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ABSTRACT OF THE DISSERTATION 

 

Cellular and molecular studies on hippocampal plasticity:  

region-dependent effects of β-adrenergic signaling and the regulation of  

AMPA receptor phosphorylation 

 

by 

 

Ryan Thomas Guglietta 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2016 

Professor Thomas J. O’Dell, Chair 

 

 

  Synaptic plasticity is an essential mechanism for both the creation of memories and the 

formation of associations between those memories. A crucial component of learning and 

memory is the hippocampus. The works included in this thesis probe the cellular basis of 

learning and memory in the hippocampus through two primary means. The first builds upon 

existing information highlighting the stark difference in plasticity between the dorsal and ventral 

poles of the hippocampus along with the preferential influence of neuromodulators 

on ventral plasticity. The second examines the importance of phosphorylation-based regulation 

of the AMPA receptor subunit, GluA1, and how this mediates hippocampal plasticity. 

  Despite similar basal excitatory and inhibitory synaptic transmission between the two 
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poles, the ventral hippocampus exhibits much weaker long term potentiation (LTP) and complex 

spiking compared to the dorsal. This deficit was due to a down regulation of the NMDA 

receptors in the ventral region, which resulted in weaker E-S coupling and EPSP amplification. 

LTP induction and complex spiking, however, could be rescued with the addition of a β-

adrenergic agonist. Additionally, β-adrenergic activation inhibited the small conductance 

calcium-activated potassium channel, SK, which serves to hyperpolarize the cell and resist 

NMDA receptor activation. Indeed, pharmacological inhibition of the SK channel enhanced LTP 

induction, complex spiking, E-S coupling, and EPSP amplification in the ventral hippocampus.  

 The second part of this thesis examined the role of two particular GluA1 phosphorylation 

sites, S845 and T840, and how their phosphorylation states affect hippocampal plasticity. We 

found that S845 and T840 are regulated by distinct calcium sources and phosphatases and also 

track synaptic strength in different ways. S845 is persistently dephosphorylated following either 

depolarization or LTD induction, whereas T840 only remains dephosphorylated after LTD 

induction. Furthermore, we found inhibitory phospho-site interactions between the two sites, due 

to their close proximity to one another. We then determined the basal phosphorylation levels of 

both sites and discovered that S845 phosphorylation levels were so low we could not adequately 

quantify them while T840 residues were phosphorylated in approximately ~50% of GluA1 

subunits. 

  This thesis has served two important roles in the elucidation of plasticity in the 

hippocampus, as it has i) identified a potent role of noradrenergic signaling in facilitating LTP 

induction in the ventral hippocampus and ii) detailed the regulation and prevalence of T840 and 

S845 in the hippocampus, along with their involvement in plasticity 
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Part I 

Introduction 

  An organism’s ability to store representations of the world and form associations between 

those representations confers the ability to adapt to the pressures of a dynamic environment. This 

facet of cognition holds true from fruit flies to humans, emphasizing the evolutionary advantage 

of learning and memory mechanisms. Understanding the foundation of this process can therefore 

yield great insight into the development of our cognitive systems as well as potential solutions to 

when these systems go awry. This thesis is dedicated to building upon this foundation and 

bolstering our understanding of the cellular mediators of learning and memory. 

   Arguably no structure has been studied more frequently in relation to this phenomenon 

than the hippocampus. Residing within the medial temporal lobe in mammalian brains, the 

hippocampus has been implicated in a wide array of learning and memory processes that are 

indispensable for normal cognitive function.    

 Despite extensive study, however, preferential attention has been paid to the dorsal 

(septal) hippocampal regions as opposed to ventral (temporal). Whereas the behavioral, 

molecular, and electrophysiological properties of the dorsal hippocampus have been well 

classified, the same measures have been applied far more sparingly to the ventral hippocampus. 

Importantly, the dorsal and ventral hippocampi are known to be involved in distinct cognitive 

functions. Dorsal regions are primarily involved in spatial and contextual learning whereas 

ventral areas play a larger role in emotion and motivational states. Excitatory synapses in these 

two regions of the hippocampus also exhibit striking differences in synaptic plasticity. Long-

term potentiation (LTP) is weaker and more difficult to induce at synapses in the ventral 

hippocampus, especially at the Schaffer collateral fiber synapses onto CA1 pyramidal cells. 
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What underlies these differences in plasticity is largely unknown, and warrants further 

investigation.  

  A potential key player in this phenomenon could be the monoaminergic system, as it is a 

potent modulator of circuit function and has disparate inputs throughout the brain. The well-

defined layout of the hippocampus coupled with its extensive innervation by many 

monoaminergic nuclei has made it a popular system to study the effects of neuromodulators, 

particularly the adrenergic system. Adrenergic receptor activation has been shown to alter an 

array of neuronal properties such as cell excitability, ionic conductance, and synaptic plasticity. 

These phenomena have been largely documented in dorsal regions of the hippocampus while 

little is known about the effects of adrenergic modulation on ventral regions. Given the 

involvement of both the adrenergic system and the ventral hippocampus in affective and stress 

responses, further elucidation of the potential modulatory nature of adrenergic activation on 

ventral hippocampal functioning and plasticity could yield significant information and 

therapeutic outcomes. 
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Chapter One 

Introduction 

Disparate connections to and from the dorsal and ventral poles 

  The ventral hippocampus does not serve only redundant overlapping functions with the 

dorsal hippocampus, but is rather a distinct region that has its own segregated anatomical, 

functional, and electrophysiological properties. Over time, the ventral hippocampus has been 

distinguished from its dorsal counterpart by its afferent and efferent connections. CA1 and 

subicular regions have segregated efferent targets depending on their position along the 

longitudinal axis. The ventral subiculum shows strong reciprocal connections with the 

amygdaloid complex, including the posterior, medial, and basomedial nuclei (Kishi et al., 2006). 

Additionally, the ventral third of the hippocampus provides dense connections to the bed nucleus 

of the stria terminalis (Swanson and Cowan 1977, Dong and Swanson 2006), a brain region 

associated with anxiety and threat monitoring. Dorsal subicular efferents innervate the 

retrosplenial (Cenquizca and Swanson, 2007) and anterior cingulate cortices (Swanson and 

Cowan 1977), areas involved in visuospatial processing and episodic recall.  

  Hippocampal-hypothalamic connections are also segregated along the longitudinal axis. 

The dorsal hippocampus most densely innervates the mammilary nuclei of the hypothalamus 

(Swanson and Cowan, 1977) whereas the ventral subiculum projects to the ventromedial 

hypothalamic nuclei (Risold et al., 1996). The mammilary nuclei contain “head direction cells” 

important for navigation (Blair et al., 1998) and is also implicated in spatial memory recall 

(Vann et al., 2004). The ventromedial hypothalamic nuclei partially regulates feeding, fear, and 

sexual behaviors (King et al., 2006; Carvalho-Netto et al.; 2010; Kow et al., 1998). Furthermore, 

while dorsal CA1 contains many pyramidal neurons with highly selective place fields, the ventral 
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hippocampus contains far fewer with larger receptive fields and less selective localizations (Jung 

et al., 1994). Among many possibilities, this could be indicative of the different afferents 

innervating the entorhinal cortex in the dorsal/ventral regions, a gradient of place cell selectivity 

along the axis, and/or the two areas being better suited for processing information from 

differently sized environments.  

   As is evident, clear demarcations exist between dorsal and ventral projections. 

Alterations in synaptic strength and connectivity of one pole over another could have very 

disparate effects, given the functional segregation of dorsal and ventral outputs. 

 

Preferential behavioral involvement 

 Corroborating the anatomical data, functional differences between regions have become 

quite apparent. Whereas lesions of the dorsal hippocampus lead to serious deficits in such spatial 

tasks as the Morris Water Maze and Radial Arm Maze, lesions restricted to ventral regions rarely 

produce such deficits (Moser et al., 1995; Pothuizen et al., 2004 but see Ferbinteanu et al., 2003; 

Rudy and Matus-Amat, 2005). Indeed, many studies have implicated the dorsal hippocampus in 

contextual, but not cued, fear conditioning, validating the importance of the dorsal hippocampus 

in spatial memory tasks (Kim and Fanselow, 1992; Hunsaker and Kesner, 2008). Humans also 

show discriminatory involvement between the two regions. Maguire et al. (1997) found that taxi 

drivers asked to recall their routes showed preferential activity in the posterior (corresponding to 

the dorsal region in humans) rather than the anterior hippocampus (representing the ventral).  

  Ventral lesions do, however, lead to other serious perturbations in behavior. Damage to 

the ventral hippocampus has resulted in marked reductions in anxiety-like behavior in rodents. 

Animals were more likely to enter open arms in the elevated plus maze and showed shorter 



 
 

5 

latencies consuming food in novel environments (McHugh et al., 2004; Bannerman et al., 1999; 

Weeden et al., 2015), both tasks frequently used to assess anxiety. In line with these findings, 

lesions to the ventral, but not dorsal, hippocampus also led to more severe ulcers in animals 

subjected to cold and restraint stressors (Henke et al., 1990). Interestingly, Kamnaksh et al. 

(2011) expounded upon a link between a mouse model meant to recapitulate post-traumatic 

stress disorder in humans and altered ventral hippocampal function. They noted elevated pro-

inflammatory mediators in ventral hippocampal areas that corresponded with an increase in 

anxiety. Studies that uncover links between the ventral hippocampus and emotional disorders are 

not an aberration but rather a frequent and often robust finding.  

   As is abundantly evident, the dorsal and ventral hippocampi have clearly distinct 

connections and functions that warrant a finer discernment between the two regions. These 

properties would also suggest that within the regions themselves, there exists stark differences in 

both intrinsic and circuit level function. This thesis seeks to build upon the work of others in 

determining the extent to which the dorsal and ventral hippocampus differ and what may mediate 

that difference. 

 

Discrepancies in long- and short-term plasticity  

 The dorsal hippocampus, particularly dorsal CA1, has been a bellwether of plasticity 

research for many years due to the relative ease with which the synapses undergo long-term 

potentiation. The most canonical form of LTP within this region is an NMDA receptor-

dependent form of LTP that is associated with a myriad of cellular and synaptic changes. Briefly, 

activation of postsynaptic NMDA type glutamate receptors by coincident pre- and postsynaptic 

activity triggers calcium influx into the cell (Luscher and Malenka, 2012). Calcium acts as a 
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second messenger to initiate molecular signaling cascades that activate kinases, alter dendritic 

spine morphology, and phosphorylate and traffic AMPA receptors to the synapse, resulting in 

increased conductance (Malenka and Bear, 2004; Nikonenko et al., 2003; Hayashi et al., 2000; 

Lu et al., 2001). LTP and synaptic plasticity in general have long been considered the cellular 

mechanism behind learning and memory.   

  Few studies have sought to compare plasticity differences along the longitudinal axis of 

the hippocampus, but those that did have catalogued substantial differences between the dorsal 

and ventral poles. For instance, high-frequency stimulation (HFS) protocols that induce robust 

LTP at Schaffer collateral fiber synapse in CA1 region of the dorsal hippocampus have little, if 

any lasting effect on synaptic strength in the CA1 region of the ventral hippocampus 

(Papatheodoropolos and Kostopoulos, 2000; Maruki et al., 2001; Maggio et al., 2007). Indeed, 

theta burst stimulation, which is characterized by short bursts of 100Hz stimulation delivered at 

5Hz intervals, induced LTP in dorsal, but not ventral CA1 (Colgin et al., 2004). Differences in 

short term plasticity have also been noted between the two regions. Dorsal CA1 synapses exhibit 

significantly higher paired pulse facilitation across a range of time intervals when compared to 

ventral synapses (Papatheodoropoulos and Kostopoulos, 2000; Papatheodoropoulos et al., 2015). 

