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Homeostatic Signaling at Central and Peripheral Synapses 

Carleton Goold 

 

ABSTRACT 

 The magnitude and timing of neural activity precisely determines adaptive responses to 

stimuli.  Neural activity is subject to extensive transformation between sensation and motor 

execution, and this transformation itself is subject to change due to the rewiring of the nervous 

system during development and learning.  In this thesis I present data exploring how synapses 

between neural circuit elements might be homeostatically regulated, such that activity levels are 

maintained to ensure effective functioning of the nervous system. 

Inhibition of postsynaptic glutamate receptors at the Drosophila neuromuscular junction 

(NMJ) initiates a compensatory increase in presynaptic release termed synaptic homeostasis.  

This ensures that muscle depolarization stays constant despite diminished postsynaptic function, 

and this process of synaptic homeostasis may be important for maintaining proper NMJ function 

throughout development.  While BMP signaling has been proposed to mediate the retrograde 

signal that controls synaptic homeostasis at this synapse, BMP signaling is also necessary for 

normal synaptic growth and stability.  It remains unknown whether BMPs function as instructive 

retrograde signals that directly modulate presynaptic transmitter release. Here we demonstrate 

that the BMP receptor (Wit) and ligand (Gbb) are necessary for the induction of synaptic 

homeostasis, but that Gbb does not function as an instructive retrograde signal.  Rather our data 

indicate that Wit and Gbb function via the downstream transcription factor Mad, and that Mad-

mediated signaling is continuously required to gate the expression of synaptic homeostasis in 

motoneurons.  
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Forms of synaptic plasticity in the central nervous system such as long-term potentiation 

(LTP) increase synaptic activity in a synapse- and cell-specific fashion.  Although network-wide 

excitation triggers compensatory homeostatic changes, whether vertebrate neurons initiate 

homeostatic synaptic changes in response to cell-autonomous increases in excitation has not been 

examined.  We cell-autonomously excited rodent CA1 pyramidal neurons and find that a 

compensatory postsynaptic depression of both AMPAR and NMDAR function results.  Elevated 

calcium influx through L-type calcium channels leads to activation of a pathway involving CaM 

kinase kinase and CaM kinase 4 that induces synaptic depression of AMPAR and NMDAR 

responses.  The synaptic depression of AMPARs but not of NMDARs requires protein synthesis 

and the GluA2 AMPAR subunit.   
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The nervous system detects and integrates sensory stimuli, processes this 

information, and directs behavioral responses through motor activation.  Information in 

the nervous system is represented through neural activity, in the form of action potentials, 

and information is transmitted through neural networks by synaptic release of 

neurotransmitters.  Although the magnitude and timing of neural activity precisely 

determines an organism’s adaptive response to environmental stimuli, the magnitude of 

activity is subject to transformation, such as amplification or attenuation of signals, at 

every stage from sensation to motor execution.  Excessive signal amplification or 

attenuation can saturate signals and prevent the correct transfer of information, or may 

prevent signal transmission, respectively (Burrone and Murthy, 2003; Turrigiano and 

Nelson, 2004).  Excessive signal amplification may also lead to patterns of excess 

recurrent activity such as seizure.   The dramatic alterations of the intrinsic properties and 

connectivity of neurons during development of the nervous system can alter the 

amplification or attenuation of signals, and poses a challenge to the stability of neural 

function (Turrigiano and Nelson, 2004; Davis and Bezprozvanny, 2001).  Moreover, the 

process by which information is stored in the brain involves alteration in the strength of 

the connections between individual neurons (Whitlock et al., 2006; Tye et al., 2008). 

How do network activity levels remain relatively constant over time, despite the 

dynamics imposed by local synaptic change and developmental growth?  Homeostatic 

mechanisms have been postulated to restrain or enhance the transformation of activity 

through the nervous system and maintain proper circuit performance (Turrigiano and 

Nelson, 2000; Davis and Bezprozvanny, 2001; Burrone and Murthy, 2003; Marder and 

Gouaillard, 2006). 
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The mean number of synapses in human visual cortex increases from 

~2,500/neuron in newborns to >15,000/neuron at age 8 months (Huttenlocher, 1990).  

Similarly, glutamatergic mEPSC frequency, a physiological measure of synaptic 

connectivity at least partially derived from synapse number, rises roughly 4-fold between 

age 4-6 days and 2-3 months in CA1 pyramidal neurons in rat hippocampus (Hsia et al., 

1998).  Excessive excitatory synaptic drive generates epileptic activity in recurrent 

cortical circuits (Jin et al., 2006; Chu et al., 2010).  The rapid rise in the excitatory 

synaptic drive on cortical neurons during development raises the question of why 

conditions of excessive activity do not arise more frequently.  In principle, several 

mechanisms could prevent the development of excess connectivity.  (1) In the absence of 

feedback, the development of inhibitory and excitatory connections could be matched by 

genetically pre-specified programs such that excess excitatory connectivity does not 

occur.  (2) Feedback signals consisting of trophic or other factors emitted by synapses or 

axons could restrain innervation.  (3) Negative feedback signals emitted in response to 

correlates of activity, such as calcium influx, could regulate synaptic drive, by modifying 

excitation, inhibition, or both.  Similarly, the mechanisms of learning may also pose a 

similar problem, albeit on a faster timescale.  Correlated pre- and postsynaptic activity 

triggers strengthening of synapses called long-term potentiation.  In the absence of a 

negative feedback mechanism, the increased firing triggered by the strengthening of one 

synapse will tend to produce more instances of correlated pre- and postsynaptic firing at 

other synapses (Abbott and Nelson, 2000; Turrigiano and Nelson, 2000; Burrone and 

Murthy, 2003).  Spike-timing dependent plasticity and sliding-threshold metaplasticity 

rules, in which the tendency for synaptic potentiation relates to a running average of 
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activity, can theoretically control runaway potentiation (Burrone and Murthy, 2003; 

Bienenstock et al., 1982; Lee et al., 2010).  The demonstration that chronic alterations of 

activity can trigger compensatory global changes in synaptic strength, however, has been 

taken as evidence that an alternative, homeostatic mechanism counters local synaptic 

plasticity (see below).  It is an open question how metaplasticity, the interplay of 

opposing long-term potentiation and long-term depression, and homeostatic plasticity 

interact to control neural activity on short and long time scales.   

The growth of the neuromuscular junction provides an example of the opposite 

problem.  As the muscle rapidly grows, input resistance decreases; hence, the muscle 

requires a matching increase in innervation to ensure proper depolarization of the muscle.  

What matches the growth of the neuron to the muscle?  Similar to the mechanisms 

proposed for preventing excess excitation in the central nervous system, the growth of 

muscle and the innervating motor neuron could be matched through (1) precise execution 

of feedforward genetic programs; (2) trophic signals emitted in proportion to muscle 

growth to promote muscle innervation; or (3) retrograde signals emitted in response to 

insufficient levels of postsynaptic activity to elicit increased motor neuron function.   

Taking into account the simultaneous changes of many circuit properties during 

growth (Marder and Goaillard, 2006) for many animals, coordinating so many changes in 

the absence of feedback systems would be extremely complex.  Despite the challenges to 

stability, neural activity remains remarkably stable, on the timescale of days (Buszaki et 

al., 2002), and it seems that disorders of excess activity, such as epilepsy, are rare (0.5-

2%; Prince, 1978) given the complex nature of activity propagation through the nervous 

system.  Thus, while genetically prespecified feedforward programs may balance 
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excitation and inhibition or match pre- and postsynaptic properties during growth, 

activity-driven feedback systems seem likely to contribute to neural stability. 

Additionally, experimental evidence from disease states in a variety of systems provides 

evidence for such activity-driven feedback systems functioning to mitigate disease 

conditions (Davis, 2006; Davis and Bezprozvanny, 2001).  In myasthenia gravis, 

compensatory alterations of presynaptic function may partially compensate for 

destruction of acetylcholine receptors in muscle (Cull-Candy et al., 1980).  After 

sensorineural hearing loss, layer 2/3 pyramidal neurons in the auditory cortex become 

more excitable (Kotak et al., 2005).  The functional recovery due to changes in 

innervation of surviving tissue after stroke may be due to feedback mechanisms as well 

(Murphy and Corbett, 2009).  The decrease in spine density in hippocampus in epileptic 

animals and humans (Swann et al., 2000) could similarly be viewed as a consequence of 

a negative feedback system responding to excess neural activity.   

Modes of neural plasticity occurring during disease states are difficult to tease 

apart from other pathology related processes.  However, experimental manipulations that 

challenge individual neurons or networks of neurons by perturbing neural activity have 

revealed a variety of responses that tend to alter neural activity in the direction opposite 

the perturbation.  These studies lend further support to the idea that feedback systems 

regulate the stability of neural function.  The classic experiments of Turrigiano et al., 

1994 demonstrated that the rhythms of central pattern generator circuits engage robust 

feedback systems to ensure pacemaking activity – after disconnection of lobster 

stomatogastric ganglion neurons from their normal inputs, which initially interrupts 

rhythmic activity, their characteristic rhythmic firing pattern resumes after several days.  
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In central neurons, sodium channel expression increases after chronic activity blockade, 

leading to a more hyperpolarized action potential threshold (Desai et al., 1999); 

moreover, chronic activity blockade alters the position of the axon initial segment, which 

regulates firing threshold (Grubb and Burrone, 2010).  These experiments suggest that 

activity monitors in neurons sense activity levels and regulate intrinsic excitability 

accordingly.  A more extensive set of studies has demonstrated that synaptic function is 

also modulated as a compensatory response to alterations in activity.  At the 

neuromuscular junction of invertebrates and vertebrates, perturbations of excitability, 

postsynaptic sensitivity, or connectivity all elicit compensatory alterations of pre- or 

postsynaptic function (Sandrock et al., 1997; Davis et al., 1998; Davis and Goodman, 

1998; Petersen et al., 1997; Haghighi et al., 2003; Paradis et al., 2003; Frank et al., 2006). 

In the central nervous system, studies have found that chronic manipulations of activity 

bidirectionally trigger pre- or postsynaptic alterations of synaptic function (Turrigiano et 

al., 1998; O’Brien et al., 1998; Murthy et al., 2001; Thiagarajan et al., 2005).  It has been 

hypothesized that neurons may engage homeostatic mechanisms that balance both 

compensatory alterations of synaptic function and ion channel expression to maintain 

robust network function (Marder and Goaillard, 2006).  While in some systems, such as 

cortical neurons, homeostatic alterations of both intrinsic excitability and synaptic 

homeostasis can be induced by the same manipulation (Desai et al., 1999), recent results 

suggest that as neural systems are perturbed toward the limits of the capacity for 

compensation, compensatory alterations of either intrinsic excitability or synaptic 

function may occur at the expense of maintaining the other (Bergquist et al., 2010). 
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 Since experimental manipulations of activity robustly trigger compensatory 

homeostatic responses, and since compensatory changes in neural function can be 

observed in some disease states, it seems likely that homeostatic systems may play a role 

during normal development or may mitigate brain injury or disease.  Thus, the failure of 

homeostatic systems may represent an important trigger of numerous disease states; 

alternatively, weakened homeostatic responses may impair an individual’s recovery from 

brain injury or conditions of excess neural function.  Relatively little is known about the 

molecular mechanisms that sense activity, that signal the presence of altered activity, or 

that control the expression of the compensatory changes in homeostatic plasticity.  It is 

also unknown if homeostatic plasticity, itself, is a regulated process.  For example, it 

might be less important for a neuron’s activity to be tightly constrained at some stages of 

development vs. others, depending on the consequences of insufficient or excess activity 

at that developmental stage. 

 Experiments described in the first part of this thesis explore the signaling 

mechanisms controlling the induction of synaptic homeostasis at the Drosophila NMJ.  

We ask whether bone morphogenic proteins, signaling molecules known to control 

synaptic growth and function at the NMJ, play a specific role in the induction of synaptic 

homeostasis.  We find that whereas activity-induced BMP signal emission is not a 

sufficient condition for the induction of homeostatic plasticity, BMPs play a necessary 

role in establishing the competence of the motor neuron to express homeostatic plasticity.  

This uncovers a function for target-derived signaling molecules in regulating homeostatic 

plasticity, and suggests a possible mechanism for developmental regulation of 

homeostatic plasticity.   
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 The second part of this thesis describes experiments examining the mechanisms 

of induction of homeostatic plasticity in central nervous system neurons, using CA1 

pyramidal neurons in organotypic hippocampal slices.  Network-wide perturbations of 

activity are known to induce compensatory synaptic changes in hippocampal neurons.  

The role of cell-autonomous vs. network-wide homeostatic sensors in regulating synaptic 

homeostasis in these neurons is controversial, however.  Two results support the idea that 

sensors of network-wide activity control homeostatic plasticity in CNS neurons: First, 

glia emit the signaling molecule TNFα in response to decreased glutamate release, and 

co-culture systems using wild type neurons and TNFα-deficient glia do not exhibit the 

enhanced synaptic strength that normally is induced by chronic activity blockade 

(Stellwagen and Malenka, 2006).  Second, the diffusible signal retinoic acid, released by 

neurons, has been proposed to control the enhancement of synaptic function that occurs 

in response to activity blockade (Aoto et al., 2008).  In contrast, two other studies argue 

that cell-autonomous mechanisms can detect insufficient levels of activity.  Cell-

autonomous reduction of excitability via overexpression of the potassium channel 

hKir2.1 elicits a homeostatic increase in synaptic transmission on silenced neurons 

(Burrone et al., 2002).  Similarly, local perfusion of pyramidal neurons with the sodium 

channel antagonist tetrodotoxin triggers surface accumulation of AMPA receptors (Ibata 

et al., 2008).  While these data suggest that cell-autonomous suppression of activity is 

sufficient to induce compensatory homeostatic changes, it is completely unknown 

whether cell-autonomous activity elevation can induce homeostatic changes.  To address 

this question we employed an optogenetic system to cell-autonomously excite neurons 

with the algal ion channel Channelrhodopsin 2 (ChR2).  Using this system we 
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demonstrate that a cell-autonomous homeostatic mechanism regulates both synaptic 

function and intrinsic excitability in CA1 pyramidal neurons. We go on to rigorously 

apply pharmacological and molecular manipulations to dissect the mechanism of this 

cell-autonomous form of homeostatic plasticity. 
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Chapter 2: 

The BMP Ligand Gbb Gates the Expression 

of Synaptic Homeostasis at the Drosophila 

Neuromuscular Junction 



 11 

INTRODUCTION 

Bone Morphogenic Proteins (BMPs) are classical morphogens that are widely 

expressed in the developing vertebrate and invertebrate nervous systems (Raible, 2006; 

Teleman et al., 2001). Classical morphogens are defined by their ability to signal at a 

distance in a concentration-dependent manner (Teleman et al., 2001; Charron and 

Tessier-Lavigne, 2001).  In this way, positional information is conveyed to cells that 

reside at different positions within a morphogen gradient. The activity of BMP signaling 

during neuronal fate specification and brain patterning are well established (Chesnutt et 

al., 2004; Lim et al., 2000; Murali et al., 2005; Rios et al., 2004; Yung et al., 2002). 

Recently, the BMPs have been shown to have potent activities later in neural 

development, participating in the mechanisms of axon guidance (Charron and Tessier-

Lavigne, 2001), dendrite growth (Withers et al., 2000), synaptic growth (Aberle et al., 

2002; Marques et al., 2002; McCabe et al., 2003) and synapse stabilization (Eaton and 

Davis, 2005).  It is generally unknown whether the BMPs participate in these processes 

as morphogens, signaling at a distance with dose-dependent actions, or whether BMPs 

function as local, trans-synaptic signaling molecules.  This question becomes particularly 

interesting given recent genetic evidence that BMP signaling may participate in the 

mechanisms of homeostatic synaptic plasticity (Haghighi et al., 2003). 

A form of homeostatic signaling has been documented at the neuromuscular 

junction of organisms ranging from Drosophila to rodents and human (Petersen et al., 

1997; Davis et al., 1998; Paradis et al., 2001; Cull-Candy et al., 1980; Plomp et al., 1992; 

Sandrock et al., 1997). At the NMJ, decreased postsynaptic neurotransmitter receptor 

sensitivity leads to a compensatory increase in presynaptic transmitter release that 
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precisely offsets impaired receptor function and restores normal muscle depolarization 

(Petersen et al., 1997; Davis et al., 1998; Frank et al., 2006). This homeostatic signaling 

system requires a retrograde signal from muscle to nerve that is able to modulate 

presynaptic release (Petersen et al., 1997; Davis et al., 1998; Davis, 2006; Frank et al., 

2006).  

A genetic experiment has provided evidence that the Drosophila type II BMP 

receptor, Wishful Thinking (Wit), could convey the retrograde signal underlying 

homeostatic signaling at the Drosophila NMJ (Haghighi et al., 2003).  It was shown that 

expression of a dominant negative glutamate receptor subunit (DN-GluRIIA) in muscle 

leads to a decrease in the amplitude of spontaneous miniature release events (mEPSP) 

and a homeostatic increase in presynaptic release.  However, when DN-GluRIIA was 

expressed in muscle in a wit mutant, no homeostatic increase in presynaptic release was 

observed. Although suggestive, this result is complicated by the fact that the wit mutation 

also disrupts structural and functional synapse development (Aberle et al., 2002; Marques 

et al., 2002) as well as synapse stability (Eaton and Davis, 2005). As a result, it remains 

unclear whether the wit mutation specifically disrupts synaptic homeostasis, or whether 

this mutation developmentally cripples the NMJ, both structurally and functionally, such 

that no form of synapse modulation can be expressed (Davis, 2006).  Furthermore, it was 

recently shown that the induction of homeostatic signaling at the Drosophila NMJ is 

rapid (occurring in 10 minutes), is independent of new protein synthesis, and does not 

require the presence of the motoneuron cell body (Frank et al., 2006).  This would seem 

to rule out a function for canonical BMP signaling from the NMJ to the motoneuron cell 

body in the mechanisms responsible for the rapid induction of synaptic homeostasis.  
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We have addressed the specific functions of BMP signaling during synapse 

development and homeostatic plasticity by manipulating multiple components of the 

BMP signaling system.  

Our experiments provide evidence that BMP signaling is specifically required for 

homeostatic plasticity, independent of BMP-dependent regulation of synaptic growth or 

stability.  However, our data also argue against a model in which BMPs act as a local, 

retrograde homeostatic signal to modulate presynaptic release.  Rather, we demonstrate 

that BMPs confer competence for motoneurons to express homeostatic plasticity. Based 

upon these data we speculate that BMPs may retain many of their morphogen-like 

signaling properties in the postembryonic nervous system to direct the expression of 

synaptic plasticity and homeostatic signaling. 

 

RESULTS 

 
Philanthotoxin (PhTx) is a use-dependent glutamate receptor antagonist at the 

Drosophila NMJ (Frank et al., 2006).  Application of sub-blocking concentrations of 

PhTx to the NMJ initially decreases both mEPSP and EPSP amplitudes by an equivalent 

amount. This is consistent with the partial blockade of postsynaptic glutamate receptors 

(Frank et al., 2006).  Continued recording in the presence of PhTx demonstrates that 

EPSP amplitudes gradually increase over the course of 10 minutes without a change in 

the underlying average mEPSP amplitude.  The increase in EPSP amplitude is caused by 

an increase in presynaptic transmitter release (quantal content) that requires the full 

functionality of presynaptic CaV2.1 calcium channels (Frank et al,. 2006).  These data are 
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consistent with the rapid induction of a retrograde, homeostatic signaling system at the 

NMJ (Frank et al., 2006). Here we use this assay to test the function of BMP signaling in 

the mechanisms underlying the rapid induction of synaptic homeostasis. Throughout this 

study, the rapid induction of synaptic homeostasis is achieved by applying sub-blocking 

concentrations of PhTx to a semi-intact NMJ preparation for 10 minutes (Frank et al., 

2006). At this time point we observe a robust, homeostatic increase in presynaptic 

transmitter release (Frank et al., 2006). 

 

The type II BMP receptor Wit is necessary, presynaptically for the rapid induction 

of synaptic homeostasis 

We first asked whether mutations in the type II BMP receptor wishful thinking 

(wit) block the rapid induction of synaptic homeostasis following application of PhTx to 

the NMJ.  For the analysis of BMP mutations, we present data both as raw amplitudes 

(Tables) and as normalized to the same genotype recorded in the absence of PhTx 

(Figures), as done previously (Frank et al., 2006). This method of data presentation 

highlights the effects of PhTx application to a given mutant background both in terms of 

the acute, PhTx dependent change in mEPSP amplitude and the rapid homeostatic 

modulation of presynaptic release.  For example, if we observe that decreased mEPSP 

amplitude, caused by PhTx application, correlates with increased quantal content 

compared to the same mutant without PhTx, then we conclude that homeostatic 

compensation has occurred, even if absolute synaptic strength remains below that 

observed in wild type (Frank et al., 2006).  
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In the first set of experiments, we find that application of 6 µM PhTx for 10 

minutes to wild type or heterozygous wit mutant animals (wit/+) leads to a decrease in 

mEPSP amplitude and a homeostatic increase in presynaptic release (Figure 1A, B).  We 

then find that wit null mutants fail to show any compensatory increase in presynaptic 

release following PhTx application (Figure 1B). Neuronal expression of UAS-wit in the 

wit mutant background using two independent GAL4 drivers restores the expression of 

homeostatic compensation demonstrating that Wit is required presynaptically for the 

rapid induction of synaptic homeostasis (Figure 1D). Importantly, we have confirmed 

that OK371-GAL4 is specifically expressed in motoneurons (Mahr and Aberle, 2006) and 

we can, therefore, conclude that wit has a motoneuron-specific activity that is sufficient 

for the expression of synaptic homeostasis.   

