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Abstract
Homeostatic plasticity refers to mechanisms that the cell or network engage in order to
homeostatically maintain a preset level of activity. These mechanisms include compensatory
changes in cellular excitability, excitatory and inhibitory synaptic strength and are typically
studied at a developmental stage when GABA or glycine are inhibitory. Here we focus on the
expression of homeostatic plasticity in the chick embryo spinal cord at a stage when GABA is
excitatory. When spinal activity is perturbed in the living embryo there are compensatory changes
in postsynaptic AMPA receptors and in the driving force for GABAergic currents. These changes
are triggered by reduced GABAA receptor signaling, which appears to be part of the sensing
machinery for triggering homeostatic plasticity. We compare and contrast these findings to
homeostatic plasticity expressed in spinal systems at different stages of development, and to the
developing retina at a stage when GABA is depolarizing.
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Introduction
To understand how appropriately behaving neural circuits develop, we must understand the
rules that underlie the maturation of network excitability. This maturation is first
accomplished in a very dynamic period of embryonic development when there are several
challenges to excitability, such as: connections being added and removed, cells becoming
larger, channel conductances changing, and GABAergic postsynaptic currents converting
from excitatory to inhibitory. Errors in this complicated process could have profound effects
on circuit excitability. Recent work has identified an important process that is thought to
ensure that networks achieve and maintain appropriate spiking activity levels. Homeostatic
plasticity is thought to maintain network activity levels within a physiologically appropriate
range by coordinately adjusting intrinsic cellular excitability, excitatory and inhibitory
synaptic strength.

Almost 20 years ago, Eve Marder and Gina Turrigiano carried out experiments that
launched the field of homeostatic plasticity (Turrigiano et al., 1994; Turrigiano et al., 1995).
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These experiments demonstrated that a rhythmically bursting cell could homeostatically
recover it’s bursting activity after being stripped of all it’s synaptic inputs and grown in
culture for several days. In this case the cell adjusted its repertoire of voltage-gated
conductances to recover its rhythmic activity. The findings suggested the possibility that
cells had a preset level and pattern of spiking activity, had mechanisms for detecting they
were not experiencing such activity, and surprisingly could execute a program to recover
this level and pattern of activity. Gina Turrigiano then extended these experiments by
demonstrating that spiking activity levels in cultured synaptically connected networks of
visual cortical neurons were homeostatically maintained (Turrigiano et al., 1998). Following
perturbations to spiking activity levels in these cultured networks, compensatory changes
were observed in intrinsic cellular excitability, and in excitatory and inhibitory synaptic
strength ((Turrigiano et al., 1998; Desai et al., 1999; Kilman et al., 2002). For instance,
following 2-day activity blockade intrinsic cellular excitability and excitatory synaptic
strength increased, while inhibitory synaptic strength decreased. One form of homeostatic
synaptic plasticity observed in these and other studies has received considerable attention,
and has been called synaptic scaling since the entire distribution of miniature postsynaptic
current (mPSC) amplitudes change by a particular scaling factor. Since these early
experiments synaptic scaling has now been identified in many different systems, in culture
and to a lesser extent in vivo as well (Turrigiano, 2012).

Experiments describing synaptic scaling are typically carried out on developing neurons.
Cultures are derived from neurons harvested from the later embryo or first postnatal week
and allowed to grow for 1 – 2 weeks, at which point synaptic networks have formed. In vivo
work is typically done in the first few weeks of postnatal life. What has become clear is that
homeostatic plasticity can be expressed differently depending on the stage of development
(Burrone et al., 2002; Wierenga et al., 2006). Virtually all of these studies are carried out at
a stage when GABAergic currents are inhibitory, and thus are weakened following activity
blockade (Kilman et al., 2002). On the other hand less work has focussed on early stages of
development, when GABA is still depolarizing and excitatory. In order to determine if
synaptic scaling happens at this earlier developmental stage, we have carried out several
studies, taking advantage of the accessibility of the in vivo embryonic chick spinal network.
This review will focus on homeostatic synaptic plasticity in the embryonic spinal network,
when GABA is excitatory, and compare these findings to other systems at different stages of
development.

