha2delta-1 is a neuronal thrombospondin receptor 
responsible for excitatory CNS synaptogenesis. Cell 139:380-392. 

 
Field MJ, Cox PJ, Stott E, Melrose H, Offord J, Su TZ, Bramwell S, Corradini L, 

England S, Winks J, Kinloch RA, Hendrich J, Dolphin AC, Webb T, Williams D 
(2006) Identification of the alpha2-delta-1 subunit of voltage-dependent calcium 
channels as a molecular target for pain mediating the analgesic actions of 
pregabalin. Proc Natl Acad Sci U S A 103:17537-17542. 

 
Freiman TM, Kukolja J, Heinemeyer J, Eckhardt K, Aranda H, Rominger A, Dooley DJ, 

Zentner J, Feuerstein TJ (2001) Modulation of K+-evoked [3H]-noradrenaline 
release from rat and human brain slices by gabapentin: involvement of KATP 
channels. Naunyn Schmiedebergs Arch Pharmacol 363:537-542. 

 
Gee NS, Brown JP, Dissanayake VU, Offord J, Thurlow R, Woodruff GN (1996) The 

novel anticonvulsant drug, gabapentin (Neurontin), binds to the alpha2delta 
subunit of a calcium channel. J Biol Chem 271:5768-5776. 

 
Gu Y, Huang LY (2001) Gabapentin actions on N-methyl-D-aspartate receptor channels 

are protein kinase C-dependent. Pain 93:85-92. 
 



178 
 

Heidegger T, Krakow K, Ziemann U (2010) Effects of antiepileptic drugs on associative 
LTP-like plasticity in human motor cortex. Eur J Neurosci 32:1215-1222. 

 
Hestrin S, Nicoll RA, Perkel DJ, Sah P (1990) Analysis of excitatory synaptic action in 

pyramidal cells using whole-cell recording from rat hippocampal slices. J Physiol 
422:203-225. 

 
Hogins J, Crawford DC, Jiang X, Mennerick S (2011) Presynaptic silencing is an 

endogenous neuroprotectant during excitotoxic insults. Neurobiol Dis 43:516-
525. 

 
Hoppa MB, Lana B, Margas W, Dolphin AC, Ryan TA (2012) alpha2delta expression 

sets presynaptic calcium channel abundance and release probability. Nature 
486:122-125. 

 
Iruela-Arispe ML, Liska DJ, Sage EH, Bornstein P (1993) Differential expression of 

thrombospondin 1, 2, and 3 during murine development. Dev Dyn 197:40-56. 
 
Kaech S, Banker G (2006) Culturing hippocampal neurons. Nat Protoc 1:2406-2415. 
 
Kannenberg K, Sieghart W, Reuter H (1999) Clusters of GABAA receptors on cultured 

hippocampal cells correlate only partially with functional synapses. Eur J 
Neurosci 11:1256-1264. 

 
Kim JH, Udo H, Li HL, Youn TY, Chen M, Kandel ER, Bailey CH (2003) Presynaptic 

activation of silent synapses and growth of new synapses contribute to 
intermediate and long-term facilitation in Aplysia. Neuron 40:151-165. 

 
Kurokawa K, Shibasaki M, Mizuno K, Ohkuma S (2011) Gabapentin blocks 

methamphetamine-induced sensitization and conditioned place preference via 
inhibition of alpha(2)/delta-1 subunits of the voltage-gated calcium channels. 
Neuroscience 176:328-335. 

 
Lewis DA, Moghaddam B (2006) Cognitive dysfunction in schizophrenia: convergence 

of gamma-aminobutyric acid and glutamate alterations. Arch Neurol 63:1372-
1376. 

 
Liauw J, Hoang S, Choi M, Eroglu C, Sun GH, Percy M, Wildman-Tobriner B, Bliss T, 

Guzman RG, Barres BA, Steinberg GK (2008) Thrombospondins 1 and 2 are 
necessary for synaptic plasticity and functional recovery after stroke. J Cereb 
Blood Flow Metab 28:1722-1732. 

 
Lin TN, Kim GM, Chen JJ, Cheung WM, He YY, Hsu CY (2003) Differential regulation 

of thrombospondin-1 and thrombospondin-2 after focal cerebral 
ischemia/reperfusion. Stroke 34:177-186. 

 



179 
 

Losonczy A, Biro AA, Nusser Z (2004) Persistently active cannabinoid receptors mute a 
subpopulation of hippocampal interneurons. PNAS 101:1362-1367. 

 
Ma L, Zablow L, Kandel ER, Siegelbaum SA (1999) Cyclic AMP induces functional 

presynaptic boutons in hippocampal CA3-CA1 neuronal cultures. Nature 
Neuroscience 2:24-30. 

 
McCormick DA, Contreras D (2001) On the cellular and network bases of epileptic 

seizures. Annu Rev Physiol 63:815-846. 
 
Mennerick S, Que J, Benz A, Zorumski CF (1995) Passive and synaptic properties of 

hippocampal neurons grown in microcultures and in mass cultures. J 
Neurophysiol 73:320-332. 

 
Moulder KL, Jiang X, Taylor AA, Olney JW, Mennerick S (2006) Physiological activity 

depresses synaptic function through an effect on vesicle priming. J Neurosci 
26:6618-6626. 

 
Moulder KL, Jiang X, Taylor AA, Benz AM, Mennerick S (2010) Presynaptically silent 

synapses studied with light microscopy. J Vis Exp. 
 
Moulder KL, Meeks JP, Shute AA, Hamilton CK, de Erausquin G, Mennerick S (2004) 

Plastic elimination of functional glutamate release sites by depolarization. Neuron 
42:423-435. 

 
Moulder KL, Jiang X, Taylor AA, Shin W, Gillis KD, Mennerick S (2007) Vesicle pool 

heterogeneity at hippocampal glutamate and GABA synapses. J Neurosci 
27:9846-9854. 

 
Moulder KL, Jiang X, Chang C, Taylor AA, Benz AM, Conti AC, Muglia LJ, Mennerick 

S (2008) A specific role for Ca2+-dependent adenylyl cyclases in recovery from 
adaptive presynaptic silencing. J Neurosci 28:5159-5168. 

 
Perea G, Navarrete M, Araque A (2009) Tripartite synapses: astrocytes process and 

control synaptic information. Trends Neurosci 32:421-431. 
 
Pfrieger FW (2010) Role of glial cells in the formation and maintenance of synapses. 

Brain Res Rev 63:39-46. 
 
Stefani A, Spadoni F, Giacomini P, Lavaroni F, Bernardi G (2001) The effects of 

gabapentin on different ligand- and voltage-gated currents in isolated cortical 
neurons. Epilepsy Res 43:239-248. 

 
Steinmetz CC, Turrigiano GG (2010) Tumor necrosis factor-alpha signaling maintains 

the ability of cortical synapses to express synaptic scaling. J Neurosci 30:14685-
14690. 



180 
 

 
Stellwagen D, Malenka RC (2006) Synaptic scaling mediated by glial TNF-alpha. Nature 

440:1054-1059. 
 
Stellwagen D, Beattie EC, Seo JY, Malenka RC (2005) Differential regulation of AMPA 

receptor and GABA receptor trafficking by tumor necrosis factor-alpha. J 
Neurosci 25:3219-3228. 

 
Sullivan SJ, Esguerra M, Wickham RJ, Romero GE, Coyle JT, Miller RF (2011) Serine 

racemase deletion abolishes light-evoked NMDA receptor currents in retinal 
ganglion cells. J Physiol 589:5997-6006. 

 
Surges R, Freiman TM, Feuerstein TJ (2003) Gabapentin increases the hyperpolarization-

activated cation current Ih in rat CA1 pyramidal cells. Epilepsia 44:150-156. 
 
Tong G, Malenka RC, Nicoll RA (1996) Long-term potentiation in cultures of single 

hippocampal granule cells: a presynaptic form of plasticity. Neuron 16:1147-
1157. 

 
Wetmore DZ, Garner CC (2010) Emerging pharmacotherapies for neurodevelopmental 

disorders. J Dev Behav Pediatr 31:564-581. 
 
Xu J, Xiao N, Xia J (2010) Thrombospondin 1 accelerates synaptogenesis in 

hippocampal neurons through neuroligin 1. Nat Neurosci 13:22-24. 
 