The wit mutants have a significant decrease in baseline synaptic transmission 

compared to wild type (Figure 1B; Table 1; Aberle et al., 2002; Marques et al., 2002) and 

this could be the primary cause of impaired synaptic homeostasis.  Therefore, we 

repeated PhTx application to the wit null mutants and recorded in elevated extracellular 

calcium saline (1 mM Ca2+, 10 mM Mg2+).  Despite enhanced presynaptic release, 

synaptic homeostasis remained blocked following application of PhTx to the wit mutant 

(Figure 1C; Table 1). Thus, we conclude that the impaired induction of synaptic 

homeostasis in the wit mutation is not a direct consequence of decreased quantal release 

that is observed in the wit mutant NMJ.   

The wit mutation has been shown to affect the expression of FMRFamide within a 

sub-population of central neurons (Allan et al., 2003; Marques et al., 2003) and loss of 

FMRFamide expression in the CNS has been correlated with impaired baseline 
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transmission at the Drosophila NMJ (Marques et al., 2003).  Although our motoneuron 

specific rescue of the wit mutation (using OK371-GAL4) argues against the possibility 

that decreased FMRFamide is the cause of impaired synaptic homeostasis, we pursued 

additional experiments to formally rule out the involvement of FMRFamide.  First, we 

find that the rescue of synaptic homeostasis by expression of UAS-wit using OK371-

GAL4 does not restore FMRFamide expression in the peptidergic neurons (data not 

shown).  Second, we confirm that selective inhibition of BMP signaling in the neurons 

that express FMRFamide blocks FMRFamide expression (Allan et al., 2003; Marques et 

al., 2003), but find that this does not impair the rapid induction of synaptic homeostasis 

(Figure 2).  Together, these data support the conclusion that BMP-dependent expression 

of FMRFamide in the CNS is not required for the rapid induction of synaptic 

homeostasis. 

 

The BMP Ligand Gbb independently specifies synaptic growth and synaptic 

homeostasis 

Glass bottom boat (Gbb) is a BMP ligand for the Wit receptor that is expressed in 

muscle and within the CNS (Wharton et al., 1999; McCabe et al., 2003). If BMP 

signaling is required for the rapid induction of synaptic homeostasis, then gbb mutations 

should also block the rapid induction of synaptic homeostasis.  Gbb null mutants are sub-

viable (McCabe et al., 2003).  Therefore, prior studies examined hypomorphic loss-of-

function mutant combinations including a weak gbb loss-of-function condition 

(gbb1/gbb4) and a severe gbb loss-of-function condition (gbb1/gbb2, UAS-gbb9.9 ) that is 

composed of a null mutant allelic combination and leaky expression of UAS-gbb9.9 in the 
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absence of a GAL4 driver (McCabe et al., 2003). We first confirmed that both 

hypomorphic allelic combinations impair morphological synapse development (McCabe 

et al., 2003; see below).  Unexpectedly, however, both hypomorphic mutant 

combinations showed robust synaptic homeostasis following a 10-minute PhTx 

incubation (Figure 3A; Table 2).  These data apparently contradict the blockade of 

homeostasis in the wit mutant.   

One explanation for the presence of homeostatic compensation in the gbb 

hypomorphs is that small amounts of Gbb protein fail to support normal synaptic growth, 

but are sufficient to support normal synaptic homeostasis.  To address this possibility we 

established conditions that allowed us to raise gbb null mutants (gbb1/gbb2) to the third 

instar stage (see methods).  First, we find that synaptic growth is no more severely 

impaired than that observed in the strong hypomorphic condition (gbb1/gbb2, UAS-gbb9.9) 

(Figure 4; p>0.3). Importantly, synaptic homeostasis is fully blocked in gbb null mutants 

(Figure 3A), consistent with the blockade of synaptic homeostasis in wit null mutants.  

Thus, we conclude that gbb is necessary for synaptic homeostasis, consistent with gbb 

functioning as the ligand for the Wit receptor in motoneurons.  

The demonstration that gbb null mutations block synaptic homeostasis allows us 

to test whether expression of UAS-gbb in muscle versus neurons is sufficient to restore 

synaptic homeostasis to the null mutant background.  We expressed the non-leaky UAS-

gbb transgene (UAS-gbb9.1) in the gbb null mutant background. The conclusion that UAS-

gbb9.1 is not leaky is based on the observation that the presence of UAS-gbb9.1 in the gbb 

null mutant background (in the absence of a GAL4 driver) does not rescue synaptic 

function or homeostasis (Figure 3B; Wharton et al., 1999).  When we express UAS-gbb9.1 
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specifically in muscle using the MHC-GAL4 driver in the gbb null mutant background, 

we restore the rapid induction of synaptic homeostasis (Figure 2B).  Similarly, when we 

express UAS-gbb9.1 specifically in neurons using elav-GAL4 in the gbb null mutant, we 

find that the rapid induction of synaptic homeostasis is restored (Figure 3B).  Since 

expression of Gbb in neurons is sufficient to rescue normal synaptic homeostasis in the 

gbb null mutant, these data demonstrate that Gbb need not be released from the muscle to 

achieve homeostatic compensation. These data argue that Gbb is not the instructive 

retrograde signal that directly modulates presynaptic release during synaptic homeostasis 

at the NMJ. 

 

Canonical Mad-mediated signaling is required for synaptic homeostasis 

 Since the motoneuron cell body is not required for the rapid induction of synaptic 

homeostasis (Frank et al., 2006), there are two possibilities for how BMP signaling could 

regulate synaptic homeostasis.  First, the BMP receptors could signal locally at the NMJ 

via a non-canonical pathway involving Lim Kinase (Eaton and Davis, 2005) or other 

downstream effectors.  Alternatively, the BMPs may have a Mad-dependent 

developmental function in the motoneuron soma that permits the expression of 

homeostatic plasticity. Mad is a transcription factor that conveys signaling from the BMP 

receptor to the cell nucleus in the canonical BMP signaling pathway. 

To distinguish between these two models we first asked whether Mad-dependent 

signaling is required for the rapid induction of synaptic homeostasis. As shown 

previously, the mad null mutants have a deficit in baseline synaptic transmission that is 

similar to that observed in the wit mutants (Rawson et al., 2002; Table 3).  Here, we find 
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that mad heterozygous animals show normal synaptic homeostasis while homozygous 

mad null mutants fail to express synaptic homeostasis in response to PhTx application 

(Figure 5A).  Since Mad is thought to primarily act as a transcription factor (Shi and 

Massague, 2003), these data suggest that BMP signaling is required at the level of the 

motoneuron nucleus for normal synaptic homeostasis.  

We next performed experiments to test whether mad is required in muscle versus 

neurons, with the hypothesis that it functions in the motoneuron downstream of Wit 

activation.  To do so we over-expressed an inhibitory Smad (UAS-dad) in motoneurons. 

Dad suppresses Mad-mediated signaling by blocking Mad activation and preventing 

translocation to the cell nucleus (Tsuneizumi et al., 1997; Nakao et al., 1997; Shi and 

Massague, 2003). We find that UAS-dad expression in neurons blocks synaptic 

homeostasis whereas expression of UAS-dad in postsynaptic muscle does not (Figure 

5B). Together, these data are consistent with the conclusion that Mad-dependent 

signaling is required in the neuron for the rapid induction of synaptic homeostasis.   

To this point we have shown that gbb, wit and mad are necessary for the rapid 

induction of synaptic homeostasis. To further test whether this branch of the BMP 

signaling system is specifically required for synaptic homeostasis we also tested 

mutations in two type 1 BMP receptors, saxophone (sax) and baboon (babo) that can pair 

with the wit receptor (McCabe et al., 2004; Brummel et al., 1999).  The Sax receptor has 

been shown to function with Wit in the regulation of Mad-mediated NMJ growth and 

function (McCabe et al., 2004). The Babo receptor is believed to function with Wit to 

mediate dSmad2 signaling (Brummel et al., 1999; Lee-Hoeflich et al., 2005).  Here we 

demonstrate that the rapid induction of synaptic homeostasis is blocked in the sax4/Df 
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mutant, whereas significant synaptic homeostasis remains in the babo32 mutant (a 

putative null mutation; Brummel et al., 1999) (Figure 6C).  These data are consistent with 

the conclusion that Mad signaling downstream of the Wit receptor is required for the 

rapid induction of synaptic homeostasis.  Furthermore, the demonstration that Wit is 

necessary in motoneurons and that neuronal overexpression of UAS-dad also blocks 

synaptic homeostasis leads us to conclude that Mad signaling is necessary in the 

motoneuron for normal synaptic homeostasis. 

 

Impaired Retrograde Axonal Transport Blocks the Expression of Synaptic 

Homeostasis 

Our data suggest a model in which the Wit receptor initiates Mad-dependent 

signaling in the motoneuron nucleus, which is necessary for normal synaptic 

homeostasis.  If this model is correct, then BMP signaling at the NMJ should not be 

sufficient to achieve synaptic homeostasis if downstream Mad-dependent signaling is 

prevented from reaching the motoneuron nucleus.  It has been previously shown that 

impaired retrograde axonal transport caused by expression of a dominant-negative 

p150/glued (UAS-DN-Glued) transgene blocks the accumulation of nuclear P-Mad in 

Drosophila motoneurons (McCabe et al., 2003; Eaton et al., 2002; Allan et al., 2003).  

Here we find that neuronal expression of UAS-DN-Glued blocks the rapid induction of 

synaptic homeostasis (Figure 6A; Table 4).  Since synaptic homeostasis can be induced in 

preparations with severed motor axons (Frank et al., 2006) and since local synaptic BMP 

signaling should be retained in animals expressing UAS-DN-Glued, our data argue that 

local BMP signaling at the NMJ is not sufficient for the homeostatic modulation of 
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presynaptic transmitter release following the application of sub-blocking concentrations 

of PhTx.  Rather, these data support our model that nuclear BMP signaling is required to 

specify the competence of motoneurons to express synaptic homeostasis following 

application of PhTx.  However, before this conclusion can be strongly supported, it is 

necessary to rule out several other mechanisms by which UAS-DN-Glued could indirectly 

block expression of synaptic homeostasis.   

First, it was previously shown that UAS-DN-Glued expression not only disrupts 

retrograde axonal transport, but also destabilizes the NMJ (Eaton et al., 2002). Similarly, 

it has been shown that impaired BMP signaling disrupts synapse stability (Eaton and 

Davis, 2005). To test whether NMJ destabilization contributes to the loss of synaptic 

homeostasis we examined mutations in the Drosophila homolog of LIM Kinase.  LIM 

kinase binds the C-terminal tail of the BMP receptor and mutations in LIM kinase impair 

synapse stability without altering synaptic growth (Eaton and Davis, 2005).  We find that 

synaptic homeostasis is normal in a LIM kinase mutant previously shown to have 

impaired synapse stability (Figure 6B; Eaton and Davis, 2005).  Thus, impaired synapse 

stability cannot account for impaired synaptic homeostasis.  

Although disrupting dynein/dynactin function primarily alters retrograde axonal 

transport, it can also influence anterograde transport (Martin et al., 1999).  In addition, 

impaired axonal transport causes the accumulation of protein blockages that could 

interfere with synaptic homeostasis indirectly by inducing stress-related signaling in the 

motoneuron (Martin et al., 1999; Cavalli et al., 2005; Byrd and Jin, 2001).  Therefore, we 

examined the induction of synaptic homeostasis in a kinesin mutant combination that is 

viable to the third instar stage and which has impaired anterograde axonal transport and 
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protein blockages in the motor axon similar in size and severity to that observed when 

UAS-DN-Glued is expressed neuronally (Martin et al., 1999; data not shown).  We find 

that kinesin mutants show robust homeostatic compensation following a 10-minute 

incubation in PhTx (Figure 6A).  Thus, altered synaptic homeostasis is not a secondary 

consequence of impaired neuron health, axonal blockage or impaired delivery of synaptic 

material to the NMJ. We conclude that impaired retrograde axonal transport blocks 

synaptic homeostasis, most likely due to impaired BMP signaling at the motoneuron 

soma. 

 

BMP Signaling at the Soma Confers Competence to Express Homeostatic Plasticity 

If BMP signaling at the motoneuron soma is required for synaptic homeostasis, it 

should be possible to restore P-Mad at the soma even in the presence of DN-Glued and 

rescue synaptic homeostasis. It was shown previously that simultaneous over-expression 

of UAS-gbb and UAS-DN-Glued in neurons can restore an accumulation of nuclear P-

Mad, indicating that BMP signaling can be achieved from UAS-gbb expressed in the CNS 

without necessitating retrograde axonal transport from peripheral tissues (Allan et al., 

2003).  Therefore, we over-expressed UAS-Gbb in neurons that also over-express UAS-

DN-Glued and find full rescue of synaptic homeostasis (Figure 7A; Table 4).  These data 

are consistent with the conclusion that disruption of synaptic homeostasis following 

neuronal expression of UAS-DN-Glued is a consequence of impaired neuronal BMP 

signaling.   Taken together our data indicate that BMP signaling at the cell soma is 

required for motoneurons to be competent to express synaptic homeostasis.  
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Independent regulation of homeostasis, baseline neurotransmission and NMJ 

growth 

 The BMP signaling system was originally characterized at the Drosophila NMJ as 

being required for normal NMJ growth and normal baseline transmission.  Our data argue 

that impaired synaptic homeostasis in BMP mutants is not a secondary consequence of 

impaired synaptic growth or impaired baseline neurotransmission.  First, we find two 

conditions where synaptic growth remains impaired but synaptic homeostasis is intact.  

For example, synaptic growth in the gbb1/gbb2; UAS-gbb9.9 mutant background is not 

statistically different from the gbb null (Figure 4; p>.14).  However, the presence of the 

leaky UAS-gbb9.9 transgene restores normal synaptic homeostasis despite impaired 

growth.  A second example is seen when UAS-gbb is co-expressed with UAS-DN-Glued.  

In this animal, synaptic growth is severely impaired, but synaptic homeostasis is normal 

(Figure 7B).  Thus, synaptic homeostasis can occur at an NMJ with impaired synaptic 

growth. 

 A different set of results demonstrates that there is not a correlation between 

impaired baseline transmission and the expression of synaptic homeostasis.  First, when 

we express UAS-wit in the wit mutant background using OK371-GAL4 we restore 

synaptic homeostasis without significantly rescuing baseline synaptic function (Figure 

1F).   Second, when we express UAS-gbb in the gbb null mutant background using MHC-

GAL4 we also restore synaptic homeostasis without significantly rescuing baseline 

synaptic function (Figure 3B, 4D).  Third, when UAS-gbb and UAS-DN-Glued are co-

expressed in neurons, synaptic homeostasis is restored without rescuing either synaptic 

growth or baseline transmission (Figure 7B).  Together, these three results demonstrate 
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that synaptic homeostasis can be achieved despite impaired baseline transmission. When 

taken together with the lack of correlation between NMJ growth and synaptic 

homeostasis, our data suggest that the BMP-dependent mechanisms that specify the 

expression of synaptic homeostasis can be separated from the mechanisms of BMP-

dependent synapse development. 

 Finally, to test whether the independence of baseline transmission and the 

expression of synaptic homeostasis generalizes to mutations that directly affect synaptic 

vesicle fusion, we examined two additional mutations.  Baseline synaptic transmission is 

severely impaired in a csp mutant background (0.6 mM extracellular calcium) (Figure 

8A; Table 5) consistent with previous studies implicating Csp in synaptic vesicle fusion 

(Nie et al., 1999).  Despite impaired vesicle release we find that synaptic homeostasis is 

normal in the csp mutant (Figure 8B).  Next we examined heterozygous mutations in 

syntaxin1A, which also have a significant decrease in baseline synaptic transmission 

(Figure 8C; Table 5).  Synaptic homeostasis is normal in this mutant background as well 

(Figure 8C).  Together with the BMP mutant data described above, these data 

demonstrate that synaptic homeostasis can occur in the context of impaired baseline 

neurotransmission.  

 

BMP signaling is continuously required for the expression of synaptic homeostasis  

 Finally, we asked whether BMP signaling is continuously required to support the 

expression of synaptic homeostasis, or whether BMPs act in a switch like manner, 

possibly during cell-fate specification, to allow expression of synaptic homeostasis.  To 

examine this question, we inhibited BMP signaling in motoneurons for varying lengths of 
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time during larval development and examined the effect on synaptic homeostasis. First, 

we demonstrate that expression of UAS-dad with either elavc155-GAL4 or c380-GAL4 

(Table 3), which initiate expression at different times during embryonic development 

(Lin and Goodman, 1994; Sanyal et al., 2003), are both sufficient to block PhTx-

dependent synaptic homeostasis.  In particular, c380-GAL4 initiates expression no earlier 

than embryonic stage 17 (Sanyal et al., 2003), after motoneuron cell fate specification is 

completed. This indicates that post-embryonic BMP signaling is required for the 

expression of synaptic homeostasis. 

Next, we refined our analysis by conditionally inhibiting BMP signaling using an 

inducible GAL4 expression system termed GeneSwitch (Osterwalder et al., 2001; Roman 

et al., 2001). In the GeneSwitch system, the steroid drug RU486 turns on the GeneSwitch 

transcription factor elavGS-GAL4. Wild type animals raised on RU486 throughout larval 

development show normal synaptic homeostasis, baseline transmission and synaptic 

growth (Figure 9D; Table 6 and data not shown).  We used this system to drive 

conditional expression of UAS-dad.  Control animals (elavGS-GAL4/+;UAS-dad/+) 

reared on media lacking RU486 (0 days) have normal synaptic growth (Figure 9A), a 

slight decrease in baseline transmission (Figure 9B; Table 6), normal mEPSP frequency 

(Figure 9C) and express normal synaptic homeostasis (Figure 9E).  By contrast, elavGS-

GAL4/+;UAS-dad/+larvae that receive RU486 in their food for the final 2.5 or 4 days of 

larval development have profound defects in synaptic growth, baseline transmission, 

mEPSP frequency (Figure 9A-C; Table 6) and have severely impaired synaptic 

homeostasis (Figure 9E).  Thus, the GeneSwitch system allows us to express UAS-dad at 
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sufficient levels to impair BMP-dependent synaptic growth, baseline transmission and the 

BMP-dependent expression of synaptic homeostasis.   

Next we progressively shortened the duration of RU486 administration such that 

animals spent the final 2.5 days, 1.5 days or 1 day of larval development on food 

containing RU486.  First, there is a clear progressive impairment of bouton number, 

baseline transmission and homeostatic compensation that corresponds to the duration of 

RU486 induction of UAS-dad.   From this we conclude that Mad-dependent signaling is 

continuously required during larval development to sustain synapse growth, transmission 

and homeostatic plasticity.  By examining how these three parameters become 

progressively impaired, we can make an additional conclusion.  For example, animals 

reared on RU486 for 1.5 days of larval development have normal bouton numbers 

(Figure 9A; p>0.2).  However, during this time frame there is a progressive impairment 

of both baseline transmission and synaptic homeostasis (Figure 9B, E).  Clearly, impaired 

synaptic transmission and impaired homeostatic plasticity are not a secondary 

consequence of impaired NMJ growth under these conditions.  Therefore, for the first 

time, we can conclude that BMP signaling has an activity at the Drosophila NMJ that is 

directly relevant to the control of baseline transmission and homeostatic plasticity. 

 

DISCUSSION 

 The data presented here advance our understanding of BMP signaling at the 

Drosophila NMJ in several important ways.  First, we demonstrate that BMP signaling is 

essential for the rapid, protein synthesis-independent, induction of synaptic homeostasis 

previously identified at this NMJ (Frank et al., 2006).  Since expression of UAS-wit in 



 27 

motoneurons restores synaptic homeostasis in the wit mutant, and since suppression of 

Mad-mediated signaling in neurons blocks synaptic homeostasis we conclude that BMP 

signaling acts upon the motoneuron to enable the rapid induction of synaptic 

homeostasis. Next, we show that the requirement for BMP signaling during synaptic 

homeostasis is separable from BMP-dependent support of synaptic growth and baseline 

neurotransmission.  Finally, we dissect the temporal and spatial requirements for BMP 

signaling.  Our data support the conclusion that Mad-mediated signaling is required 

constitutively, downstream of the Wit receptor, in order to maintain the competence of 

motoneurons to express homeostatic plasticity.  Further, our data argue that Gbb is not 

the retrograde signal that directly acts upon the presynaptic motoneuron terminal to 

homeostatically modulate presynaptic release.  

 

Gbb Signaling Confers Competence to Express Homeostatic Plasticity 

It has been hypothesized that Gbb could function as a homeostatic retrograde 

signal at the Drosophila NMJ (McCabe et al., 2003; Keshishian and Kim, 2004).  

According to this model, Gbb would be released in proportion to the perturbation of 

postsynaptic muscle excitation in a glutamate receptor mutant and, thereby, instruct the 

degree of homeostatic compensation expressed by the presynaptic motoneuron terminal 

(McCabe et al., 2003; Haghighi et al., 2003).  In favor of this model, homeostatic 

compensation observed in a glutamate receptor mutant is blocked by the wit mutation 

(Haghighi et al., 2003).  Here we present two lines of evidence that are consistent with 

the necessity of BMP signaling for homeostatic compensation. First, we confirm that the 

rapid induction of homeostatic compensation following application of PhTx is blocked by 
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null mutations in both wit and gbb.   Furthermore, we show that muscle-specific rescue of 

the gbb null mutation is sufficient to restore the rapid induction of homeostatic 

compensation. 