Spontaneous network activity in chick embryo spinal circuitry
Spontaneous network activity (SNA) is experienced in many different developing systems,
at stages where GABA is depolarizing and excitatory (Blankenship and Feller, 2010). SNA
is expressed in the spinal cord, retina, hippocampus, brain stem, superior colliculus, and
others, shortly after synaptic connections first form, (Gummer and Mark, 1994; Fortin et al.,
1995; Itaya et al., 1995; Lippe, 1995; Feller, 1999; Ho and Waite, 1999; O’Donovan, 1999;
Wong, 1999; Ben-Ari, 2001). SNA exists as episodic bursts of spiking activity that last for
seconds and are followed by longer lasting quiescent periods, as shown in Figure 1 (muscle
nerve recordings in chick embryo spinal preparation). These episodes are a consequence of
the highly excitable nature of a recurrently connected circuit, in which both glutamatergic
and GABAergic neurotransmission is excitatory in early development, thus virtually all cells
act to excite their synaptic partners (Ben-Ari et al., 1989; O’Donovan et al., 1998b;
O’Donovan, 1999; Rivera et al., 1999; Blankenship and Feller, 2010). The chloride-
mediated GABAA current is depolarizing because chloride is pumped into the cell and is
maintained at a high intracellular concentration such that the reversal potential for GABA is
significantly more depolarized than the resting membrane potential (Ben-Ari et al., 2007).
During an episode of SNA a significant portion of neurons are recruited and experience
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increases in cytoplasmic calcium, important in several aspects of development (Katz and
Shatz, 1996; Zhang and Poo, 2001; Spitzer, 2002). In the developing spinal cord embryonic
limb movements are generated by spontaneous network activity (Bekoff et al., 1975;
Hamburger, 1977; O’Donovan et al., 1998a), which are known to be important in
motoneuron axonal pathfinding (Hanson and Landmesser, 2004) and for proper muscle and
joint development (Ruano-Gil et al., 1978; Toutant et al., 1979; Roufa and Martonosi, 1981;
Persson, 1983; Hall and Herring, 1990; Jarvis et al., 1996).

Homeostatic plasticity in developing spinal neurons has been recognized for years. Synaptic
scaling of excitatory mPSCs has been shown in dissociated spinal neurons in culture
(O’Brien et al., 1998). The homeostatic nature of the embryonic spinal cord preparation at
stages when GABA is excitatory and SNA is expressed has long been recognized. When
either glutamatergic or GABAergic transmission was blocked in the isolated in vitro spinal
cord preparation, SNA was only temporarily prevented, and recovered within an hour, now
generated by the remaining transmitter system (Chub and O’Donovan, 1998). Below we
focus on homeostatic mechanisms that appear to maintain the levels of SNA in the
developing spinal cord.

Blocking activity in vivo triggers synaptic scaling in embryonic spinal
motoneurons

The chick embryo allows one to monitor SNA by assessing the duration of embryonic
movements observed through a window in the shell of the egg. In order to test whether
blocking SNA in ovo would trigger homeostatic synaptic scaling we infused the voltage-
gated Na+-channel blocker lidocaine into the egg from embryonic day 8 to 10 (E8-10)
(Gonzalez-Islas and Wenner, 2006). We confirmed that this was sufficient to dramatically
reduce embryonic movements in this 2-day period. Following activity blockade the spinal
cord was isolated at E10 and ventral root recordings were monitored to assess SNA
frequency in lidocaine-free saline solution. These activity-blocked cords were more
excitable in that the frequency of episodes of SNA was twice that of controls (Figure 2A).