  



181 
 

Chapter 5 

 

Discussion and future directions 

 



182 
 

Summary and significance 

Synapses are critical points of communication between neurons and, therefore, 

mediate information transfer throughout the nervous system.  Because of this vital role in 

neurobiological function, synaptic dysfunction likely contributes to many 

neurodevelopmental and neuropsychiatric disorders (Johnson et al., 2008; Betancur et al., 

2009; Waites and Garner, 2011; Bhakar et al., 2012).  Understanding synaptic function 

and modulation, therefore, is a fundamental goal in neuroscience that has the potential to 

inform processes mediating learning, behavior, and pathology.  Presynaptic muting of 

glutamate release in response to strong depolarization or prolonged increases in neuronal 

activity is one such form of synaptic modulation that is poorly understood.  This 

dissertation project aimed to clarify some of the mechanisms mediating muting induction 

in order to better understand adaptive synaptic phenomena.    

 

Calcium is not necessary for muting induction: 

 In Chapter 2, I explored how introducing ligand-gated cation channels into 

neurons alters synaptic and neuronal function.  I transfected cultured hippocampal 

neurons with TRPV1 or TRPM8 channels, which are thermosensitive cation channels 

important in sensory function (Talavera et al., 2008), with the original intention of 

controlling the activity of individual neurons in a cellular network.  TRPV1-transfected 

neurons responded robustly to a saturating concentration of the TRPV1 agonist capsaicin.  

Similarly, TRPM8-transfected neurons responded robustly to menthol, a TRPM8 agonist.  

Non-transfected neurons did not respond to either capsaicin or menthol application.  

Prolonged ligand application reduced, but did not eliminate, channel-associated current, 
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suggesting that long-term application of agonists could be used effectively for tonic 

depolarization of a subset of neurons within a neuronal network.  Although optogenetic 

strategies have become increasingly popular for manipulating activity of individual 

neurons within a neural network (Fenno et al., 2011; Tye and Deisseroth, 2012), this 

ligand-gated ion channel technique could have advantages in particular model systems.  

For example, neurons located far from each other could be activated with the same 

stimulus via widespread agonist application, and equipment and materials may be less 

costly than with optogenetics.  Recently, exogenous expression of TRPV1 was used to 

control activity of neurons in vivo in mice (Arenkiel et al., 2008; Guler et al., 2012), 

demonstrating the promise of this technique for selectively controlling network activity in 

large, intact networks.   

 One important observation made after transfection with TRP channels was that 

TRPV1-transfected neurons expressed a basal leak current that was larger than that 

expressed in TRPM8-transfected and non-transfected neurons.  This current was reduced 

with the TRP channel blocker ruthenium red, suggesting that it arises from the expression 

of TRPV1 and not from an artifact of the transfection.  TRPV1, therefore, may be 

activated endogenously in our preparation, which is plausible given TRPV1’s many 

known activating stimuli that could be present in our culture conditions (Schumacher, 

2010; Vay et al., 2012).  Additionally, I saw evidence of more agonist-induced toxicity in 

TRPV1-transfected than TRPM8-transfected neurons.  After a 4 h exposure to agonist, a 

higher percentage of TRPV1-transfected neurons, but not TRPM8-transfected neurons, 

were unhealthy.  This TRPV1 activation-associated toxicity was reduced in calcium-free 

extracellular medium, suggesting that calcium influx contributed to cell damage and 



184 
 

death.  This dependence on calcium is consistent with prior literature exploring 

excitotoxicity mechanisms (Choi, 1987, 1992).  TRPV1-transfected neurons may be more 

sensitive to calcium-dependent damage than TRPM8-transfected neurons due to 

TRPV1’s higher relative calcium permeability as well as its tendency dilate after 

prolonged activation (Caterina et al., 1997; McKemy et al., 2002; Meyers et al., 2003; 

Chung et al., 2008).  Calcium is not just an important component of excitotoxic signaling 

cascades; it is also an important induction signal for prolonged forms of synaptic 

plasticity like long-term depression and long-term potentiation (Malenka, 1991; Malenka, 

1994; Teyler et al., 1994).  A leak of calcium ions into the cell, therefore, may have 

explained the depressed autaptic, action potential-evoked postsynaptic currents (PSCs) in 

TRPV1-transfected neurons compared to TRPM8-transfected and synaptophysin-YFP-

transfected neurons.  This synaptic depression was not explained by transfection-induced 

alterations in synapse formation because both TRPV1- and TRPM8-transfected neurons 

released transmitter upon agonist exposure, as measured by miniature PSCs onto a 

postsynaptic neuron.  I hypothesized, therefore, that influx of calcium through TRPV1 

under basal conditions induced presynaptic muting.  Because of the wide range of 

depolarizing stimuli that induce muting (Moulder et al., 2004; Moulder et al., 2006; 

Moulder et al., 2008; Hogins et al., 2011), it is plausible that depolarization from calcium 

influx contributes to muting induction.  The role of calcium in muting induction and in 

the observed synaptic depression was not further clarified in this study, however, but 

future work should ask whether this basal EPSC depression in TRPV1-transfected 

neurons arose from muting.  Future work should also clarify whether muting is cell 

autonomous by activating single neurons, potentially via menthol application to TRPM8-
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transfected neurons, and assessing if muting is induced in the absence of input from other 

cells.   

To elucidate whether muting requires calcium, I prevented calcium signaling 

during muting induction as described in Chapter 3.  I used a 4 h high extracellular 

potassium stimulation to depolarize neurons and induce muting in the absence of other, 

confounding neuronal and synaptic changes.  Buffering extracellular calcium with the 

slow calcium chelator EGTA did not prevent muting, as assessed by action potential-

evoked excitatory PSCs (EPSCs) in autaptic neurons and by FM1-43 dye uptake into 

presynaptic terminals.  This suggested that calcium entry from the extracellular space 

during neuronal depolarization is not required for muting induction.  This did not, 

however, rule out the possibility that calcium from other sources, like intracellular 

calcium stores, contributed to muting induction.  To prevent all intracellular calcium 

signaling, I loaded cells with the fast calcium chelator BAPTA by applying the 

extracellular precursor BAPTA-AM.  BAPTA, although capable of preventing fast, 

calcium-dependent vesicle fusion in response to action potentials, did not prevent muting 

induction, as assessed by calcium-independent hypertonic sucrose-evoked EPSCs.  As 

mentioned in Chapter 3, many forms of synaptic plasticity, especially those that are 

slowly and persistently induced, require calcium signaling (Wigstrom et al., 1979; 

Wickens and Abraham, 1991; Xie et al., 1992; Tong et al., 1996; Patenaude et al., 2003; 

Frank et al., 2006; Kellogg et al., 2009; Turrigiano, 2012).  These surprising results 

suggested that muting induction is calcium-independent.  Muting, therefore, is a unique 

form of synaptic plasticity that uses novel, calcium-independent induction mechanisms.  

Calcium-independent, long-term synaptic plasticity is rarely described, but a few known 
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forms are dependent on activation of metabotropic glutamate receptors (Fitzjohn et al., 

2001; Ireland and Abraham, 2009; Kasten et al., 2012).  I hypothesized, therefore that 

muting depends on calcium-independent release of a ligand that activates surface 

receptors important for modulating synaptic function. 

 

G-protein signaling is required for muting induction: 

Because muting did not require calcium, many potential molecular mediators of 

muting induction were excluded as candidates.  For example, ligands released via 

calcium-dependent vesicle fusion, like many neurotransmitters and neuromodulators, are 

likely not involved in muting induction.  Our lab recently showed, however, that levels of 

cyclic adenosine monophosphate (cAMP) correlate with the percentage of active 

glutamatergic synapses (Moulder et al., 2008), so cAMP modulators not dependent on 

calcium signaling remained viable candidates.  It was unclear from this study, however, if 

reduced cAMP levels were instructive for depolarization-induced muting and, if so, 

which upstream signaling cascades mediate this cAMP change.  In Chapter 3 I asked 

whether inhibitory G-proteins, which are activated through calcium-dependent and 

calcium-independent mechanisms to reduce cAMP levels and can mediate long-term 

synaptic plasticity (Hanoune and Defer, 2001; Poser and Storm, 2001; Brown and Sihra, 

2008), mediate muting induction.  Pertussis toxin, which prevents inhibitory G-protein 

signaling, blocked muting induction, as assessed with autaptic action potential-evoked 

EPSCs and FM1-43 dye uptake into glutamatergic terminals.  This supported my 

hypothesis that inhibitory G-proteins are necessary for muting induction, but it did not 

clarify which G-proteins are activated and how.   
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To probe whether particular G-protein-coupled receptors (GPCRs) upstream of 

inhibitory G-proteins mediate muting induction, I asked if activation of inhibitory G-

proteins by GPCR agonists was sufficient to induce muting.  Adenosine and CCPA, 

which are nonselective and selective A1 adenosine receptor agonists, respectively, 

induced muting, as evidenced by persistent EPSC depression and a decrease in the 

percentage of glutamatergic terminals that labeled with FM1-43.  Baclofen, a GABAB 

receptor agonist, also produced muting.  These results supported the hypothesis that G-

protein activation produces muting.  Interestingly, agonists for other GPCRs (CB1 

cannabinoid and metabotropic glutamate) and kainate receptors, which can have 

metabotropic actions (Huettner, 2003), did not produce muting.  This receptor behavior 

suggests some selectivity in the signaling cascades responsible for muting induction.  