This indicates an increase in release probability at ventral Schaffer collaterals, which could have 

a significant impact on signal processing.   

  As these examples have shown, ventral hippocampal synapses are more resistant to 

change than dorsal synapses. As increases and decreases in synaptic weights are viewed as 

synonymous with learning, this presents a conundrum. The ventral hippocampus is clearly 

involved in the regulation and adaptation of emotional and motivational states, yet its synapses 

do not readily change in an activity-dependent manner.  The functional implications of this 
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synaptic dichotomy are currently unknown, but suggest that the ventral hippocampus may need 

an additional signal to enter a more plastic state.   

 

Cellular differences along the longitudinal axis  

 While the basic circuitry and layout within the dorsal and ventral hippocampus is similar 

(e.g. the trisynaptic loop), there are significant differences on a cellular level. Ventral pyramidal 

cells are more excitable, partially due to their higher resting membrane potential and input 

resistance, both at the soma and dendrites (Dougherty et al., 2012; Marcelin et al., 2012; Malik et 

al., 2016). Perhaps due to these factors, back-propagating action potentials (bAPs) attain higher 

peak amplitudes in ventral dendrites (Marcelin et al., 2012). bAPs are thought to be important for 

plasticity as they are potent depolarizing forces in dendrites that can initiate bursting and 

facilitate activation of NMDA receptors.   

  Marcelin et al. (2012) suggest that higher expression of hyperpolarization-activated 

cAMP-gated channel (HCN) and lower expression of the voltage gated potassium channel, 

Kv4.2, along the ventral hippocampus may allow for more effective bAPs. Furthermore, the 

noted increase in Kv4.2 phosphorylation in ventral hippocampus, which reduces the conductance 

of the channel, would further reduce the hyperpolarizing effect of these channels. Differential 

regulation of potassium conductance between dorsal and ventral regions could result in robust 

alterations in cell excitability and other intrinsic properties, making it one of several promising 

mechanisms for explaining disparities in plasticity.   

  Morphological differences within the pyramidal cells themselves can also alter the 

electrophysiological properties of these two regions. Malik and Dougherty (2016) found that 

while ventral CA1 pyramidal neurons were longer, dorsal neurons had an almost two-fold 
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increase in total dendritic length, meaning their dendrites were more arborized and densely 

compacted. Disparities in dendritic arbor arrangement and length can have significant effects on 

signal propagation, effecting input resistance, membrane time constants, and passive 

propagation. Indeed, the same study found longer time constants in ventral cells as well as higher 

firing rates.   

 Furthermore, the dorsal and ventral hippocampi respond to stress differently not just on a 

behavioral level, but on a cellular one. Maras et al. (2014) found that chronic exposure to 

multimodal stressors led to a decrease of CA1 synapses in the dorsal hippocampus with no 

corresponding decrease in ventral CA1. Additionally, chronic unpredictable stress resulted in 

volumetric decreases in dorsal hippocampal volume while conversely increasing ventral 

hippocampal volume (Pinto et al., 2015). These studies couple the functional segregation of the 

two regions to consequences on a cellular level, and may hint at the involvement of systems 

relating to stress as mediators of these differences.  

  Now that we’ve considered the anatomical, behavioral, and cellular differences between 

the dorsal and ventral hippocampus, the next logical question is: why do these two regions of the 

same brain structure process synaptic input in such dissimilar ways? The first part of this thesis 

seeks to address this question by i) cataloguing the discrepancies in plasticity and ii) identifying 

a mechanism that mediates these discrepancies. By understanding the extent of the plasticity 

variation along the dorsal-ventral axis and the mediators behind it, we would better be able to 

posit as to the function of this dichotomous relationship.  
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Results 

Deficit in LTP induction in the ventral hippocampus 

  Our lab has previously shown robust potentiation of dorsal Schaffer collateral/CA1 

synapses following stimulation at the theta frequency (5 Hz) for 150 pulses (30 s), known as 

theta pulse stimulation (TPS) (Thomas 1998). Extending the duration of the train to 180 seconds, 

however, significantly reduces the level of potentiation achieved. To determine whether ventral 

CA1 synapses exhibit a similar response we administered two separate trains of 5 Hz stimulation 

at durations of 30 and 180 seconds to slices taken from the ventral and dorsal thirds of the 

hippocampus.  

  Predictably, dorsal slices potentiated to approximately 60% of baseline following TPS 

delivery to the Schaffer collaterals of the stratum radiatum of CA1 (160% ± 8% n = 6, p < 0.01, 

Fig. 1A). Ventral slices, however, did not exhibit any potentiation at CA1 synapses following the 

same stimulation protocol (109% ± 6% n = 6, p < 0.01, Fig. 1A), further extending the observed 

deficit in ventral plasticity. We then shifted the duration of the train to 180s to see if ventral 

synapses were more sensitive to theta stimulation of a longer duration. Neither region showed 

significant potentiation to 180s of 5 Hz stimulation (Dorsal: 114% ± 9% n = 6, p = 0.138; 

Ventral: 94% ± 4% n = 6, p = 0.15, Fig. 1B).   

 

Deficits in ventral complex spiking  

  An essential component of plasticity induction for the theta pulse protocol is the 

generation of complex spiking (CS), a phenomenon characterized by a given stimulation pulse 

generating multiple population spikes due to synchronous firing of postsynaptic neurons. In 

dorsal hippocampal slices, TPS elicited complex, time-varying changes in both synaptic 
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transmission and postsynaptic AP firing. Following an initial facilitation of synaptic 

transmission, EPSPs began to elicit bursts of multiple population spikes (Fig. 1C). Although the 

facilitation gradually faded and synaptic transmission at later time points was depressed (Fig. 

1D) EPSPs continued to elicit CS bursts for the remainder of the stimulation train (Fig. 1E). In 

stark contrast, the dynamic changes in synaptic transmission during TPS were less robust at SC 

synapses in the ventral hippocampus and, surprisingly, EPSPs failed to elicit postsynaptic CS 

bursts (Fig. 1D,E). This bursting is essential for plasticity induction as it provides an important 

mechanism of depolarization necessary for the activation of NMDA receptors (Thomas et al., 

1998).  

 

Ventral Pyramidal Cells are Capable of undergoing LTP  

 We then asked whether ventral synapses were capable of undergoing LTP at all. To 

determine this, we removed the necessity of bursting-induced depolarization by performing an 

intracellular pairing protocol. This consisted of injecting depolarizing current into postsynaptic 

neurons while simultaneously stimulating presynaptic vesicle release with low frequency 

synaptic stimulation. Indeed, both dorsal and ventral pyramidal neurons showed similar levels of 

potentiation (Dorsal: 193% ± 4.6%, n = 7, p < 0.01, Ventral: 180 ± 10% n = 6, p =0.22, Fig. 2A). 

This indicated that ventral CA1 synapses are capable of potentiating if provided the requisite 

depolarization and presynaptic input.  

 

Excitatory and Inhibitory Mechanisms of Transmission  

 What, then, is preventing ventral pyramidal cells from undergoing TPS-induced LTP? 

We sought to identify the mediating mechanism(s) that resulted in such stark differences in LTP 
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induction between the two regions by first exploring excitatory and inhibitory synaptic 

transmission. Interestingly, input/output curves, mEPSC frequencies and amplitudes, basal 

release probabilities, and NMDA receptor time constants were all similar between dorsal and 

ventral CA1 (Fig. 3). This indicated that basal excitatory mechanisms of synaptic transmission 

are largely comparable. Next, as activity-dependent, short-term depression of feed-forward 

inhibition has a crucial role in the induction of LTP by theta-frequency stimulation (Davies et al., 

1991; Mott and Lewis, 1991), we examined whether there were regional differences in inhibitory 

synaptic transmission. We found, however, that the TPS-induced depression of inhibitory 

postsynaptic currents (IPSCs) was essentially identical in dorsal and ventral pyramidal cells (Fig. 

4). Moreover, spontaneous IPSCs and IPSC/excitatory postsynaptic current (EPSC) ratios for 

synaptic currents evoked by SC fiber stimulation were also comparable between dorsal and 

ventral cells (4B,C). Taken together, we concluded that inhibitory and excitatory transmission, at 

least by the measures we examined, were similar between the two regions and likely not 

responsible for differences in plasticity or complex spike bursting.   

  We then asked whether discrepancies in intrinsic excitability might contribute to the 

difference in EPSP-evoked spiking in dorsal and ventral pyramidal cells. Although previous 

studies have found differences in intrinsic excitability in dorsal and ventral CA1 pyramidal cells 

(Dougherty et al., 2012, 2013; Marcelin et al., 2012; Honigsperger et al., 2015, Malik et al., 

2015), under our experimental conditions rheobase and threshold for APs elicited by somatic 

current injection were not significantly different (Table 1). There was also no significant 

difference in the number of APs elicited by 500 ms pulses of depolarizing current (25 to 150 pA, 

Fig. 5A,B).   

  Although these results suggest that the intrinsic excitability of dorsal and ventral CA1 
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pyramidal cells is similar, dendritic spines and dendrites contain ionic conductances that regulate 

depolarization mediated by excitatory synaptic inputs (Magee and Johnston, 1995; Hoffman et 

al., 1997; Magee et al., 1999; Ngo-Anh et al., 2005; Bloodgood and Sabatini, 2007; Faber et al., 

2008), and a dorsal-ventral difference in some of these conductances might be difficult to detect 

using somatic current injections (see Gu et al., 2008). Thus, we also examined intrinsic 

excitability by measuring the ability of EPSPs evoked by different intensities of presynaptic fiber 

stimulation to elicit APs, a phenomenon known as EPSP-Spike (E-S) coupling. Although AP 

firing in response to somatic current injections was the same in dorsal and ventral pyramidal 

cells, E-S coupling was significantly weaker in ventral pyramidal cells (Fig. 5C,D). 

  To gain further insight into the mechanisms responsible for the difference in E-S 

coupling in dorsal and ventral CA1 pyramidal cells we next examined the voltage-dependent 

amplification of EPSPs that occurs with membrane depolarization (Stuart and Sakmann, 1995; 

Andreasen and Lambert, 1999; Lipowsky et al., 1996; Fricker and Miles, 2000; Carter et al., 

2012). In these experiments inhibitory synaptic transmission was blocked with picrotoxin (100 

µM) to pharmacologically isolate EPSPs and the strength of SC stimulation was adjusted to 

evoke small, sub-threshold EPSPs (~5 mV at Vm = -80 mV).  Synaptic responses were then 

recorded at postsynaptic membrane potentials between -80 and -40 mV (Fig. 6A). Although 

robust EPSP amplification was observed in dorsal pyramidal cells, there was little, if any, 

depolarization-induced amplification of EPSPs in ventral pyramidal cells (Fig. 6A,B). Consistent 

with previous findings indicating that NMDAR activation significantly contributes to EPSP 

amplification in CA1 pyramidal cells (Fricke and Miles, 2000), bath application of the NMDAR 

antagonist D-APV (50 µM) strongly inhibited EPSP amplification in dorsal CA1 pyramidal cells 

(Fig. 6C,D). Blocking NMDARs had no effect, however, on EPSPs in ventral pyramidal cells 
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(Fig. 6C,D). These findings indicate that NMDAR activation is strongly down regulated at 

ventral SC synapses. Moreover, because NMDAR activation has a crucial role in CS bursting in 

dorsal CA1 pyramidal cells in vivo (Grienberger et al., 2014; Abraham and Kairiss, 1988), the 

absence of robust of NMDAR-mediated EPSP amplification in ventral pyramidal cells may 

account for the inability of EPSPs to elicit CS bursting in these cells during TPS. 