To determine if synaptic strengthening contributed to this increased excitability, AMPAergic
and GABAergic mPSCs in identified spinal MNs were recorded. Compensatory increases in
both AMPAergic and GABAergic mPSC amplitude were observed following activity-
blockade (Figure 2B–C). The increase in GABAergic synaptic strength was compensatory
because of the depolarizing nature of GABA at this early embryonic stage. The frequency of
SNA in activity-blocked isolated spinal preparations was reduced toward control levels by
acute weakening of GABAergic or AMPAergic synaptic currents by bath application of sub-
maximal concentrations of antagonists (Gonzalez-Islas and Wenner, 2006). This suggested
that the synaptic strengthening contributed to the hyperexcitable nature of the lidocaine-
treated cord. Further, the increases in mPSC amplitude expressed the scaling profiling in that
the entire distribution of mPSCs increased by a scaling factor (1.3 to 1.4, (Gonzalez-Islas
and Wenner, 2006; Garcia-Bereguiain et al., 2013)).

More recently, we have carried out experiments where SNA was increased in ovo rather than
reduced (Gonzalez-Islas et al., 2012). This was accomplished by injecting an
endocannabinoid receptor (CB1) antagonist into the egg at E8. This appears to increase
embryonic kicking by increasing the frequency of mEPSCs which trigger spiking activity in
spinal neurons and increase the likelihood of initiating an episode of SNA. In these activity-
increased embryos GABAergic and glutamatergic mPSCs were reduced in a compensatory
manner.
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By regulating synaptic strength during embryonic development, the expression of SNA
likely acts to play an important role in the maturation of AMPA and GABA synaptic
strength in a coordinated manner, and be critical for setting the excitability of the early
spinal network. Because SNA is observed in seemingly all developing networks it is
reasonable to postulate that synaptic scaling may be regulated by SNA in other developing
circuits. These findings raised 3 important questions: 1) How did the network sense the
activity perturbations that triggered the scaling responses? 2) What was the mechanism(s)
that mediated an increase in glutamatergic mPSC amplitude? 3) What was the mechanism(s)
that mediated an increase in GABAergic mPSC amplitude?

GABAergic transmission is a critical component of the triggering of
synaptic scaling in embryonic motoneurons

Understanding how cells or networks sense altered activity levels is one of the major current
interests in the field, and certain parameters have been suggested, including spike rate and
depolarization (Liu et al., 1998; Marder and Prinz, 2002; Davis, 2006; Rich and Wenner,
2007; Turrigiano, 2007). Many believe that reductions in neuronal spiking, and/or levels of
depolarization lead to reductions in calcium entry, which then trigger synaptic scaling.
However, several studies show that hyperpolarization, or reducing the spike rate of the
postsynaptic cell did not trigger the expected compensatory changes in mPSC amplitude
(Paradis et al., 2001; Burrone et al., 2002; Hartman et al., 2006; Pratt and Aizenman, 2007).
In these studies, however, neurotransmission was not blocked in the postsynaptic neuron, so
that if reduced neurotransmission triggers scaling then no change would be expected in these
activity-reduced neurons. In fact, recent work suggests the possibility that reduced
neurotransmission can trigger a local version of synaptic scaling (Stellwagen and Malenka,
2006; Sutton et al., 2006; Hou et al., 2008; Jakawich et al., 2010; Beique et al., 2011; Lee,
2012; Turrigiano, 2012; Wang et al., 2012).