Additionally, application of baclofen and CCPA together produced no more muting than 

either agonist alone, which would suggest that prolonged A1 and GABAB receptor 

activation converge on the same downstream targets.  Future work should clarify whether 

G-protein cascades activated by A1 and GABAB receptors differ from those of 

metabotropic glutamate, CB1, and kainate receptors via molecular identity, activation 

levels, or spatial organization.  For example, I showed in Chapter 3 that muting produced 

by A1 and GABAB receptors was prevented by MG-132, a proteasome inhibitor.  This 

result suggested that GPCR agonist-induced muting requires proteasome activity and 

aligned with prior published evidence from our lab showing that depolarization-induced 

muting requires proteasome activity (Jiang et al., 2010).  Proteasome activation could be 

induced more strongly by A1 and GABAB receptors than by metabotropic glutamate, 

CB1, and kainate receptors, but more experiments measuring proteasome activity during 
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receptor activation would be required to substantiate this hypothesis.  One complication 

is that the magnitude of muting was smaller after A1 and GABAB activation than after 

depolarization challenges.  It is possible that proteasome activity is more weakly 

activated by agonists for these GPCRs than by depolarization or that depolarization 

activates additional signaling cascades beyond A1 and GABAB-linked G-proteins.  

Pertussis toxin’s ability to prevent muting suggested that G-protein-dependent cascades 

are responsible for muting, but these experiments did not clarify whether A1 and GABAB 

receptors are the receptors activated by depolarization.   

To ask which GPCR is responsible for muting induction, my initial strategy was 

to test likely candidates individually.  Blocking metabotropic glutamate, CB1 

cannabinoid, A1 adenosine, GABAB, and kainate receptors individually with 

pharmacological agents, however, did not prevent muting after a depolarization 

challenge.  This was surprising given A1 and GABAB receptor agonists’ ability to induce 

muting and suggested either that these receptors are not responsible for muting induction 

or that these receptors each contribute only a small fraction of the muting observed after 

the depolarization challenge.  To test whether synergistic activation of multiple GPCRs 

contributes to muting induction, I pharmacologically blocked multiple receptors 

simultaneously.  Blocking multiple receptors did not prevent muting induction, 

suggesting that none of the tested receptors are required for muting induction.  As 

discussed in Chapter 3, this leaves some interesting questions unanswered, including 

whether other, untested receptors are required for muting induction or whether receptor-

independent signals, like activators of G-protein signaling (AGS proteins), are 

responsible.  One possibility is that an orphan GPCR or known inhibitory GPCRs like 
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neuropeptide Y or somatostatin receptors are responsible (Herzog et al., 1992; Cervia et 

al., 2003), but alternatively GPCR activation could be mediated or facilitated by voltage 

instead of a ligand (Ben-Chaim et al., 2006; Parnas and Parnas, 2007; Kupchik et al., 

2011).  Another possibility is that receptor-independent activation is responsible.  If AGS 

proteins were tested for their role in muting, then AGS1 would be a good candidate 

because it is sensitive to pertussis toxin and activates inhibitory G-protein signaling 

cascades (Cismowski et al., 1999; Cismowski et al., 2000; Graham et al., 2004; Blumer et 

al., 2007).  Clarifying the G-protein activation mechanism employed during muting 

induction remains an important goal.  

 

Astrocytic signaling is required for the development of muting competence: 

Because it was not known which receptor, if any, mediates muting induction, no 

additional clues were available to answer whether muting is cell autonomous.  If muting 

requires GPCR activation, then this implies that a ligand is released extracellularly, likely 

from a different cell than the one undergoing muting, and binds to the GPCR; however, 

receptor-independent or ligand-independent activation could occur through cell 

autonomous signaling cascades.  At this point, evidence for a cell autonomous 

mechanism included the expression of muting in autaptic neurons since autaptic neurons 

are physically isolated from other neurons.  Additionally, intercellular communication 

during muting induction through calcium-dependent release of a GPCR ligand is unlikely 

because muting is calcium-independent and not induced via likely candidate GPCRs.  

Depolarization with high extracellular potassium, which depolarizes neurons above a 

membrane potential at which action potentials are blocked, and action potential 

stimulation, which repeatedly but briefly depolarizes neurons, both induce muting 
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(Moulder et al., 2004; Moulder et al., 2006), so voltage could serve as a cell autonomous 

induction signal.  Arguments against cell autonomy, however, included the potential for 

retrograde messengers to pass from postsynaptic membranes to presynaptic terminals in 

autaptic neurons as well as the possibility that astrocytes acutely release gliotransmitters 

that modulate autaptic neuron behavior.  Clarifying whether muting is cell autonomous 

could pinpoint the source of muting induction and narrow the list of candidate activators 

of G-protein signaling during depolarization.  I, therefore, tested whether astrocytes are 

required for muting induction. 

If muting occurs without communication with astrocytes, then muting induction 

may be either a cell autonomous phenomenon or one that requires local retrograde 

signaling at the synapse; in contrast, if muting is absent without astrocytes, then 

intercellular communication is required for muting induction.  I tested for astrocytic 

contributions to muting induction by eliminating astrocytes from astrocyte-neuron co-

cultures.  As described in Chapter 4, I killed astrocytes using light aldehyde or ethanol 

fixation prior to neuronal plating.  This technique allowed for the reduction of live 

astrocytes in the cultures while otherwise maintaining the same culture conditions as 

those used in the previous studies described here.  Other methods for astrocyte 

elimination like glial toxins (Takada and Hattori, 1986; Hassel et al., 1992; Swanson and 

Graham, 1994; Menard et al., 1997), adjusting culture substrates and media to discourage 

astrocyte adhesion (Brewer et al., 1993; Ghosh et al., 1997; Recknor et al., 2004; Peretz 

et al., 2007), or genetic models preventing gliotransmission (Zhang et al., 2004; Li et al., 

2005; Petravicz et al., 2008) have clear disadvantages including loss of astrocyte tissue 

adhered to the culture dish, which serves as the substrate for neuronal attachment, or 
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prevention of only some subtypes of astrocyte-neuron communication. In Chapter 4, I 

showed that astrocyte fixation efficiently killed astrocytes in our cultures without 

abolishing autaptic neuron adhesion and development, validating this method as a way to 

probe the effects of astrocyte deficiency on neuronal and synaptic function.   

Elimination of astrocytes from the co-culture network prior to synapse maturation 

prevented muting induction in response to depolarization, GPCR agonists, and cAMP 

signaling antagonists, suggesting that astrocytes are important for this form of synaptic 

plasticity.  This failure to silence in astrocyte-poor cultures was not linked to an obvious 

deficit in presynaptic function; the probability of vesicle release, number of presynaptic 

terminals per neuron, number of vesicles per synapse, neuronal input resistance, and 

percentage of active glutamatergic synapses were not detectably different in astrocyte-

poor cultures.  Allowing the astrocyte-poor cultures to mature longer also did not restore 

muting, suggesting that the deficiency is fundamental to the lack of astrocytes instead of 

due to delayed development.  A postsynaptic change occurred in astrocyte-poor cultures, 

however, as evidenced by the decreased EPSC amplitude that was linked to diminished 

AMPA and NMDA receptor function, which is consistent with prior literature (Beattie et 

al., 2002; Stellwagen and Malenka, 2006; Perea et al., 2009; Sullivan et al., 2011).  The 

similar EPSC amplitudes between neurons from live (calcein-positive) astrocyte islands 

and dead (calcein-negative) astrocyte islands in astrocyte-poor cultures argued that the 

basal EPSC amplitude decrease was due to loss of global astrocytic cues rather than loss 

of local astrocytic cues.  It was unclear if this postsynaptic deficiency indirectly altered 

presynaptic plasticity; for example, altered retrograde signaling from molecules released 

by the postsynaptic terminal that modulate presynaptic function may cause presynaptic 
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changes.  I demonstrated, however, that young neurons from astrocyte-rich cultures with 

smaller basal EPSC amplitudes expressed muting while older neurons from astrocyte-

poor cultures with larger basal EPSC amplitudes did not express muting.  These results 

suggested that the basal EPSC amplitude does not determine muting competence, 

although this did not distinguish the contribution of total glutamate receptor levels to 

basal EPSC amplitude from that of total synapse number.  Because of this evidence, a 

postsynaptic explanation for the loss of presynaptic plasticity in astrocyte-poor cultures 

seemed unlikely.  Reduced astrocytic signaling, therefore, seems to unmask a deficit in 

presynaptic plasticity without altering presynaptic function per se, which may be why 

this synaptic effect has been overlooked in prior literature. 