  To determine how the lack of EPSP amplification in ventral pyramidal cells influences E-

S coupling and CS bursting, we next examined how membrane depolarization regulates EPSP-

evoked AP firing in dorsal and ventral pyramidal cells. Here, the intensity of SC stimulation was 

first adjusted to evoke large EPSPs (~15 mV) that were below threshold for action potential 

generation at Vm = -70 mV, and the ability of EPSPs to elicit APs was then tested at membrane 

potentials between -70 and -50 mV. In addition, inhibitory synaptic transmission was suppressed 

with picrotoxin to mimic the activity-dependent depression of IPSCs that occurs during TPS 

(Fig. 4). Under these conditions, EPSPs reliably elicited robust, CS bursts of APs in dorsal 

pyramidal cells at membrane potentials depolarized to ≥ -60 mV and significantly less bursting 

was observed in ventral pyramidal cells at all membrane potentials tested (Fig. 7A). Consistent 

with the notion that NMDAR activation facilitates CS bursting, bursts of postsynaptic APs were 

rarely seen in cells where NMDARs were blocked by intracellular application of MK-801 (40 

µM) (Fig. 7B).  

  Therefore, we concluded that the lack of TPS-induced potentiation in ventral CA1 is 

likely a result of deficient CS bursting that is, at least in part, due to down regulation of NMDA 

receptor activation at ventral synapses. However, other studies have found deficits in ventral 

plasticity with stimulation protocols that do not rely on complex spike bursting and theta 

frequency stimulation (Papatheodoropoulos and Kostopoulos, 2000; Grigoryan et al., 2012). 
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Before continuing the pursuit of TPS-induced plasticity, we chose to examine the effect of high 

frequency stimulation (HFS) on ventral CA1. As TPS and HFS rely on different mechanisms to 

exert their effect, we may gain further insight into the unique physiology of ventral CA1 

pyramidal neurons.   

 

High frequency stimulation induces LTP in dorsal and ventral CA1 to different degrees 

    As previously mentioned, complex spike bursting is not an essential component for all 

LTP inducing stimuli. High frequency stimulation does not require bursting, partially due to the 

very quick delivery of stimulation, which provides inadequate time for bursting to take hold. Due 

to the lack of potentiation and complex spiking during the TPS protocol, we were curious as to 

whether a protocol that did not depend on complex spiking would be capable of inducing 

potentiation at ventral synapses.   

  We delivered a HFS protocol that consisted of two 1s trains of 100 Hz stimulation (with 

an inter-stimulus interval of 10 s) to CA1 of dorsal and ventral slices and monitored their 

responses for one hour. This protocol typically induces robust potentiation in dorsal slices, and 

indeed we achieved an approximately 75% increase in the baseline response from dorsal slices 

(176 ± 6.6%, n = 6, p < 0.01) that held for at least 60 minutes after LTP induction. Ventral slices 

also exhibited substantial potentiation following the same tetanus with an increase in EPSP slope 

by ~40% (137 ± 8.4%, n=5, p < 0.01). This potentiation, however, was significantly weaker than 

the potentiation expressed by dorsal synapses (p < 0.05). Therefore while it is clearly possible for 

ventral synapses to undergo LTP, even outside the realm of intracellular pairing protocols, the 

potentiation is much smaller compared to dorsal synapses.  
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                                                Discussion 

  In the present study, we found that the ventral hippocampus exhibits substantial deficits 

in LTP induction compared to dorsal CA1. This deficit persists across a variety of protocols and 

does not appear to be the result of perturbations in basal excitatory or inhibitory synaptic 

transmission. We did, however, observe a failure of ventral CA1 to undergo complex spike 

bursting during the TPS protocol, which is a necessary component of TPS-induced plasticity. We 

found that alterations in E-S coupling between the two regions likely led to this deficit in 

bursting and was tied to the down regulation of NMDA receptors in ventral pyramidal cells. 

These results illuminate several interesting concepts.   

 

Synaptic processing and theta stimulation  

  What becomes immediately evident is that the dorsal and ventral hippocampus process 

synaptic inputs differently. Whereas an array of diverse stimuli can instigate robust alterations in 

dorsal synaptic function, the same stimuli are far less successful at ventral synapses. Stimulation 

at theta frequencies reveals particularly glaring differences, with robust LTP generation in dorsal 

regions and no noticeable alterations in synaptic strength within ventral CA1.   

  Most of our experiments focused on using theta frequency to induce plasticity and 

complex spiking. Theta frequency, even beyond the context of our own experiments, is a 

pervasive physiological oscillation involved in many neuronal processes. Theta, often denoted as 

θ, has taken on an array of meanings within neuroscience, but for our purposes it refers to 

stimulation at 5 Hz. More generally, it is an endogenously generated rhythm within the brain that 

encompasses a range of frequencies between 4-12 Hz (Buzsaki et al., 2002). This oscillatory 

frequency is associated with behavioral and motivational states, present during locomotion, REM 
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sleep, and exploratory behavior (Vanderwolf et al., 1969; O’Keefe and Nadel, 1978; Leung, 

1984; Maho et al., 1988; Buzsaki, 2005). The mechanisms by which theta is generated are 

complicated, but rely on cholinergic input from the medial septum (Brazhnik and Fox, 1997; 

Buzsaki, 2002) along with input from the serotonergic and GABAergic systems as well as 

NMDAR-dependent transmission (Vertes et al., 1994; Azmitia et al., 1984; Yoder and Pang, 

2005; Allen and Crawford, 1984; Vertes, 2005; Huerta and Lisman, 1995)  

  The hippocampus itself appears to be particularly tuned to this frequency, acting as a 

band-pass filter to selectively respond to some frequencies over others. Indeed, place cells within 

the hippocampus tend to fire bursts at theta intervals (O’Keefe and Recce, 1993) and in vivo 

recordings have shown that CA3 neurons are more likely to fire action potentials at the peak of 

theta oscillations (Bland et al., 1988; MacVicar and Tse, 1989; Huerta and Lisman, 1996). 

Interestingly, theta waves measured in the ventral hippocampus weaken over time as an animal 

becomes more familiar with a new environment (Jacinto et al., 2013), perhaps corresponding to a 

decrease in an anxiety-state. As these rhythms are essential parts of our nervous system’s 

communication repertoire, the fact that the dorsal and ventral hippocampi respond to theta in 

such dissimilar ways underlies their functional segregation.   

 

Potential mediators of complex spiking disparities  

 How these two regions process theta, and synaptic input in general, may highlight the 

molecular means of their functional segregation. Of particular interest is the elevated E-S 

coupling noted in the dorsal hippocampus following TPS. Indeed, the ability of theta stimulation 

to increase population-spike amplitude and depress EPSPs has been well documented (Thomas et 

al., 1998; Winder et al., 1999; Blaise and Bronzino, 2003; Selcher et al., 2003) in the 
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hippocampus, but a systematic comparison between dorsal and ventral regions has never been 

done. The fact that ventral pyramidal cells do not show any EPSP amplification as membrane 

potentials become more depolarized stands in stark contrast to dorsal cells. Not only, then, do 

ventral synapses fail to potentiate under most circumstances, but they also resist alterations to 

more homeostatic processes like EPSP amplification. While these results reinforce the 

intransigent nature of the ventral hippocampus and extend this phenomenon beyond plasticity 

alone, the identification of the necessary “signal” to enact change in this region is still a mystery.   

  Insight may be gained by examining the molecular changes mediated by complex spiking 

and E-S coupling. One possibility is that E-S coupling is due to changes in intrinsic excitability 

of the cell, potentially by increasing Ih currents via HCN channels (Campanac et al.¸ 2008). This 

is a reasonable option, especially since Marcelin et al. (2012) found differential expression of 

HCN channels along the longitudinal axis of the hippocampus. However, our own lab examined 

this possibility and could not find any corresponding change in membrane potential following E-

S potentiation (Fink and O’Dell, 2009). Others have suggested a suppression of GABAergic tone 

may be responsible for this phenomenon (Lu et al., 2000; Staff and Spruston, 2003) but we have 

already shown that dorsal and ventral regions show no difference in GABAergic signaling, 

making this possibility unlikely.  

  An enticing alternative to these explanations is the involvement of the ERK family of 

MAP kinases. Complex spiking and TPS-induced LTP are dependent on ERK1/2 activation and 

the TPS protocol leads to a significant increase in ERK1/2 levels (Morozov et al., 2003; Fink and 

O’Dell 2009; Winder et al., 1999). This pathway, once active, is quite a promiscuous signaling 

cascade with wide ranging effects throughout the cell. One particular area of interest is the ERK 

pathway’s penchant for regulating potassium channels. ERK can phosphorylate and inhibit 
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several variants of potassium channels, including Kv4.2 (Selcher et al., 2003) and small 

conductance calcium-activated SK channels. Evidence of regional differences in potassium 

channel expression (Marcelin et al., 2012) and alterations in bAP dynamics between the dorsal 

and ventral hippocampus further implicate the interplay between ERK1/2 and potassium 

channels in the noted plasticity deficit.  Intriguingly, bAPs are often more associated with 

facilitating plasticity as opposed to preventing it, so this seems somewhat paradoxical. However, 

increased depolarization in the dendrites could rally more compensatory hyperpolarizing forces. 

SK channels, for instance, are largely localized to dendritic spines and are partially activated by 

depolarization. Therefore if higher amplitude bAPs make it to ventral spines, they may facilitate 

the activation of these channels and enhance spine hyperpolarization, which would then hamper 

NMDA receptor activation. Two different potassium channels might then have a net inhibitory 

effect on plasticity induction.  

 

Regional differences in calcium dynamics  

 Additionally, alterations in calcium homeostasis and phosphatase activity could affect 

synaptic processing. Leonardo et al. (2006) performed a comprehensive microarray analysis of 

the molecular profile of the dorsal and ventral hippocampus and identified alterations in the 

expression of proteins that control calcium influx and buffering. One such protein, neuromatin, is 

six-fold enriched in the ventral hippocampus. This protein has a high degree of structural 

similarity to phospholamban and is believed to inhibit the activity of the calcium ATPase of the 

smooth endoplasmic reticulum (SERCA), thereby increasing intracellular calcium levels (Oyang 

2011). Moreover, the ventral hippocampus exhibits a more potent response to agonists of 

calcium release from intracellular stores, such as caffeine and ryanodine. Exposure to either 
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compound facilitates calcium release and results in both an increase in EPSP slope and enhanced 

induction of LTP (Grigoryan 2012). The same agonists induce a much smaller effect in the 

dorsal hippocampus. Increased calcium influx coupled with altered intracellular calcium 

regulation is another potential explanation for the noted differences in plasticity between dorsal 

and ventral hippocampus, possibly through modified kinase/phosphatase gating. 

 

Is “deficit” a misleading term?  

  Thus far I have often used the term “deficit” to describe the inability of ventral CA1 

synapses to potentiate in response to various stimulation patterns. This, however, may be an 

unfair characterization, as deficit implies the existence of a problem. Our nervous system has 

evolved over millions of years to carry out complicated, intricate cognitive tasks and is highly 

specialized to do so. Behavioral data has shown us that the dorsal hippocampus is essential for 

spatial and contextual tasks, where one is faced with an ever-changing set of environmental 

circumstances that need to be constantly updated and remodeled. Having the corresponding 

circuitry to respond quickly to a dynamic environment would therefore be advantageous to one’s 

survival. But this may not always be the case.    