We tested the possibility that reduced neurotransmission triggers synaptic scaling in
embryonic spinal networks by blocking either GABAA or glutamatergic receptor (GABAAR
or AMPAR) activation from E8 to E10. When effective concentrations of GABAergic or
glutamatergic (AMPA and/or NMDA) antagonists were injected at E8, embryonic
movements (SNA) were blocked for the first 1–2 hours (Figure 3A)(Wilhelm and Wenner,
2008). This is because each antagonist removes a significant contribution of the excitatory
drive for SNA. However, the embryonic movements homeostatically recovered to control
levels 10 – 12 hours after the injection of either the glutamatergic or GABAA antagonists
(Figure 3A), even though the antagonists remained effective throughout the E8-10 period
(Wilhelm and Wenner, 2008). Treating embryos with glutamatergic antagonists did not
increase GABAergic or glutamatergic mPSC amplitude suggesting that neither reduced
glutamatergic receptor activation nor the transient reduction in SNA triggered scaling. On
the other hand, following in ovo treatment of GABAA antagonists (gabazine or bicuculline)
AMPAergic and GABAergic mPSC amplitude scaled to even greater values (70–100%;
Figure 3B) than following activity-block (~40%); mPSC frequency was no different than
control. The findings suggested the possibility that GABAA receptors are part of the sensing
machinery that triggers scaling. Therefore, it is possible that when spiking activity was
blocked with lidocaine infusions, GABA release and GABAA transmission were reduced,
and this reduction in receptor activation triggered synaptic scaling. GABA may be capable
of triggering synaptic scaling because it is depolarizing at this stage and could lead to
opening of voltage-gated calcium channels, thereby triggering calcium dependent pathways.
Because GABA is depolarizing at these stages, and is developmentally advanced compared
to AMPA receptors, it is recognized as a developmental trophic factor (Owens and
Kriegstein, 2002; Kandler and Gillespie, 2005; Akerman and Cline, 2007; Ben-Ari et al.,
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2007) (Chen et al., 1995; Ben-Ari et al., 2004). This suggested the possibility that GABAA
receptors may be part of the machinery that senses GABA levels as a proxy for spiking
activity, and when GABA levels are perturbed, synaptic scaling is triggered in a direction to
bring spiking activity back to some control set point.

Cellular excitability is responsible for the initial recovery of SNA
Because we were able to follow the homeostatic recovery of the embryonic movements
following the injection of antagonists we were able to recognize that the activity recovered
to control levels by 12 hours (Figure 3A). This was somewhat surprising because quantal
amplitude typically takes ~24 hours to clearly develop in other systems (Turrigiano et al.,
1998; Stellwagen and Malenka, 2006). Therefore, we tested whether synaptic scaling was
expressed by the time embryonic movements had first recovered (Wilhelm and Wenner,
2008). We found that AMPAergic and GABAergic mPSC amplitude had not increased in
motoneurons treated with the GABAA antagonist for 12 hours (Figure 4A–B)

Thus, embryonic movements had homeostatically recovered before any changes in quantal
amplitude were observed, suggesting something else had mediated the recovery of
embryonic SNA.

Homeostatic changes in intrinsic cellular excitability following reductions in spiking activity
have been observed for many years and likely play a significant role in recovering or
maintaining network activity levels following perturbations (Turrigiano et al., 1994; Thoby-
Brisson and Simmers, 1998; Desai et al., 1999; Marder and Prinz, 2002; Karmarkar and
Buonomano, 2006; Marder and Goaillard, 2006; Khorkova and Golowasch, 2007) including
the chick embryo (Martin-Caraballo and Dryer, 2002; Casavant et al., 2004). Several
different channels appear to contribute to the compensatory changes in cellular excitability
including transient and calcium-activated potassium channels (IA and IK(Ca), respectively),
the hyperpolarization activated cationic conductance (IH), and voltage gated sodium
channels (INa). The findings have led to the suggestion that when activity is reduced, cells
attempt to recover their activity levels by changing their constellation of channel
conductances through homeostatic plasticity mechanisms. We therefore tested whether there
were increases in cellular excitability in the first 12 hours that could contribute to the
recovery of embryonic kicking (Wilhelm et al., 2009). We found that 12 hours of
GABAergic blockade dramatically increased intrinsic cellular excitability in embryonic
motoneurons. 12 hours after injecting gabazine, the threshold current was dramatically
reduced and current injections produced higher firing frequencies compared to controls
(Figure 4C–D). We found that these increases in excitability were mediated by reductions in
IA, IK(Ca), and increases in INa. By 48 hours of GABAergic blockade cellular excitability
was still increased compared to controls, but not to the extent observed at 12 hours.
Together, the results suggested that reduced GABAergic transmission triggers changes in
intrinsic cellular excitability that contribute to the recovery of SNA, and only after activity is
recovered do we see the expression of synaptic scaling. It may be that while changes in
different conductances can react quickly, more permanent changes in quantal amplitude take
longer, but are more sustained.