Despite these compelling genetic data, several experiments now argue against the 

possibility that Gbb functions as an instructive, retrograde signaling that directly 

modulates presynaptic release during synaptic homeostasis. First, we demonstrate that 

although muscle-specific rescue of the gbb null mutation is sufficient to restore synaptic 

homeostasis, so is neuron-specific rescue of the gbb null mutation. Thus, homeostatic 

compensation can occur even in the absence of muscle-derived Gbb.  These data argue 

against a model in which Gbb functions as the instructive retrograde signal that directly 

modulates presynaptic release during synaptic homeostasis.  

 Next, we demonstrate that homeostatic signaling is blocked by expression of DN-

Glued in neurons, which disrupts retrograde axonal transport.  In this experiment, Gbb 

signaling at the NMJ should, in theory, persist.  Furthermore, we have established that an 

intact motor axon is not required for the rapid induction of synaptic homeostasis (Frank et 

al., 2006). Thus, we can conclude that trans-synaptic Gbb signaling from muscle to nerve 

is not sufficient for the rapid induction of synaptic homeostasis.  

Given that Wit and Gbb are necessary for synaptic homeostasis, how do they 

participate in the process if Gbb is not the instructive retrograde signal? We demonstrate 

that Mad is necessary for synaptic homeostasis, and we provide evidence that Mad-

mediated signaling is required in the motoneuron. In addition, we show that neuronal 

expression of UAS-Gbb restores homeostatic compensation in the presence of the DN-

Glued transgene.  These results suggest that the reason DN-Glued disrupts synaptic 
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homeostasis is because it interferes with the retrograde axonal transport of P-Mad 

downstream of the Wit receptor.  This is consistent with the prior demonstration that 

neuronal expression of Gbb can restore nuclear P-Mad in the presence of UAS-DN-Glued 

(Allan et al., 2003). Since the induction of synaptic homeostasis does not require the 

motoneuron soma we conclude that Gbb does not function as an acute, retrograde signal.  

Rather, Gbb may be a muscle derived signal that acts developmentally to confer the 

competence of motoneurons to express synaptic homeostasis.  Thus, the identity of the 

homeostatic retrograde signal at the NMJ remains unknown.  It remains possible that 

other TGF-β superfamily signaling molecules could function at the NMJ in this capacity 

including myoglianin and maverick (Lo and Frasch, 1999; Nguyen et al., 2000), though 

we have shown that synaptic homeostasis is intact in the baboon receptor mutant.   

 There are several possible ways in which BMP signaling could confer 

competence for motoneurons to express homeostatic plasticity.  One possibility is that the 

BMPs control a transcriptional program that is necessary for synaptic homeostasis.  For 

example, BMPs are potent regulators of cell fate during embryonic development 

(Chizhikov and Millen, 2005).  Perhaps the ability of motoneurons to express synaptic 

homeostasis is related to the maintenance of their cellular or electrical identity.  An 

alternate possibility is that BMPs control the expression of essential presynaptic proteins 

that are required for synaptic homeostasis.  For example, it has been shown in other 

systems that target-dependent TGF-β signaling can modulate neuronal ion channel 

expression (Cameron et al., 1998).  We recently demonstrated that CaV2.1 calcium 

channels are required for synaptic homeostasis at the Drosophila NMJ (Frank et al., 

2006).  However, we consider it unlikely that BMPs control synaptic homeostasis 



 30 

through the regulation of CaV2.1 channel expression because there is not a strong 

correlation between altered baseline synaptic transmission and the expression of synaptic 

homeostasis.  Furthermore, overexpression of a GFP-tagged CaV2.1 calcium channel 

(cacophony-GFP) is unable to restore synaptic homeostasis when co-expressed with 

UAS-dad (data not shown).  Finally, BMP signaling could influence the expression of 

synaptic homeostasis by targeting the rate of spontaneous miniature release. Spontaneous 

release events that persist in the absence of evoked neurotransmission are sufficient to 

induce homeostatic compensation at the Drosophila NMJ (Frank et al., 2006).  However, 

we do not find a strong correlation between baseline mEPSP frequency and whether or 

not a mutant NMJ is able to express synaptic homeostasis.  Although the wit mutants 

show a severe decrease in mEPSP rate compared to wild type, the expression of UAS-dad 

or UAS-DN-Glued both block synaptic homeostasis without severely impairing baseline 

mEPSP rate (see Figures 1, 5, 7).  Ultimately, continued forward genetic investigation of 

homeostatic signaling may be required to identify the BMP-dependent mechanisms that 

control the expression of synaptic homeostasis.  

 

Dissociating BMP-dependent control of synaptic growth, efficacy and plasticity 

BMP signaling is required for NMJ growth, baseline neurotransmission and NMJ 

stability in addition to being required for synaptic homeostasis (Aberle et al., 2002; 

Marques et al., 2002; McCabe et al., 2003; McCabe et al. 2004; Eaton and Davis, 2005; 

Haghighi et al., 2003).  It is a challenge, therefore, to determine whether BMP signaling 

has a specific function during synaptic homeostasis versus a more general role during 

synapse development (Davis, 2006).  Here we present several lines of evidence that BMP 
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signaling may have a separable function during synaptic growth versus synaptic 

homeostasis.  First, we demonstrate that synaptic homeostasis can occur at BMP mutant 

synapses that show severely impaired synaptic growth.  For example, the gbb 

hypomorphic mutant has a decrease in bouton number that is just as severe as the gbb 

null mutant, but the gbb hypomorphic mutant shows normal homeostatic compensation.  

As another example, animals in which UAS-gbb and UAS-DN-Glued are co-expressed 

have a severe decrease in bouton number but normal homeostatic compensation (Figure 

7).  Thus, we conclude that normal BMP-dependent synaptic growth is not required for 

the expression of synaptic homeostasis.  

We are also able to dissociate BMP-dependent baseline transmission from both 

synaptic growth and synaptic homeostasis.  First, muscle-specific rescue of the gbb null 

mutation significantly restores synaptic growth and rescues synaptic homeostasis but 

baseline transmission remains at levels observed in the null mutant (Figure 4). Second, 

motoneuron-specific rescue of the wit mutation (OK371-GAL4) similarly rescues bouton 

number and synaptic homeostasis although baseline transmission remains severely 

impaired (Figure 1).  Third, animals in which UAS-gbb and UAS-DN-Glued are co-

expressed have a severe decrease in baseline transmission but normal homeostatic 

compensation (Figure 7).  Finally, we have results that show the converse effect.  When 

UAS-dad is expressed for 1.5 days at the end of larval development, both synaptic 

homeostasis and baseline transmission are significantly impaired, but synaptic bouton 

numbers remain wild type (Figure 9).  From these data we can conclude that impaired 

synaptic homeostasis is not a secondary consequence of BMP-dependent functional NMJ 

development.  It also appears that there may be distinct effects of BMP signaling on the 
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anatomical versus functional development of the NMJ.  One possibility, consistent with 

BMPs being a classical morphogen, is that different levels of the ligand could initiate 

specific transcriptional programs with distinct effects on bouton number, baseline 

transmission and homeostatic plasticity.  It is also possible that the site of action of BMP 

signaling will play an important role in specifying signaling outcome (Baines, 2004).    

 

The relationship between baseline transmission and homeostatic compensation 

 It was previously speculated that synaptic homeostasis might function, over the 

course of development, to ensure that the muscle cell is normally depolarized by the 

NMJ.  How can one explain the observation that csp and syx/+ mutations have decreased 

baseline neurotransmitter release but normal acute synaptic homeostasis in response to 

PhTx application, or other genotypes explored in this manuscript that show impaired 

baseline transmission and normal acute synaptic homeostasis?  We previously 

demonstrated that the acute induction of synaptic homeostasis is independent of evoked 

neurotransmission. Thus, synaptic homeostasis may not function to modulate the absolute 

amplitude of evoked neurotransmitter release.  Rather, synaptic homeostasis might be a 

rapid system to offset acute perturbations of postsynaptic receptor function. In this case, 

developmental programs that specify NMJ anatomy and active zone addition would 

achieve the reproducible development of the NMJ.  Alternatively, the mechanisms of 

acute homeostatic compensation following PhTx application may be separable, either 

temporally or molecularly, from the other potential mechanisms that monitor and 

homeostatically control evoked EPSP amplitudes.   
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Axonal transport, Homeostatic Plasticity and Neurodegenerative Disease 

Our data also suggest a possible link between the expression of homeostatic 

plasticity and the mechanisms of neuromuscular degenerative disease.  Genetic mutations 

that impair retrograde axonal transport have been shown to cause familial amyotrophic 

lateral sclerosis (Puls et al., 2003).  It has also been shown that, in Drosophila and mice, 

mutations that disrupt dynein-dynactin complex function lead to neuromuscular synapse 

degeneration (Eaton et al., 2002; Lamonte et al., 2002).  It is hypothesized that impaired 

retrograde axonal transport deprives motoneurons of muscle-derived trophic support 

leading to motoneuron degeneration (Gauthier et al., 2004; Pun et al., 2006).  Here we 

demonstrate that impaired retrograde axonal transport blocks the expression of 

homeostatic plasticity at the NMJ.  This deficit can be restored by expression of BMPs in 

the central nervous system, bypassing retrograde axonal transport as the source of BMPs 

to the motoneuron cell body.  It is tempting to speculate that impaired synaptic 

homeostasis at the NMJ may play a role in the progression of motoneuron disease 

associated with impaired retrograde axonal transport.  

Finally, our data could have relevance to the sustained expression of homeostatic 

plasticity in regions of the adult nervous system (Davis, 2006; but see Desai et al., 2002).  

BMPs and downstream signaling proteins such as the Smads continue to be expressed in 

the adult nervous system (Lopez-Coviella et al, 2006; Sun et al., 2007).  In particular, 

BMPs are secreted into the cerebral spinal fluid at concentrations that are relevant for 

neuronal signaling (Dattatreyamurty et al., 2001).  It is, therefore, interesting to speculate 

that circulating levels of BMPs might sustain the competence of neurons to express 
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homeostatic plasticity without driving morphological plasticity in the adult nervous 

system. 
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Figure 1.  

The type-II BMP receptor wishful thinking is required presynaptically for the rapid 

induction of synaptic homeostasis.  (A) Quantal content (filled bar) and mEPSP 

amplitude (open bar) are quantified. The dashed line represents normalized wild type 

baseline values recorded in the absence of PhTx.  Bars represent values recorded after 10 

minute PhTx application, normalized to wild type in the absence of PhTx.  There is a 

significant decrease in mEPSP amplitude and a significant, compensatory increase in 

quantal content. Right, representative traces showing mEPSPs (inset) and EPSPs for 

control and PhTx-treated wild type animals.  (B) Data are presented as in (A). 

Application of PhTx to heterozygous controls (witA12/+ and witB11/+) induces a decrease 

in mEPSP amplitude and a compensatory increase in quantal content compared to 

heterozygous controls in the absence of PhTx (p<0.001).  No increase in quantal content 

is observed in the null mutant (witA12/witB11) animals compared to witA12/witB11 animals in 

the absence of PhTx (p>0.5).  Sample traces are shown for the null witA12/witB11 animals 

with and without PhTx application for 10 minutes. (C) Data are presented as in (A). 

Synaptic homeostasis remains blocked in witA12/witB11 animals when recordings are 

conducted in saline containing 1 mM Ca2+ and 10 mM Mg2+. (D) Data are presented as in 

(A). Expressing UAS-wit using either of the presynaptic GAL4 drivers OK6-GAL4 or 

OK371-GAL4 in the wit mutant background (witA12/witB11) restores synaptic homeostasis, 

as demonstrated by a significant increase in quantal content after PhTx challenge (p < 

0.001 and p<0.01 respectively).  (E) mEPSP frequency in wild type, wit mutant animals, 

and wit animals in which UAS-wit is expressed presynaptically using OK6-GAL4 or 

OK371-GAL4. (F) Quantification of data for bouton number (open; percent wild type 
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bouton number), baseline transmission (hatched; percent wild type EPSP amplitude) and 

quantal content (filled).  Values for quantal content are normalized to recordings in the 

absence of PhTx for a given genotype as in (A).  Wit mutant animals (witA12/witB11) have 

decreased bouton number, decreased EPSP amplitude and no homeostatic increase in 

quantal content (as shown in B).  Presynaptic expression of UAS-wit in the wit mutant 

using OK371-GAL4 partially restores bouton number (numbers are significantly less than 

wild type, p<0.01), does not rescue EPSP amplitude, and completely rescues a 

homeostatic increase in release (p<0.001). Presynaptic expression of UAS-wit in the wit 

mutant using OK6-GAL4 restores all aspects of synaptic growth and function. 

Significance is indicated as follows for this figure and all subsequent figures: *p<0.05, 

**p < 0.01, ***p < 0.001 Student’s t-test.  
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Figure 2. 

Inhibition of BMP signaling in neuroendocrine cells does not disrupt  

synaptic homeostasis. (A) Quantal content (filled bar) and mEPSP amplitudes (open bar) 

are quantified for animals with impaired retrograde signaling in neuroendocrine cells 

(c929-GAL4/UAS- Glued DN!84).  There is a significant increase in quantal content in 

response to PhTx treatment, indicative of robust synaptic homeostasis.  (B) 

Quantification as in (A).  Directly inhibiting BMP signaling in neuroendocrine cells by 

driving the expression of UAS-dad with c929-GAL4 does not impair synaptic 

homeostasis. 
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Figure 3. 

The BMP ligand Gbb is required for synaptic homeostasis.  (A) Quantal content 

(filled bar) and mEPSP amplitude (open bar) are quantified and normalized to amplitudes 

recorded for each genotype in the absence of PhTx (as in figure 1A). A homeostatic 

increase in quantal content offsets a significant decrease in mEPSP amplitude in all 

mutant combinations examined except the null gbb combination gbb1/gbb2 which does 

not show a homeostatic increase in quantal content in response to PhTx treatment (p > 

0.2).  Representative traces are shown for indicated genotypes at right. (B) Data are 

quantified as in (A).  Either neuronal-specific (elavC155-GAL4) or muscle-specific (MHC-

GAL4) expression of UAS-gbb9.1 in the gbb null mutant background restores a 

homeostatic increase in quantal content.  Representative traces are shown at right. 
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Figure 4. 

Impaired synaptic growth in gbb mutants does not correlate with the expression of 

synaptic homeostasis. (A-C)  Composite images of anti-Synapsin staining at gbb1/gbb2 

and gbb1/gbb2,UAS-gbb9.9 as well as wild type synapses.  Images represent the NMJ at 

muscle 6/7.  (D) Quantification of bouton number (open; percent wild type bouton 

number), baseline transmission (hatched; percent wild type EPSP amplitude), and quantal 

content (filled).  Values for quantal content are normalized to control values recorded for 

each genotype in the absence of PhTx.  Bouton number and baseline transmission are 

significantly impaired in gbb1/gbb2 (p<0.01) and there is no significant homeostatic 

increase in quantal content (p>0.2). Bouton numbers are significantly decreased in 

gbb1/gbb4 (p<0.01). Baseline transmission and bouton number are significantly impaired 

in gbb1/gbb2,UAS-gbb9.9 (p<0.001).  Neuronal-specific rescue of gbb (elav-GAL4 gbb 

rescue) restores synaptic homeostasis and significantly rescues both NMJ growth and 

baseline neurotransmission (p<0.001). Muscle-specific rescue of gbb (MHC-GAL4 gbb 

rescue) restores synaptic homeostasis and significantly rescues NMJ growth (p < 0.001) 

but does not significantly rescue baseline neurotransmission. 
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Figure 5. 

Mad-mediated signaling is required in motoneurons for the expression of synaptic 

homeostasis.  (A) Quantal content (filled bar) and mEPSP amplitude (open bar) are 

quantified and normalized to amplitudes recorded for each genotype in the absence of 

PhTx (as in figure 1A). The mad heterozygous animals show a significant decrease in 

mEPSP amplitude and a significant homeostatic increase in quantal content following 

PhTx application. The mad null mutant (mad10/mad12) fails to show a homeostatic 

increase in quantal content in response to decreased mEPSP amplitude. (B) There is no 

significant increase in quantal content in response to PhTx application in animals that 

express UAS-dad in neurons using elavC155-GAL4 (p>0.3).  A significant, homeostatic 

increase in quantal content is observed following muscle expression of UAS-dad using 

MHC-GAL4 (p<0.01). (C) Quantification as in (A) for sax4/Df and babo32/babo32 

mutations.  Synaptic homeostasis is blocked in the sax4/Df mutants (recorded at elevated 

calcium as indicated). (D) Quantification of mEPSP frequency.motoneurons and that 

neuronal overexpression of UAS-dad also blocks synaptic homeostasis leads us to 

conclude that Mad signaling is necessary in the motoneuron for normal synaptic 

homeostasis. 
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Figure 6. 

Impaired retrograde axonal transport blocks the rapid induction of synaptic 

homeostasis.  (A) Quantal content (filled bar) and mEPSP amplitude (open bar) are 

quantified and normalized to amplitudes recorded for each genotype in the absence of 

PhTx. Neuronal expression of UAS-DN-Glued (elavC155-GAL4/+; UAS-GluedDNΔ84/+) 

prevents an increase in quantal content in response to PhTx-challenge (p> 0.9).  Animals 

with a double heterozygous combination of mutations in kinesin heavy chain and kinesin 

light chain (khc8/+; klcDf/+) show a robust homeostatic increase in presynaptic release 

following PhTx application. (B) Data are quantified as in (A).  A robust homeostatic 

increase in quantal content is observed in a LIM Kinase mutant (DLIMKP1). 
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Figure 7.  

Neuronal expression of Gbb in a background of impaired retrograde transport 

restores synaptic homeostasis but not growth or synaptic efficacy.  (A). Quantal 

content (filled bar) and mEPSP amplitude (open bar) are quantified and normalized to 

amplitudes recorded for each genotype in the absence of PhTx.  Animals simultaneously 

expressing UAS-DN-Glued and UAS-GFP in neurons (elavC155-GAL4/+; UAS-GluedDNΔ84 

/UAS-CD8-GFP) do not show a homeostatic increase in quantal content compared to 

controls.  However, synaptic homeostasis is restored when UAS-gbb is simultaneously 

overexpressed with UAS-DN-Glued (elavC155-GAL4/+; UAS-GluedDNΔ84/UAS-gbb9.1).  

(B) Quantification of bouton number (open; percent wild type bouton number), baseline 

transmission (hatched; % wild type EPSP amplitude), and quantal content (filled).  

Values for quantal content are normalized to control values recorded for each genotype in 

the absence of PhTx. UAS-gbb expression in neurons restores a homeostatic increase in 

quantal content but does not restore synaptic growth or baseline EPSP amplitudes 

compared to controls. (C) Quantification of mEPSP frequency. 
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Figure 8. 

Normal synaptic homeostasis in mutations that disrupt synaptic vesicle release.  (A) 

Baseline EPSP amplitude is significantly impaired in both cspU1 and syx/+ mutants (wild 

type amplitudes are repeated from figure 1).  Representative EPSP traces are shown at 

right. (B)  The cspU1 mutants show normal homeostatic compensation in response to 

PhTx application, recorded in 1 mM extracellular calcium to increase absolute EPSP 

amplitude.  Representative traces are shown at right.  (C) The syx/+ mutants show normal 

synaptic homeostasis in response to PhTx application (normal saline).  Representative 

traces shown at right. 
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Figure 9. 

Continuous BMP signaling is required to sustain the ability of motoneurons to 

express homeostatic plasticity.  (A) Quantification of bouton number at muscles 6/7 in 

elavGS-UAS-dad animals (elavGS-GAL4/+; UAS-Dad/+) receiving RU486 

administration for different durations of time as indicated.  Each data point represents 

bouton numbers normalized to wild type animals that received identical RU486 

administration. Time in RU486 refers to the duration of RU486 exposure prior to the end 

of larval development. (B) Representative traces and average EPSP amplitudes (numbers 

above traces) for elavGS-UAS-dad animals raised on RU486 for the indicated durations.  

RU486 feeding does not have a significant effect on baseline EPSP amplitudes in wild 

type. (C) Quantification of mEPSP frequency for animals in A-C.  (D) Quantal content 

(filled bar) and mEPSP amplitudes (open bar) are quantified for wild type animals, raised 

on RU486 for indicated times.  Data are normalized to amplitudes recorded for wild type 

in the absence of PhTx. (E) Data are quantified and presented as in (D) for elavGS-UAS-

dad animals raised on RU486 for the indicated durations of time prior to dissection at the 

end of larval development. 
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Table 1. Physiological data demonstrating a role for mad in synaptic homeostasis. 

 

Values refer to data presented in Figure 5. 

(a) For this and subsequent tables: significant changes in average EPSP amplitude and 

Quantal Content (QC) are determined for each genotype (+/- PhTx) according to: 

*p<0.05, **p<0.01, ***p<0.001. All changes in mEPSP amplitude (+/- PhTx) are 

statistically significant (p<0.05). 

Table 2. Physiological data demonstrating a role for retrograde axonal transport in 

synaptic homeostasis. 
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Values refer to data presented in Figure 6 and 7. 
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Table 3. Physiological data demonstrating the independence of baseline synaptic 

transmission and synaptic homeostasis. 

 

Values refer to data presented in Figure 8. 

 

Table 4. Physiological data demonstrating that BMPs sustain the competence of 

motoneurons to express synaptic homeostasis. 