  The ventral hippocampus does not seem to play as much of a role in these cognitive 

tasks. It does, however, mediate many different aspects of anxiety and motivational states, 

attributes that are arguably more valuable when they are not in constant flux. It is difficult to 

think of a scenario in which a rodent would need to alter its internal relationship between “dark 

and confined equals safe” and “bright and open equals dangerous”. Millions of years of selective 

pressure have ingrained these concepts into the rodent nervous system as they have proven to be 

essential for survival. To alter them as readily as one updates the location of a hole in the wall 
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seems brash and disadvantageous. Perhaps the more intransigent circuitry of the ventral 

hippocampus serves to protect against this.   

  Presumably a mouse must enter open areas relatively frequently, simply as a means of 

getting around. By the nature of the mouse being alive, these moments are likely very 

uneventful, with little to no repercussions. If the ventral hippocampal circuitry were more prone 

to modulation, it might respond to this “learned safety” and weaken the animal’s innate anxiety 

response, and therefore lessen its haste in seeking dark, confined areas. This in turn would make 

the mouse more susceptible to predatorial advances and death/injury, as open areas did not in 

actuality get any safer. This could result in the imminent demise of animals using this cognitive 

heuristic. Therefore, the rigid nature of the ventral hippocampus may very well be an 

evolutionary protection against such things. While this section is purely speculative, it is 

important to consider the broader implications of neuronal phenomenon as to not lose sight of 

the ultimate goal of understanding cognition.  

 

What, if anything, does the ventral hippocampus need to change?  

  Despite the stubborn nature of ventral synapses, we have shown that ventral pyramidal 

cells are capable of undergoing synaptic plasticity under certain circumstances (e.g. the 

intracellular pairing protocol and following HFS), so change is certainly possible. While normal 

activity within the trisynaptic circuit may not typically be sufficient to induce such changes, it is 

difficult to believe that these synapses are simply incapable of changing altogether. While I have 

postulated as to the benefits of having a resistive network in the ventral region, there are 

undoubtedly scenarios (though perhaps less frequent) in which altering anxiety responses and 

motivational states would be advantageous. For instance, an encounter with a novel object is 
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initially met with anxiety and wariness, but once that object has proven itself harmless, an animal 

often adapts to its presence and begins to ignore it.    

  What, then, could provide the necessary signal to initiate changes in the requisite 

circuitry? This signal would likely need to originate outside the trisynaptic loop, as our studies 

exploiting the endogenous machinery have largely failed to result in significant potentiation of 

ventral synapses. Searching for an external signal, then, opens up a huge array of possibilities. 

However, the potent regulatory effects of neuromodulatory transmitters on normal neuronal 

function coupled with their strong innervation of the hippocampus make them an enticing 

candidate to pursue for this proposed extra “kick” that ventral synapses may need.    
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Figure 1: Theta-frequency modulation of transmission at SC synapses in the dorsal and ventral hippocampal 
CA1 regions. (A) TPS fails to induce LTP at SC fiber synapses in ventral hippocampus. 45 minutes post-TPS 
(delivered at time = 0) fEPSPs were potentiated to 160 ± 8% of baseline in dorsal slices (n = 6) and were 109 ± 6% 
of baseline in ventral hippocampal slices (n = 7, P < 0.001 Student’s t-test). (B) 180 seconds of theta stimulation 
failed to induce potentiation in either dorsal (n = 6) or ventral (n = 6) slices. Traces at right show superimposed 
fEPSPs recorded during baseline and 45 min post-TPS for (A) and (B). Calibration bars are 2 mV and 5 ms.  (C) 
Examples of postsynaptic responses evoked by TPS in dorsal (top) and ventral hippocampal slices (bottom). Note 
the prominent, multiple population spikes elicited during TPS in dorsal hippocampal slices. Calibration bars are 2 
mV and 5 ms. (D) fEPSP slopes and number of population spikes (E) elicited during TPS (n = 6 dorsal and 7 ventral 
slices, shading indicates s.e.m  
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Figure 2. Intracellular pairing protocols induces LTP in dorsal and ventral CA1. (A) Pairing presynaptic fiber 
stimulation (100 pulses at 2 Hz) with postsynatpic depolarization (at time = 0) induces similar amounts of LTP in 
dorsal and ventral pyramidal cells. 30 minutes post-pairing EPSPs were 193 ± 4.6% of baseline in dorsal cell (n = 7) 
and 180 ± 10% of baseline in ventral cells (n = 6, P = 0.22, Student’s t-test). Traces show superimposed EPSPs 
recorded during baseline and 30 minutes post-LTP induction. Calibration bars are 5 mV and 20 ms.  
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Figure 3: Basal synaptic strength and transmitter release probability at SC fiber synapses in dorsal and 
ventral hippocampal CA1 regions. (A) Basal synaptic strength determined by a comparison of presynaptic fiber 
volley amplitudes and postsynaptic fEPSP slopes for responses elicited by different intensities of SC fiber 
stimulation is the same in dorsal (n = 16) and ventral (n = 15) hippocampal slices (P = 0.982, Student t-test). (B,C) 
Amplitude (B) and frequency (C) of mEPSCs in dorsal and ventral CA1 pyramidal cells (n = 1,843 events from 7 
dorsal cells and 1,815 events from 7 ventral cells). Histograms show mean ± sem. There was no significant 
difference in either the amplitude (P = 0.71, Student t-test) or frequency of mEPSCs (P = 0.94, Student’s t-test). (D) 
Examples of mEPSCs recorded from dorsal and ventral pyramidal cells. Calibration bars are 20 pA and 100 ms. (E) 
Although the frequency of mEPSCs in dorsal and ventral cells suggests that basal probability of transmitter release 
is the same at dorsal and ventral SC synapses, we also examined the activity-dependent inhibition of NMDAR-
mediated EPSCs by the channel blocker MK-801 as another measure of basal release probability. Plot shows an 
example of the use-dependent block of NMDAR-mediated EPSCs in the presence of 40 µM MK-801 in a dorsal 
CA1 pyramidal cell. Synaptic stimulation was omitted during the first 10 minutes of MK-801 application. Inset 
shows NMDAR-mediated currents recorded before, immediately after resuming synaptic stimulation in presence of 
MK-801, and after 20 stimulation pulses in presence of MK-801. Calibration bars are 100 pA and 50 ms. (F) The 
activity-dependent inhibition of NMDAR-mediated EPSCs by MK-801 is not significantly different in dorsal (n = 6) 
and ventral (n = 7) pyramidal cells (P = 0.88, Student t-test). Histogram shows mean (± s.e.m.) weighted decay time 
constants for the MK-801 inhibition of NMDAR-mediated EPSCs in dorsal and ventral cells.  
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Figure 4. Inhibitory synaptic transmission in CA1 region of dorsal and ventral hippocampal slices. (A) 
Activity-dependent depression of IPSCs during TPS is similar in dorsal (n = 8) and ventral (n = 9) CA1 pyramidal 
cells. Traces show superimposed IPSCs evoked by the first and last pulse of TPS in dorsal and ventral CA1 
pyramidal cells. (B) All points histogram showing spontaneous IPSC current amplitudes in the presence and absence 
of the GABAA receptor blocker bicuculline (40 µM). Shaded region corresponds to IPSC charge transfer. Traces 
show spontaneous IPSCs (sIPSCs) recorded from a dorsal CA1 pyramidal cell before (control) and after application 
of bicuculline. (C) Charge transfer for sIPSCs and mIPSCs (mIPSCs were recorded in presence of 1.0 µM TTX). 
Charge transfer for sIPSCs in dorsal cells (n = 8) were 94.3 ± 8.4 pC and were 95.2 ± 6.8 pC in ventral cells (n = 8 
ventral cells, P = 0.937, Student’s t-test). Charge transfer for mIPSCs in dorsal cells (n = 6) were 58.5 ± 5.6 pC and 
were 57.6 ± 9.8 in ventral cells (n = 6, P = 0.939, Student t-test). (D) Examples of evoked IPSCs (Vm = +15 mV) 
and EPSCs (Vm = -42 mv) in dorsal and ventral pyramidal cells. (E) IPSC/EPSC ratios in dorsal (37.7 ± 4.8, n = 9) 
and ventral pyramidal cells (27.6 ± 3.8, n = 10) were not significantly different (P = 0.117, Student’s t-test).  
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Table 1: Intrinsic excitability in dorsal and ventral CA1 pyramidal cells. 

Parameter Mean ± s.e.m. [range] P value Test 
    
Input resistance (mV) D: 83.6 ± 3.4 [56.5 - 99.3] (n = 13) 

V: 87.5 ± 7.6 [51.7 - 128.9] (n = 12) 
 

  0.892 Mann Whitney 

Resting membrane potential (mV)* 
 

D: -75.2 ± 1.1 [-80 to -66] (n = 13) 

V: -72.9 ± 0.8 [-79 to -69] (n = 12) 

 

0.052 Mann Whitney 

Sag w/ -100 pA injection (mV) D: -2.7 ± 0.2 [-0.9 to -4.0] (n = 13) 

V: -3.2 ± 0.4 [-0.9 to -5.8] (n = 12) 

 

0.724 Mann Whitney 

Sag w/ -200 pA injection (mV) D: -5.2 ± 0.4 [-7.2 to -2.0] (n = 13) 

V: -6.1 ± 0.8 [-9.9 to -1.9] (n = 12) 

 

0.724 Mann Whitney 

Rheobase (pA) D: 892 ± 136 [533 - 2433] (n = 13) 

V: 1072 ± 188 [300 - 2200] (n = 12) 

 

0.956 Mann Whitney 

AP Threshold (mV)* 
 

D: -49.0 ± 1.0 [-52.6 to -38.3] (n=13) 
V: -46.4 ± 1.4 [-52.7 to -36.7] (n=11) 

 

0.072 Mann Whitney 

AP Height (mV) D: 95.5 ± 1.5 [81.0 to 105.0] (n=13) 
V: 90.1 ± 2.4 [72.9 to 98.2] (n=11) 
 

0.093 Mann Whitney 

AP After-depolarization Peak (mV) D: -44.7 ± 0.7 [-48.4 to -38.7] (n = 13) 

V: -42.8 ± 1.4 [-48.9 to -31.6] (n = 11) 

 

0.224 Mann Whitney 

AP After-hyperpolarization Peak (mV) D: -45.8 ± 0.9 [-51.8 to -39.0] (n = 13) 

V: -44.1 ± 1.0 [-39.3 to -50.5] (n = 11) 

0.214 Student’s t 

 	 	 	