To clarify whether acute, instructive or global, permissive astrocytic signals were 

responsible for muting, I applied astrocyte-conditioned medium at different times relative 

to the depolarization challenge.  When present for multiple days prior to muting induction 

attempts, astrocyte-conditioned medium rescued muting.  Muting was also rescued by 

days of astrocyte-conditioned medium exposure even when replaced with non-

conditioned medium during the depolarization challenge.  The presence of muting in the 

absence of acute astrocytic signaling suggested that soluble factors released by astrocytes 

early in synaptic development permit muting competence.  Astrocytes were not 

instructive for muting, arguing against the hypothesis that gliotransmission is involved in 

muting induction.  This was supported by another experiment in which astrocyte-

conditioned medium added only during the depolarization challenge did not restore 

muting induction.  It appeared, therefore, that astrocytic factors promote muting 

competence via synaptic development, and synapses with a history of astrocyte signaling 
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do not require further astrocytic signaling to induce muting.  This finding was especially 

interesting and suggested that astrocytes are metaplastic modulators of synapses; factors 

released by astrocytes mediate the synapse’s ability to undergo future plasticity.  

Astrocytes have a complicated relationship with muting; therefore, muting is not clearly 

cell autonomous or cell non-autonomous.  Intercellular communication was clearly 

required for muting competence to develop in the presynaptic terminal, but synapses with 

a history of astrocytic signaling did not require exposure to acute astrocytic factors for 

plasticity induction.  Cell autonomous mechanisms may be activated upon exposure to 

the depolarization challenge once non-cell autonomous signals have successfully 

promoted maturation, but dilute global signals released by the sparse neurons in the 

culture dish or retrograde signaling from postsynaptic compartments have not been ruled 

out entirely.  Together, these results highlighted an important and novel role for 

astrocytes in synaptic development and narrowed the possible cellular sources of muting 

to either cell autonomous or a small range of cell non-autonomous mechanisms. 

This novel role of astrocytes in the development of muting competence prompted 

a search for the molecular signals responsible.  As described in Chapter 4, one major 

candidate was thrombospondin, a matricellular glycoprotein released by astrocytes that 

was recently found to be important for synapse development (Asch et al., 1986; 

Christopherson et al., 2005; Eroglu et al., 2009; Xu et al., 2010).  Thrombospondins 

promote glutamatergic synaptogenesis in retinal ganglion neurons via binding to the 

structural calcium channel subunit α2δ-1 on the postsynaptic membrane (Christopherson 

et al., 2005; Eroglu et al., 2009).  Interestingly, these thombospondin-induced synapses 

are presynaptically functional but postsynaptically silent, meaning that AMPA receptors 
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are absent from the postsynaptic membrane (Christopherson et al., 2005).  This suggests 

that thrombospondin specifically promotes presynaptic development.  In hippocampal 

neurons, however, thrombospondins appear to modulate the speed of synaptogenesis, but 

not the total number of synapses that develop, via binding to the postsynaptic cell 

adhesion protein neuroligin 1 (Xu et al., 2010).  These findings from hippocampal 

neurons suggesting that thrombospondin is not required for synaptogenesis may explain 

why astrocyte deficiency did not reduce the total number of presynaptic terminals during 

experiments performed in Chapter 4.  Thrombospondin, therefore, was an excellent 

candidate for modulating presynaptic plasticity.  Thrombospondin application to 

astrocyte-poor cultures a few days prior to the depolarization challenge rescued muting 

induction.  Another astrocytic factor important for synaptic plasticity, tumor necrosis 

factor α, did not promote muting competence, suggesting that boosting synaptic function 

does not promote muting competence non-selectively.  Although these results did not rule 

out a contribution to muting competence from other astrocyte-derived factors, they did 

suggest that thrombospondins are a class of molecules capable of mediating the 

development of muting ability.   

To clarify whether thrombospondin endogenously mediates muting competence, I 

blocked thrombospondin signaling during synapse development.  Prior literature suggests 

that thrombospondin’s synaptogenic effects occur through activation of α2δ-1 calcium 

channel subunits or through neuroligin 1 (Eroglu et al., 2009; Xu et al., 2010), but it was 

unclear whether either of these receptors was recruited for thrombospondin’s effects on 

synaptic plasticity competence.  One pharmacological tool that allowed us to test the role 

of α2δ-1 in muting was the clinically used drug gabapentin.  Gabapentin is known to bind 
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to α2δ-1 and prevent thrombospondin’s synaptogenic effects in retinal ganglion cells 

(Gee et al., 1996; Eroglu et al., 2009).  Adding gabapentin to astrocyte-conditioned 

medium prevented muting competence from developing in astrocyte-poor cultures.  

Gabapentin also prevented muting competence in astrocyte-rich cultures if the cultures 

were treated with fresh drug daily.  These effects of gabapentin not only implicated α2δ-1 

as the thrombospondin receptor that promotes muting competence, but they also implied 

that thrombospondin is a major, if not the only, contributor to muting competence in our 

cultures.  Future work should probe the role of neuroligin 1 in muting competence, 

however, since it was not tested in these studies. 

One potentially translational finding from Chapter 4 was that gabapentin altered 

adaptive changes in network activity.  In mass cultures, where large networks of neurons 

develop, the depolarization challenge silenced excitatory and inhibitory spontaneous 

network activity.  This was consistent with muting induction and subsequent failure of 

excitatory signaling, which likely caused a parallel reduction in spontaneous inhibitory 

signaling.  This decrease in spontaneous activity after an excitatory stimulus further 

suggested that muting is an adaptive change; as shown in the Appendix (Hogins et al., 

2011), muting is neuroprotective against excitotoxic insults like hypoxia, likely through 

dampened neuronal excitation.  After chronic gabapentin treatment, however, this 

adaptive network change was absent.  Interestingly, a non-significant increase in total 

network activity occurred after gabapentin treatment, potentially due to its effects on 

ionic conductances (Freiman et al., 2001; Stefani et al., 2001; Surges et al., 2003; Hoppa 

et al., 2012).  It is unclear whether these ionic conductances modulate muting 

competence, but because thrombospondin promoted muting competence during the study, 
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it is likely that gabapentin’s property as a thrombospondin receptor antagonist played a 

large role.  The prevention of muting and adaptive network changes by gabapentin could 

have broader implications for patients treated with this drug.  For example, children still 

undergoing intense synapse development could be more severely impaired than adults by 

gabapentin treatment because thrombospondin signaling appears important for synapse 

maturation.  Also, patients taking gabapentin could experience additional neuronal 

toxicity during excitatory insults like stroke due to the lack of homeostatic network 

dampening during the insult.  Future work should clarify whether the lack of adaptive 

plasticity in gabapentin-treated neurons renders networks more vulnerable to excitotoxic 

death, but the results described here indicate that gabapentin treatment should be 

employed judiciously. 

The synapse-modifying signaling cascades downstream of thrombospondin-bound 

α2δ-1 were unknown prior to the study described in Chapter 4.  Application of GPCR 

agonists or a PKA inhibitor not only failed to induce muting but also increased autaptic 

EPSCs in astrocyte-poor cultures, suggesting that an abnormality developed along this 

signaling cascade due to the lack of astrocytes.  Acute GPCR agonist effects, thought to 

work through Gβγ subunit signaling (Brown and Sihra, 2008), were intact in astrocyte-

poor cultures, however.  This result suggested that signaling downstream of Gα was 

disrupted in astrocyte-poor cultures but that G-protein signaling itself was functional.  

PKA targets were over-phosphorylated in astrocyte-poor cultures while a PKC target 

displayed normal levels of phosphorylation, so PKA activation downstream of Gα may 

be rampant, or dephosphorylation impaired, in the absence of astrocyte-derived 

thrombospondin.  Tellingly, thrombospondin normalized PKA phosphorylation levels, 
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which means that one mechanism by which thrombospondin signaling promotes muting 

competence is likely by maintaining PKA phosphorylation within a functional dynamic 

range.  In a few prior studies, PKA inhibitors have blocked gabapentin-mediated neuronal 

and behavioral phenotypes (Martin et al., 2002; Lee et al., 2008; Takasu et al., 2008; 

Takasu et al., 2009), suggesting that these phenotypes require PKA-dependent pathways.  