While we are beginning to better understand the homeostatic responses that recover activity
levels following GABAAR blockade, it is less clear how the activity recovers after
glutamatergic blockade. Following in ovo injection of glutamatergic antagonists (CNQX &
APV), kicking activity is blocked but then recovers to normal levels within 10 hours even
though there are no compensatory changes in GABAergic or AMPAergic quantal amplitude
(Wilhelm and Wenner, 2008). Additionally, glutamatergic blockade did not trigger any
observed changes in cellular excitability (threshold current or voltage, passive membrane
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properties (Wilhelm et al., 2009)). So how does the spinal network activity recover
following in ovo glutamatergic blockade? It is possible that there were homeostatic changes
in the probability of GABAergic release, or alteration in expression or function of channels
that were not assessed in our previous work, although we have no evidence to support this.
Another possibility is suggested by 2 previous studies where SNA was temporarily blocked
in the isolated in vitro chick cord by bath perfusion of glutamatergic antagonists (Chub and
O’Donovan, 1998; Tabak et al., 2001). SNA recovered within 1–2 hours and eventually
stabilized to a new slightly slower frequency of SNA. The recovery was at least partly
mediated by a rapid strengthening of evoked GABAergic currents that occur in the absence
of episodes of SNA (Tabak et al., 2001). This GABAergic strengthening was thought to
occur because intracellular chloride accumulated to greater levels when glutamatergic
antagonists initially blocked episodes of SNA, which normally reduce Cl−in. The chloride
accumulation enhanced the driving force for these currents and allowed GABAergic currents
to quickly compensate for the loss of the glutamatergic synaptic drive. Presumably, in
embryos treated with glutamatergic antagonists in vivo, changes to intracellular chloride did
not persist once the cords were isolated, drugs washed off, and SNA resumed, as no changes
were seen in GABAergic mPSC amplitude (Wilhelm and Wenner, 2008).

AMPA scaling mechanism
Synaptic scaling of AMPAergic mPSCs has been shown to be mediated by changes in
postsynaptic AMPA receptors in many different systems (O’Brien et al., 1998; Lee, 2012).
However, it is less clear which receptor subunits are involved (Man, 2011; Lee, 2012;
Shepherd, 2012; Turrigiano, 2012). Several studies in which network activity was blocked in
cultured neurons suggest AMPAergic scaling was mediated by increases in GluA2-
containing calcium impermeable AMPA receptors (CI-AMPARs), while other studies
demonstrate the involvement of GluA2-lacking calcium permeable AMPA receptors (CP-
AMPARs). AMPAergic scaling via either CI-AMPARs or CP-AMPARs in cortical
pyramidal cells have also been identified following in vivo reductions of visual input (Goel
et al., 2006; Gainey et al., 2009; Goel et al., 2011). Embryonic spinal motoneurons treated
with lidocaine for 2 days showed increased mEPSC conductance, consistent with the idea
that changes in postsynaptic receptors mediated AMPAergic scaling of mPSCs (Garcia-
Bereguiain et al., 2013). Using multiple techniques we were able to establish that control
mEPSCs were mediated by CI-AMPARs, while mEPSCs in activity-blocked motoneurons
were mediated by CP-AMPARs. In fact, it appeared that AMPAergic scaling in chick
embryo motoneurons occurred through the replacement of CI-AMPARs by the higher
conductance CP-AMPARs. Similar results were obtained when scaling was triggered by
GABAergic transmission blockade, suggesting that reductions in spiking activity or
GABAergic transmission were triggering similar forms of scaling. While the mechanism of
AMPAergic scaling was the same following the 2 treatments, the degree of CI-AMPAR
replacement by CP-AMPARs was greater for embryos treated with the GABAergic
antagonist. The findings of this study support a model for embryonic spinal networks at
stages when GABA is depolarizing, where AMPAergic scaling is mediated by a
proportional replacement of CI-AMPARs by CP-AMPARs at all glutamatergic synapses
(Garcia-Bereguiain et al., 2013).