*adjusted for calculated junction potential of 13.4 mV 
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Figure 5: E-S coupling is weaker in ventral CA1 pyramidal cells. (A) Depolarization induced by somatic current 
injection elicits similar numbers of APs in dorsal and ventral pyramidal cells. (n = 13 dorsal and 12 ventral cells, P = 
0.694, two-way ANOVA). (B) Traces show examples of APs elicited by 50 and 100 pA current injections in dorsal 
and ventral cells. Calibration bars correspond to 20 mV and 100 ms. (C) The ability of EPSPs to elicit postsynaptic 
APs is significantly reduced in ventral pyramidal cells (*P < 0.01, **P < 0.001, two-way ANOVA with Student-
Newman-Keuls post hoc multiple comparisons test, n = 10 dorsal and 7 ventral cells). (D) Traces show examples of 
postsynaptic responses evoked by small (top, EPSP slopes ≈ 5 mV/ms) and larger EPSPs (bottom, EPSP slope ≈ 8 
mV/ms). Calibration bars correspond to 10 mV and 20 ms. 
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Figure 6: Dorsal-ventral difference in NMDAR-mediated EPSP amplification at SC synapses. (A) Average 
EPSPs recorded from all cells at the indicated membrane potentials (shading indicates s.e.m., n = 10 dorsal and 12 
ventral cells). Traces at right show superimposed EPSPs recorded at -80 and -40 mV. Scale bars are 2 mV and 20 
msec. (B) Increase in EPSP integrals with depolarization (EPSP amplification) is significantly smaller in ventral 
pyramidal cells (*P < 0.05, **P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple 
comparisons test). (C) EPSP amplification in the presence of the NMDAR blocker D-APV (50 µM) (n = 9 dorsal 
and 10 ventral cells). (D) Amplification determined from the ratio of EPSP integral at -40 mV / integral at -80 mV 
for all cells for results shown in b and c. In control recordings the amplification in dorsal cells (2.7 ± 0.23) was 
significantly greater than that seen in ventral pyramidal cells (1.3 ± 0.12). Blocking NMDARs significantly reduced 
amplification in dorsal cells (1.3 ± 0.16) but had no effect on amplification in ventral pyramidal cells (1.3 ± 0.17). 
**P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple comparisons test 
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Figure 7: EPSP-evoked spiking in pyramidal cells is NMDAR-dependent. (A) Effect of membrane 
depolarization on EPSP-evoked AP firing in dorsal (n = 15) and ventral (n = 16) CA1 pyramidal cells. *P < 0.01, 
**P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple comparisons test. Traces show 
postsynaptic responses elicited at the indicated membrane potentials. Calibration bars are 20 mV and 20 msec. (B) 
EPSPs fail to elicit bursting when NMDARs are inhibited with intracellular application of 40 µM MK-801 (n = 10 
dorsal and 10 ventral cells). Calibration bars are 20 mV and 20 msec. *P < 0.05, **P < 0.001, two-way ANOVA 
with Student-Newman-Keuls post hoc multiple comparisons test.  
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Figure 8: Differential effects of HFS induced LTP on dorsal and ventral SC-CA1 synapses: 60 minutes post 
high-frequency stimulation (HFS, 2 x 100 Hz/1sec, ITI = 10s, stimulation at t=0) fEPSPs were 175.8 ± 6.6% of 
baseline in dorsal slices (n = 6 slices; P < 0.001, paired t-test comparison to baseline) and were 137 ± 8.4% of 
baseline in ventral slices (n = 5 slices from 4 mice; P < 0.01 compared to baseline). HFS induced a significantly 
greater amount of potentiation in dorsal slices (P = 0.005 compared to ventral slices).  
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Chapter 2 

Introduction 

Preferential Innervation of the Ventral Hippocampus by Modulatory Nuclei 

  Clear plasticity differences exist along the longitudinal axis of the hippocampus, but what 

is responsible for these differences still remains unanswered. One clue may lie, however, within 

the anatomical connectivity between the two regions. We have already expounded upon many 

differences between the afferent and efferent connection in the dorsal and ventral hippocampus, 

but another disparity not yet mentioned lies within the innervation by modulatory nuclei. There 

are several modulatory nuclei throughout the mammalian brain that do not rely on glutamate and 

GABA as their main neurotransmitter, but rather use other molecular signals to communicate, 

with their own subclass of receptors. Despite originating in small segregated portions of the 

brain, these nuclei have widespread influence throughout the nervous system and are involved in 

essential physiological and cognitive functions.   

  Most modulatory nuclei show preferential association with the ventral, rather than the 

dorsal, hippocampus. The medial septum, the main cholinergic output of the reward processing 

septal nuclei, heavily projects to the hippocampus. Medial cells preferentially innervate the 

dorsal third of the hippocampus while lateral cells and cells from the diagonal band send denser 

projections to the ventral pole (Amaral, 1985, Milner et al., 1984). Aside from influencing more 

abstract cognitive processes like motivation and decision-making, acetylcholine (via the septal 

nuclei) also contributes to the generation of theta waves in the hippocampus. This oscillatory 

circuit behavior is believed to be important for REM sleep, locomotion, and short-term memory 

formation and, as discussed, can induce robust synaptic plasticity (Pavlides et al., 1988; Thomas 

et al., 1998; Morgan and Teyler, 2001). However, little is known regarding how the stronger 
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cholinergic innervation of the ventral hippocampus might contribute to these essential functions.  

  Neurotransmitters belonging to the monoaminergic family show a similar relationship 

between the dorsal and ventral hippocampus. These transmitters are classified based on their 

molecular composition of aromatic amino acids and include dopamine, serotonin, and 

norepinephrine (Sanderson and Crews, 2009). Staining for tyrosine hydroxylase, the main 

identifier of dopaminergic neurons, revealed the bulk of labeled axons innervated the subiculum 

of the ventral hippocampus, with very few axons residing in the dorsal third (Verney et al., 

1985). Legault et al. (2000) identified functional implications of this disparity when they 

depolarized the ventral subiculum and subsequently caused dopamine release in the nucleus 

accumbens, thereby increasing locomotion and indicating the presence of reciprocal connections 

between the two regions. Apart from locomotion, the dopaminergic system is involved in reward 

seeking behavior, motivation, and anxiety. Indeed, Zarrindast et al. (2010) found that direct 

ventral hippocampal injections of a D1 agonist increased rodent anxiety scores in the elevated 

plus maze.   

  Continuing the trend, the serotonergic system also exhibits a gradient of innervation 

along the longitudinal axis of the hippocampus. The median raphe nucleus sends serotonergic 

projections to the dorsal third of the hippocampus while the dorsal raphe innervates the entire 

dorsal-ventral axis, with heavier projections to the ventral hippocampus (McQuade 1997, Gage 

1980). Serotonin has been heavily implicated in mood regulation and mood disorders, with most 

pharmacological treatments for the latter targeting serotonin release and reabsorption 

mechanisms. Similarly, altered ventral hippocampal function has been linked to depression and 

anxiety (Fanselow and Dong, 2010; Gray and McNaughton, 2000). Indeed, ventral hippocampal 

afferents to the nucleus accumbens regulate rodent responses to a model of depression-like 
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symptoms called the chronic social defeat stress (Bagot et al., 2015). In humans, the anterior (or 

ventral) hippocampus shows increased activation during anxiety states (Satpute et al., 2012). A 

functional link between the serotonergic system and the ventral hippocampus was shown by 

Ohmura et al. (2016) when they administered injections of a selective serotonin antagonist 

directly into the ventral hippocampus and subsequently reduced freezing and other fear 

indicators in rats. These two systems are intimately linked and synergistically work to regulate 

mood and other cognitive functions.  

 Most striking, however, is the input from the noradrenergic nuclei, the locus coeruleus 

(LC). This small structure nestled in the midbrain projects throughout the entire brain and 

releases the neurotransmitter norepinephrine. Perhaps unsurprisingly at this point, the LC also 

preferentially innervates the ventral hippocampus, with approximately 40% more projections 

than in dorsal regions (Haring et al., 1985). Norepinephrine release is associated with emotional 

arousal (e.g. the fight-or-flight response), anxiety/stress, and attention (Sved et al., 2001), 

cognitive attributes that are at least partially mediated by the ventral hippocampus. The receptor 

for norepinephrine, the adrenergic receptor, is also the target for many pharmacological 

treatments for depression, anxiety, and post-traumatic stress disorder (Raskind et al., 2000; 

Redmond et al., 1979).   

  The noradrenergic system stands out from the other modulatory nuclei mentioned in that 

it has a well-established role in facilitating the induction of LTP in the dorsal hippocampus. The 

ability of norepinephrine to facilitate LTP induction coupled with its dense innervation of the 

ventral hippocampus and involvement in arousal and emotional regulation makes it a prime 

target for further investigation. Perhaps the noradrenergic system acts as a “gate” to ventral 

hippocampal plasticity by providing a necessary and emotionally salient signal to undergo the 
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synaptic alterations of its dorsal counterpart. However, the adrenergic system has several 

receptor subtypes that can have vastly different, and sometimes opposing, effects. Understanding 

the intricacies of the system is therefore a necessary prerequisite to proceeding.   

  

Adrenergic modulation of plasticity and intrinsic properties 

  Neuromodulators exert significant influence on the properties of neurons at both a 

cellular and systems level. Particularly, adrenergic receptor activation has wide ranging effects 

depending on receptor subtype and location. Adrenergic receptors are G-protein coupled 

receptors (GPCRs) classified based on their activation by the endogenous neurotransmitter 

norepinephrine (NE). The α-1 and α-2 receptors are coupled to Gq and Gi/o, respectively, 

whereas β adrenergic receptors are coupled to Gs G-proteins. The α-2 and β adrenergic receptors 

have opposing effects, with β activation catalyzing the synthesis of cAMP through adenylyl 

cyclase and subsequent PKA activation, and α-2 inhibiting this pathway (Gelinas and Nguyen, 

2007; Tully and Bolshakov, 2010; Schmitt and Stork, 2000). PKA has a diverse array of 

downstream targets, making it a potent regulator of many cellular properties. One such target is 

the GluA1 subunit of the AMPA receptor (Fig. 9). PKA can bind to the membrane-bound 

anchoring protein AKAP79/150 and phosphorylate GluA1 at the S845 residue (Mei-ling et al., 

2010), which increases the receptors mean open time and aids in receptor trafficking to the 

membrane. Potassium channels, such as Kv4.2 and SK, are also frequent targets of PKA 

regulation (Hoffman et al., 1997; Chen et al., 2006, Fig. 10). As these channels serve to resist 

depolarization by mediating potassium efflux from the cell, their inhibition via phosphorylation 

by PKA removes a potent block to cellular depolarization and the generation of action potentials 

and bursting.   
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  Our lab and others has previously found that the β-adrenergic activation can facilitate the 

induction of LTP at dorsal CA1 synapses when applied during weak stimulation protocols that 

fail to induce significant potentiation by themselves (Moody et al., 1998; O’Dell et al., 2010). 

Other labs have noted similar phenomenon (Huang et al., 2012; Qian et al., 2012; Winder et al., 

1999; Brown et al., 2000; Gelinas and Nguyen, 2005; Gelinas et al., 2008; Ma et al., 2011) and 

have detailed the lasting depolarizing effects of β-adrenergic agonists on pyramidal neurons, 

along with population spike potentiation, decreased after-hyperpolarizations, increased EPSP 

amplitude, and alterations in intrinsic resonance properties (Gelinas et al., 2008; Dunwiddie et 

al., 1992; Marcelin et al., 2014). While intrinsic cellular changes have been studied extensively 

in dorsal hippocampus and to a lesser degree in ventral regions, only one attempt, to our 

knowledge, has been made in elucidating the effects of adrenergic activation on plasticity in the 

ventral hippocampus.   

 The only paper to date to look at β-adrenergic modulation of ventral plasticity examined 

the effects of prior stress on subsequent plasticity induction protocols in CA1 of young mice. 

Grigoryan et al. (2014) administered two stimulation protocols in dorsal and ventral slices and 

found that addition of a β-adrenergic agonist facilitated LTP induction in dorsal, but not ventral, 

hippocampus of wild type mice. However, the same paradigm delivered to slices from mice that 

were previously stressed produced significant potentiation in ventral but not dorsal hippocampus.  