Facilitated signaling through α2δ-1, therefore, could conceivably inhibit PKA-dependent 

pathways.  I hypothesize that the increased PKA substrate phosphorylation in astrocyte-

poor cultures overly stabilizes presynaptic priming proteins and, thereby, prevents protein 

degradation and muting induction.  Future work should clarify the signaling cascade 

responsible for PKA-related alterations downstream of α2δ-1; one plausible hypothesis is 

that enhanced calcium signaling through α2δ-1-dependent calcium channel assembly 

inhibits calcium-inhibited adenylyl cyclases (Hanoune and Defer, 2001; Hoppa et al., 

2012), thereby reducing cAMP and PKA signaling.  Overall, these experiments revealed 

a novel role for astrocytes in promoting synaptic plasticity competence, but not induction 

of plasticity per se, through release of thrombospondins that alter signaling cascades 

important for muting induction. 

 

Current muting induction model: 

In summary, muting is induced by a complicated interplay between the state of 

the synapse before an excitatory insult and the signaling cascades recruited by the insult.  

The current model of muting induction is displayed in Figure 1.  This model states that 

this adaptive, reversible form of synaptic plasticity requires astrocytic release of 

thrombospondin during synapse development to activate α2δ-1 calcium channel subunits 
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and normalize PKA signaling.  I hypothesize that PKA activity after thrombospondin 

signaling and α2δ-1 activation, therefore, is reduced and maintained within a dynamic 

range able to produce meaningful changes in protein phosphorylation.  A strong 

depolarization challenge or prolonged increased activity that decreases cAMP signaling 

via inhibitory G-protein activation, therefore, is capable of reducing PKA activity enough 

to decrease vesicle priming protein phosphorylation levels and render these proteins 

vulnerable to proteasomal degradation.  The parallel increase in proteasome activity from 

the excitatory stimulus then causes protein degradation and loss of vesicle priming, 

thereby muting the synapse. 
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Figure 1. Signaling cascades participating in muting. During development (blue lines), 
astrocytic release of thrombospondin activates α2δ-1 receptors postsynaptically, 
presynaptically, or both, resulting in a normalization of PKA signaling.  After synaptic 
maturity (black lines), prolonged strong depolarization or increased action potential firing 
induces presynaptic muting through activation of the ubiquitin-proteasome system and 
through activation of inhibitory G-proteins. Depolarization increases proteasome activity 
through unknown mechanisms, but both depolarization- and G-protein-coupled receptor 
(GPCR) agonist-induced muting require proteasome activity. Inhibitory actions of the Gα 
subunit on adenylyl cyclase (AC) reduce cAMP and protein kinase A (PKA) signaling 
during muting induction. PKA phosphorylates presynaptic priming proteins like Rim1α, a 
modification that may render Rim1α resistant to proteasomal degradation; therefore, less 
Rim1α phosphorylation is expected after depolarization. Increased proteasome activity, 
combined with a vulnerable presynaptic protein population, leads to priming protein 
degradation. This model provides a plausible mechanism for priming protein level 
reduction and muting induction by depolarization. Postsynaptic protein levels are 
unaltered by induction of presynaptic muting. Modified from Crawford and Mennerick, 
2012. 



200 
 

Future directions  

 Interesting questions about the mechanisms, roles, and clinical potential of 

adaptive presynaptic muting emerged during these studies.  Some of the immediate 

questions that should be answered include clarifying additional molecular mediators of 

muting competence or induction.  For example, it remains unclear how thrombospondin 

signaling alters PKA activity.  As described in the Summary and Significance, α2δ-1-

dependent calcium channel assembly is one candidate downstream effect (Hoppa et al., 

2012) since the role of calcium in the development of muting competence was never 

tested.  Whether presynaptic or postsynaptic α2δ-1 is important for muting is also 

unclear.  One potential strategy to test this would be to genetically knock down α2δ-1 in 

single neurons before assessing synaptic function on dendrites or axons of these neurons.  

This would reveal whether thrombospondin’s effects are directly altering presynaptic 

function or indirectly altering presynaptic function through a retrograde signal.  To 

clarify how quickly thrombospondin alters muting ability in presynaptic terminals, more 

experiments over differing time scales could be performed.  For example, 

thrombospondin could be added 0-24 h prior to the depolarization challenge to ask 

whether shorter treatments promote muting competence.  Additionally, thrombospondin’s 

actions may have a critical window during synapse development.  Would adding 

gabapentin later in development or for shorter periods of time prevent and/or reverse the 

development of muting competence?  Do neurons from neonatal animals behave 

differently than those from adult animals?  These studies could clarify the developmental 

role of thrombospondin and have important implications for gabapentin’s clinical use.   

   It also remains unknown how inhibitory G-protein signaling is activated by 
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depolarization.  If GPCRs are activated by a ligand during increased neuronal excitation, 

this ligand must be released by neurons, not astrocytes, since astrocytic signaling is not 

acutely required for muting induction.  It is possible, however, that a non-canonical 

GPCR or G-protein activator is responsible.  Genetic manipulations to knock down AGS 

proteins or other known GPCRs linked to inhibitory G-proteins in the hippocampus could 

identify the responsible G-protein activation mechanism, although this may require a 

high-throughput screening approach.  Also, the dependence of muting on inhibitory G-

protein signaling implies that stimulatory G-protein signaling (Gs) could mediate 

recovery from muting.  Prior work has implicated calcium-dependent adenylyl cyclases 

in muting recovery (Moulder et al., 2008), but whether G-proteins, calcium, and/or 

another molecule are responsible for the adenylyl cyclase activation remains to be tested.  

The dependence of recovery from muting on PKA activity (Moulder et al., 2008) and the 

proteasome-dependence of muting (Jiang et al., 2010) also suggest that protein synthesis 

may be required, potentially through PKA-dependent activation of transcription factors 

like cAMP response element-binding protein (CREB; Sassone-Corsi, 1998).  

Unpublished data from our lab suggest that muting induction does not require protein 

synthesis, but recovery back to basal function does, and that phosphorylation of CREB by 

PKA is a plausible candidate mediator for this protein synthesis.  Future work will have 

to explore the potentially causative role for CREB in recovery from muting.   

 As mentioned in the Summary and Significance, whether muting is cell 

autonomous remains unclear despite much work eliminating many intercellular signaling 

pathways during induction.  Astrocytic signaling is not required during muting induction, 

as long as astrocytes are able to communicate with synapses prior to the induction 
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challenge, and autaptic neurons undergo muting.  It is likely, therefore, that muting is cell 

autonomous, but the possibility of retrograde signaling from the postsynaptic neuron to 

the presynaptic neuron has not been excluded.  To test for a retrograde signal, future 

work could genetically manipulate single neurons within a neural network.  For example, 

optimizing transfection of TRPM8 in cultured hippocampal neurons would allow for 

studies that use tonic channel activation to depolarize neurons and attempt to induce 

muting.  Other methods, like expression of channelrhodopsin and using light exposure to 

activate the channel (Fenno et al., 2011; Tye and Deisseroth, 2012), remain as 

alternatives to TRP channel transfection.  If muting is induced selectively in one neuron 

on a two-neuron microisland using one of these techniques, for example, then paired 

recordings of these two neurons could parse out whether synapses onto the non-

depolarized neuron or synapses onto the depolarized neuron undergo muting.  Clarifying 

whether muting is cell autonomous or whether it requires a retrograde signal would 

narrow the list of candidate activators of G-protein signaling even further.  Additionally, 

identifying the source of the signal to mute could have implications for how muting 

interacts with network activity.  For example, does the neuron being overly activated 

prevent itself from further propagating the overexcitation, or does it signal to the neuron 

prior to it in the circuit to reduce its own overactivation?  Although evidence currently 

supports the hypothesis that muting is cell autonomous (i.e. the presynaptic terminals 

within the neuron being activated are muted without intercellular communication), 

further work is required to clarify this definitively. 