GABAergic scaling mechanisms
When network activity was blocked in cultured neural networks for days the amplitude of
inhibitory GABAergic mPSCs were scaled downward (amplitude reduced)(Kilman et al.,
2002; Wenner, 2011). The mechanisms that underlie GABAergic scaling following activity
blockade of cultured networks included reductions in postsynaptic GABAA receptor number
and the presynaptic vesicle concentration of GABA (Kilman et al., 2002; Wilson et al.,
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2005; Hartman et al., 2006; Swanwick et al., 2006; Peng et al., 2010; Wenner, 2011).
Mechanisms underlying GABAergic synaptic scaling following activity perturbations in
vivo are less well understood. If GABAergic scaling in embryonic spinal motoneurons was
mediated by changes in postsynaptic receptors or neurotransmitter vesicle filling, then we
would expect to see increases in mPSC conductance in activity-blocked embryos, as we saw
for AMPAergic scaling. GABAergic mPSC conductance was no different in activity-
blocked and control motoneurons, but rather the driving force for these currents was
increased in treated embryos (Gonzalez-Islas et al., 2010). Control E10 spinal motoneurons
maintain ~50mM intracellular Cl− (Cl−- was raised to significantly higher in), but following
activity blockade Cl in levels (~100mM) as demonstrated with whole cell and perforated
patch recordings. Similar increases in Cl−in were obtained for gabazine-treated embryos
(unpublished observations). While this is quite distinct from what has been described in
cultured systems, such changes have been observed in mature spinal neurons after injury
(peripheral nerve injury and spinal cord injury)(Coull et al., 2003; De Koninck, 2007;
Boulenguez et al., 2010). This raises the possibility that these injuries alter spiking activity
or transmission in the network, which may trigger homeostatic mechanisms that lead to
inappropriate levels of excitability commonly associated with these injuries.

Together these findings support the following model for synaptic scaling in the chick
embryo spinal network (Figure 5): Reduced spiking activity leads to less GABA release and
thus reduced GABAAR activation - supported by the observations that AMPAergic and
GABAergic scaling mechanisms are the same for activity-blocked and GABAA-blocked
embryos. Reductions in GABAA transmission, possibly through voltage-gated calcium
channels, trigger AMPAergic and GABAergic upward scaling through CP-AMPAR
insertion and chloride accumulation, respectively. Future studies in other systems will be
necessary to establish if these findings translate to other developing circuits in the period
when GABA is excitatory.

Comparisons of homeostatic plasticity in spinal and other networks at
different stages

Synaptic scaling has not been described in terms of a homeostatic recovery of spontaneous
network activity in other networks, at stages when GABA is excitatory. However, evidence
supporting a homeostatic recovery of a form of spontaneous network activity has been
described in the developing retina at a stage when GABA is depolarizing (Hennig et al.,
2011). Interestingly, later in development when GABA is no longer depolarizing, the
homeostatic recovery does not occur. Like the embryonic spinal cord, homeostasis of
network dynamics is triggered following a chronic inhibition of the GABAA receptor.
Network features such as wave size (% of recruited neurons into a wave of SNA) are
initially altered following application of a GABAA antagonist, but within hours
homeostatically recover to levels observed before the application of the antagonist. Just days
later, this homeostatic response is not observed. It is currently unknown what mechanisms
underlie this form of network homeostasis, but synaptic scaling could certainly contribute,
and the authors do propose the possibility that alterations in chloride accumulation could be
involved (Hennig et al., 2011).