  While the work by Grigoryan et al. (2014) is an important contribution to the explication 

of β-adrenergic modulation of ventral LTP, many questions remain unanswered. How does β-

adrenergic activation affect LTP in adult animals? Is the effect noted ubiquitous across different 

LTP-inducing protocols? What are the molecular mediators at play? We sought to answer these 

questions on a more basic level by exploiting the stark differences in plasticity in wild type, 
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normally raised, adult animals. We presented the same plasticity protocols used in the first 

chapter of this thesis with the addition of a β-adrenergic agonist to see if we could affect LTP 

induction in the ventral hippocampus. Successful manipulation of this phenomenon in adult 

animals would have substantial implications for the normal functioning of the adrenergic system 

in the ventral hippocampus.   
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                                                                      Results 

β-adrenergic activation facilitates ventral LTP induction 

  To test the effect of β-adrenergic activation on ventral LTP, we employed the use of the 

selective β-2 agonist, isoproterenol (ISO). We opted to use this specific agonist for its rapid 

kinetics, high affinity, solubility in water, and its well-documented effect of facilitating LTP 

induction in the dorsal hippocampus. We carried out experiments that were nearly identical to 

those in the previous chapter but primarily focused on LTP induction and complex spiking. By 

keeping the initial conditions the same we could better discern the effect of β-adrenergic 

activation on ventral plasticity.    

  Slices were incubated in ACSF containing 1 µM of ISO for 10 minutes prior to and 

during tetanic stimulation. Following tetanic stimulation, ISO was washed out and we monitored 

the resulting fEPSP for 45 minutes. We first stimulated slices bathed in ISO at 5 Hz for 180 

seconds. This protocol, under normal conditions, produces little but occasionally significant 

potentiation in dorsal slices and negligible amounts in ventral slices, as seen in chapter 1 (Fig. 

1A,B). Consistent with previous findings (Thomas et al., 1998), incubation with ISO prior to and 

during stimulation resulted in robust potentiation of dorsal slices, achieving levels approximately 

75% of baseline (174 ± 9.3% n = 8, p < 0.01, Fig. 11A) compared to a small but statistically 

significant potentiation in dorsal control slices (124 ± 6.7% of baseline, n = 8, p < 0.05). 

Interestingly, the same protocol delivered to ventral slices also resulted in significant potentiation 

of the fEPSP (164 ± 5.8%, n = 8, p < 0.01), while ventral controls showed no change (105 ± 

4.3% of baseline, n = 8, p = .75, Fig. 11A). In fact, dorsal and ventral slices were 

indistinguishable from one another (p = 0.3287) when stimulated in the presence of ISO. This 

effect was persistent and lasted for at least 45 minutes after the initial stimulation.  
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  We next performed a similar experiment but applied 5 Hz stimulation for 30 rather than 

180 seconds. Our lab has previously shown that β-adrenergic activation does not affect LTP 

induced by 30s of 5 Hz stimulation in the dorsal hippocampus (Thomas et al., 1998), and our 

current results corroborated those findings. As opposed to longer train of theta stimulation, a 30 

second tetanus led to robust LTP induction in dorsal CA1 under both no-drug (149 ± 5.3%, n = 

8, p < 0.01) and ISO conditions (169 ± 15.6%, n = 8, p < 0.01, Fig. 11B) , with no significant 

difference between the two conditions (p = 0.4584). It should be noted, however, that the dorsal 

slices that received ISO did trend towards more robust potentiation and had higher variability 

than their no-drug counterparts. We believe this was the case due to the enhanced reliability of 

plasticity induction in the presence of ISO. While inducing LTP with TPS under control 

conditions is relatively simple and consistent, there are periodic failures where the potentiation 

attained is minimal. Slices bathed in ISO do not dramatically exceed the levels of potentiation 

achieved in control slices, but they very rarely fail, which naturally skews their averages slightly 

higher. 

  When we administered 5 Hz stimulation for 30 seconds in ventral slices bathed in normal 

ACSF, we again saw no significant potentiation of the EPSP (114.9 ± 2.8%, n = 8, Fig. 11B). 

The addition of ISO, however, did result in the induction of robust LTP. Whereas control slices 

attained ~15% increase in fEPSP slope after 45 minutes, ventral slices exposed to ISO were at 

~55% of baseline (156.3 ± 16.9%, n = 8, p < 0.01). The LTP induced in ventral slices was 

comparable to the levels of potentiation noted in both dorsal controls and dorsal slices (p = 

0.5345) bathed in ISO (p = 0.3411).  
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ISO increases complex spiking and alters in-protocol fEPSPs in ventral CA1  

  As complex spiking is an essential component of plasticity induction during the TPS 

protocol (Thomas et al., 1998), we analyzed the in-protocol response of dorsal and ventral slices 

during TPS while in the presence and absence of ISO. Under normal conditions, dorsal CA1 

showed robust complex spiking that lasted the duration of the 30 seconds while ventral slices 

showed very little. Incubation with the β-adrenergic agonist did not significantly affect the total 

number of complex spikes noted in dorsal slices (Fig. 11C). Cell body layer recordings from 

ventral CA1, however, did show a substantial increase in complex spiking when compared to 

ventral controls (Fig. 11C). In fact, over a two-fold increase in spiking was observed when these 

two groups were compared. However, despite this significant increase in spiking, ventral slices 

exposed to ISO still exhibited fewer spikes when compared to dorsal controls.  

  Furthermore, tracking the fEPSP during the TPS protocol revealed interesting region and 

condition dependent effects (Fig. 11D). With normal ACSF, the fEPSP from dorsal slices 

underwent an initial period of facilitation that transitioned into a deepening depression by the end 

of the protocol. Ventral slices, however, revealed a weaker facilitation in the beginning and a far 

flatter, less depressed, plateauing of the response (Fig. 11D). This characteristic was severely 

altered once ventral slices were exposed to ISO. While the initial facilitation was still rather 

weak, the depression of the fEPSP was significantly larger by the end of the protocol. In fact, the 

resultant depression of the ventral fEPSP was not statistically different from that of dorsal 

controls. Interestingly, while the dorsal control and dorsal ISO slices achieved similar levels of 

potentiation and complex spiking, the fEPSPs significantly diverge approximately halfway 

through the protocol. This difference is intriguing since there are no other indicators of 

substantial differences between the two conditions during this protocol.   
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  As the increase in complex spiking correlates with ventral LTP induction, enabling 

ventral pyramidal cells to undergo bursting appears to be essential for plasticity induction.  

 

LTP induced by HFS is enhanced by ISO in ventral, but not dorsal, hippocampus 

  While we have achieved impressive levels of potentiation in ventral CA1 thus far, one 

could reason that ISO is simply acting to lower the threshold of LTP induction, independent of 

region. Indeed, Huang et al. (2012) showed that ISO exposure enabled dorsal pyramidal cells 

subjected to an intracellular pairing protocol to undergo LTP at more hyperpolarized membrane 

potentials. This would explain why dorsal CA1 synapses do not show further potentiation during 

the 5 Hz 30 s protocol in the presence of ISO, as they are already able to potentiate and may then 

be saturated under these conditions. In order to examine this possibility we found it necessary to 

use a stimulation protocol that did induce some degree of potentiation in ventral slices without β-

adrenergic activation. The HFS protocol from chapter one served as a useful metric as it induced 

significant potentiation in ventral slices, despite this potentiation being weaker than in dorsal 

CA1. If the threshold for LTP induction was simply lowered in the presence of ISO, one could 

reason that both dorsal and ventral regions will show similar levels of LTP as in their control 

groups. This protocol was also useful as it does not rely on complex spiking for LTP induction.  

  Indeed, when we incubated dorsal slices in ISO and administered two trains of 100 Hz 

stimulation we achieved levels of potentiation that were no different from dorsal control slices 

(Dorsal ISO: 191 ± 8.4%, n = 8, p < 0.01; Dorsal Ctrl: 186 ± 9.4%, n = 8, p < 0.01, Fig. 12A). 

However, whereas ventral control slices achieved ~50% potentiation (146 ± 9.1%, n = 8, p < 

0.01), ventral slices bathed in ISO potentiated more than two-fold (218 ± 8.9%, n = 8, p < 0.01). 

This potentiation even statistically exceeded the potentiation of their dorsal counterparts (p < 
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0.01). This result suggests that ISO is not merely lowering the induction threshold of LTP 

equally across both regions. Rather, there appears to be a preferential facilitation of ventral LTP 

by β-activation. Indeed, β-activation coincident with tetanic stimulation appears to be sufficient 

for ventral LTP induction.  

 

Activating β-adrenergic receptors without tetanic stimulation results in a small increase in the 

fEPSP of both regions  

  The administration of ISO in the absence of tetanic stimulation, however, is capable of 

inducing a small but noticeable potentiation in slices taken from both regions. This is evident in 

our responses following ISO incubation and leading up to the delivery of the tetanus. In order to 

ensure that it was not simply ISO application alone that resulted in the potentiation achieved 

after tetanic stimulation, we exposed slices to ISO in identical conditions as before but rather 

than delivering a train of tetanic stimulation, we recorded normally at our frequency of 0.02 Hz. 

Similar to what we saw in previous experiments, there was a reliable increase in the fEPSP in 

both dorsal and ventral slices (Fig. 12B) This increase did achieve significance in ventral, but not 

dorsal, slices (Ventral ISO: 116 ± 4.2%, n = 7, p < 0.05, Dorsal ISO: 115 ± 7.6%, n = 7, p = 

0.2377) despite the fact that the actual values were very similar to one another (p = 0.6119). The 

small but significant effect in the ventral region, however, is still incapable of explaining the 

robust potentiation we have so far noted due to theta pulse and HFS protocols. We can therefore 

conclude that β-adrenergic activation alone is insufficient to induce significant potentiation in 

either region.  
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                                                      Discussion 

β-adrenergic activation facilitates ventral LTP induction 

  Application of the adrenergic agonist isoproterenol coincident with tetanic stimulation is 

sufficient to induce robust and persistent potentiation at ventral CA1 synapses. Stimulation at 

theta frequency for durations of 30 or 180 seconds in the presence of ISO enabled ventral 

synapses to potentiate to levels similar to their dorsal counterparts. We believe this was due to 

the elevated complex spiking that occurred in ventral pyramidal cells during the theta pulse 

protocols themselves. While the bursting was not as frequent as in dorsal CA1, it was still 

significantly elevated from ventral control slices. Additionally, ISO was also able to enhance 

LTP induced by HFS stimulation in ventral, but not dorsal, CA1.  

  Our data suggests that activating the β-subtype of adrenergic receptors is the “missing 

signal”, or at least one of potentially several signals, that enables the relatively rigid synaptic 

circuitry of the ventral hippocampus to alter its connections. While we do not have an identified 

mechanism by which this process is mediated, there are several likely candidates as β-ARs are 

tied to an enormous array of downstream signaling cascades.  

  At the molecular level, β-AR activation has the ability to regulate the signaling events 

underlying activity-dependent forms of synaptic plasticity in distinct ways. As discussed in more 

detail below, this includes direct effects mediated by phosphorylation of ligand- and voltage-

gated ion channels involved in the induction and expression of LTP. One of the most salient 

examples of this is the phosphorylation of AMPA receptors by PKA, which can lead to their 

insertion into the PSD and/or increased conductance of the receptor (Fig. 9). Additionally, β-AR 

signaling regulates an array of proteins responsible for controlling the synthesis of proteins 

needed for long-term maintenance of LTP. Importantly, one of these direct downstream targets 
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of β-AR signaling is a protein known as inhibitor-1 (Fig. 13; Brown et al., 2000). When 

phosphorylated by PKA, inhibitor-1 binds to, and suppresses, protein phosphatase 1 (PP1), 

which in turn facilitates activation of protein kinases, such as CaMKII, required for induction of 

LTP (Blitzer et al., 1998). Down-regulation of protein phosphatase signaling thus provides a 

second mode of modulation whereby β-AR activation can act in a more global, albeit indirect, 

way to enhance LTP induction by facilitating protein phosphorylation mediated by multiple 

serine/threonine protein kinases. Consistent with this notion, bath application of membrane 

permeable inhibitors of protein phosphatase 1 or injection of phosphorylated inhibitor-1 into 

CA1 pyramidal cells mimics the ability of β-AR activation to enable the induction of LTP by 

TPS (Thomas et al., 1996; Brown et al., 2000).   