 

 

Values refer to data presented in Figure 9. 



 57 

 

 

 

 

Chapter 3: 

Cell-Autonomous Induction and Expression 

of a Coordinated Set of Homeostatic 

Adaptations in CA1 Pyramidal Neurons 
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INTRODUCTION 

In the mammalian central nervous system, the balance of incoming excitatory and 

inhibitory synaptic activity governs the firing output of a neuron by controlling moment-

to-moment fluctuations in membrane potential.  Although synaptic plasticity can alter this 

balance and change neural activity on short time scales, over long time periods mean 

firing rates in pyramidal cells remain highly stable (Buzsaki et al., 2002).  One well-

studied form of synaptic plasticity, long-term potentiation (LTP), presents a theoretical 

problem for neural stability.  LTP is triggered by correlated pre- and postsynaptic spiking 

and increases the strength of excitatory glutamatergic synapses in a synapse-specific 

manner.  Since correlated spiking triggers LTP, the increased firing expected to result 

from LTP could initiate a runaway positive feedback cycle of further LTP and increased 

firing (Turrigiano and Nelson, 2000).  Synaptic homeostasis has been hypothesized to 

restrain runaway plasticity and stabilize neural activity (Burrone and Murthy, 2003; 

Davis, 2006; Turrigiano and Nelson, 2000).  In synaptic homeostasis, global alterations 

of synaptic strength are thought to compensate for deviations from optimal levels of 

neural activity (Burrone and Murthy, 2003; Turrigiano and Nelson, 2004). 

 Bidirectional homeostatic responses compensate for activity perturbations in both 

peripheral and central neurons.  At the neuromuscular junction, inhibition of postsynaptic 

receptor function triggers a presynaptic increase in neurotransmitter release which 

restores muscle depolarization (Davis, 2006; Frank et al., 2006).  In cortical and 

hippocampal neurons, network-wide blockade of spiking or glutamate receptor function 

induces compensatory enhancement of pre- or postsynaptic function (O'Brien et al., 1998; 

Thiagarajan et al., 2005; Murthy et al., 2001; Turrigiano et al., 1998).  Similarly, 
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elevating network activity with GABA antagonists causes compensatory reductions of 

synaptic function (O'Brien et al., 1998; Turrigiano et al., 1998).  Homeostatic systems are 

thought to require molecules to sense perturbations of activity, to execute compensatory 

changes and to couple these functions (Davis, 2006; Turrigiano, 2008). Several 

molecules, including dysbindin, Ephexin, CaM kinases, β3 integrin, and Arc have been 

implicated in these roles in the homeostatic response to activity blockade (Cingolani et 

al., 2008; Dickman and Davis, 2009; Frank et al., 2009; Ibata et al., 2008; Shepherd et al., 

2006; Thiagarajan et al., 2002). Homeostatic responses to elevated activity require Polo-

like kinase 2, which couples sensor activation and execution of compensatory changes 

(Seeburg et al., 2008).  However, less is known about the mechanism by which a 

homeostatic program might sense elevated activity or execute compensatory responses to 

elevated activity.  CaM kinases are attractive candidates for the homeostatic sensor of 

elevated activity, since pharmacological or genetic inhibition of CaM kinases occludes 

homeostatic responses to activity blockade (Haghighi et al., 2003; Ibata et al., 2008; 

Thiagarajan et al., 2002).  Altered AMPAR expression is thought to underlie the 

execution of homeostatic plasticity (Ibata et al., 2008; O'Brien et al., 1998; Turrigiano et 

al., 1998).  Knockdown of the GluA2 AMPAR subunit (formerly known as GluR2; 

Collingridge et al. 2009) prevents synaptic scaling up after activity blockade (Gainey et 

al., 2009).  It is unknown what role specific AMPAR subunits might play in homeostatic 

responses to elevated activity.  Bidirectional, compensatory alterations of NMDAR 

surface expression and synaptic localization in response to activity perturbations have 

been documented using immunochemical and imaging techniques (Mu et al., 2003; Rao 

and Craig, 1997).  However, very few studies have demonstrated functional alterations of 
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synaptic NMDARs in homeostatic plasticity (Watt et al., 2000), and it is unclear if 

common or distinct signaling pathways regulate AMPARs and NMDARs. 

Inhibition of activity in individual pyramidal neurons using either local TTX 

perfusion (Ibata et al., 2008) or expression of the potassium channel Kir2.1 (Burrone et 

al., 2002) induces compensatory increases in synaptic function.  Enhancing activity in 

individual neurons can alter axon initial segment position, a marker of intrinsic 

excitability (Grubb and Burrone, 2010).  However, homeostatic changes in synaptic 

function in response to elevated activity have only been studied using network-wide 

manipulations.  It is thus unknown if the sensors that detect elevated activity and initiate 

compensatory alterations of synaptic function are contained within individual neurons, or 

whether collective network activation or non-neural signals such as TNFα (Stellwagen 

and Malenka, 2006) are necessary for homeostatic responses to elevated activity.  This 

question is especially important in order to address whether synaptic homeostasis can 

respond to synapse-specific forms of synaptic potentiation such as LTP.  Additionally, a 

mechanistic understanding of homeostatic responses to elevated activity will help identify 

how these processes might go awry in diseases of excess neural activity such as epilepsy. 

To test whether neurons homeostatically respond to cell-autonomous increases in 

activity, we employed an optogenetic excitation system using photostimulation of 

Channelrhodopsin 2 (ChR2)-expressing CA1 pyramidal neurons.  We find that a 

compensatory synaptic depression of both AMPAR and NMDAR responses occurs after 

24 hours of stimulation and involves a postsynaptic elimination of synapses.  We show 

that calcium influx through L-type voltage gated calcium channels is required for the 

synaptic depression.  Increased calcium influx, elicited either by ChR2-photostimulation 
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or enhanced network synaptic activity, induces compensatory depression through a 

pathway involving CaMKK, CaMK4 and protein translation.  CaMKK and CaMK4 

activation regulate both AMPAR and NMDAR depression.  However, downstream of 

CaMK4 activation, divergent signaling pathways control the depression of AMPARs and 

NMDARs.  These results outline a molecular mechanism whereby neurons can cell-

autonomously sense and respond to elevated activity.  Further, cell-autonomous 

optogenetic manipulation represents a robust new method for the study of synaptic 

homeostasis.  

 

RESULTS 

Excitation System Design 

 To render neurons excitable by light, we expressed the algal light-gated cation 

channel ChR2 in organotypic rodent hippocampal slices using sparse biolistic 

transfection (Nagel et al., 2003; Boyden et al., 2005; Zhang and Oertner, 2007).   By 

doing so, depolarization of ChR2-expressing neurons can be tuned with light illumination 

of varying intensity and timing (Boyden et al., 2005).  We used organotypic slices 

because: (1) they facilitate long optical and pharmacological manipulations, (2) they 

allow simultaneous dual whole-cell recording to rigorously compare synaptic 

transmission between control and genetically manipulated neurons, and (3) they retain 

much of the native hippocampal architecture and are considered to maintain more native 

cellular properties than dissociated culture (Caeser and Aertsen, 1991; Stoppini et al., 

1991; Zimmer and Gahwiler, 1984). 
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To validate our photostimulation method as a tool to chronically excite neurons, 

we first characterized the direct effect of light stimulation on ChR2-transfected pyramidal 

cells.  ChR2-transfected CA1 pyramidal cells were identified by mCherry fused to ChR2.  

As expected, light pulses evoked inward currents (Figure 1A) in ChR2-transfected 

neurons (blue trace) voltage-clamped at negative holding potentials, but not in 

simultaneously recorded control cells (black trace).  In selecting a stimulation protocol, 

we explored frequencies (1-3 Hz) which roughly double to quadruple average firing 

frequency recorded in CA1 neurons (~1 Hz), but which are below peak firing rates (~10 

Hz) (Ahmed and Mehta, 2009).  We used 50 ms pulses to mimic the long depolarization 

that underlies complex spike bursts (Kandel and Spencer, 1961), which encompass a 

substantial proportion of total spikes recorded in vivo (Harris et al., 2001).  To observe 

the effect of light pulses on ChR2-transfected membrane potential and on overall slice 

activity, we performed simultaneous current-clamp recordings from ChR2-transfected 

and control neurons.  Transfected neurons faithfully followed trains of 3 Hz 50 ms light 

pulses with trains of large EPSP-like depolarizations (Figure 1B).  By contrast, minimal 

activity was synchronously evoked in control cells, even though transfected neurons 

presumably release neurotransmitter in response to depolarization-triggered action 

potentials.  This is most likely due to the extremely low efficiency of biolistic 

transfection (typically 1 – 10 pyramidal cells/slice) and consequent low probability of any 

given control cell receiving synapses from a ChR2-transfected cell. 

  

Cell-Autonomous Effects of Chronic Excitation on Excitatory but not Inhibitory 

Synapses 
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To examine whether ChR2 expression, in the absence of light, altered the 

amplitude of synaptic currents, we compared synaptic responses to a shared presynaptic 

Schaffer collateral input on adjacent ChR2-transfected and control neurons (see diagram 

in Figure 1C).  There was no change in AMPAR responses measured at -70 mV  

(AMPAR Itransfected/Icontrol = 1.07 ± .18; n = 12 pairs; P > 0.75; Figure 2A).  Similarly, 

NMDAR-mediated currents measured in compound EPSCs at +40 mV at 100 ms post-

stimulus in compound EPSCs were also unaffected (NMDAR Itransfected/Icontrol = 1.03 ± 

.36; n = 12; P > 0.9).   

To examine the effect of chronic excitation on synaptic responses, we stimulated 

ChR2-transfected slices with 50 ms blue light pulses at 3 Hz for 12 or 24 hours, then 

measured synaptic responses.  After 12 hours of light stimulation, neither AMPAR nor 

NMDAR currents significantly decreased in ChR2-transfected relative to adjacent control 

neurons (Figure 2A).  After 24 hours of light stimulation, however, both AMPAR 

(Itransfected/Icontrol = 0.48 ± .05; n = 37; P <  10-5; Figure 1D1) and NMDAR responses in 

compound EPSCs (Itransfected/Icontrol = 0.40 ± .07; n = 27; P < .0005; Figure 1D2) were 

profoundly depressed in photostimulated neurons.  We also measured isolated NMDAR 

responses in 24 hr stimulated neurons in the presence of NBQX and found similar results 

(Itransfected/Icontrol = 0.55 ± 0.08; n = 35; P < .0002; Figure 1D3). Since synaptic activity 

can alter NMDAR subunit composition and decay kinetics (Bellone and Nicoll, 2007) we 

measured the decay time constant of isolated NMDAR responses to determine if any 

similar alteration of subunit composition occurred in response to photostimulation.  

However, we found no difference in NMDAR decay time constants between 

photostimulated and control cells (photostim: T = 0.20 ± 0.01; control: T = 0.20 ± 0.01; 



 64 

Figure 1E).  Stimulation at 1 Hz for 24 hours also induced synaptic depression of both 

AMPAR and NMDAR responses (Figure 2A).  We used 3 Hz stimulation for all 

subsequent experiments since it produced more robust effects.   

Chronic enhancement of hippocampal network activity triggers alterations in 

inhibitory GABAR synaptic transmission (Otis et al., 1994; Wierenga and Wadman, 

1999).  In parallel with compensatory changes in excitatory transmission, these 

compensatory alterations in inhibition have been hypothesized to help restrain neural 

activity (Turrigiano and Nelson, 2000).  To determine if cell-autonomous enhancement of 

activity can modify inhibitory strength, we measured GABAR IPSCs in photostimulated 

neurons by recording currents evoked by direct stimulation of inhibitory cells either in 

stratum radiatum or pyramidale in the presence of the AMPAR and NMDAR antagonists 

NBQX and D-APV.  We did not observe changes in inhibitory currents originating from 

either layer (Radiatum Itransfected/Icontrol = 0.93 ± .39; n = 10; P > 0.6; Pyramidale 

Itransfected/Icontrol = 1.09 ± 0.31; n = 10; P > 0.45; Figure 1F). 

Chronic alterations in activity have also been shown to induce compensatory 

changes in intrinsic excitability (Desai et al., 1999; Seeburg and Sheng, 2008).  To assess 

whether cell-autonomous excitation can drive such changes, we measured action 

potential threshold in control and photostimulated neurons.  Photostimulated neurons 

required greater depolarization to fire action potentials than control neurons (Control: -

27.9 ± 0.6 mV; n = 14; Photostim: -24.2 ± 1.1 mV; n = 14; P < .001; Figure 1H).  This 

result agrees with a recent study (Grubb and Burrone, 2010) that found that cell-

autonomous excitation elicited a shift in axon initial segment position, which in turn 

correlates with action potential threshold.  Input resistance, measured at -70 mV, was not 
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significantly different between photostimulated and control neurons (Figure 1G). 

Together, these results demonstrate that neurons engage a precise and coordinated set of 

homeostatic changes in response to cell-autonomous excitation.  For the remainder of the 

study we focused on compensatory synaptic changes. 

 We conducted several control experiments to determine whether nonspecific 

toxicity played any role in the synaptic depression.  First, as noted above, input resistance 

in photostimulated neurons did not change (Figure 1G) arguing against deterioration of 

membrane integrity.  Second, to see whether synaptic depression in photostimulated 

neurons was reversible, we illuminated ChR2-transfected neurons for 24 hours then 

allowed them to recover in the absence of light. Both AMPAR and NMDAR synaptic 

responses recovered after 4-7 days (Figure 2B).  Third, although the illumination 

wavelength used for photostimulation (470 nm) should poorly excite the mCherry 

fluorophore tag, we checked for any potential effect of light illumination on synaptic 

transmission through fluorophore excitation.  Illuminating GFP-expressing neurons with 

blue light for 48 hours served as a stringent control for any possible toxicity downstream 

of fluorophore excitation.  There was no change in synaptic transmission in GFP-

expressing neurons relative to controls (Figure 2C).  Lastly, we checked for deterioration 

of neuron health downstream of light-induced depolarization by incubating neurons with 

an inhibitor of apoptosis, Bax inhibitor peptide V5 (Nikolaev et al., 2009).  The 

photostimulation-induced synaptic depression was intact in ChR2-transfected neurons 

stimulated in the presence of the inhibitor (Figure 2D).  Altogether, these results argue 

against a role for nonspecific cell health deterioration in the synaptic depression.  
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Postsynaptic Expression Mechanism of Chronic Photostimulation-Induced 

Depression   

The depression of AMPAR and NMDAR currents in chronically photostimulated 

neurons could be due to either pre- or postsynaptic changes.  Since both AMPAR and 

NMDAR currents were reduced, a reduction in probability of release could explain the 

parallel depression.  Such a decrease in probability of release would be accompanied by a 

corresponding increase in paired pulse ratio (PPR), which is inversely related to 

probability of release (Manabe et al., 1993).  However, no change in PPR between 

photostimulated and control neurons was observed (PPR transfected = 1.60 ± 0.1; PPR 

control = 1.58 ± .09; n = 15; P > 0.9; Figure 3A).  As an additional measure of 

presynaptic function, we compared the rate of decay of NMDAR responses between 

photostimulated and control neurons in the presence of the use-dependent NMDAR 

antagonist MK-801.  Since MK-801 only blocks receptors that are opened by presynaptic 

neurotransmitter release, the rate of receptor blockade is proportional to the probability of 

release (Hessler et al., 1993; Rosenmund et al., 1993).  Similar to the results with PPR, 

however, there was no change in the rate of blockade of the NMDAR response between 

photostimulated and control neurons (Decaytransfected/Decaycontrol = 1.21 ± 0.17; n = 10; P 

> 0.25; Figure 3B).  These data argue against a change in presynaptic release in 

photostimulated neurons. 

Since there was no apparent change in presynaptic release in photostimulated 

neurons, we investigated whether a change in quantal size or functional synapse number 

might explain the photostimulation-induced synaptic depression.  We first recorded 

mEPSCs to test these possibilities.  ChR2-transfected, photostimulated neurons had a 
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small but significant reduction in quantal amplitude (Control: 11.7 ± 0.5 pA; Transfected: 

9.6 ± 0.4 pA; n = 24; P < .0007; Figure 3C).  More striking, however, was a large 

reduction in mEPSC frequency (Control: 0.25 ± 0.07 Hz;  Transfected: 0.11 ± 0.01 Hz; n 

= 13; P < .05; Figure 3D).  The large reduction in mEPSC frequency raised the 

possibility of a reduction of functional synapses, either due to synapse silencing by the 

complete loss of AMPARs or elimination.  Consistent with these possibilities, 

photostimulated neurons exhibited a greater number of synaptic failures than control 

neurons in minimal stimulation experiments (Failure rate Control: 18.1 ± 4.7%; 

Transfected: 31.0 ± 6.3%; n = 17; P < .035; Figure 3E).  To distinguish between synapse 

silencing or structural elimination, we visualized neurons filled with fluorescent Alexa 

dye in photostimulated or non-photostimulated slices, and counted spines on neurons 

from the two conditions.  We observed no change in spine density between transfected 

and control cells in non-photostimulated conditions (Control: 0.56 ± .08 spines µm-1; 

Transfected: 0.60 ± .12 spines µm-1; n = 6; P > 0.8; Figure 3F).  By contrast, spine 

density significantly decreased in ChR2-transfected, photostimulated neurons relative to 

control neurons (Control: 0.51 ± .05 spines µm-1; Transfected: 0.27 ± .05 spines µm-1; n = 

11; P < .015).  These data suggest that the decrease in AMPAR and NMDAR synaptic 

currents in chronically photostimulated neurons could be due, at least in part, to the 

postsynaptic elimination of synapses; it is still possible, however, that some synapses are 

functionally silenced but structurally spared. 

  

L-Type Voltage-Gated Calcium Channels are Necessary for Photostimulation-

Induced Depression 
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 One possible explanation for the photostimulation-induced synaptic depression 

could be an NMDAR-dependent LTD-like effect; photostimulation might elevate 

NMDAR currents since photostimulation-evoked depolarization may facilitate NMDAR 

channel opening. Arguing against an LTD-like effect, however, bath applying the 

NMDAR antagonist D-APV (100 µM) during the 24 hour photostimulation did not block 

the depression of AMPAR (Itransfected/Icontrol = 0.40 ± .07; n = 18; P < 10-4) or NMDAR 

currents (Itransfected/Icontrol = 0.53 ± .16; n = 16; P < .02; Figure 4A and D).  Similarly, 

blocking all excitatory transmission by bath applying both NBQX and APV during 

photostimulation did not impair the synaptic depression  (Figure 4B and D).  Finally, to 

test a requirement for pre- or postsynaptic action potentials, we bath applied the sodium 

channel antagonist TTX.   TTX did not impair photostimulation-induced synaptic 

depression of either AMPARs or NMDARs (Figure 4C and D).   

 Since photostimulation-induced depression can be induced in the absence of 

synaptic activity or sodium channel activity, we next examined voltage-gated calcium 

channel function, since these channels should open during light-evoked depolarization.  

Bath application of low-dose nickel (100 µM), which selectively blocks R- and T-type 

calcium channels (Soong et al., 1993; Zamponi et al., 1996) did not impair the synaptic 

depression (Figure 5A), nor did bath application of ω–conotoxin GVIA (1 µM) (Figure 

5B), an antagonist of N-type calcium channels (Tsien et al., 1988).  In contrast, 

application of the L-type calcium channel antagonist nifedipine  (20 µM) (Tsien et al., 

1988) blocked the synaptic depression of AMPAR (Itransfected/Icontrol = 1.07 ± .19; n = 20; P 

> 0.85) and NMDAR (Itransfected/Icontrol = 0.77 ± 0.19; n = 17; P > 0.17) synaptic currents 

(Figure 5C and D).  These data suggest that chronic heightened calcium influx through 
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L-type calcium channels drives the synaptic depression.  Although calcium flux through 

ChR2 cannot be detected by calcium imaging in CA1 pyramidal neurons (Zhang and 

Oertner, 2007), we cannot exclude the possibility that a small amount of calcium flux 

through the ChR2 channel itself may contribute to the process of synaptic depression 

(Nagel et al., 2003; Lin et al., 2009). 

 

Photostimulation-Induced Depression Requires Transcription and Protein 

Translation 

 The long induction period required for photostimulation-induced synaptic 

depression (Figure 2) raises the possibility that involvement of alterations in protein 

translation or transcription may be involved.  Indeed, treatment with the translational 

inhibitors cycloheximide (CXM) (100 µM) or anisomycin (ANS) (20 µM), or the 

transcriptional inhibitor 5,6-dichloro-1-Beta-D-ribobenzimidazole (DRB) (160 µM) 

blocked the depression of AMPAR synaptic currents in photostimulated neurons (CXM 

Itransfected/Icontrol = 0.96 ± 0.18; n = 17; P > .75;  ANS Itransfected/Icontrol = 1.13 ± 0.26; n = 17; 

P > 0.2; DRB Itransfected/Icontrol = 0.89 ± 0.22; n = 13; P > 0.85;  Figure 6A and B).  

Surprisingly, neither cycloheximide nor DRB blocked the NMDAR depression (CXM 

Itransfected/Icontrol = 0.53 ± 0.23; n = 11; P < .05; DRB Itransfected/Icontrol = 0.46 ± 0.1; n = 13; P 

< .05).  Spine density was not affected by DRB treatment, arguing against a nonspecific 

occlusion of synaptic depression (Figure 7). Since 24 hr inhibition of transcription or 

protein translation may reduce ChR2 expression level, we recorded from cells with high 

levels of ChR2 as visualized by the mCherry tag; measured light-evoked currents were 

similar across conditions (Figure 6C). Although up to this point our data are consistent 
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with synapse elimination explaining the depression of both AMPAR and NMDAR 

function, the sensitivity of AMPAR depression but not NMDAR depression to 

cycloheximide or DRB treatment indicates that the phenomena are separable.   