Other studies carried out in the spinal cord have provided insights to the developmental
progression of homeostatic plasticity in the cord. At very early stages of Xenopus laevis
spinal development, before these networks are synaptically connected, perturbations of
spiking activity trigger homeostatic adjustments of the relative number of excitatory versus
inhibitory neurons within the spinal network (Borodinsky et al., 2004). There is no evidence
that there are changes in neurotransmitter phenotypes once the synaptic circuitry is better
established as in the chick embryo spinal cord.
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Two separate studies carried out in Zebrafish larvae at similar stages, when chloride-
mediated conductances were hyperpolarizing, demonstrate homeostatic plasticity, but arrive
at different conclusions. Synaptic scaling can be triggered in vivo in zebrafish larvae when
chloride-mediated conductances are hyperpolarizing. In the first study, spinal activity
homeostatically recovered within hours after glutamatergic currents were blocked in vivo
(Knogler et al., 2010). The authors show that mEPSCs scaled upward 48 hours after
glutamatergic blockade or when spiking activity was blocked. However, scaling was not
observed in the first 24 hours after glutamatergic blockade, well after swimming had
recovered (6 hours). Further, the authors convincingly showed that the scaling of
glutamatergic currents were very unlikely to have influenced the swimming behavior. These
results suggested scaling did not play a role in the recovery or maintenance of swimming. In
addition, no compensatory changes in mIPSCs or cellular excitability were observed. In
contrast to the above study, an apparent homeostatic control of swimming activity through
compensatory changes in synaptic strength has been described in the zebrafish at
comparable stages (Mongeon et al., 2008). A mutant zebrafish lacking a functional glycine
transporter experiences swimming abnormalities early in development but appears to
recover normal swimming within days. In this study the recovery of the normal swimming
behavior appeared to be accomplished through compensatory reductions in glycinergic
synaptic strength mediated by a reduction in glycine receptors.

There are both similarities and differences in the expression of homeostatic plasticity in the
embryonic spinal cord when GABA is depolarizing and zebrafish spinal studies where
glycine is inhibitory. In each of the studies, synaptic perturbations in the living system led to
altered spinal behavior that was then homeostatically recovered within hours, and synaptic
changes were observed. The 2 zebrafish studies demonstrate distinct results in that one study
suggests scaling occurs but does not contribute to the homeostasis of the swimming
behavior, while the other study suggests compensatory changes in synaptic current do
contribute to behavioral homeostasis. Interestingly, the results of the embryonic chick spinal
cord support both of these seemingly distinct findings. In support of synaptic compensations
contributing to behavioral homeostasis we found that after chronic in ovo activity blockade,
the isolated spinal preparation (in absence of lidocaine) had increased SNA frequency, and
that sub-maximal concentrations of glutamatergic or GABAergic antagonists acutely
reduced SNA frequency back toward control levels (Gonzalez-Islas and Wenner, 2006). On
the other hand, following 2 day in ovo GABAergic blockade, scaling was not observed until
after the behavior had been recovered. Further, following chronic treatment with GABAA
antagonists, GABAergic and AMPAergic mPSC amplitude was increased twice as much as
after activity blockade, yet isolated preparations expressed control levels of SNA frequency
(Wilhelm and Wenner, 2008). Therefore, while synaptic strengthening can contribute to
behavioral recovery, it is too simplistic to assume that synaptic strengthening will always
impact rhythmic behaviors in a straight-forward way. Clear differences were also observed
in the chick and zebrafish studies. In the chick, compensatory changes in GABAergic and
AMPAergic scaling and cellular excitability were triggered by reduced GABAAR activation.
In the zebrafish, blockade of glutamatergic transmission triggered AMPAergic scaling only.
It is possible that scaling is triggered by reduced GABAAR activation when GABA is
depolarizing and could trigger calcium signaling cascades; later in development when
GABA is no longer depolarizing, scaling could then be triggered by reduced AMPAR
activation. These differences in homeostatic plasticity between embryonic and more mature
networks may be a consequence of the developmental restriction of the expression of this
plasticity, as described in other systems (Wierenga et al., 2006; Echegoyen et al., 2007;
Hennig et al., 2011; Lee et al., 2013).