  If ventral pyramidal cells have a basal increase in phosphatase activity, ISO could act to 

inhibit this activity, thereby equalizing the phosphatase/kinase balance. Interestingly, one of 

PP1’s many targets is the NMDA receptor, which we previously implicated in the ventral deficit 

of complex spiking. Scaffolding proteins associated with the NMDA receptor tether both kinases 

and phosphatases close by for quick and targeted action. One prominent theory put forth by 

Michel et al. (2002) is that under basal conditions PP1 prevents NMDA receptors from being 

highly active by consistently dephosphorylating its subunits (Van Dongen, 2009). PKA, 

however, prevents PP1 activation, disinhibiting the NMDA receptor and shifting the balance 

towards higher activity states. This is but one of the many different ways activation of the β-

adrenergic receptor can affect NMDA receptors, as we will see.  

  

β-adrenergic modulation of NMDA receptors  

  In many regions of the brain, including the hippocampus, activation of PKA or β-ARs 
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enhances NMDAR-mediated responses (Cerne et al., 1993; Huang et al., 1993; Raman et al., 

1996; Blank et al., 1997; Westphal et al., 1999; Bird et al., 2005). Given the central role of 

NMDAR activation in the induction of LTP and complex spiking, this suggests that modulation 

of NMDAR function has a pivotal role in the ability of β-AR activation to enhance LTP 

induction. NMDARs are assembled from four subunits: two obligatory GluN1 subunits and two 

additional, GluN2A, 2B, 2C, or 2D subunits (Traynelis et al., 2010). In the hippocampus and 

other forebrain regions the vast majority of NMDA receptors are composed of GluN2A and/or 

GluN2B subunits (Monyer et al., 1994; Gray et al., 2011). Importantly, all three of these 

NMDAR subunits are phosphorylated by PKA at sites that regulate NMDAR ion channel 

function (Fig. 10; Leonard and Hell, 1997; Tingley et al., 1997; Murphy et al., 2014). For 

example, PKA phosphorylation of two sites in the cytoplasmic C-terminal tail of GluN2A 

subunits (serine 900 and 929) and at serine 1166 in the C-terminus of GluN2B subunits increases 

channel open probability (Krupp et al., 2002; Maki et al., 2013; Aman et al., 2014). In addition to 

effects on channel gating, PKA activation also enhances the calcium permeability of NMDAR 

ion channels (Skeberdis et al., 2006), an effect mediated by phosphorylation of GluN1 subunits 

at serine 897 and GluN2B subunits at serine 1166 (Aman et al., 2014; Murphy et al., 2014). 

  Although PKA activation enhances multiple aspects of NMDAR function, it is unclear to 

what degree direct modulation of NMDARs contributes to the enhancement of LTP by β-AR 

activation. The induction of LTP by TPS in the presence of ISO is not disrupted in mice 

expressing truncated GluN2A subunits that lack the entire cytoplasmic C-terminus (Moody et al. 

2011). Thus, facilitation of LTP induction by β-AR activation does not require phosphorylation 

of GluN2A at serine 900 and/or serine 929, suggesting that PKA phosphorylation sites in GluN1 

or GluN2B might have a more important role. Consistent with this, β-AR activation increases 
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GluN1 phosphorylation at serine 897 (Murphy et al., 2014) and LTP in the hippocampal CA1 

region is strongly reduced in “knock-in” mutant mice expressing GluN1 subunits where serine 

897 is replaced with a nonphosphorylatable alanine (Li et al., 2009). However, these mutants 

also have deficits in basal NMDAR and AMPA receptor-mediated synaptic transmission and the 

ability of β-AR activation to facilitate LTP induction has not yet been tested. The potential 

contribution of GluN2B phosphorylation at Ser1166 in the modulation of LTP by β-ARs has also 

not yet been directly tested. However, β-AR activation induces a robust increase in GluN2B 

phosphorylation and enhances NMDAR-mediated calcium transients in dendritic spines of 

hippocampal neurons (Murphy et al., 2014). Thus, PKA-mediated phosphorylation of NMDAR 

GluN2B subunits may have an especially important role in the modulation of LTP induction by 

β-ARs. 

  NMDAR activation is not only dependent on glutamate binding but also requires 

postsynaptic membrane depolarization to relieve the voltage-dependent magnesium ion block of 

the NMDAR ion channel (Mayer et al., 1984; Nowak et al., 1984). Importantly, β-AR activation 

has long been known to enhance the excitability of hippocampal CA1 pyramidal cells (for 

example, see Madison and Nicoll, 1982, 1986; Haas and Konnerth, 1983; Dunwiddie et al., 

1992). Thus, in addition to direct effects on NMDAR ion channel gating and permeability 

mediated by PKA, β-AR receptor activation could also facilitate NMDAR activation by 

enhancing membrane depolarization at active synapses (Fig. 10). For example, Kv4.2 subunit-

containing A-type potassium channels and small conductance, calcium-activated SK channels 

are present in postsynaptic dendritic spines and their activation strongly limits spine 

depolarization induced by excitatory postsynaptic potentials (Ngo-Anh et al., 2005; Bloodgood 

and Sabatini, 2007; Kim et al., 2007; Kim and Hoffman, 2008; Lin et al., 2008; Wang et al., 
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2014). As discussed, the back-propagation of somatically generated action potentials into 

pyramidal cell dendrites is another potentially important source of postsynaptic depolarization 

needed for NMDAR activation and LTP induction (Watanabe et al., 2002) and dendritically 

localized Kv4.2/A-type potassium channels can strongly attenuate action potential back-

propagation (Hoffman et al., 1997; Chen et al., 2006). β-AR activation inhibits both SK and 

Kv4.2 potassium channels through effects mediated by PKA and ERK (Hoffman and Johnston, 

1999; Yuan et al., 2002; Faber et al., 2008), thus providing a mechanism whereby β-AR 

activation can boost spine depolarization at active synapses and facilitate LTP induction by 

enhancing NMDAR activation.  

  This facet of β-AR activation has interesting implications for the ventral hippocampus. 

As previously discussed, ventral pyramidal cells exhibit larger amplitude bAPs and a lower 

density of Kv4.2 channels. One would initially think that this would make the ventral 

hippocampus more amenable to synaptic plasticity as these factors would increase dendritic 

depolarization and subsequent NMDA receptor activation. However, as is clearly evident, this is 

not the case. This then begs the question as to why increased dendritic depolarization does not 

facilitate ventral LTP.   

  This question is quite similar to the question we asked in chapter one, but we now have 

even more evidence to suggest the involvement of the SK channel. The SK channel relies on 

calcium concentration for its activation. Increased dendritic depolarization facilitates activation 

of NMDA receptors, which in turn increases calcium influx into the cell and subsequent SK 

channel activation. Once active, the SK channel then hyperpolarizes the cell and reduces the 

activity of NMDA receptors. Importantly, SK channels are localized within dendritic spines 

themselves and therefore within relative close proximity to NMDA receptors (Gonzalez et al., 
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2012). SK activation could therefore create a micro-domain of hyperpolarization that 

preferentially affects targets within that small area, like the NMDA receptor. 

 

β-adrenergic modulation of ERK activity  

  In addition to the canonical cAMP/PKA pathway, β-AR activation is likely to engage 

other downstream signaling pathways that contribute to the potent modulatory effects of these 

receptors on LTP induction. For example, β-AR activation triggers activation of the ERK family 

of MAP kinases in hippocampal neurons (Roberson et al., 1999; Winder et al., 1999) and 

pharmacological inhibitors of MEK, the upstream protein kinase responsible for phosphorylating 

and activating ERK, block the induction of LTP by TPS delivered in the presence of ISO 

(Winder et al., 1999; Giovannini et al., 2001). As discussed, the ability of TPS protocols to 

induce LTP is highly dependent on complex spiking and postsynaptic action potential bursting 

(Thomas et al., 1998). Thus, the ERK-mediated down-regulation of dendritic potassium channels 

and enhancement of action potential back-propagation in dendrites induced by β-AR activation 

(Yuan et al. 2002) is likely to have a key role in the enhancement of TPS-induced LTP by β-

ARs.  

 Activation of β-ARs initiates a plethora of signaling cascades that have wide ranging 

effects throughout the cell. This makes identifying a target that mediates the facilitation of 

ventral LTP by β-AR activation extremely difficult. That being said, the SK channel stands out 

as an enticing candidate. It regulates NMDA receptor activity, is modulated by PKA, and is 

involved in bursting and synaptic plasticity. Whether manipulation of this ion channel alone is 

sufficient to mimic the effects of ISO on ventral LTP induction is unknown, warranting a further 

investigation into its potential involvement.   
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Future Directions  

  The experiments conducted in chapter two were relatively limited in scope and sought to 

explore the relationship between adrenergic modulation and the facilitation of ventral plasticity. 

However, the successful induction of LTP in ventral CA1 along with increased complex spiking 

bolsters the need for further characterization of this mechanism. Would the addition of ISO be 

able to rescue the deficit in EPSP amplification we noted in ventral pyramidal cells in the first 

chapter? Does β-adrenergic activation enhance NMDA receptor responses in ventral pyramidal 

cells? Thoroughly investigating these questions could prove quite useful in identifying the 

molecular mechanisms involved in mediating this effect.   

 

Implications for psychiatric disorders  

  Understanding the cellular mechanisms by which β-AR activation facilitates ventral LTP 

induction is valuable simply for the sake of advancing basic science. However, it is also 

important to extrapolate beyond this level of understanding and view this phenomenon in the 

context of cognition and translational applications. Upon doing so, the relevance of the 

adrenergic system and the hippocampus in psychiatric disorders, particularly posttraumatic stress 

disorder (PTSD), becomes quite apparent.   

 PTSD is a pervasive psychiatric disorder characterized by hyper-arousal, avoidance 

behavior, and recurrence of intrusive memories (Steckler and Risbrough, 2012). This debilitating 

condition can be precipitated by traumatic events ranging from warfare to traffic collisions and 

affects 3.5% of the adult population in the US (Kessler et al., 2005). Studies over the past several 

decades have implicated alterations in noradrenergic transmission and hippocampal function as 
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underlying pathologies. We will first consider their involvement separately, before speculating as 

to their synergistic effects.   

 

Adrenergic involvement in PTSD  

  Dysfunction within the adrenergic system has a prominent role in arousal and stress 

response. Indeed, correlates of adrenergic activity can serve as useful biomarkers for PTSD, as 

patients exhibit elevated levels of urinary and plasma norepinephrine as well as exacerbated 

adrenergic responses to psychological stressors (McFall et al., 1990; Yehuda et al., 1992; Strawn 

and Geracioti, 2008). Furthermore, blocking β-ARs with propranolol inhibits the enhancement of 

memory formation by emotionally charged stimuli in healthy human subjects (Cahill et al., 1994; 

Lonergan et al., 2013), suggesting that excessive adrenergic receptor activation during traumatic 

experiences might contribute to the development of PTSD. Moreover, memories are actively 

updated during recollection and may recapitulate the cellular and molecular processes of de novo 

memory formation before being stored again, in a process known as “reconsolidation” (Nader et 

al., 2000). β-AR activation can facilitate reconsolidation of fear memories, suggesting that 

heightened levels of adrenergic receptor activation could also lead to facilitated reconsolidation 

of traumatic memories (Debiec et al., 2011). Importantly, during reconsolidation, memories 

become labile and can be disrupted by a number of different pharmacological manipulations 

(Tronson and Taylor, 2007), including inhibition of β-ARs (Przybyslawski et al., 1999; Debiec 

and Ledoux, 2004; Debiec et al., 2011). This suggests that blocking β -ARs during memory 

reconsolidation might offer a potentially beneficial treatment for PTSD.  