 More fundamentally, the role of mute terminals in information processing in the 

nervous system remains unclear.  For example, why is muting binary, in that the synapse 



203 
 

is entirely non-functional but structurally preserved?  Because of this binary nature, does 

muting alter the electrical transfer of information in the same way as synaptic pruning but 

with the added benefit of saving time and cellular resources?  Understanding the 

mechanisms involved in muting could lead to the ability to strategically silence particular 

synapses (within a single neuron, a single circuit, or an entire brain region) and observe 

the consequences on neuronal excitation, subcellular electrical summation, and network 

activation.  It also remains unclear if the synapses that mute in response to depolarization 

are randomly distributed to dampen general excitability or strategically placed to 

modulate firing of particular postsynaptic neurons.  The probability of vesicle release and 

readily releasable pool size increase with distance along the axon from the cell body in 

hippocampal neurons (Peng et al., 2012), so it is possible that the basal state of the 

synapse or its location could determine the probability that a synapse will undergo 

muting.  One could measure muting and unmuting using live-cell imaging to determine if 

the same terminals are vulnerable to muting with repeated depolarization challenges and 

whether the location along the axon or dendrite correlates with this tendency.  Also, 

because cAMP is an important mediator of muting induction, cAMP levels could be 

measured in axonal compartments, using techniques like the FRET construct Epac1-

camps (Nikolaev et al., 2004), to determine whether basal cAMP levels or the dynamic 

range of CAMP levels near particular synapses correlate with a tendency to mute.  

Alternatively, the total percentage of mute terminals, if distributed randomly, may 

correlate with somatic cAMP levels.   

The location of mute terminals may also have important implications for how 

muting interacts with other forms of synaptic plasticity like homeostatic postsynaptic 
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receptor scaling or Hebbian long-term potentiation.  Synaptic scaling purportedly acts at 

all synapses in a neuron (Turrigiano, 2012), but long-term potentiation is specific to 

synapses experiencing strong, correlated presynaptic and postsynaptic activity, leaving 

nearby synapses unaffected (Bear and Malenka, 1994; Kelleher et al., 2004).  Muting 

would be predicted to enhance the effects of reduced postsynaptic receptor levels on 

overall network activity but may cancel the effects of Hebbian plasticity at particular 

synapses.  Computer modeling would facilitate the study of how these forms of plasticity 

interact and what effects simultaneous inductions have on neural computation and 

network activity.  As techniques evolve for inducing multiple forms of synaptic plasticity 

simultaneously or sequentially in living tissue, the physiological consequences of their 

interactions should be tested. 

 One major open question remaining about muting induction is what role it plays 

in vivo.  In mammals, evidence determining whether muting even occurs in vivo is 

needed.  At this time, work outside of cultured neuron networks, like in acute 

hippocampal slices (Moulder et al., 2004; Crawford and Mennerick, 2012; Chapter 1), 

have merely shown correlates of muting due to the technical limitations involved.  Future 

directions should include techniques like high resolution microscopy of presynaptic 

vesicle function or sophisticated electrophysiological measures of individual neurons to 

measure muting in vivo (Kalb et al., 2004; DeWeese, 2007; Ako et al., 2011; Herzog et 

al., 2011; Kodandaramaiah et al., 2012).  Once the presence of and mechanisms for in 

vivo muting have been established, then the field is poised for exploring how muting 

alters learning, behavior, or disease.  For example, establishing whether muting occurs in 

all brain regions and neurotransmitter systems will be important for developing 
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hypotheses about its role in brain function.  Because muting occurs in hippocampal 

glutamatergic neurons and has the potential to interact with Hebbian plasticity, it could 

disrupt or enhance learning and memory.  To test this, muting would need to be induced 

in vivo prior to or during learning and memory tasks.  Muting may also be regulated by 

sleep and circadian rhythms, as has been proposed for Hebbian plasticity (Tononi and 

Cirelli, 2006).  Inducing muting during different phases of the circadian cycle, therefore, 

may cause different behavioral outcomes.  Similarly, neurons may be more or less 

susceptible to muting early in development than later in development, so the effects of 

muting at different developmental ages should also be assessed.  Potentially the most 

translational open question would be whether muting occurs in pathophysiological 

contexts.  Do changes in muting levels mediate alterations in the balance of excitation 

and inhibition observed during disease (Eichler and Meier, 2008; Baroncelli et al., 2011; 

Kapogiannis and Mattson, 2011; Ramamoorthi and Lin, 2011), and could manipulating 

muting in vivo restore balance to unbalanced networks?  Could clinical induction of 

muting be used to prevent or reduce damage from excitatory insults like stroke or 

seizure?  Although these questions will not be answered immediately, clarifying the role 

of muting in cognition, learning, or disease will provide insight about the role of synapses 

in brain function. 
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Conclusions 

 Synaptic function and plasticity are vital to information processing within the 

nervous system.  Presynaptic muting of glutamatergic synapses represents an 

underappreciated form of synaptic plasticity present in hippocampal glutamatergic 

neurons.  For this dissertation project, I have clarified some of the molecular mediators of 

muting development and induction.  Calcium, an important mediator of synaptic 

plasticity, was surprisingly not necessary for muting induction while inhibitory G-protein 

signaling, best known for its role in short-term plasticity, was necessary.  Astrocyte-

derived thrombospondins promoted muting competence of presynaptic terminals, but 

astrocytes were otherwise not necessary for muting induction.  This work revealed novel 

mechanisms by which synapses are regulated and revealed some potentially translational 

implications of muting and the pharmacological agents that modulate it.  Although much 

remains to be learned about the mechanisms responsible for muting, and the contexts 

under which they are recruited, this work has laid a strong foundation for future work in 

the field of synaptic development and plasticity. 
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Abstract 

Glutamate release is a root cause of acute and delayed neuronal damage in 

response to hypoxic/ischemic insults. Nevertheless, therapeutics that target the 

postsynaptic compartment have been disappointing clinically. Here we explored whether 

presynaptic silencing (muting) of glutamatergic terminals is sufficient to reduce 

excitotoxic damage resulting from hypoxia and oxygen/glucose deprivation. Our 

evidence suggests that strong depolarization, previously shown to mute glutamate 

synapses, protects neurons by a presynaptic mechanism that is sensitive to inhibition of 

the proteasome. Postsynaptic Ca2+ rises in response to glutamate application and toxicity 

in response to exogenous glutamate treatment were unaffected by depolarization 

preconditioning. These features strongly suggest that reduced glutamate release explains 

preconditioning protection. We addressed whether hypoxic depolarization itself induces 

presynaptic silencing, thereby participating in the damage threshold for hypoxic insult. 

Indeed, we found that the hypoxic insult increased the percentage of mute glutamate 

synapses in a proteasome-dependent manner. Furthermore, proteasome inhibition 

exacerbated neuronal loss to mild hypoxia and prevented hypoxia-induced muting. In 

total our results suggest that presynaptic silencing is an endogenous neuroprotective 

mechanism that could be exploited to reduce damage from insults involving excess 

synaptic glutamate release. 
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Introduction 

For decades we have known that glutamate excitotoxicity (Olney et al., 1971) 

results in damage to neurons following a wide variety of insults including hypoxia, 

ischemia, seizures (Gidday, 2006; Goldberg and Choi, 1993; and Rothman, 1984), and 

neuropsychiatric disorders (Olney, 2003; and Zorumski and Olney, 1993). Therapeutic 

approaches have centered on blocking glutamate receptors and other downstream, 

postsynaptic targets involved in the excitotoxic cascade. Unfortunately, these approaches 

have proven disappointing in human studies because of poor efficacy or unacceptable 

side effects (Gidday, 2006; and Moskowitz et al., 2010). Thus fresh approaches and new 

basic insights are needed. One alternative might be to study and exploit endogenous 

homeostatic synaptic mechanisms as strategies. By augmenting endogenous pathways of 

adaptive synaptic plasticity, such strategies might circumvent some of the problems that 

have arisen with previous interventions. 

We have been studying a form of persistent presynaptic plasticity involving 

depression of glutamate vesicle availability in hippocampal neurons. This depression is 

characterized by presynaptic silencing, or muting, that outlives the inducing stimulus. 

Muting is induced at glutamate, but not γ-aminobutyric acid (GABA), synapses by strong 

depolarization (Moulder et al., 2004). It reverses over several hours (Moulder et al., 

2008) and is characterized by involvement of inhibitory G-protein signaling (Crawford et 

al., 2011) and the ubiquitin/proteasome system (UPS) (Jiang et al., 2010). 

Two issues relevant to excitotoxic pathophysiology emerge from our previous 

observations. First, because the source of glutamate during excitotoxic insults may not be 

purely synaptic (Rossi et al., 2000), it is unclear whether presynaptic interventions, such 
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as induction of presynaptic muting, are effective neuroprotectants. Second, because 

presynaptic silencing has been induced only under controlled experimental conditions, it 

is unclear whether depolarizing insults such as hypoxia can induce muting rapidly and 

strongly enough to provide endogenous neuroprotection. If so, muting may normally help 

set the threshold for damage during insults. Support for these two ideas would help 

establish the plausibility of augmentation of presynaptic muting as a neuroprotective 

intervention and would offer new basic insights into the roles of synaptic plasticity in 

nervous system function and dysfunction. 