 

The Role of the CaMKK/CaMK4 Pathway in Excitation-Induced Synaptic 

Depression 

Cellular sensors are essential components of homeostatic systems (Davis, 2006), 

and so we explored candidate sensors that might detect the heightened influx of calcium 

during chronic photostimulation-induced depolarization.  We tested inhibitors of several 

calcium-dependent kinases and phosphatases to investigate the involvement of their 

respective targets in the photostimulation-induced synaptic depression (Figure 8).  Only 

the pan-CaMK inhibitor KN-93 prevented synaptic depression in photostimulated 

neurons.   

The best known target of KN93, CaMKII, controls synaptic strengthening during 

LTP (Lisman et al., 2002; Wayman et al., 2008).  At the drosophila neuromuscular 

junction, CaMKII inhibition occludes the homeostatic response to decreased glutamate 

receptor function (Haghighi et al., 2003).  In hippocampal neurons, alterations in neural 

activity shift the ratio of αCaMKII and βCaMKII isoforms, and this ratio shift has been 

implicated in the homeostatic response to activity suppression (Thiagarajan et al., 2002).  

We therefore tested whether blocking CaMKII inhibits photostimulation-induced 

synaptic depression by bath applying the CaMKII inhibitors myristoylated CaMKIINtide 

(myr-CaMKIIN, 10 µM) or myristoylated autocamtide-2 related inhibitory peptide (myr-

AIP, 10 µM) during photostimulation (Chang et al., 1998; Ishida et al., 1995; Sanhueza et 
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al., 2007; Redondo et al., 2010).  Neither inhibitor blocked the photostimulation-induced 

depression of AMPAR or NMDAR responses (Figure 9A-C).  Expression of CaMKIIN 

(4-6 days) or AIP (2-4 days) reduced synaptic AMPAR but not NMDAR responses in 

transfected neurons compared to control neurons (Figure 9E; Lu and Nicoll, unpublished 

data).  Bath application of myristoylated-CaMKIIN for 1-2 days also decreased the ratio 

of synaptic AMPAR to NMDAR responses as compared to neurons in control media, 

demonstrating that the myristoylated CaMKIIN peptide penetrates cells (Figure 9D).  

This data also implies that photostimulation-induced depression is not limited by synaptic 

depression caused by perturbation of independent molecular pathways.  

Given the requirement for protein transcription in photostimulation-induced 

synaptic depression, we next explored the involvement of the CaMKK pathway because 

of its downstream target CaMK4, which regulates transcription (Soderling, 1999; 

Wayman et al., 2008).  Bath application of the CaMKK inhibitor STO-609 (3 µM) during 

chronic photostimulation blocked the synaptic depression of AMPAR (Itransfected/Icontrol = 

0.84 ± 0.10; n = 41; P > .15) and NMDAR synaptic currents (Itransfected/Icontrol = 0.78 ± 

0.10; n = 37; P > .15; Figure 10A and C).  We confirmed that STO-609 specifically 

inhibits CaMKK in this process by coexpressing a STO-609 insensitive mutant CaMKK, 

CaMKKL233F (Tokumitsu et al., 2003), in ChR2-transfected photostimulated neurons.  

CaMKKL233F coexpression restored photostimulation-induced synaptic depression in 

the presence of STO-609 (Figure 10B and C).   

 CaMKK phosphorylates and enhances the activities of CaMK1 and CaMK4 

(Wayman et al., 2008).  To determine the roles of these downstream kinases in 

photostimulation-induced synaptic depression, we co-expressed dominant negative 
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constructs for each kinase (Wayman et al., 2006) in ChR2-transfected neurons.  For each 

construct, we compared the effect on synaptic transmission of expressing the dominant-

negative construct alone versus the combined effect of the construct and 

photostimulation.  CaMK1DN-expressing cells exhibited a non-significant trend toward 

reduced AMPAR and NMDAR currents (Figure 10G).  Photostimulation of CaMK1DN-

expressing cells further depressed AMPAR and NMDAR currents (Figure 10G), 

indicating that photostimulation-induced depression was intact.  Cells expressing 

CaMK4DN had significantly reduced AMPAR and NMDAR synaptic currents.  

However, photostimulation of CaMK4DN-expressing cells did not further reduce 

AMPAR currents (CK4DN alone AMPAR Itransfected/Icontrol = 0.59 ± 0.12; n = 22;  CK4DN 

+ Photostim Itransfected/Icontrol = 0.56 ± 0.15, n = 13, P > .38 Mann-Whitney test; Figure 

10G).  The photostimulation-induced depression of NMDAR currents was also impaired 

in CaMK4DN expressing cells (CK4DN alone NMDAR Itransfected/Icontrol = 0.64 ± 0.12; n 

= 18 vs. CK4DN + ChR2 Itransfected/Icontrol = 0.42 ± 0.14; n = 10; P > .56).  Since dominant-

negative kinases may have nonspecific effects, we also knocked down CaMK4 

expression by expressing a CaMK4-shRNA construct (Takemoto-Kimura et al., 2007).  

Similar to CaMK4DN, expression of CaMK4 shRNA depressed synaptic AMPAR and 

NMDAR responses (Figure 10D). The synaptic depression was rescued by expression of 

shRNA-proof CaMK4 (Figure 11).  However, as with dominant negative CaMK4, 

photostimulation did not further depress AMPAR or NMDAR responses in neurons 

expressing CaMK4 shRNA (Figure 10E and 10G).  These data indicate that activation of 

both CaMKK and its downstream target CaMK4 are required for photostimulation-

induced synaptic depression.   
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 In a simple model, activation of CaMK4 downstream of CaMKK activation in 

photostimulated neurons would trigger synaptic depression.  Contrary to this prediction, 2 

day expression of constitutively active CaMK4 potentiated synaptic AMPAR and 

NMDAR responses (Figure 10F), in agreement with previous results (Marie et al., 2005).  

We conclude that although CaMK4 is necessary for photostimulation-induced synaptic 

depression, it is not sufficient and instead is likely to act in concert with other factors. 

 Beyond CaMKK’s role in photostimulation-induced synaptic depression, we next 

asked whether CaMKK also triggers synaptic depression in response to elevated synaptic 

activity.  The STO-609 insensitive CaMKK construct allows us to investigate the role of 

CaMKK activity in mediating any potential chronic synaptic-activity driven synaptic 

depression: by treating slices with STO-609, we can compare synaptic transmission 

between neurons in which CaMKK is blocked (control cells) and neurons in which 

CaMKK is spared (CaMKKL233F-expressing cells).  Using this chemical genetic 

approach, we first assessed whether CaMKK regulates synaptic transmission in basal 

activity conditions.  Synaptic transmission was unchanged between control neurons and 

neurons expressing STO-609 insensitive CaMKKL233F (Figure 13A).  We then 

repeated this experiment but in the presence of STO-609 for 24 hours to block any 

CaMKK in control cells.  Again there was no difference in synaptic responses between 

cells expressing the STO-609 resistant construct and neighboring cells exposed to STO-

609 (Figure 12A).  These data suggest that CaMKK does not regulate synaptic 

transmission in basal activity conditions in organotypic slices.  We next assessed whether 

enhanced synaptic activity could drive CaMKK-mediated synaptic depression.  We 

therefore increased synaptic activity by adding the GABAA antagonist gabazine along 
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with STO-609 to the slice media, in order to enhance synaptic activity.  After 24 hours of 

these elevated activity conditions, cells expressing STO-609 insensitive CaMKK had 

significantly reduced AMPAR and NMDAR synaptic currents relative to control neurons 

(Figure 12B).  The L-type calcium channel antagonist nifedipine blocked the synaptic 

depression of AMPAR (Itransfected/Icontrol: 0.87 ± 0.19; n = 12; Figure 12C) and NMDAR 

responses (Itransfected/Icontrol: 1.12 ± 0.19; n = 10) induced by elevated synaptic activity in 

CaMKKL233F-expressing neurons, consistent with the requirement for L-type calcium 

channel activity in photostimulation-induced synaptic depression.  These experiments 

indicate that CaMKK is necessary for synaptic depression induced by chronically 

elevated synaptic activity. To see if the level of CaMKK activation is sufficient to 

determine the magnitude of chronic-activity induced synaptic depression, we 

overexpressed CaMKKL233F as before but treated slices with gabazine for 24 hours, 

excluding STO-609 (Figure 12D).  In these conditions, synaptic AMPAR and NMDAR 

responses were diminished in cells overexpressing CaMKK relative to control neurons, 

suggesting that increased CaMKK expression levels can drive more synaptic depression 

in response to elevated synaptic activity conditions. 

We next conducted experiments to determine whether the downstream 

mechanisms of CaMKK activation in elevated synaptic activity conditions might share 

properties with the mechanisms of photostimulation-induced depression.  mEPSC 

recordings from CaMKKL233F-expressing cells revealed a decrease in mEPSC 

frequency compared to control neurons (Figure 13C), similar to photostimulation-

induced depression, although there was no change in mEPSC amplitude (Figure 13B). 

PPR did not change in CaMKKL233F-expressing neurons, also similar to 
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photostimulation-induced depression and arguing against altered probability of release 

(Figure 13D).  Since gabazine treatment and photostimulation seem to share similar 

mechanisms, we wondered if they would cross-occlude.  Gabazine treatment did not 

occlude further depression induced by photostimulation (Figure 13E), indicating that 

compensatory synaptic depression is not saturated when evoked either by elevated 

synaptic activity or photostimulation. 

 

The GluA2 AMPAR Subunit is Necessary for Shuttling AMPA Receptors Out of 

Photostimulation-Depressed Synapses 

In a final set of experiments we began to investigate how the photostimulation-

induced synaptic depression might be executed at the molecular level.  Since specific 

subtypes of AMPAR subunits are required for different types of synaptic plasticity (for 

example, GluA1 in LTP) (Bredt and Nicoll, 2003; Malinow and Malenka, 2002), we 

examined photostimulation-induced depression in mice lacking GluA1 or GluA2.  In 

control slices from wild type mice, photostimulation induced a depression of both 

AMPAR and NMDAR currents in ChR2-transfected neurons (AMPAR Itransfected/Icontrol = 

0.43 ± 0.09; n = 13; P < .004; NMDAR Itransfected/Icontrol = 0.61 ± 0.20; n = 12; P < .01; 

Figure 14A and D), similar to that previously observed in rat slices (Figure 1D).  

Neurons from GluA1 deficient mice also undergo photostimulation-induced depression 

as normal (Figure 14B and D).  By contrast, photostimulated neurons from GluA2 

deficient mice do not undergo depression of AMPAR transmission (Itransfected/Icontrol = 1.04 

± 0.15; n = 16; P > .55; Figure 14C and D).  The photostimulation-induced depression of 

NMDAR responses remained intact in GluA2 knockout slices, however (Itransfected/Icontrol = 
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0.64 ± 0.10; n = 12; P < .035), suggesting that the lack of GluA2 does not interfere with 

the mechanisms of photostimulation-induced synaptic depression upstream of AMPAR 

removal.  Moreover, this result bolsters the conclusion from DRB or cycloheximide 

treatment data that independent pathways diverge downstream of CaMKK and CaMK4 

activation to separately depress AMPAR and NMDAR function. 

 In naïve CA1 neurons, almost all synaptic AMPARs contain the GluA2 AMPAR 

subunit (Lu et al., 2009).  One possible explanation for the absence of depression of 

synaptic AMPAR responses in GluA2-lacking neurons could be that the mechanism of 

photostimulation-induced depression requires selective removal of GluA2-containing 

AMPARs from synapses.  We therefore assayed the composition of synaptic AMPARs 

remaining after photostimulation-induced depression by measuring synaptic rectification; 

if the remaining receptors lacked GluA2, we would expect those synapses to be 

rectifying.  Synaptic rectification was unaffected by photostimulation, however (Control 

rectification index: 0.87 ± 0.03; n = 7; Photostim: 0.87 ± 0.18; n = 7; Figure 14E), 

indicating no change in the GluA2 composition of the remaining synaptic AMPARs. 

Finally, we wondered whether all surface AMPARs are internalized in 

photostimulation-induced depression, or whether synaptic AMPARs are selectively 

removed.  To investigate what happens to extrasynaptic AMPARs, we measured 

AMPAR currents in somatic outside-out patches from photostimulated and control 

neurons.  Glutamate evoked currents were actually enhanced in patches from 

photostimulated neurons (Figure 14F), ruling out the possibility that all AMPARs were 

uniformly internalized from the cell surface.  Instead, this result suggests that synaptic 
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AMPARs may be shuffled to extrasynaptic membranes during photostimulation-induced 

depression. 

 

DISCUSSION 

Network-wide increases in activity can trigger homeostatic plasticity (O'Brien et 

al., 1998; Thiagarajan et al., 2005; Turrigiano et al., 1998).  However, it is unknown 

whether neurons can homeostatically adjust synaptic strength in response to cell-

autonomous increases in activity.  By using photostimulation to cell-autonomously excite 

ChR2-transfected CA1 pyramidal neurons, we demonstrated a compensatory 

postsynaptic depression of AMPAR- and NMDAR-mediated synaptic transmission and 

elimination of spines.  Surprisingly, there is no compensatory increase in inhibitory 

currents.  The compensatory synaptic depression of AMPARs and NMDARs requires L-

type voltage gated calcium channel activity but does not depend on excitatory synaptic 

activity or sodium spikes, indicating that the homeostatic depression is solely sensitive to 

the calcium influx downstream of membrane depolarization.  Using molecular and 

pharmacological manipulations, we found that compensatory synaptic depression 

requires CaMKK activation of CaMK4.  Downstream of CaMKK and CaMK4 activation 

independent pathways control AMPAR removal and NMDAR removal; AMPAR but not 

NMDAR removal requires transcription and protein synthesis, and AMPAR removal 

specifically requires the GluA2 AMPAR subunit.  

Chronic photostimulation of ChR2-transfected neurons in organotypic slices 

offers several advantages over previous approaches to the study of homeostatic plasticity 

in central neurons.  First, cell autonomous stimulation should avoid release of the 
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potentially complex cocktail of signals that is triggered by perturbations of network 

activity states (Aoto et al., 2008; Kamenetz et al., 2003; Katoh-Semba et al., 1999; 

Stellwagen and Malenka, 2006).  Second, the use of photostimulation permits precise 

control over the strength and duration of neural activity.  Third, the use of paired whole-

cell recordings in organotypic slices rigorously controls for slice-to-slice variability and 

allows direct measurements of synaptic transmission.  

 

Cell-Autonomous Induction and Expression of Compensatory Synaptic Depression 

in Pyramidal Neurons 

Our data show that activation of homeostatic sensors in individual neurons is 

sufficient to generate a compensatory response to elevated activity.  Photo-stimulation 

initiated compensatory synaptic depression even when network-wide synaptic activity or 

spiking was blocked (Figure 4), indicating that neither simultaneous activation of other 

cell types nor local synaptic activity were required.  Together with previous studies 

demonstrating that suppression of activity in individual neurons induces compensatory 

changes in synaptic strength (Burrone et al., 2002; Ibata et al., 2008), or that cell-

autonomous perturbations in activity modify intrinsic excitability (Turrigiano et al., 1994; 

Grubb and Burrone, 2010), we conclude that cell-autonomous sensors bidirectionally 

detect activity perturbations and initiate compensatory responses.  In the brain, a cell-

autonomous homeostatic mechanism has the advantage of curtailing hyperactivity of 

individual neurons prior to the generation of pathological network-wide hyperactivity.  

Although network-wide enhancement of activity triggers homeostatic changes in synaptic 

inhibition (Otis et al., 1994; Wierenga and Wadman, 1999), the compensatory synaptic 
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modifications resulting from cell-autonomous elevated activity are limited to depression 

of excitatory synaptic function, since synaptic inhibition does not change after 24 hours 

of cell-autonomous excitation (Figure 1).  Similarly, cell-autonomous suppression of 

activity does not alter GABA transmission (Hartman et al., 2006). Intercellular signals 

between neurons or between non-neural cell types and neurons may instead direct 

homeostatic adjustment of inhibitory synapses.  

Though cell-autonomous excitation is sufficient to elicit synaptic homeostasis in 

CA1 pyramidal neurons, we cannot exclude a requirement for developmental or 

permissive signaling from glia or other cell types.  Indeed, release of diffusible TNFα 

from glia has been implicated in the homeostatic response to decreased activity 

(Stellwagen and Malenka, 2006).  Furthermore, secreted BMP molecules are necessary to 

sustain the competence of the Drosophila NMJ to express homeostatic plasticity (Chapter 

2).  Finally, although the homeostatic sensor is cell-autonomous, it remains possible that 

neurons emit signals that act locally to depress postsynaptic function.  Diffusible retinoic 

acid and Aβ have been proposed to play such roles in homeostatic responses to activity 

blockade and excess activity, respectively (Aoto et al., 2008; Kamenetz et al., 2003). 

Our data argue that the expression site of compensatory synaptic depression is 

postsynaptic.  Using two measures of presynaptic release, no presynaptic changes were 

found in chronically excited neurons (Figure 3; Figure 12).  Additionally, the 

photostimulation-induced depression of NMDAR responses can occur independently of 

an AMPAR depression (Figure 6; Figure 14), contrary to what would be expected for a 

presynaptic expression locus for the depression.  Thus, both the induction and expression 

site for compensatory synaptic depression are contained in the postsynaptic neuron.  By 
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contrast, a recent study proposed that local dendritic depolarization in pyramidal neurons 

retrogradely triggers homeostatic changes in presynaptic release.  In that study, high 

potassium treatment or local electrical stimulation, to trigger global or local 

depolarization, respectively, triggered a reduction in probability of release (Branco et al., 

2008).  However, it is possible that these methods directly affect release from presynaptic 

terminals.  Alternatively, differences in stimulation intensity or culture conditions 

(dissociated cultures in the former study) might explain differences between studies.  

The prevailing model of synaptic homeostasis, predominantly derived from 

studies of cortical neurons, holds that multiplicative synaptic scaling globally modifies 

synaptic strength to preserve information that is hypothesized to be stored in relative 

synaptic weights (Turrigiano, 2008).  However, the majority of the photostimulation-

induced synaptic depression we observe in CA1 pyramidal neurons, either elicited via 

photostimulation (Figure 3) or gabazine treatment of CaMKK-rescued neurons (Figure 

12), can be attributed to reduced synapse number, not synaptic strength.  This finding is 

consistent with a study in vivo on hippocampal neurons demonstrating increased spine 

number after chronic suppression of activity (Kirov and Harris, 1999) (and see below 

discussion on changes in epileptic hippocampus).  

Although we monitored the strength of synaptic inputs to photostimulated neurons 

and found no evidence of retrograde modulation of presynaptic release on to 

photostimulated neurons, it is equally possible that the outputs of photostimulated 

neurons are regulated by elevated activity.  The decrease in excitability that we (Figure 

1) and others (Grubb and Burrone, 2010) observe in response to cell-autonomous 

excitation might combine with compensatory alterations in presynaptic release in the 
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excited neuron to ensure that excess activity does not propagate through the brain.  

Homeostatic regulation of the synaptic outputs of a neuron could explain the observed 

compensatory modifications of presynaptic properties of both excitatory and inhibitory 

synapses in response to network-wide perturbations of activity (Branco et al., 2008; 

Hartman et al., 2006; Kim and Tsien, 2008; Moulder et al., 2004; Murthy et al., 2001; 

Thiagarajan et al., 2005; Wierenga et al., 2006).   

 

The Homeostatic Signal in CA1 Neurons 

 In homeostatic systems, deviations in activity from a “set point” optimal level of 

activity lead to activation of sensors that initiate compensatory changes (Davis, 2006).  

We identify L-type calcium channel activity as a proxy for activity that activates sensors 

in compensatory synaptic depression.  More specifically, our data suggest that the 

integrated sum of somatic depolarization, in the form of L-type calcium channel activity, 

governs compensatory synaptic depression.  Spike activity is not required, since TTX did 

not block compensatory synaptic depression. We also found no evidence that local 

synaptic depolarization or calcium influx is necessary for compensatory synaptic 

depression, since blockade of either NMDARs or AMPARs did not block the depression.  

There was a non-significant trend toward increased photostimulation-induced depression 

in NBQX and APV treated slices, suggesting that a potentially exacerbated difference in 

activity between control and photostimulated-neurons evoked a larger depression in 

photostimulated neurons.  However, these data should be viewed with some caution, 

since a fraction of the decrease in transmission in photostimulated neurons might in 

principle result from reversal of any synaptic upregulation induced by activity blockade.  
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In contrast, blockade of L-type calcium channel activity prevented the compensatory 

synaptic depression that was induced either by photostimulation (Figure 5) or by 

elevated synaptic activity (Figure 12).  L-type channels are well suited to integrate 

somatic depolarization because of their graded activation near resting membrane 

potentials, slow inactivation kinetics, and high levels of expression in the soma and 

proximal apical dendrites (Greer and Greenberg, 2008; Magee et al., 1996; Westenbroek 

et al., 1990).  

