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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 um. Right: quantification of
background-subtracted phospho-CREB intensity from GABA-negative nuclei (n=60-89
neurons; p=3.7x107", Student’s unpaired ¢ test). B. Left: phospho-dynamin 1 (PKC
phosphorylation site) immunoreactivity in autaptic neurons from astrocyte-rich and
astrocyte-poor cultures. Scale bar represents 20 um. 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 uM 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 a28-1 calcium channel subunits. Although the signaling pathways immediately
downstream of 023-1 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 028-1 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 026-1 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 0.26-1 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
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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

173



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 TNFa
controls postsynaptic receptor levels (Stellwagen et al., 2005; Stellwagen and Malenka,
2006; Steinmetz and Turrigiano, 2010), but TNFa 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 a28-1 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 a25-1 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.
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Discussion and future directions
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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 TRPMS 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, TRPMS&-transfected neurons responded robustly to menthol, a TRPMS 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 TRPMS-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 TRPMS-transfected neurons. After a 4 h exposure to agonist, a
higher percentage of TRPV 1-transfected neurons, but not TRPMS8-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
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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 TRPMS8-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 TRPMS-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 TRPV 1-transfected
neurons arose from muting. Future work should also clarify whether muting is cell

autonomous by activating single neurons, potentially via menthol application to TRPMS-
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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 GABAg
receptor agonist, also produced muting. These results supported the hypothesis that G-
protein activation produces muting. Interestingly, agonists for other GPCRs (CBl1
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 GABAg receptor
activation converge on the same downstream targets. Future work should clarify whether
G-protein cascades activated by A1 and GABAg 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 Al and GABAg 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 GABAGg 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 GABAg 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 Al and GABAg-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 GABAg
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, Al adenosine, GABAg, and kainate receptors individually with
pharmacological agents, however, did not prevent muting after a depolarization
challenge. This was surprising given Al and GABAg 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 a26-1 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 a, 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, |
blocked thrombospondin signaling during synapse development. Prior literature suggests
that thrombospondin’s synaptogenic effects occur through activation of a20-1 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 023-1 in muting was the clinically used drug gabapentin. Gabapentin is known to bind
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to 026-1 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 a26-1
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
a20-1 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 Gy subunit signaling (Brown and Sihra, 2008), were intact in astrocyte-
poor cultures, however. This result suggested that signaling downstream of Ga 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 Ga 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 026-1, therefore, could conceivably inhibit PK A-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 a23-1; one plausible hypothesis is
that enhanced calcium signaling through a28-1-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 a29-1 calcium channel subunits
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and normalize PKA signaling. I hypothesize that PKA activity after thrombospondin
signaling and 026-1 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.

198



Increased activity
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Presynaptic
terminal

Thrombospondin

Postsynaptic
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Postsynaptic receptors

Figure 1. Signaling cascades participating in muting. During development (blue lines),
astrocytic release of thrombospondin activates a20-1 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 Ga
subunit on adenylyl cyclase (AC) reduce cAMP and protein kinase A (PKA) signaling
during muting induction. PKA phosphorylates presynaptic priming proteins like Rimla, a
modification that may render Rimla resistant to proteasomal degradation; therefore, less
Rimla 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.
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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, 023-1-
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 a25-1 is important for muting is also
unclear. One potential strategy to test this would be to genetically knock down 026-1 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 TRPMS 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
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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 Epacl-
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 y-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/mm” 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
uM glutamine, 50 U/mL penicillin, and 50 g/mL streptomycin. Cultures were maintained
at 37 °C in a humidified incubator with 5% C0,/95% air. Cytosine arabinoside at 6.7 pM
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 KCI. 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

219



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,
KCI 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 KCI 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 uM 2,3-dihydroxy-6-nitro-7-
sulfonyl-benzo[ f]quinoxyline (NBQX), and 25 uM 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 Ca** (0.1 mM EGTA added to chelate residual Ca*") or included
carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG-132; Sigma, 3 uM) in preconditioning
solutions. Unless otherwise noted, the media was exchanged immediately before hypoxic

exposure to remove glutamate receptor antagonists and the preconditioning stimulus.

vaoxia 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% CO, 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 uM
NBQX and 100 uM 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
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(acetoxymethyl) uptake (2 uM calcein-AM incubation for 30 min). Cells deemed healthy
by morphology under phase-contrast optics were always calcein positive (n =5 fields,
2040 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 uM 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 uM; Invitrogen) was loaded into active presynaptic
terminals during a brief (2 min) 45 mM KCIl 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 naive 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
vGIluT-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

etal., 2011).

Data analysis:

Data analysis was performed in Excel (Microsoft) and Sigma Plot 10.0 (Systat
Software). Student's unpaired #-test was used to test for significance. Where indicated, the
Bonferroni correction for multiple comparisons was used. Except where otherwise
indicated, values for # 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
KCI for 4 h and then subjected to 2.5 h hypoxia. Lower right: a protection control in
which 1 pM NBQX and 100 pM 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 KCI depolarization preconditioning.
Cell survival is expressed as the percentage of trypan blue negative cells averaged over
ten fields evaluated with a 20x objective (n = 7 independent experiments). Asterisks
designate p < 0.05 compared with NaCl hypoxia (unpaired, two-tailed z-tests with
Bonferroni correction for multiple comparisons). Gray bar emphasizes the major
hypothesized result of KCI 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 Ca®" 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 Ca®” influx or handling downstream of receptor activation. To test whether
depolarization preconditioning influences the postsynaptic Ca>* 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 uM glutamate (Figs. 2C and D). Because cells were stimulated by
exogenous glutamate applied to somatodendritic postsynaptic receptors, Ca** signals
measured near the soma should reflect any changes in receptor-mediated Ca>" influx or
intracellular handling that might participate in neuroprotection. Preconditioned neurons
did not differ in amplitude or half decay time (t,,,) of somatic Ca®" signals evoked by a 5

s application of 10 pM glutamate, indicating that preconditioning did not affect Ca**
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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 KCI (30 mM) depolarization or by 30 mM NaCl
control preconditioning. Middle panels show uptake of FMI1-43fx 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 Ca®" 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 uM 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
uM 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 Ca**
signals measured over the entire experiment (67 images over 40 s) with control-
conditioned and depolarization-conditioned cells overlaid.
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