Our results demonstrate that presynaptic silencing induced by strong 

depolarization protects neurons in in vitro hypoxia and oxygen-glucose deprivation 

(OGD) models, consistent with the idea that synaptic glutamate is important for the 

damage. Although depolarizing preconditioning paradigms have been shown to be 

neuroprotective in other models through postsynaptic mechanisms (Grabb and Choi, 

1999; Grabb et al., 2002; and Meller et al., 2008), we show that presynaptic mechanisms, 

most likely involving presynaptic muting, are most important in our paradigm. Further, 

our results suggest that a hypoxic insult induces muting to limit damage. Proteasome 

inhibition, among other likely effects, prevents hypoxia-induced silencing and 

exacerbates damage through a presynaptic mechanism, suggesting that muting helps set 

the threshold for hypoxic damage. These results yield insights and suggest new 

approaches that might be exploited for benefit in disorders involving dysfunction of 

glutamate synapses. 
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Materials and methods 

 

Cell culture: 

Hippocampal cultures were prepared as described previously (Mennerick et al., 

1995). In brief, dissected postnatal (postnatal days 0–3) male and female rat hippocampi 

were incubated with papain, mechanically dissociated, and plated at 650 cells/mm2 on 

collagen substrate. Plating media consisted of Eagle's medium (Invitrogen) supplemented 

with heat-inactivated horse serum (5%), fetal bovine serum (5%), 17 mM glucose, 400 

μM glutamine, 50 U/mL penicillin, and 50 g/mL streptomycin. Cultures were maintained 

at 37 °C in a humidified incubator with 5% CO2/95% air. Cytosine arabinoside at 6.7 μM 

was added at 3–4 days after plating to inhibit cell division. At 1 day a media exchange 

was performed with Neurobasal medium (Invitrogen) plus B27 supplement. Cells were 

used for experiments at 13–15 days in vitro. Neurons exhibited increased sensitivity to all 

forms of glutamate toxicity with maturation. 

 

Preconditioning: 

Fresh filtered Neurobasal (Invitrogen) medium without L-glutamine was used as a 

base for preconditioning media and media exchanges. The original conditioned media 

was removed and replaced with the preconditioning media. The cultures were returned to 

their original media just before hypoxic exposure. For depolarizing preconditioning, the 

preconditioning media contained Neurobasal plus 30 mM KCl. Control preconditioning 

media included 30 mM NaCl in place of KCl as an equimolar non-depolarizing control. 

In our typical protocol, this resulted in control and experimental preconditioning 
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solutions that were ~ 60 mOsm hyperosmotic. To ensure that hypertonicity did not 

interact with the effects of depolarization, we performed a subset of preconditioning 

experiments in media that were isotonic (142 mM total monovalent cation concentration, 

KCl substitution for NaCl, n = 5 experiments). These experiments produced similar 

preconditioning protection as our standard protocol (27.7 ± 9.66% cell survival with 

hypoxia, 62.8 ± 3.58% survival with hypoxia plus KCl preconditioning, compare with 

Fig. 1). We did not routinely perform experiments in the isotonic media because of the 

high expense of custom media preparation. Unless otherwise noted, all control and 

depolarizing preconditioning solutions also included 0.5 μM 2,3-dihydroxy-6-nitro-7-

sulfonyl-benzo[f]quinoxyline (NBQX), and 25 μM D-2-amino-5-phosphonovalerate (D-

APV) to prevent induction of glutamate-receptor dependent forms of preconditioning 

protection or plasticity during preconditioning. In some experiments we omitted 

extracellular Ca2+ (0.1 mM EGTA added to chelate residual Ca2+) or included 

carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG-132; Sigma, 3 μM) in preconditioning 

solutions. Unless otherwise noted, the media was exchanged immediately before hypoxic 

exposure to remove glutamate receptor antagonists and the preconditioning stimulus. 

 

Hypoxia exposure: 

A commercially available chamber (Billups-Rothenberg Company) was used for 

hypoxia induction and maintenance. Cells were incubated in a humidified environment 

saturated with 95% nitrogen and 5% CO2 at 37 °C for the specified amount of time (2–

2.5 h depending on the experiment). The gas exchange was performed according to the 

specifications of the chamber manufacturer (flow of 20 L per minute for 4 min to achieve 
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100% gas exchange). After the insult, we removed cells from the chamber and incubated 

them under standard conditions until the cell death assay (24 h). When used during the 

insult to demonstrate neuroprotection, the glutamate receptor antagonists were 1 μM 

NBQX and 100 μM D-APV, but antagonists were not routinely present during hypoxia or 

OGD insults. For OGD experiments the method of oxygen deprivation was the same, and 

just prior to oxygen deprivation culture media was switched to Neurobasal without L-

glutamine and without glucose. Control cultures received the same media with glucose 

(25 mM). Procedures for sham insults indicated in figures included all media changes and 

incubation times relevant to the insult conditions. For experiments in which exogenous 

glutamate exposure was used in place of hypoxia, media was exchanged with fresh 

Neurobasal without L-glutamine and with the indicated concentration of glutamate. The 

cultures were then returned to their original media for 24 h until the cell death assay was 

performed. 

 

Cell death assay: 

To assess cell death, trypan blue dye (Sigma) was used. 24 h after the insult, 

culture media was removed and replaced with 1 mL of 0.4% trypan blue dissolved in 

phosphate buffered saline. Cells were incubated in dye at 37 °C for 5 min and washed 

with phosphate buffered saline. Cultures were then fixed with 4% paraformaldehyde and 

0.2% glutaraldehyde at room temperature. Cells were visualized with a 20× objective 

using both phase-contrast and brightfield microscopy to confirm healthy neuronal profiles 

(phase-contrast) and verify trypan blue uptake (brightfield). In one experiment the 

designation of healthy neurons was verified 24 h after hypoxia treatment by calcein AM 



222 
 

(acetoxymethyl) uptake (2 μM calcein-AM incubation for 30 min). Cells deemed healthy 

by morphology under phase-contrast optics were always calcein positive (n = 5 fields, 

20–40 cells per field). The total numbers of dead and intact neurons were counted and 

expressed as a percentage of trypan blue positive dead cells to total cells. The average of 

ten microscope fields for each condition was treated as a single data point for purposes of 

statistics. 

 

Calcium indicators and imaging: 

Fluo4-AM (high affinity indicator; Invitrogen) and Fluo3-FF-AM (low affinity 

indicator; Teflabs) fluorescent calcium indicators were used. We incubated neurons in 

preconditioning solutions as noted above. After the 4 h preconditioning period cells were 

incubated for 30 min at 37 °C in normal media containing 2 μM of the AM indicator. 5–7 

fields per condition were imaged. Fluorescence images were obtained with a CoolSnap 

ES2 camera (Photometrics) every 600 ms, using a fluorescein filter set and metal halide 

light source. We selected 3 cells randomly from each field from a phase contrast image, 

without reference to fluorescence images, for a total of 15–21 cells per condition as 

indicated. Regions of interest were analyzed in the soma cytoplasm adjacent to the 

nucleus. Background fluorescence was subtracted from each image using a cell-free 

region of the field. Image acquisition and analysis were performed using Metamorph 

(MDS). 

 

FM1-43fx labeling, immunochemistry, and imaging: 

Details have been previously published (Crawford et al., 2011). Briefly, cells 
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were removed from preconditioning (Fig. 2) or the hypoxia chamber (Fig. 7), and after a 

saline wash (~ 30 s) FM1-43fx (10 μM; Invitrogen) was loaded into active presynaptic 

terminals during a brief (2 min) 45 mM KCl depolarization. vGluT-1 primary antibody 

(1:2000) was applied after aldehyde fixation, permeabilization, and block. Alexa Fluor 

647 goat anti-guinea pig secondary antibody (Invitrogen) was used at 1:500. 

Fluorescence images were acquired using a Nikon C1 confocal microscope and analyzed 

using Metamorph software. Parameters for image acquisition and analysis were constant 

for each independent experiment. 

To identify active glutamatergic synapses, an observer naïve to the experimental 

conditions identified 10 vGluT-1-positive puncta as regions of interest from 5 fields for 

each experimental condition. Next, FM1-43fx images were thresholded, after which 

vGluT-1 regions were loaded into the FM1-43fx image. Active synapses were defined as 

puncta that reached or exceeded 10 thresholded pixels in the FM1-43fx image (Crawford 

et al., 2011). 

 

Data analysis: 

Data analysis was performed in Excel (Microsoft) and Sigma Plot 10.0 (Systat 

Software). Student's unpaired t-test was used to test for significance. Where indicated, the 

Bonferroni correction for multiple comparisons was used. Except where otherwise 

indicated, values for n in the text and figure legends represent independent experiments 

on separate cultures. 