 

CaM Kinases and Synaptic Homeostasis 

 During neural activity, calcium binds calmodulin, which in turn activates CaM 

kinases (Wayman et al., 2008).  Local synaptic calcium influx is thought to trigger 

synaptic strengthening through activation of CaMKII and other kinases (Lisman et al., 

2002).  Our data (Figure 9) and other studies (Sanheuza et al., 2007) further indicate that 

CaMKII activity is essential for normal synaptic strength.  Although activity modifies the 

differential expression of CaMKII isoforms, which in turn regulates CaMKII properties 

(Thiagarajan et al., 2002), selective inhibition of CaMKII did not interfere with 

photostimulation-induced depression (Figure 9).  This suggests that, during chronic cell-

autonomous excitation, CaMKII functions independently of global homeostatic sensors.   

 To explain the homeostatic synaptic depression due to chronic calcium influx, our 

results instead delineate a molecular pathway that begins with calcium influx activating 

CaMKK, which in turn activates CaMK4 and other factors.  Thus, CaMKK and CaMK4 

appear to be components of a homeostatic sensor in pyramidal neurons.  In support of this 

conclusion, the CaMKK inhibitor STO-609 impairs photostimulation-induced synaptic 
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depression; the synaptic depression can be restored by expression of a STO-609 

insensitive CaMKK (Figure 10).  Similarly, in conditions of network-wide elevated 

synaptic activity there is a CaMKK-dependent compensatory postsynaptic depression of 

AMPAR and NMDAR function (Figure 12).  We identified CaMK4 as a target of 

CaMKK in compensatory synaptic depression, since expression of either shRNA against 

CaMK4 or dominant-negative CaMK4, but not dominant-negative CaMK1, blocked 

photostimulation-induced synaptic depression.  CaMKK and CaMK4 have been shown to 

be necessary for synaptic scaling in response to inhibition of activity in dissociated 

neocortical neurons, and inhibition of CaMKK with STO-609 was reported to increase 

mEPSC amplitude in dissociated cortical neurons (Ibata et al., 2008).  Taken together 

with our demonstration of a block of compensatory synaptic depression by DN-CaMK4, 

these results suggest CaMKK and CaMK4 are capable of bidirectionally controlling 

homeostatic plasticity.  However, in our experimental system, we did not observe 

changes in synaptic function upon inhibiting CaMKK in basal conditions (Figure 12).  

One possibility is that CaMKK remains quiescent in basal conditions in organotypic 

slices. 

Although our data suggest that levels of CaMKK activation control the magnitude 

of compensatory synaptic depression, the same is not true for CaMK4.  After 24 hours of 

elevated network activity, neurons overexpressing CaMKK have reduced synaptic 

transmission relative to control neurons (Figure 12).  This result suggests that the degree 

of CaMKK activation directly controls compensatory synaptic depression.  If CaMK4 

were similarly sufficient for compensatory synaptic depression, CaMK4 activation on its 

own should depress synaptic transmission.  By contrast, expression of constitutively 



 84 

active CaMK4 enhances AMPAR and NMDAR currents (Figure 10; Marie et al., 2005).  

These data suggest that CaMKK activates both CaMK4 and other, unknown factors to 

drive compensatory homeostatic depression, and that these downstream targets must act 

together to mediate compensatory homeostatic depression. CaMKK/CaMK4 activation 

has been implicated in late-phase LTP (Wayman et al., 2008; Redondo et al., 2010). In 

response to the calcium influx induced by LTP protocols, CaMK4 activation may thus 

facilitate maintenance of local strengthening of synapses.  During conditions of chronic 

global calcium influx, CaMKK seems to activate both CaMK4 and other factors that 

together control global downregulation of synapses.  It remains to be determined how the 

temporal structure, spatial extent, or magnitude of calcium influx might differentially 

regulate the action of CaMKK and its downstream targets. 

CaMK4 and other effectors modulate the expression of numerous genes in 

response to L-type calcium channel activation (Bito et al., 1996; Dolmetsch et al., 2001; 

Greer and Greenberg, 2008; Murphy et al., 1991; Wayman et al., 2008).  Consistent with 

a role for transcription in compensatory depression, a long (24 hours) induction period 

was required (Figure 2), and pharmacological inhibition of transcription or translation 

blocked the AMPAR component of synaptic depression (Figure 6).  This suggests that 

photostimulation induces transcription and translation of molecules that execute the 

compensatory synaptic depression of AMPAR responses, such as Plk2/serum-inducible 

kinase (Pak and Sheng, 2003; Seeburg et al., 2008).  It is less clear which transcription 

factors might play a role in compensatory synaptic depression.  The best known target of 

CaMK4, the transcription factor CREB, is thought to be activated by a combination of 

transient CaMK4 signaling and slower Ras-MAPK signaling (Wayman et al., 2008; Wu 
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et al., 2001).  However, inhibitors of MAPK signaling did not block photostimulation-

induced depression (Figure 8).  This result suggests either that the sustained excitation 

evoked by photostimulation permits CaMK4 to maintain CREB activation on its own, or 

that other CaMK4-modulated transcriptional regulators such as HDAC4, HDAC5 

(McKinsey et al., 2000) or CBP (Impey et al., 2002) mediate photostimulation-induced 

depression.  Finally, although DN-CaMK4 expression blocked photostimulation-induced 

NMDAR depression, NMDAR depression is not sensitive to cycloheximide treatment. 

This suggests that CaMK4 may modify NMDAR signaling in synaptic homeostasis 

through processes other than modulation of transcription (Zhang et al., 2008).  

 

Parallel but Independent Homeostatic Regulation of AMPAR and NMDAR 

Function 

Although compensatory synaptic depression induces simultaneous spine 

elimination, AMPAR depression and NMDAR depression, these processes can be 

dissociated in GluA2 knockout mice and conditions of transcription or protein synthesis 

inhibition.  Two conclusions can be drawn from these results:  First, synapse elimination 

is not upstream of AMPAR and NMDAR depression, since synapse elimination would be 

expected to simultaneously depress both AMPAR and NMDAR responses.  Second, 

although L-type channel activation, CaMKK function and CaMK4 function are all 

required for both AMPAR and NMDAR depression, molecular pathways diverge 

downstream of these processes to regulate AMPAR and NMDAR removal.  The 

necessity of GluA2 but not GluA1 for AMPAR compensatory synaptic depression 

(Figure 14) suggests that proteins selectively binding GluA2 but not GluA1 or 
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NMDARs, such as GRIP, PICK1, or NSF are likely to mediate the removal of AMPARs 

from the synapse during homeostatic plasticity (Bredt and Nicoll, 2003; Isaac et al., 2007; 

Song and Huganir, 2002).  GluA2 knockdown also blocks the synaptic scaling up that 

occurs in response to inhibition of activity in dissociated culture (Gainey et al., 2009), 

suggesting a bidirectional homeostatic role for a molecular pathway involving GluA2 and 

its partners.  Although the calcium permeability of GluA2-lacking AMPARs might alter 

basal calcium levels in GluA2 knockout mice, it should be noted that GluA2 knockout 

mice express normal hippocampal LTD and LTP (Meng et al., 2003).  Therefore, the 

block of homeostatic plasticity in these mice cannot be explained by a general defect in 

plasticity.   

AMPAR transmission contributes the majority of excitatory drive to pyramidal 

neurons, and compensatory AMPAR depression might be expected to reduce excess 

neural firing.  The function of NMDAR depression is less obvious.  Since NMDARs are 

blocked by Mg2+ at resting membrane potentials, NMDARs have traditionally been 

viewed as detectors of coincident pre- and postsynaptic activity that gate plasticity and 

functional synapse development (Bredt and Nicoll, 2003; Durand et al., 1996). Beyond 

plasticity, however, NMDARs facilitate summation of multiple EPSPs (Cash and Yuste, 

1999; Schiller et al., 2000) and boost larger single EPSPs (Schiller et al., 2000).  Thus, 

NMDAR depression may contribute to weakening excitatory drive after 

photostimulation-induced depression. 

 

 

Homeostatic Synapse Elimination in Learning and Epilepsy 
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 The cell-autonomous homeostatic process we describe here is well suited to 

respond to the synapse-specific changes that happen during learning.  Recent evidence 

supports the idea that learning-related increases in activity in vivo might trigger 

compensatory changes similar to those observed in this study.  In vivo imaging 

experiments demonstrate that sensory experience enhances spine elimination at a delayed 

interval after learning (Xu et al., 2009; Yang et al., 2009); the elimination of new spines 

does not occur if activity is blocked (Zuo et al., 2005).  Learning has been shown to 

trigger synapse-specific potentiation (Tye et al., 2008; Whitlock et al., 2006) and an 

initial increase in synapse formation (Xu et al., 2009; Yang et al., 2009).  Our data is 

consistent with the suggestion that the elimination of synapses could be a homeostatic 

response to a learning-induced increase in synaptic drive (Xu et al., 2009; Yang et al., 

2009). 

Pathological conditions of excess activity might also be expected to trigger 

homeostatic processes.  A reduction in spine density has been widely documented in 

human temporal lobe epilepsy (Isokawa et al., 1997; Scheibel et al., 1974) and animal 

models of epilepsy (Jiang et al., 1998; Muller et al., 1993) yet little is known about the 

molecular mechanisms underlying this decrease in spine density or whether it involves 

intercellular or intracellular signaling (Swann et al., 2000).  In light of the results 

presented here, it is tempting to speculate that a cell-autonomous compensatory response 

to chronic excitation explains the spine loss observed in epileptic brains. 



 88 

Figure 1. 

24 Hour Photostimulation Induces Depression of AMPAR and NMDAR Synaptic 

Responses in CA1 Pyramidal Cells.  (A) Voltage-clamp recording at -70 mV of inward 

current induced by 50 ms blue light pulse on ChR2-transfected CA1 pyramidal cell (blue 

trace) and simultaneously recorded control cell (black trace).  Scale: 50 ms, 100 pA. (B) 

(Left) Single sweep from simultaneous current-clamp recording of ChR2-transfected and 

control cell. Blue light pulses elicit sustained trains of depolarizations in ChR2 cells.  

Scale: 333 ms, 25 mV.  (Right) Average of 80 traces during 50 ms light pulses from 

different ChR2- and control cell pair, recorded simultaneously. Light does not evoke 

synaptic activity in the control cell.  Scale: 100 ms, 25 mV. (C) Recording configuration. 

Synaptic responses to a shared presynaptic input in ChR2-transfected and control neurons 

are compared using simultaneous whole-cell recording.  (D) Scatter plot of EPSCs from 

single pairs (open circles) and mean ± SEM (red circle) of simultaneously recorded 

ChR2-transfected (Stim) and control neurons (Ctrl) from slices photostimulated 24 hours 

with 50 ms light pulses at 3 Hz.  Photostimulation causes a significant depression of both 

AMPAR and NMDAR responses in ChR2-transfected neurons.  Insets are representative 

traces.  (D1) AMPAR EPSCs recorded at -70 mV. (D2) Compound EPSCs recorded at 

+40 mV.  NMDAR response is measured 100 ms after stimulus.  (D3) Pharmacologically 

isolated NMDAR response recorded at +40 mV, measured at peak.  Scale: D1: 50 ms, 10 

pA; D2: 100 ms, 20 pA; D3: 100 ms, 50 pA.  *, P < .05, **, P < .01; ***, P < .001.  (E) 

No change in decay time constants of NMDAR responses.  Inset: representative scaled 

NMDAR responses.  Scale: 100 ms.  (F) Scatter plot of IPSCs.  IPSCs were elicited with 

stimulating electrodes positioned either in stratum pyramidale or radiatum. Open circles 
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represent single pairs, closed circles mean ± SEM.  Graph shows normalized mean 

amplitude ± SEM for pooled IPSCs; there is no significant change in IPSC amplitude in 

ChR2-transfected neurons vs. control neurons.  Scale: 100 ms, 300 pA.  (G) Input 

resistance, measured using Cs- or K-based internal solution.  There is no significant 

difference between photostimulated and control neuron input resistance in either 

condition.  (H) Photostimulated neurons have a significantly more depolarized threshold 

for action potential threshold.  (Left) Representative traces, showing response to minimal 

current injection necessary to elicit action potentials in control and photostimulated 

neuron.  Scale: 200 ms. 
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Figure 2. 

Induction Duration Requirements, Persistence, and Specificity of Photostimulation-

Induced Depression. (A) Graphs of ratios of ChR2-transfected/control cell AMPAR or 

NMDAR EPSC amplitudes from slices photostimulated for indicated duration.  

Photostimulation was at 3 Hz except in 1 Hz condition.  24 hour stimulus duration data 

are repeated from figure 1. No light AMPAR Itransfected/Icontrol = 1.07 ± .18; n = 12 pairs; P 

> 0.75.  No light NMDAR Itransfected/Icontrol = 1.03 ± .36; n = 12; P > 0.9.  12 hrs stim 

AMPAR Itransfected/Icontrol = 1.03 ± 0.31; n = 12; 12 hrs stim NMDAR Itransfected/Icontrol = 

0.71 ± 0.17; n = 12.  1 Hz, 24 hrs stim AMPAR Itransfected/Icontrol = 0.67 ± .11; n = 18; P <  

.05.  1 Hz, 24 hrs stim NMDAR Itransfected/Icontrol = 0.67 ± .13; n = 14; P <  .05.  (B) Ratios 

of amplitudes of photostimulated to control neurons after recovery. Slices were 

photostimulated for 24 hours, then removed from light for indicated length of time.  The 

ratio of AMPAR and NMDAR amplitudes is significantly less depressed for neurons that 

recover for 4-7 days versus those recorded immediately after photostimulation. 2-3 day 

recovery AMPAR Itransfected/Icontrol = 0.36 ± .06; n = 10 pairs; 4-7 days recovery AMPAR 

Itransfected/Icontrol = 0.80 ± 0.14; n = 22 pairs; P < .025 Mann-Whitney test vs. no recovery 

condition.  2-3 days recovery NMDAR Itransfected/Icontrol = 0.55 ± 0.27; n = 6 pairs; 4-7 

days recovery NMDAR Itransfected/Icontrol = 0.91 ± 0.23; n = 15; P < .01, Mann-Whitney test 

vs. no recovery condition.  Data for 24 hours of photostimulation are repeated from figure 

1. (C) Graph of AMPAR and NMDAR EPSC data for GFP-transfected neurons 

illuminated with 3 Hz 50 ms light pulses for 2 days.  There is no change in AMPAR or 

NMDAR EPSCs in GFP-transfected neurons relative to control neurons.  AMPAR 

Itransfected/Icontrol = 1.17 ± 0.38; n = 7; P > 0.45; NMDAR Itransfected/Icontrol = 1.03 ± 0.32; n = 
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6; P > 0.95.  (D) Scatter plots of AMPAR and NMDAR EPSCs from ChR2-transfected 

neurons, photostimulated for 24 hours in the presence of Bax inhibitor peptide V5 (200 

µM).  AMPAR, NMDAR scales: 50 ms, 20 pA; 100 ms, 10 pA.  (Right) Graph of 

AMPAR and NMDAR EPSC data.  AMPAR Itransfected/Icontrol = 0.35 ± 0.07; n = 8; P < .01, 

NMDAR Itransfected/Icontrol = 0.37 ± 0.10; n = 7; P < .02).  (E) Representative images of 

non-photostimulated or 24 hr photostimulated ChR2-transfected neurons.   Scale: 50 µm.  

Neuronal morphology is visualized with immunostaining against co-transfected GFP. 
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Figure 3. 

Photostimulation-Induced Synaptic Depression Involves Postsynaptic Synapse 

Elimination.  (A) No significant difference in paired pulse ratio measured in ChR2-

transfected and control neurons after 24 hour photostimulation.  (Left) Sample traces. 

Scale: 50 ms, 15 pA.  (B) Plot of averaged NMDAR response amplitude, normalized to 

first response, versus stimulus number in the presence of the use-dependent irreversible 

NMDAR antagonist MK-801.  Inset: representative traces showing progressive block of 

NMDAR currents in the presence of MK-801.  Scale: 100 ms, 25 pA.  (Right) Time 

constants for NMDAR current decay for each paired recording.  Values for each pair are 

normalized to the control cell time constant.  There was no significant change between 

ChR2-transfected and control neurons after photostimulation.  (C) Cumulative 

distribution of mEPSC amplitudes recorded in the presence of TTX.  (Right) 

Representative average mEPSC traces.  Scale: 10 ms, 3 pA; graph represents mean ± 

SEM mEPSC amplitudes. There is a small but significant decrease in mEPSC amplitude 

in ChR2-transfected photostimulated neurons.  (D) mEPSC frequency is significantly 

decreased in ChR2-transfected photostimulated neurons.  (Left) Representative traces.  

Scale: 1 s, 10 pA.  (E) Synaptic failures measured during minimal stimulation 

experiments.  (Left) Representative histograms showing distributions of noise and post-

stimulus amplitudes.  (Right) Quantification of synaptic failures in paired recordings; 

there is a significant increase in the number of synaptic failures in ChR2-transfected 

photostimulated neurons.  (F) (Left) Example images of Alexa-dye filled apical dendrites 

of non-photostimulated and photostimulated ChR2-transfected neurons.  Scale bar: 5 µm.  
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(Right, top) Quantification of primary apical dendrite spine density in pairs of neurons in 

non-photostimulated slices.  (Right, bottom) Quantification of spine density in 

photostimulated slices.  There is a significant decrease in spine density in ChR2-

transfected neurons relative to control neurons in photostimulated slices. 

 

 



 95 

Figure 4. 

Synaptic Activity and Spiking Are Not Required for Photostimulation-Induced 

Synaptic Depression.  (A) Slices were photostimulated for 24 hours in the presence of 

D-APV (100 µM).  Scatter plots show AMPAR and NMDAR synaptic currents from 

ChR2-transfected and control cell pairs, as in figure 1.  AMPAR, NMDAR Scales: 50 ms, 

5 pA; 100 ms, 20 pA. (B) Same experiment as in (A) but including 50 µM D-APV and 20 

µM NBQX in the slice media. Scales: 50 ms, 5 pA; 100 ms, 100 pA.  (C) Same 

experiment as in (A) but including TTX (1 µM) in the slice media. Scales: 50 ms, 10 pA; 

100 ms, 30 pA.  (D) Summary graph of mean ± SEM EPSC amplitudes, expressed as a 

ratio of transfected to control neuron values.  There was a significant depression of both 

AMPAR and NMDAR synaptic currents in ChR2-transfected photostimulated neurons in 

all three manipulations. Dashed lines/shaded area in this and subsequent figures represent 

mean ± SEM relative synaptic responses for photostimulated neurons in control 

conditions (repeated from figure 1). 



 96 

 



 97 

Figure 5. 

Activation of L-Type Voltage Gated Calcium Channels Is Required for 

Photostimulation-Induced Synaptic Depression.  (A) Slices were photostimulated for 

24 hours in the presence of nickel chloride (100 µM). Scatter plots show AMPAR and 

NMDAR synaptic currents from ChR2-transfected and control cell pairs. Scales: 50 ms, 

10 pA; 100 ms, 15 pA.  (B) Same experiment as in (A) but instead including ω–

conotoxin GVIA (1 µM). Scales: 50 ms, 20 pA; 100 ms, 20 pA. (C) As in (A) but 

including nifedipine (20 µM).  Scales: 50 ms, 10 pA; 100 ms, 15 pA. (D) Summary 

graph.  Depression of AMPAR and NMDAR currents occurred in ChR2-transfected 

photostimulated neurons in the presence of nickel chloride or ω–conotoxin GVIA but not 

nifedipine. 
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Figure 6. 

Transcription and Protein Translation Are Required for Photostimulation-Induced 

Synaptic Depression.  (A) Scatter plot of synaptic currents from slices photostimulated 

24 hours in the presence of cycloheximide (100 µM). Scales: 50 ms, 20 pA; 100 ms, 15 

pA.  (B) Summary graph of synaptic data from 5,6-dichloro 1-β D-ribobenzimidazole 

(DRB, 160 µM), cycloheximide (CXM), or anisomycin (ANS, 20 µM) treated slices.  (C) 

No decrease in ChR2 expression in recorded cells after drug treatments. C1: 

Representative traces of light pulse-evoked currents in non drug-treated ChR2-transfected 

neurons (synaptic current data in Figure 1) and cycloheximide-treated ChR2-transfected 

neurons.  Scale bar: 50 ms, 150 pA. C2: Graph shows mean ± SEM light pulse-evoked 

current in different conditions.   
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Figure 7. 

24 Hour Block of Transcription Does Not Decrease Spine Density in CA1 Neurons.  

Spine density in neurons from control- or DRB (160 µM) - treated slices.  Control: 0.77 ± 

.08 spines µm-1; n = 5; DRB: 0.91 ±.1; n = 5; P > 0.4 Mann-Whitney. (Right) 

Representative images.  Scale: 5 µm. 
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Figure 8.  

The Pan-CaMK Inhibitor KN93 Blocks Photostimulation-Induced Depression.  