At even later stages of spinal development, the expression of homeostatic plasticity is
different still. Synaptically connected organotypic rodent spinal slices exhibit homeostatic
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alterations in mPSC frequency following exposure to blockers of glutamatergic
transmission, GABAergic/glycinergic transmission, or spiking activity in the second week in
culture (Galante et al., 2000; Galante et al., 2001). In contrast to the chick embryo spinal
cord (Gonzalez-Islas and Wenner, 2006; Wilhelm and Wenner, 2008) and dissociated spinal
cultures (O’Brien et al., 1998) no changes were observed in mPSC amplitude (scaling) in
these organotypic studies. This difference could be due to the duration of blocker
application, different stages, or the specific sets of spinal neurons recorded.

Together, the results suggest that synaptic scaling, by itself, is not sufficient to explain the
homeostatic recovery of network behavior. For instance it is clear that cellular excitability
plays an important role as well. In order to understand the complete homeostatic process
future studies will need to recognize the importance of the constellation of homeostatic
mechanisms that are recruited, and the time course of each mechanism. Further, it is likely
that different mechanisms and time courses will be distinct at different stages of
development.
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Highlights

We discuss homeostatic plasticity in developing networks at a stage when GABA is
excitatory.

We discuss the mechanisms of homeostatic plasticity in embryonic spinal networks.

We discuss the sensor for triggering homeostatic plasticity in embryonic spinal
networks.

We compare and contrast homeostatic plasticity in spinal and other networks at
different developmental stages.
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Figure 1.
Schematic of the isolated spinal cord and extracellular suction electrode recording showing
2 episodes of SNA. These recordings represent population motoneuron recordings.

Wenner Page 15

Neuropharmacology. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The effects of activity-blockade. A) Representative ventral root recordings showing
frequency of spontaneous network activity from control and lidocaine-treated embryos. B–
C) Average amplitude of AMPA mPSCs (B) and GABA mPSCs (C) from activity-reduced
and control motoneurons.
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Figure 3.
Blocking GABAA transmission triggers synaptic scaling. A) Embryonic movements recover
to control levels (dotted line) 12 hours after injecting gabazine or APV/CNQX. B)
GABAergic (left) and AMPAergic (right) mPSC amplitude increase following 2 days of
GABAergic blockade. Dots indicate individual cells. Error, SE. Modified from Wilhelm and
Wenner, 2008.
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Figure 4.
Cellular excitability, but not mPSC amplitude, is increased by 12 hours of GABAergic block
(gabazine). (A) The average amplitude of GABA (A) or AMPA (B) mPSCs is no different
than control (dotted line) following 12 hours of gabazine. Gabazine treatment for 48 hours
significantly increased the amplitude of mPSCs compared to control. Error bars, SE.
Modified from Wilhelm and Wenner 2008. (C) Threshold current is significantly reduced
after 12 and 48 hours of gabazine treatment. (D) responses to depolarizing pulse in control
and gabazine-treated motoneurons. C–D modified from Wilhelm et al., 2009
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Figure 5.
Model summarizing our current thinking of homeostatic synaptic scaling in embryonic
motoneurons following 2-day reductions in spiking activity. Schematic illustrates the
concept that reduced spiking activity leads to reduced GABA release, and thereby reduced
GABAA receptor activation. 2 days of reduced GABAA receptor activation lead to synaptic
scaling through currently unknown pathways. AMPAergic scaling is mediated by the
insertion of higher conductance calcium permeable AMPA receptors at the expense of
calcium impermeable receptors. GABAergic scaling is mediated by the accumulation of
chloride, thereby increasing driving force for GABAA-mediated currents.
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