 

Materials: 
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All reagents were obtained from Sigma Chemical Company unless otherwise 

indicated. Culture media were from Invitrogen, guinea pig vGluT-1 antibody was from 

Chemicon. 
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Results 

 

Hypoxic damage is attenuated by depolarization preconditioning: 

We explored the hypothesis that strong depolarization, a stimulus that induces 

presynaptic muting in hippocampal neurons, protects neurons from subsequent hypoxic 

damage. Unlike other forms of preconditioning, which exhibit a latent period during 

induction of hours or days (Gidday, 2006; and Kitagawa et al., 1991), presynaptic muting 

is induced by strong depolarization, and recovers within a few hours of removal of the 

inducing stimulus (Moulder et al., 2004). Therefore, we designed our paradigm to capture 

the likely protective effect of presynaptic muting immediately after induction, without 

invoking previously described mechanisms of preconditioning protection with longer 

latencies. We incubated synaptically mature cultured hippocampal neurons (13–15 days 

in vitro) with 4 h of high KCl (30 mM), a stimulus that silences 75–80% of glutamate 

presynaptic terminals, or 4 h of NaCl (30 mM) as an osmotic, non-depolarizing control 

(Moulder et al., 2004). Both control preconditioning and depolarizing preconditioning 

were always performed in the presence of D-APV and NBQX to prevent glutamate 

receptor activation. This ensured that other forms of synaptic plasticity dependent on 

glutamate receptors were not activated by preconditioning; presynaptic silencing is not 

glutamate receptor-dependent (Crawford et al., 2011; Moulder et al., 2006; and Moulder 

et al., 2004). After preconditioning, the neurons were then removed from the 

preconditioning stimulus, including receptor antagonists, by media exchange and 

immediately exposed to hypoxia for 2.5 h. In addition to terminating the preconditioning 

stimulus, this media exchange also eliminated glutamate receptor antagonists and any  
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Figure 1. Depolarization preconditioning protects against hypoxia. A. Schematic of 
preconditioning/hypoxic exposure paradigm. B. Photomicrographs from a single 
experiment demonstrating depolarization protection. Upper left: brightfield image from a 
normoxic control stained with trypan blue 24 h post-preconditioning with 4 h of 30 mM 
NaCl (control preconditioning) and 2.5 h sham hypoxia. Upper right: a field from a dish 
preconditioned with 30 mM NaCl and subjected to 2.5 h hypoxia. Trypan blue positive 
pyknotic nuclei are apparent. Lower left: a field from a dish preconditioned with 30 mM 
KCl for 4 h and then subjected to 2.5 h hypoxia. Lower right: a protection control in 
which 1 μM NBQX and 100 μM D-APV, ionotropic glutamate receptor (GluR) 
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antagonists, were included in the hypoxia media. C. Summary of experiments like that 
depicted in panel B, showing protection afforded by KCl depolarization preconditioning. 
Cell survival is expressed as the percentage of trypan blue negative cells averaged over 
ten fields evaluated with a 20× objective (n = 7 independent experiments). Asterisks 
designate p < 0.05 compared with NaCl hypoxia (unpaired, two-tailed t-tests with 
Bonferroni correction for multiple comparisons). Gray bar emphasizes the major 
hypothesized result of KCl preconditioning protection. 
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contributions of substances secreted during preconditioning (see Materials and methods). 

Thus, only persisting cellular changes contributed to neuroprotection during hypoxia. We 

used trypan blue staining, a well-validated probe of membrane integrity, 24 h after the 

insult to assess cell death (Fig. 1A). With sham treatment, we found only mild attritional 

cell death (84 ± 1.3% healthy neurons; Figs. 1B and C), consistent with previous work 

(Shute et al., 2005). In cells rendered hypoxic after control (NaCl) preconditioning, a 2.5 

h hypoxic insult resulted in 30 ± 3.2% survival (Figs. 1B and C). By contrast, 

depolarizing preconditioning strongly and reliably protected neurons from hypoxia (59 ± 

2.6% survival, Figs. 1B and C). Postsynaptic glutamate receptor blockade during the 

insult nearly fully protected neurons (77 ± 1.4% survival, Figs. 1B and C), as previously 

shown (Rothman, 1984), and verifying the pivotal role of glutamate release and 

glutamate receptor activation in hypoxic cell loss. 

 

Depolarization preconditioning works through a presynaptic mechanism: 

These results suggest that a stimulus known to induce presynaptic silencing 

protects neurons from damage by endogenous glutamate. To verify presynaptic muting 

by the preconditioning paradigm, we performed analysis of FM1-43fx labeling of 

glutamatergic presynaptic terminals (defined by vGluT-1 immunoreactivity). As 

previously observed (Crawford et al., 2011; Jiang et al., 2010; and Moulder et al., 2004), 

4 h depolarization preconditioning silenced a majority of glutamate terminals (Figs. 2A 

and B). Because the FM1-43fx loading protocol used 2 min of strong depolarization to 

induce vesicle cycling, loading should overcome changes in vesicle release probability 

that could occur, for instance, by decreases in Ca2+ influx during dye loading. This 
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protocol has been shown to label the entire pool of vesicles capable of exo/endocytosis 

(Mozhayeva et al., 2002). Therefore, terminals appear functionally silenced in response 

to the preconditioning stimulus, a state that would be expected to effectively reduce 

glutamate release during major insults such as hypoxia. In this set of experiments we also 

noted a mild decrease in FM1-43fx uptake at remaining, active synapses (Fig. 2A), which 

could indicate a graded change in the number of releasable vesicles (Murthy et al., 2001). 

We have previously shown that changes in FM1-43fx uptake quantitatively match 

depression of EPSCs, suggesting that postsynaptic changes do not contribute significantly 

to the effects of depolarization conditioning (Moulder et al., 2004). Furthermore, 

depolarization preconditioning does not induce detectable postsynaptic changes measured 

by mEPSC analysis, response to exogenous glutamate agonists, or AMPA receptor 

immunoreactivity (Moulder et al., 2006; and Moulder et al., 2004). These past 

experiments do not exclude the possibility that depolarization conditioning alters 

postsynaptic Ca2+ influx or handling downstream of receptor activation. To test whether 

depolarization preconditioning influences the postsynaptic Ca2+ signals presumably 

important for hypoxic damage (Choi, 1985; and Choi, 1987), we loaded cells with Fluo3-

FF and then challenged depolarization-preconditioned cells and control cells with brief 

applications of 10 μM glutamate (Figs. 2C and D). Because cells were stimulated by 

exogenous glutamate applied to somatodendritic postsynaptic receptors, Ca2+ signals 

measured near the soma should reflect any changes in receptor-mediated Ca2+ influx or 

intracellular handling that might participate in neuroprotection. Preconditioned neurons 

did not differ in amplitude or half decay time (t1/2) of somatic Ca2+ signals evoked by a 5 

s application of 10 μM glutamate, indicating that preconditioning did not affect Ca2+  
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Figure 2. Preconditioning induces presynaptic muting but no detectable 
postsynaptic changes. A. Images of vGluT-1 positive puncta from representative fields 
from cultures preconditioned by 4 h KCl (30 mM) depolarization or by 30 mM NaCl 
control preconditioning. Middle panels show uptake of FM1-43fx during brief 
depolarization in the same field. The merged images reveal more inactive (FM1-43fx 
negative) vGluT-1 positive puncta after depolarizing preconditioning. Green = FM1-
43fx. Red = vGluT-1. Red puncta with no green overlap are mute synapses, while yellow 
indicates overlap and active synapses. White arrowheads indicate examples of co-labeled, 
active glutamatergic synapses. B. The percentage of FM1-43fx positive (FM (+)) 
terminals is summarized from 5 experiments like that depicted in A. C. Representative 
fluorescence images from somatic Ca2+ signals measured in control (n = 18 cells in 6 
fields) and depolarization-conditioned (n = 15 cells in 5 fields) cells. Cells were loaded 
with a 30 min bath application of 2 μM Fluo3-FF AM. Representative regions of interest 
(labeled with ‘1’) show typical locations of measurement in the soma, chosen based on a 
phase contrast image (not shown). Dendrites and axons are below the plane of focus. 
Images of baseline (prior to glutamate perfusion), peak fluorescence (5 s following 10 
μM glutamate onset), and return to baseline (30 s wash) fluorescence are shown. Region 
2 indicates a region devoid of cells and typical of regions from which background 
fluorescence was measured. D. Summary of glutamate-evoked somatic intracellular Ca2+ 
signals measured over the entire experiment (67 images over 40 s) with control-
conditioned and depolarization-conditioned cells overlaid. 
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