Graph of ratios of ChR2-transfected to control neuron AMPAR or NMDAR EPSCs for 

different drug treatments during 24-hour photostimulation: Vehicle (DMSO 1:10,000); 

FK506 (1 µM) + Cyclosporin (1 µM); U0126 (2.5 µM) + PD98059 (1 µM) + SL327 (0.5 

µM); SB203580 (2 µM); KN-93 (25 µM); KN-92 (25 µM).  (DMSO AMPAR 

Itransfected/Icontrol = 0.49 ± .09; n = 9; NMDAR Itransfected/Icontrol = 0.45 ± 0.12; n = 7; FK506 

+ Cyclosporin AMPAR Itransfected/Icontrol = 0.42 ± .08; n = 21; NMDAR Itransfected/Icontrol = 

0.43 ± 0.13; n = 15; U0126 + PD98059 + SL327 AMPAR Itransfected/Icontrol = 0.53 ± 0.15; n 

= 8; NMDAR Itransfected/Icontrol = 0.51 ± 0.18; n = 8; SB203580 AMPAR Itransfected/Icontrol = 

0.48 ± 0.12; n = 10; NMDAR Itransfected/Icontrol = 0.55 ± 0.16; n = 9; KN-93 AMPAR 

Itransfected/Icontrol = 0.98 ± 0.22; n = 15; NMDAR Itransfected/Icontrol = 1.06 ± 0.37; n = 11; KN-

92 AMPAR Itransfected/Icontrol = 0.65 ± .11; n = 17; NMDAR Itransfected/Icontrol = 0.61 ± 0.1; n 

= 16. 
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Figure 9. 

Inhibiting CaMKII Does Not Block Photostimulation-Induced Synaptic Depression. 

(A,B) Scatter plots showing data from slices photostimulated for 24 hours in the presence 

of myr-CaMKIIN or myr-autocamtide-2 related inhibitory peptide (myr-AIP).  Scales: 

(A) 50 ms, 10 pA; 100 ms; 50 pA. (B) 50 ms, 15 pA; 100 ms, 50 pA. (C) Summary graph 

showing significant depression of both AMPAR and NMDAR responses by 

photostimulation in the presence of either myr-CaMKIIN or myr-AIP.  (D) Neurons 

treated with myristoylated-CaMKIIN (myr-CaMKIIN; 10 µM; 1-2 days) have decreased 

AMPA:NMDA ratios.  Left, representative traces from control (top) or myr-CaMKIIN-

treated (bottom) slices. Scale: 50 ms, 10 pA.  (E) Synaptic responses from control- and 

EGFP-CaMKIIN-expressing neurons.  Synaptic AMPAR responses are depressed in 

EGFP-CaMKIIN-expressing neurons.  Scales:  50 ms, 10 pA; 100 ms, 20 pA. 
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Figure 10. 

Activation of CaMKK and its Downstream Target, CaMK4, Is Necessary for 

Photostimulation-Induced Synaptic Depression.  (A) Slices were photostimulated for 

24 hours in the presence of STO-609 (3 µM).  Scatter plots show AMPAR and NMDAR 

synaptic currents from pairs of ChR2-transfected and control cell pairs. Scales: 50 ms, 20 

pA; 100 ms, 15 pA.  (B) Same as in (A), except ChR2-transfected cells were co-

transfected with STO-609 resistant CaMKKL233F.  Scales: 50 ms, 20 pA; 100 ms, 25 

pA.  (C) Summary graph.  There is no significant depression of AMPAR and NMDAR 

synaptic currents in ChR2-transfected photostimulated neurons in the presence of STO-

609, but there is a significant depression of AMPAR and NMDAR currents when ChR2-

transfected photostimulated neurons are additionally transfected with CaMKKL233F.  

(D) Scatter plot showing AMPAR and NMDAR synaptic currents from pairs of control 

neurons and neurons cotransfected with ChR2 and CaMK4-shRNA (not 

photostimulated).  Scales: 50 ms, 10 pA; 100 ms, 10 pA.  (E) Same as in (D) except 

neurons were photostimulated.   Scales: 50 ms, 20 pA; 100 ms, 20 pA.  (F) Scatter plot of 

synaptic responses from control neurons and neurons expressing constitutively active 

CaMK4 for 2 days.  Scales: 50 ms, 15 pA; 100 ms, 20 pA.  (G) Neurons were double-

transfected with either ChR2 and dominant-negative CaMK1 or ChR2 and dominant-

negative nuclear-localized CaMK4; paired recordings of transfected/control neuron pairs 

were conducted from either non-photostimulated or photostimulated slices.  Data from 

CaMK4-shRNA expressing neurons is also included.  The relative amplitude of 

transfected/control neuron AMPAR or NMDAR synaptic currents in the different 

conditions is plotted. 
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Figure 11. 

RNAi-Proof CaMK4 Rescues the Depression of Synaptic Transmission Induced by 

CaMK4-shRNA Expression.  Scatter plots of AMPAR or NMDAR EPSCs comparing 

neurons coexpressing CaMK4-shRNA and shRNA-proof CaMK4.  Scales: 50 ms, 15 pA; 

100 ms, 30 pA.  (AMPAR Itransfected/Icontrol = 1.64 ± .3; n = 7; P < .05 Mann-Whitney test 

versus CaMK4-shRNA alone condition; NMDAR Itransfected/Icontrol = 1.04 ±.23; n = 6; P < 

.05 Mann-Whitney U test versus. CaMK4-shRNA alone condition). 
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Figure 12. 

CaMKK Depresses Synaptic Transmission During Chronic Elevated Network 

Activity. (A) Scatter plot of synaptic currents from pairs of CaMKKL233F-transfected 

versus control neurons treated for 24 hours with STO-609 (3 µM). Scales: 50 ms, 5 pA; 

100 ms, 100 ms, 10 pA.  (B) Same as in (A) except slices were treated for 24 hours with 

both STO-609 and gabazine (10 µM). Scales: 50 ms, 25 pA; 100 ms, 15 pA.  (C) Same as 

in (A) except slices were treated with STO-609, gabazine, and nifedipine (20 µM).  

Scales: 50 ms, 15 pA; 100 ms, 20 pA.  (D) Same as in (A) except slices were treated with 

gabazine alone.  Scales: 50 ms, 10 pA; 100 ms, 30 pA.  (E)  Summary graph. 
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Figure 13. 

Data Demonstrating Absence of Effect of CaMKK Overexpression in Basal Activity 

Conditions, and Relating CaMKK Induction of Synaptic Depression in Elevated 

Activity Conditions to Photostimulation-Induced Depression. (A) Scatter plot of 

AMPAR and NMDAR EPSCs from CaMKKL233F-transfected and control neurons, 

maintained in control media. Scales: 50 ms, 10 pA; 100 ms, 15 pA. (Right) Graphs 

showing ratio of AMPAR and NMDAR EPSCs of transfected to control neurons.  

AMPAR Itransfected/Icontrol = 0.85 ± 0.11; n = 10; NMDAR Itransfected/Icontrol = 0.98 ± 0.21; n = 

11. (B-C) mEPSCs were recorded from CaMKKL233F-transfected or control neurons 

treated with STO-609 and gabazine.  (B) There is no significant change in mEPSC 

amplitude. (Top) Representative averaged mEPSCs.  Scale: 10 ms, 5 pA. (C) There is a 

significant decrease in mEPSC frequency in CaMKKL233F-transfected neurons. (D) No 

significant change in paired pulse ratio in CaMKKL233F-transfected compared to control 

neurons treated for 24 hours with STO-609 and gabazine. (E) Scatter plot of AMPAR and 

NMDAR EPSCs from ChR2-transfected neurons and control neurons, photostimulated in 

the presence of the GABAA antagonist gabazine.  Scales: 50 ms, 10 pA; 100 ms, 25 pA.  

AMPAR Itransfected/Icontrol = 0.39 ± .06; n = 11; NMDAR Itransfected/Icontrol = 0.30 ± 0.04; n = 

11. 
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Figure 14. 

Photostimulation-Induced Synaptic Depression Requires the GluA2 AMPAR 

Subunit.  (A-C) Scatter plots show AMPAR and NMDAR synaptic currents from pairs 

of ChR2-transfected versus control neurons photostimulated 24 hours, from wildtype, 

GluA1 (gria1) knockout, and GluA2 (gria2) knockout mice, respectively.  There is a 

significant depression of synaptic currents for photostimulated versus control cells in all 

conditions except AMPAR responses in the GluA2 knockout. Scales: (A) 50 ms, 40 pA; 

100 ms, 25 pA. (B) 50 ms, 20 pA; 100 ms, 30 pA. (C) 50 ms, 20 pA; 100 ms, 30 pA.  (D) 

Summary graph of data in A-C.  (E) Left: AMPAR responses measured in the presence of 

D-APV at -70, 0 and +40 mV in control and photostimulated neurons.  Scale: 50 ms, 50 

pA.  There is no significant change in rectification index, the ratio of responses at +40 

mV and -70 mV, between control and ChR2-transfected, photostimulated neurons.  (F) 

Glutamate-evoked AMPAR currents in somatic outside-out patches from control and 

ChR2-transfected, photostimulated neurons.  There is a significant increase in current 

amplitude in patches from ChR2-transfected neurons.  Scale: 1 s, 100 pA. 
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Chapter 4: 

General Discussion 
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The Regulation of Synaptic Homeostasis 

 The data presented in Chapter 2 demonstrate that synaptic homeostasis can be 

modulated by secreted factors.  These data also support previous models of the function 

of BMPs in regulating synaptic growth and function (Aberle et al., 2002; Marques et al., 

2002; McCabe et al., 2003; Higashi-Kovtun et al., 2010; Ball et al., 2010), with muscle-

derived BMPs activating BMP receptors on the motor neuron.  The function of BMPs can 

be separated into local functions at the synapse and global roles regulating transcription 

in the nucleus (Eaton and Davis, 2005; Higashi-Kovtun et al., 2010).  Our data reveal 

BMP-dependent transcriptional regulation of motorneuron competence to express 

homeostatic plasticity.  This regulation opens the question of whether BMP secretion is 

regulated during development or in different physiological or pathological states, and 

whether such regulation of BMP secretion meaningfully regulates the expression of 

homeostatic plasticity in those distinct states.  The mechanisms of expression of 

homeostatic plasticity have been shown to vary according to the developmental age of 

neurons (Wierenga et al., 2006).  It will be important to determine whether BMPs or 

other secreted signaling molecules regulate the mechanisms of synaptic homeostasis in 

mammalian systems.  At the Drosophila NMJ, retrograde muscle emission of BMPs may 

ensure proper motor neuron-muscle connection before expression of homeostatic 

plasticity programs, although at present it is unknown what purpose restraining early 

expression of synaptic homeostasis might serve.  Similarly, it is possible that secreted 

signaling molecules may control the expression of synaptic homeostasis in vertebrates to 

ensure that homeostatic programs function only after the establishment of neural circuits.  

In support of this idea, the glial derived signaling molecule TNFα has been reported to 
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regulate some aspects of ocular dominance plasticity (Kaneko et al., 2009), which in turn 

only occurs during a defined critical period in development (Hensch 2005).  TNFα has 

been suggested to control a homeostatic response to activity blockade in hippocampal and 

cortical pyramidal neurons (Stellwagen and Malenka, 2006; Kaneko et al., 2009), thus 

potentially providing an example of developmental regulation of homeostatic plasticity 

by secreted signals in mammals.  

 

Molecularly Overlapping Mechanisms of Homeostasis, Development and Learning 

 Determining the precise roles of homeostatic processes in regulating relatively 

slow neural circuit development and relatively fast adaptation to acute activity 

imbalances, such as after injury or in disease states, is a major challenge for the future.  

At the Drosophila NMJ, the involvement of the BMP system provides an example of a 

molecule necessary in both fast homeostatic plasticity and slow developmental growth.  

These roles are separated into what appear to be a necessary and sufficient function in the 

slow control of growth and a permissive role in fast homeostatic regulation of presynaptic 

release.  In pyramidal neurons, our and others’ data (Ibata et al., 2008) identify CaMK4 

as playing a role in synaptic homeostasis in response to perturbation of activity.  

However, CaMK4 knockout mice show relatively normal synaptic transmission (Ho et 

al., 2000).  Similarly, although both Arc and TNFα have been implicated in the 

homeostatic alteration of synaptic responses in visual cortex in response to monocular 

deprivation, the slow developmental regulation of mEPSC amplitude occurs as normal in 

mice lacking these proteins; perhaps more telling, visual function also develops normally 

(Gao et al., 2010; Kaneko et al., 2009).  As discussed in the introduction, it may be that 
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genetically prespecified “feedforward” developmental programs are sufficient to establish 

normal baseline synaptic transmission; alternatively, modes of feedback that are activity 

independent may regulate the slow development of synaptic transmission.  A third 

possibility is that distinct sets of molecules may regulate subtle compensatory 

homeostatic adjustments that occur during normal development versus dramatic 

compensatory homeostatic adjustments to extremes of activity.  Finally, molecular 

redundancy might allow for alternative molecules to substitute for the absence of 

individual components of homeostatic systems during slow homeostatic responses, 

whereas faster homeostatic processes may be more sensitive to the deletion of individual 

components of homeostatic systems.  

 The molecular players identified to play a role in synaptic homeostasis in 

experiments presented in Chapter 3 also have known functions in other pathways. We 

showed that the CaM kinase cascade, involving CaM kinase kinase activation of CaM 

kinase 4, controls the postsynaptic form of synaptic homeostasis due to chronically 

elevated activity in CA1 pyramidal neurons.  The concentration of activated CaM kinase 

kinase appears to be both necessary and sufficient to determine the magnitude of the 

compensatory depression induced by photostimulation or elevated synaptic activity, since 

the CaM kinase kinase inhibitor STO-609 blocks photostimulation-induced depression, 

and overexpression of CaM kinase kinase enhances a synaptic depression induced by 

chronically elevated synaptic activity.  By contrast, CaM kinase 4 appears to be necessary 

but not sufficient for homeostatic synaptic depression: although blocking CaMK4 

function with dominant-negative CaMK4 or CaMK4-directed shRNA constructs prevents 

photostimulation-induced depression, expression of constitutively active CaMK4 or 
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blockade of CaMK4, on its own, enhances or depresses synaptic function, respectively.  

Consistent with the effect of manipulating CaMK4 on its own, CaMK4 has also been 

suggested to play a role in the maintenance of long-term potentiation at Schaffer 

collateral synapses (Redondo et al., 2010). Additionally, CaM kinase kinase and its 

downstream effectors have been implicated in early developmental synapse formation 

(Saneyoshi et al., 2008), dendrite formation (Wayman et al., 2006), and axon guidance 

(Ageta-Ishihara et al., 2009), through CaMK1, CaMK4 or other pathways (Wayman et 

al., 2008).  How can these data be reconciled with the finding that the CaM kinase 

cascade controls synaptic homeostasis as well?  Similar to the divergent roles of NMDA 

receptor activation in LTD and LTP, we suggest that varying magnitudes, durations, and 

spatial extent of CaM kinase cascade activation differentially control distinct sets of 

downstream effectors.  Weaker or more transient activation of the CaM kinase cascade 

may activate a more limited set of downstream effectors which control developmental 

processes or local synaptic potentiation; global, extended activation of the CaM kinase 

cascade may activate a larger set of downstream effectors that together initiate neuron-

wide forms of synaptic depression.  Both the magnitude of CaM kinase kinase activation 

and the duration of activation are clearly important, as demonstrated by the fact that 

photostimulation cannot be induced by 12 hours of photostimulation but can be induced 

by 24, even if the total amount of photostimulation is reduced. The CaM kinase cascade 

thus may enable local synaptic development or potentiation during episodes of moderate, 

rapid CaM kinase cascade activation, but negative global feedback programs during 

episodes of high or prolonged activation.  
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How might the CaM kinase cascade function in homeostatic plasticity? 

Temporally extended activation of the CaM kinase cascade may be necessary to allow for 

slow transcription and accumulation of homeostatic effectors, such as Plk2 (Pak and 

Sheng, 2003; Seeburg et al., 2008; Evers et al., 2010), which then in turn mediate 

depression only after sufficiently high levels of the downstream effector accumulate to 

initiate synaptic depression.  Alternatively, the targets of the CaM kinase cascade may 

themselves require sustained activation by the CaM kinase cascade to initiate homeostatic 

depression.  The kinases Akt/PKB and AMPK are known to be phosphorylated by 

CaMKK at much slower rates than the canonical CaMKK targets CaMK1 and CaMK4 

(Wayman et al., 2008; Yano et al., 1998).   

  

Homeostasis, Learning and Information Storage 

 It is difficult at present to directly establish the physiological function of synaptic 

homeostasis as studied here, both at the Drosophila NMJ and in CA1 pyramidal neurons.  

The compensatory changes observed after the experimental perturbations used in this 

study are dramatic; it remains to be determined whether a more subtle form of the same 

mechanism occurs in vivo during development.  It is possible that the homeostatic 

mechanisms observed here are only relevant in conditions of brain injury or disease.  

Still, it is worth speculating on how the homeostatic mechanisms observed in these 

experimental systems might affect neural circuit function in vivo.  The most interesting 

issue is the question of tradeoffs – whether compensatory homeostatic changes prevent 

disruption of some aspect of neural function but sacrifice others (Davis 2006; Bergquist 

et al., 2010). 
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 From an evolutionary point of view, the mechanisms of expression of 

compensatory homeostatic changes at distinct synapses may represent prioritization of 

different forms of neural circuit function at those synapses.  In the case of the Drosophila 

NMJ, the rapid compensatory enhancement of presynaptic release after impairment of 

postsynaptic function comes at the cost of altered short-term presynaptic plasticity (Frank 

et al., 2006; Davis, 2006).  This might allow the animal to maintain rapid initiation of 

muscle depolarization but might influence the ability of the animal to sustain motor 

activity over extended periods of time (Frank et al., 2006).  In neocortical neurons, 

chronic inhibition or enhancement of activity has been suggested to multiplicatively scale 

synaptic strength, such that the relative strength of synapses is preserved while 

normalizing global neural activity (Turrigiano et al., 1998; O’Brien et al., 1998).  By 

contrast, our study found that chronic cell-autonomous activity elevation caused synapse 

elimination in CA1 pyramidal neurons.  Quantal size and presynaptic function were 

generally preserved, suggesting that under conditions of elevated activity CA1 neurons 

may maintain the function of spared synapses while normalizing global firing rates by 

sacrificing eliminated synapses.  The extensive synapse elimination – ~50% – raises the 

question of how homeostatic compensation might alter information stored in synaptic 

connections for an affected CA1 pyramidal neuron.  The multiplicity – the number of 

synapses for a given CA3 – CA1 connection – has been estimated to be about two (Hsia 

et al., 1998).  Elimination of 50% of synapses would consequently result in disconnection 

of roughly 25% of Schaffer collateral inputs (other excitatory inputs were not examined).  

Therefore, it seems that in CA1 pyramidal neurons the compensatory response to excess 

activity comes at the cost of whatever information was stored in these lost synaptic 
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connections.  While multiplicative scaling of synaptic strength has been proposed to 

maintain the information maintained in relative synaptic weights (Turrigiano, 2007), this 

might be irrelevant if the relative contribution of a given input toward firing threshold, 

and not the strength of a synapse relative to other synapses on the same neuron, controls 

the information stored at that synapse.   

 What determines which synapses are eliminated by the compensatory homeostatic 

depression we observe?  The fact that blockers of pre- or postsynaptic activity do not 

impair the homeostatic synaptic depression induced by photostimulation suggests that the 

history of use of a synapse does not determine whether it is eliminated.  Additionally, if 

history of synaptic use were important in specifying which synapses were eliminated, one 

might expect that either low- or high-Pr synapses would be preferentially eliminated, 

resulting in a change in average Pr of synapses on photostimulated neurons.  Such a 

change in Pr was not observed.  A simple slowing of synaptogenesis also cannot explain 

the reduction in spine density, since a doubling of synapse density requires roughly one 

week for DIV 7 neurons, as used in our study (Collins et al., 1997). Thus, at present the 

evidence points to random elimination of synapses.  It should be noted, however, that we 

cannot exclude the formal possibility that high – Pr synapses are eliminated, but that Pr 

increases at remaining synapses, resulting in the observed maintenance of average Pr.  

Further work will be necessary to understand whether any specific attribute controls 

which synapses are eliminated.  Finally, it should be noted that only synapses on the 

primary apical dendrite were examined in our study.  Recently, Evers et al., 2010 

reported that Plk2 activation, which is induced by chronic elevation of activity, reduces 

synapse density on primary apical dendrites – consistent with our study – but does not 
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alter spine density on secondary apical dendrites.  Future work will be necessary to 

compare spine density changes on primary and secondary apical dendrites, with 

potentially interesting implications for dendritic integration after chronic activity 

challenges. 

 

Postsynaptic Induction and Expression of Synaptic Homeostasis in CA1 Pyramidal 

Neurons 

 At the NMJ a retrograde signal between muscle and motor neuron regulates 

homeostatic modulation of presynaptic function (Cull-Candy et al., 1980; Sandrock et al., 

1997; Frank et al., 2006; Davis, 2006).  By contrast, the involvement of retrograde 

signals in synaptic homeostasis, and in synaptic plasticity in general at CA3-CA1 

synapses, has been more controversial (Kerchner and Nicoll, 2008; Murthy et al., 2001; 

Branco and Goda, 2008; Regehr et al., 2009).  In long-term potentiation at CA3 – CA1 

Schaffer collateral synapses, observations of a postsynaptic site of induction combined 

with apparent increases in quantal content spurred numerous studies arguing for 

retrograde presynaptic modulation of activity (Kerchner and Nicoll, 2008).  The later 

demonstration of postsynaptically silent synapses was necessary to explain the 

phenomenon of altered quantal content in LTP (Kerchner and Nicoll, 2008).  The 

existence of presynaptic forms of plasticity, mediated by retrograde signals, at other 

synapses (Regehr et al., 2009; Chavaleyre et al., 2006) illustrates the diversity of different 

modes of plasticity.   

 Given the above controversy about retrograde regulation of Pr, it is worth 

comparing the results of a study arguing for retrograde regulation of Pr in synaptic 
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homeostasis (Branco et al., 2008) with our study.  That study claims that local 

depolarization in dendrites triggers emission of a signal that retrogradely modulates 

presynaptic release probability.  In Branco et al., 2008 the most direct data supporting 

that hypothesis is that local electrical stimulation of presynaptic afferents for an extended 

duration triggers a compensatory alteration of presynaptic release.  The authors argue that 

this is due to local dendritic depolarization.  Our method of depolarization, using genetic 

methods to sensitize pyramidal neurons to light, ensures that depolarization is absolutely 

restricted to the postsynaptic neuron.  Using two measures of presynaptic release, paired 

pulse facilitation and the blockade of NMDA receptors using MK-801, we did not 

observe any difference between control and photostimulated neurons. The ChR2 channel, 

as visualized by a mCherry tag, can clearly be seen to fill neuronal dendrites.  Two 

caveats apply: balanced but opposite changes in Pr after photostimulation at different 

synapses (see above), or use of different culture conditions/age of neurons (Wierenga et 

al., 2006).  Nevertheless, since we failed to observe any retrograde modulation of 

excitatory presynaptic release in response to direct light-induced depolarization, we argue 

that the methods of Branco et al., 2008 may have either (A) induced presynaptic forms of 

compensatory changes by directly modulating presynaptic activity or (B) triggered 

release of intercellular signals from other cell types that altered presynaptic release.  A 

recent study provides evidence for such an intercellular signal regulating presynaptic 

release. Laviv et al., 2010 propose that GABA tonically regulates presynaptic release via 

presynaptic GABAB receptors, and that this tonic GABA activity may be dendrite-

specific, due to differential concentration of inhibitory innervation at different dendrites.  

The experimental manipulations in Branco et al., 2008 may thus have directly modified 
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presynaptic GABABR receptor function by stimulating GABA release.  Significant 

questions remain about how gradients of GABA concentration might be locally 

maintained, however. 

 As noted in Chapter 3 earlier, our methods using stimulation of presynaptic inputs 

to photostimulated neurons do not determine whether chronic alterations in activity cell-

autonomously modulate the synaptic outputs of neurons.  While our and others’ results 

demonstrate that intrinsic excitability is modified by cell-autonomous perturbations of 

chronic activity (Grubb and Burrone, 2010), which will modify the likelihood of action 

potential firing in chronically excited neurons, the probability of neurotransmitter release 

may be regulated cell-autonomously as well.  In future work, cotransfection of Rosa26-

floxed neurons with ChR2 and an anterograde synaptic tracer, wheat-germ agglutinin-Cre 

recombinase, could reveal the postsynaptic targets of photostimulated neurons.  This 

would enable simultaneous paired pre- and postsynaptic recordings to directly interrogate 

the synaptic outputs of photostimulated neurons – and might additionally enable 

quantification of synaptic disconnection, similar to the “synaptic footprint” assay used at 

the Drosophila NMJ (Eaton et al., 2002).  Numerous studies have revealed presynaptic 

effects due to chronic modification of activity (Murthy et al., 2001; Thiagarajan et al., 

2005; Moulder et al., 2004), and although modulation of presynaptic function can be 

found after chronic manipulations of activity in autaptic cultures, it is completely 

unknown whether cell-autonomous alterations in activity can modulate the synaptic 

outputs of a neuron.  Interestingly, recent work has implicated the kinase Cdk5 in 

regulating the exchange of vesicles between resting and recycling pools and the kinetics 

of exocytosis of vesicles (Kim and Ryan, 2010). Cdk5 also seems to collaborate with 
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Plk2 to regulate degradation of downstream targets during compensatory decreases of 

postsynaptic function in response to elevated activity (Seeburg et al., 2008).  Using the 

method of paired recordings as described above, from organotypic slice cultures or ex 

vivo from optrode-stimulated animals (Gradinaru et al., 2007), it will be simple to address 

the important questions of whether synaptic outputs are regulated by cell-autonomous 

monitors of activity levels and whether Cdk5 is involved in such regulation.  
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Methods used to collect data presented in chapter 2 

Electrophysiology 

PhTx treatment and electrophysiology were conducted as previously described (Frank et 

al., 2006).  Unless specified otherwise, recordings were conducted in HL3 saline 

containing 0.6 mM Ca2+ and 20 mM Mg2+, with a stimulus duration of 3 ms.  All 

recordings were from muscle 6, abdominal segment 3 of third-instar larvae.  For PhTx 

incubations, a semi-intact preparation was used in which a dorsal incision is made with 

the animal pinned, but not stretched, at the anterior and posterior, and then 200 mL of 6 

µM PhTx-433 perfused over the incision (Frank et al., 2006).  After 10 minute 

incubation, the dissection is completed and the animal washed in normal saline.  

Recordings with Vm < -60 mV were included for analysis.  Quantal content was 

calculated as the ratio of EPSP / mEPSP amplitudes. Average values for mEPSP, EPSP 

and quantal content were calculated for each recording and then averaged across all 

recordings for a given genotype. For experiments conducted in higher calcium (Figures 1, 

4, 7), quantal content was corrected for nonlinear summation (Martin, 1955). 

 

Immunostaining 

For bouton counts, third-instar larval fillets were fixed 2 minutes in Bouin’s solution and 

stained overnight at 4 ˚C with mouse anti-synapsin antibody.  All images and bouton 

counts are from muscles 6/7, abdominal segment 3.  For visualization of FMRFamide in 

the CNS, a mixture of 4% paraformaldehyde and 7% picric acid in 1x PBS solution was 

incubated 10 minutes at room temperature, followed by washing in a blocking solution of 

1x PBS, 0.3% triton X-100, 1 mg/ml BSA, and 5% goat serum.   Anti-PT2 antibody 
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(Jiang et al., 2000; a kind gift of Dr. Paul Taghert, Washington University), and 

secondary antibody (Goat anti-rabbit alexa-488; Invitrogen) was used at 1:2000 or 1:500 

in the same blocking solution at 4 ˚C overnight and 2 hours room temperature, 

respectively.   

 

Genetics  

All stocks were obtained from the Bloomington Stock Collection unless otherwise noted.  

The following synaptic vesicle mutations were analyzed; sources of fly stocks are 

indicated in parentheses: cspU1/cspU1  (Konrad Zinsmaier; Zinsmaier et al., 1994) and 

syntaxin1A06737/+ (Schulze et al., 1995).  These and most animals studied were raised at 

25 °C.  The following BMP mutations were analyzed: witA12/witB11 (Aberle et al., 2002), 

mad10/mad12 (Sekelsky et al., 1995), gbb1 and gbb2 and gbb4 and UAS-gbb9.9 (Brian 

McCabe; Wharton et al., 1999), UAS-gbb9.1 (Stephan Thor; Wharton et al., 1999), 

DLIMKP1 (Eaton and Davis, 2005), sax4/Df(2R)cn7969 (Twombly et al., 1996) and 

babo32/babo32  (Brummel et al., 1999). The neuronal gbb rescue genotypes analyzed were 

elavC155-GAL4/+; gbb1/gbb2; UAS-gbb9.1/+, as well as elavC155-GAL4/+; UAS-

GluedDND84/+; UAS-gbb9.1/+, as well as elavC155-GAL4/+; UAS-GluedDND84/UAS-CD8-

GFP.  The muscle gbb rescue genotype analyzed was gbb1/gbb2; MHC-GAL4/UAS-

gbb9.1.  The following wit rescue genotypes were analyzed: OK6-Gal4/UAS-wit; 

witA12/witB11 as well as OK371-GAL4/UAS-wit; witA12/witB11.  For impairment of 

anterograde transport, the double heterozygous combination khc8/+; klcDf34ex5/+ (Martin 

et al., 1999) was analyzed.   The following GAL4 lines were used in this study: elavC155-

GAL4 (Lin and Goodman, 1994), OK6-GAL4 (Aberle et al., 2002), OK371-GAL4 (Mahr 
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and Aberle, 2006), c380-Gal4 (also referred to as BG380-GAL4; Budnik et al., 1996), 

MHC-GAL4 (Schuster et al., 1996), elavGS-GAL4 (Haig Keshishian; Osterwalder et al., 

2001), c929-GAL4 (Guillermo Marques; Marques et al., 2003).  The following UAS lines 

were used: UAS-dad (Tom Kornberg), UAS-wit (Michael O’Connor; Marques et al., 

2002), UAS-GluedDND84 (Rod Murphey; Allen et al., 1999), and UAS-CD8-GFP.  Mutant 

animals were raised on apple plates supplemented with wet yeast paste, and homozygous 

mutants were selected away from their heterozygous siblings.  The w1118 strain 

controlled for the genetic background of mutations that exist in a w- background.  The 

gbb mutations are in a yw mutant background and, therefore, yw was used as a control.  

For experiments using GeneSwitch (Osterwalder et al., 2001), 2-3 hour egg lays from 

parental genotypes elavGS-GAL4 and UAS-dad were conducted on apple juice plates.  

After the specified time (see text), animals were transferred to apple juice plates 

containing 25 mg/mL RU486 (a.k.a. mifepristone; Sigma) and topped with a yeast paste 

made up from 1 g dried yeast and 2 mL 50 mg/mL RU486 in water.  RU486 was 

prepared as a stock solution at 10 mg/ml in ethanol. 

 

Methods used to collect data presented in chapter 3 

Slice Culture 

Experiments were performed in accordance with University of California at San 

Francisco guidelines for animal use.  Organotypic slice cultures were prepared from P6-8 

rats, wild-type mice, Gria1-/- mice (Zamanillo et al., 1999), or Gria2-/- mice (Jia et al., 

1996) essentially as described (Stoppini et al., 1991; Schnell et al., 2002). Gria1 and 

Gria2 refer to the genes for the GluA1 and GluA2 AMPAR subunits, formerly known as 
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GluR1 and GluR2 (Collingridge et al., 2009).  400 µm hippocampal slices were dissected 

into ice-cold dissection solution (100:1:1, Minimal Essential Media (Gibco) with Earle’s 

Salts, 25 mM HEPES, and no L-glutamine; penicillin-streptomycin (10,000 units/mL 

penicillin, 10,000 mg/mL streptomycin); and 1 M Tris Buffer, pH 7.2). 4-5 slices were 

plated on 0.4 µm culture plate inserts (Millipore) and maintained in slice media in a 

humidified 34°C, 5% CO2 incubator (slice media: 50% Minimal Essential Medium with 

Earle’s Salts, 25 mM HEPES and no L-glutamine; 25% Hank’s Buffered Salt Solution, 

without calcium chloride, magnesium chloride or magnesium sulfate; 25% fetal horse 

serum; supplemented with fresh L-glutamine to 1 mM). Penicillin/streptomycin was 

included for the first day but excluded thereafter. Media was exchanged 1 day after 

dissection, and every other day thereafter. Mouse slice media also included insulin (.01 

mg/L) and ascorbic acid (.0012%).  Slices were transfected biolistically (160-170 psi) 

with DNA constructs coated on 1 µm diameter gold bullets (50 µg DNA/construct, 

except 10 µg CaMK4-CA, precipitated on 25.5 mg of gold particles. Slices were 

transfected at 2-3 DIV, and recorded at 6-10 DIV except where noted. 

 

Plasmid Constructs 

For photostimulation, we expressed pLenti-CaMKIIα-hChR2-mCherry-WPRE, a gift of 

Karl Deisseroth, with a H134R point mutation introduced to enhance photocurrents 

(Boyden et al., 2005; Gradinaru et al., 2007).  CaMKKaL233F, CaMK1DN, and GFP-

CaMK4DN-nls (Wayman et al., 2006), gifts of Tom Soderling, were subcloned into 

pCAGGs-IRES2-GFP or pCAGGs vector.  Constitutively active CaMK4  (Enslen et al., 

1996) was expressed from the pEGFP-nuc parent vector, and thus fused to EGFP; 
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CaMKIIN (Chang et al., 1998) is expressed as a fusion to EGFP in the pEGFP-C1 vector 

(both are also gifts of Tom Soderling). In experiments where double transfection was 

used, both constructs always contained either a fluorophore tag or a fluorophore reporter 

downstream of an IRES sequence.  CaMK4-shRNA (Takemoto-Kimura et al., 2007) was 

expressed from pSUPER-mRFP1 vector.  shRNA-proof CaMK4 was expressed from 

pEGFP-C2; both were kind gifts of Drs. Mio Nonaka and Haruhiko Bito. 

 

Photostimulation  

5-15 slices were consolidated on a culture plate insert, and illuminated with a collimated 

blue LED (470 nm) (Thorlabs). Manufacturer lists total beam power as 195 mW, beam 

area 1963 mm2.  LED was powered by a 0.7 A LED Driver (Thorlabs) and pulsed by a 

Master-8 stimulator (A.M.P.I.).  Slices were maintained in a 34°C, 5% CO2 humidified 

incubator.  Slice media was changed fresh before stimulation; slice media was 

supplemented with drugs at this time.  Slices were preincubated with drugs for 6-12 hours 

(CaMKII inhibitor peptides) or 0.5-1 hours (all others) before photostimulation. 

 

Pharmacology  

The following drugs were used (vendor): nifedipine, ω-conotoxin GVIA, NiCl2, Bax 

inhibitor peptide V5, Cycloheximide, Anisomycin, 5,6-Dichlorobenzimidazole 1-β-D-

ribofuranoside, FK506, 2-Chloroadenosine (Sigma); STO-609, D-APV, TTX, U0126, 

PD98059, SL327 (Tocris); gabazine (also known as SR95531), NBQX (Ascent); 

Myristoylated Calmodulin Kinase IINtide, Myristoylated autocamtide-2 Related 

Inhibitory Peptide, Cyclosporin, SB203580 (Calbiochem).  
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Electrophysiology  

Simultaneous dual whole-cell recordings were performed essentially as described (Lu et 

al., 2009).  Adjacent CA1 pyramidal neurons were recorded simultaneously at room 

temperature on an Olympus BX50WI microscope in whole-cell mode (2-5 MΩ pipettes), 

holding at -70 mV to record AMPAR or GABAR responses and +40 mV to record 

compound AMPAR/NMDAR responses, except where noted.  Transfected cells were 

identified by the presence of fluorophore expression; for most ChR2-transfected neurons 

ChR2 expression was additionally confirmed by the presence of light-evoked currents.  

Data was collected using a MultiClamp 700A amplifier (Axon Instruments), digitized at 

10 kHz, filtered at 2 kHz, and analyzed with custom written software in Igor Pro 

(Wavemetrics).   For measurement of excitatory synaptic responses, a low-resistance 

monopolar glass stimulating pipette filled with extracellular solution was placed in 

stratum radiatum; stimulation frequency was 0.2 Hz. To elicit inhibitory synaptic 

responses, the pipette was placed either in stratum radiatum or pyramidale.  Intracellular 

solution for voltage-clamp recordings contained (in mM) 115 CsMeSO4, 20 CsCl, 10 

HEPES, 2.5 MgCl2, 0.6 EGTA, 5 QX-314 – Cl, 4 Mg-ATP, 0.4 Na-GTP, and 0.1 

Spermine; 290 mOsm, pH 7.2 with CsOH.  Intracellular solution for current-clamp 

recordings contained 130 KMeSO4,10 KCl, 10 HEPES, 4 NaCl, 1 EGTA, 4 Mg-ATP, 

and 0.3 Na-GTP.  Extracellular ACSF solution was equilibrated with 95% O2 and 5% 

CO2 and superfused over slices.  ACSF solution contained 119 NaCl, 2.5 KCl, 4 CaCl2, 4 

MgCl2, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose; 300 mOsm.  1-10 mM 2-chloroadenosine 

was supplemented to dampen epileptiform activity except in recordings where NBQX or 
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TTX was used during recording or in slices that were incubated in ω-conotoxin GVIA.  

100 mM picrotoxin and 10 mM gabazine were added to isolate AMPAR and NMDAR 

EPSCs; 20 mM NBQX was added to isolate NMDAR EPSCs; 20 mM NBQX and 100 

mM D-APV were added to isolate GABAR IPSCs.  Current-clamp recording in Figure 

1B, left panel was performed in superfused oxygenated slice media; right panel recording 

was performed in ACSF containing 1 mM CaCl2 and 1 mM MgCl2; both were performed 

at room temperature, neither included other drugs.  Current-clamp recordings in Figure 

1H were performed in ACSF containing 4 mM CaCl2 and 4 mM MgCl2, and included 5 

mM NBQX and 10 mM gabazine to block synaptic events. mEPSCs were recorded in the 

presence of 0.5-1 mM TTX, and 50 mM sucrose was added in experiments in figure 2 to 

increase the number of events.  40 ms interstimulus interval was used for paired pulse 

ratio experiments.  For MK-801 NMDAR decay experiments, 40 mM MK-801 (in the 

additional presence of 100 mM picrotoxin, 10 mM gabazine, and 20 mM NBQX) was 

washed in for 5-10 minutes while cells were held at -70 mV, before cells were switched 

to +40 mV and 0.2 Hz stimulation resumed.  An internal solution substituting 10 mM 

BAPTA for 0.6 mM EGTA was used for MK801 recordings. For rectification 

experiments, cells were recorded in 100 mM D-APV, 100 mM picrotoxin and 10 mM 

gabazine, and AMPAR responses were measured (in sequence) at -70, +40, -70, and 0 

mV.  Cells where AMPAR responses at -70 mV before and after holding at +40 mV 

varied >40% were excluded; trials at -70 mV were averaged, and rectification index was 

calculated as: (I +40 mV – I0 mV)/40) / ((I0 mV – I-70 mV)/70).  In some cases NBQX (50 nM) 

was added in place of 2-chloroadenosine to dampen excitability.  For somatic outside-out 

patch experiments, 4 MΩ pipettes were used; pipette resistance was measured for every 
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recording; 1 mM glutamate and 100 mM cyclothiazide were locally applied with a 

gravity-fed perfusion apparatus (AutoMate Scientific) for 2 s to patches held at -70 mV 

and peak steady-state current measured, as described previously (Lu et al., 2009).  In 

figure 5 ChR2 functional expression level was measured using 50 ms pulses of light by 

gating mercury arc lamp fluorescence with a fast shutter (Uniblitz) through a 40x water-

immersion objective (Ctrl, CXM, ANS) or by manually engaging blue light filter (DRB).  

Photocurrents were measured at least 50 ms after light onset.  Inhibitor-treated cells with 

>140 pA light-induced current were included for analysis. 

 

Data Analysis  

For measurement of AMPAR or GABAR EPSCs and IPSCs, 20-80 trials were averaged 

and the peak inward current measured.  For NMDAR currents in compound EPSCs the 

current 100 ms after stimulation was measured in averaged traces; for isolated NMDAR 

EPSCs in NBQX, the peak current was used.   For failures analysis, the mean current was 

averaged across a 3 ms period centered at the automatically detected peak current at -70 

mV within the smallest possible window to encompass all post-stimulus events.  The 

number of failures was estimated as double the number of events with measured currents 

>0 pA (where AMPAR currents have expected amplitudes < 0 pA), and divided by the 

total number of trials to yield the failure rate for a given cell.  The noise distribution was 

estimated in some cells by applying the same measurement to a window of the same size 

but before the stimulus artifact.  For NMDAR decay time constant estimation, the area 

under the NMDAR synaptic current relative to baseline between the peak and 0.75 

seconds after stimulation was divided by the peak current (Cathala et al., 2005).  For 
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estimation of decay in MK801 experiments the slow time constant was taken from 

double-exponential fits to plots of NMDAR peak current versus stimulus number in the 

presence of MK801.  mEPSCs were semi-automatically detected and analyzed using 

custom software written in Igor Pro.  For estimation of membrane potential for action 

potential threshold, successively larger 500 ms square current pulses were delivered to 

cells held in current-clamp mode (with current injected to hold cells at <-60 mV 

measured membrane potential) in 10 pA increments until the minimum injected current 

that elicited a spike was reached, then the minimum current threshold was “tuned” in 2 

pA decrements below the initial threshold current pulse.  Action potential threshold was 

estimated as the membrane voltage where the rate of change of the membrane voltage 

was 5 V s-1. Input resistance was measured from the change in current elicited by 4 mV 

hyperpolarizing steps from -70 mV holding potential. 

 

Statistics   

mEPSC amplitude cumulative probability distributions were compared with the 

Kolmogorov-Smirnov test; mean mEPSC amplitudes, outside-out patch currents, and 

rectification indices were compared with the Mann-Whitney test.  Paired data sets for all 

other variables comparing transfected and control neurons were compared with the 

Wilcoxon signed-rank sum test.   To assess significant differences in synaptic currents 

between conditions, sets of amplitude ratios were compared using the Mann-Whitney 

test, with an alpha value of 0.05 corrected by dividing by the number of comparisons. 
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Anatomy and Imaging 

Pairs of control and ChR2-expressing cells in the same slice were filled with intracellular 

solution containing Alexa Fluor 488 for 5-10 minutes.  Slices were fixed in a 1X PBS 

solution containing 4% paraformaldehyde and 4% sucrose, washed and mounted on glass 

coverslips.  Cells from illuminated and non-illuminated slices were imaged in parallel 

using a Zeiss confocal laser microscope, 63x oil immersion objective; analyzer was blind 

to condition.  Spines were counted in 2-4 segments from primary apical dendrite per cell.  

For experiments to visualize photostimulated cell morphology or to examine spine 

density in slices bathed in the transcriptional inhibitor DRB, slices were transfected with 

bullets co-coated with ChR2 and pCAGGS – EGFP constructs; slices were fixed as 

above, then immunostained with rabbit anti-GFP and Alexa-488 conjugated secondary 

antibody.  
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