  Consequently, propranolol inhibits reconsolidation in healthy human subjects (Kindt et 

al., 2009; Schwabe et al., 2012) and post-trauma treatments with propranolol can significantly 
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reduce symptoms in patients suffering from PTSD (Vaiva et al., 2003; Brunet et al., 2011). Other 

studies, however, found little, if any, therapeutic benefit of propranolol treatment in trauma 

patients (Stein et al., 2007; McGhee et al., 2009; Hoge et al., 2012). There are numerous 

differences between these studies that could account for these conflicting results including dose, 

time to first treatment, duration of treatment, method of recall inducement, and the level of 

trauma experienced by patients. Moreover, work in animal models suggests that the ability of 

propranolol to inhibit memory reconsolidation may be limited to specific types of memory (e.g., 

Muravieva and Alberini, 2010). Thus, more research is required to validate the broad 

applicability of β-AR blockers as a treatment for PTSD, but the adrenergic system is clearly 

involved in mediating at least some aspects of this crippling disorder.   

 

Hippocampal involvement in PTSD 

  Many studies have sought to understand the role of the hippocampus in the pathology of 

PTSD due to the structure’s essential role in memory formation. Indeed, hippocampal volumes 

of PTSD patients are significantly lower compared to both healthy controls and individuals who 

have suffered traumatic events but show no PTSD symptomology (Shin et al., 2006; Bremner et 

al., 2003; Gurvits et al., 1996; Gilbertson et al., 2002; Bonne et al., 2008; Bremner et al., 1997). 

This decrease in volume may have functional implications as well. A meta-analysis of fMRI data 

found hypo-activity of the anterior (ventral) hippocampus in PTSD patients (Etkin and Wager, 

2007). Interestingly, the ventral hippocampus has recently come under scrutiny for its 

preferential involvement in extinction. Extinction is a psychological phenomenon characterized 

by the weakening of a conditioned response to the point where the resultant behavior is no longer 

expressed (Mowrer, 1939; Lovibond, 2014). This process is believed to be mediated by learning 
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a new association between the stimuli, as opposed to “erasing” the previously learned 

representation, as once thought (Bouton, 1993; Bouton, 2004; Myers and Davis, 2002; Pearce 

and Bouton, 2001; Rescorla, 1996). Current psychological theories believe that part of the 

pathology underlying PTSD is that this extinction process becomes dysfunctional and an 

individual is unable to uncouple intense negative feelings from a past traumatic event.  

   Physiological data from mouse models of PTSD appear to back up the involvement of the 

ventral hippocampus in the extinction process. Cleren et al. (2013) found that low frequency 

electrical stimulation delivered to the ventral hippocampus of mice following contextual fear 

conditioning significantly enhanced later extinction of the fear response. Additionally, Xing et al. 

(2014) showed that extinction increased the expression of mineralocorticoid receptors in the 

ventral hippocampus and that antagonizing these receptors facilitated the formation of extinction 

memories. Mineralocorticoids are a subclass of corticosteroid receptors that respond to the stress 

hormone cortisol. Cortisol is released through the hypothalamic-pituitary-adrenal (HPA) axis, 

which is also believed to be dysregulated in PTSD patients. Interestingly, the HPA axis can 

become highly dysregulated following ventral subiculum lesions (Herman et al., 1998). Altered 

extinction dynamics and enhanced sensitivity to stress hormones could implicate the ventral 

hippocampus as an important hub for the pathology of PTSD.  

  Mouse models of PTSD have also indicated preferential synaptic dysfunction in the 

ventral hippocampus. Exposure to psychosocial and predatorial stressors resulted in differential 

methylation of exon encoding brain-derived neurotrophic factor (Bdnf). While dorsal CA1 

showed significant increases in Bdnf methylation (corresponding to a decrease in Bdnf 

transcription) ventral CA3 exhibited a significant decrease (Roth et al., 2011). Bdnf is a 

neurotrophin involved in many processes including synapse formation, thus increasing or 
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decreasing its rate of transcription could have a significant impact on synaptic architecture and 

plasticity. We touched upon this idea in the first chapter when we presented evidence that 

chronic stress can lead to a decrease in dorsal, but not ventral, CA1 synapses (Mara et al., 2014). 

Perturbations in synaptic connectivity within the hippocampus could also prove to be a cellular 

mediator of PTSD.  

 

Interplay between the ventral hippocampus and the noradrenergic system in PTSD 

  While the hippocampus is just one of several structures thought to be involved in PTSD, 

its ties to the adrenergic system could make it an especially important hub in the underlying 

pathology of the disorder. Mouse models of PTSD have specifically linked the two systems 

together, with some studies even finding preferential involvement of the ventral hippocampus. 

Indeed, mice expressing PTSD-like symptoms following an acute stressor showed a preferential 

increase in the association of hippocampal β2-ARs with Mdm2, a protein highly active in the 

maladaptive stress response that mediates cell death and DNA damage (Sood et al., 2013). A 

regional analysis revealed that this association only increased in ventral, not dorsal, CA1 of the 

hippocampus. This would suggest preferential damage to the ventral hippocampus following 

extremely stressful events.  

 Part of the debilitating nature of PTSD is the strong resurgence of negative feelings 

associated with triggers of the originally traumatic context. Mice subjected to an extreme 

underwater stress paradigm showed increases in phosphorylated ERK in the ventral 

hippocampus only upon reexposure to the context 24 hours later, not during the actual event 

itself (Ritov et al., 2014). This is one of the most intriguing studies yet, as it implicates the 

ventral hippocampus in the “flashback” aspect of the disorder. Moreover, as ERK is 
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phosphorylated following β-AR activation, this could further cement the adrenergic system’s 

involvement with this disorder and the ventral hippocampus.   

  Whether treatment of PTSD by exploiting adrenergic signaling mechanisms within the 

ventral hippocampus is a possibility or not is unknown. However, the ability of β-AR to facilitate 

ventral LTP induction could have significant therapeutic results. As one of the hallmarks of 

PTSD is believed to be the inability to form new associations between previously encountered 

stimuli, β-AR agonists targeted to the ventral hippocampus could ease this intractability. Rather 

than attempting to inhibit β-AR with propranolol to prevent intrusive negative associations, it 

might be better to activate these receptors and actually facilitate synaptic alterations. Perhaps 

administering a β-AR agonist to PTSD patients prior to exposing them to their specific triggers 

could encourage the formation of new associations between the trigger and the resulting 

emotional state. While purely speculative, this treatment could release millions of people from 

the specter of reliving their most horrific experiences over and over again.  

 

Behavioral speculations 

  Now that we’ve considered the involvement of these systems in more aberrant forms of 

cognition, it’s important to place them in the context of normal every day function, similar to our 

speculations in the first chapter. I postulated that it would be disadvantageous for an organism, 

say a mouse, to alter its motivational and anxiety states as frequently as it would its spatial 

representation of the environment. However, having these cognitive structures completely 

unmalleable would be similarly detrimental to the organism’s well-being. Exploitation of the 

adrenergic system could serve as an evolutionarily tailored solution to this predicament. As the 

adrenergic system is essential in many aspects of arousal and motivation, it may serve as a “gate-
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keeper” to behavioral change. If this system is engaged when, for instance, a mouse encounters a 

novel object for the first time, it may heighten that animal’s sense of arousal. If this pulse of 

neuromodulatory input is coupled with the animal’s “successful” investigation of the object, in 

that no harm has befallen the animal, this might serve as a signal for the anxiety state associated 

with the object to alter and the corresponding synaptic reconfiguration to accommodate this 

change. Something as common as scurrying across an open room, while anxiety-provoking and 

lacking serious repercussions, may not be sufficient for the adrenergic system to “permit” an 

adaptive rewiring of the response. Whereas the endogenous synaptic machinery in the dorsal 

hippocampus appears capable of altering its own connections, the ventral hippocampus may, 

under many circumstances, require an additional input to undergo this transformation.     
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Figure 9: β-AR signaling complexes and regulation of AMPARs. The scaffolding protein PSD-95 interacts with 
the AMPAR-associated protein stargazin (stg), β-ARs, and AKAPs to form a signaling complex. PKA is recruited 
into the complex via interactions with AKAPs, thus enabling rapid and efficient phosphorylation of AMPARs 
following β-AR activation. Phosphorylation of AMPARs by PKA enhances ion channel open probability and 
facilitates the trafficking of AMPAR to the plasma membrane. 
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Figure 10: Modulation of NMDAR activity mediated by PKA activation downstream of β-AR activation. PKA 
activation enhances NMDAR activity by phosphorylating sites in the cytoplasmic C-terminal tails of NMDAR 
GluN1, GluN2A, and GluN2B subunits. In addition, PKA phosphorylates and inhibits Kv4.2 and SK2 type 
potassium channels present in dendritic spines, thereby enhancing NMDAR activation by facilitating spine 
depolarization at active synapses.  
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Figure 11: β-adrenergic activation facilitates complex spike bursting and LTP induction in the ventral 
hippocampus. (A) Three minutes of TPS induced a small, but significant (P < 0.01) potentiation in DH slices 
(fEPSPs were potentiated to 124 ±  6.73% of baseline, n=8) but had no lasting effect on synaptic transmission in VH 
slices (fEPSPs were 105.1 ± 4.3% of baseline, n = 8, P = 0.75). Bath application of ISO significantly (P  <  0.01) 
enhanced the induction of LTP by 3 minutes of TPS in both DH and VH slices. fEPSPs were potentiated to 174.7 ± 
9.34% of baseline in DH slices (n = 8) and 163.5 ± 5.79% of baseline in VH slices (n = 8). ISO exposure facilitated 
LTP induction in both regions. (B) 30 seconds of TPS potentiated fEPSPs to 149.1 ± 5.3% of baseline in DH slices 
but only 114.9 ± 2.8% of baseline in VH slices (n = 8 for both, P < 0.01). Application of ISO, however, significantly 
potentiated VH slices to 156.3 ± 16.9% of baseline (P < 0.01) and had little effect on LTP induction in DH slices 
(fEPSPs were potentiated to 169.3 ± 15.6% of baseline, P = 0.45). Blue bar represents length of ISO exposure (10 
minutes). (C) Summary of EPSP-evoked bursting during TPS in dorsal and ventral hippocampal slices in the 
absence (control, n = 8 each) and presence of ISO (n = 8 each). ISO significantly increased the amount of bursting 
noted in ventral slices while having little to no effect on dorsal slices. (D) Dorsal and ventral EPSP slopes in the 
presence and absence of ISO during the TPS protocol. ISO exposure enhances EPSP depression in both ventral and 
dorsal slices later in the response.  
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Figure 12: Differential region-dependent effect of β-adrenergic activation on HFS-induced LTP but not on 
the effect of ISO alone. (A) ISO has little effect on the induction of LTP by HFS in DH. fEPSPs were potentiated to 
185.7 ± 9.4% (n = 8) of baseline in control experiments and to 190.7 ± 8.4% of baseline following HFS in the 
presence of ISO (n = 8). In contrast, the induction of LTP was strongly facilitated by ISO in VH slices. fEPSPs were 
potentiated to 218.2 ± 8.9% of baseline following HFS in the presence of ISO (n = 8) compared to 146.3 ± 9.1% of 
baseline in control experiments (n = 8, P < 0.01). (B) Dorsal and ventral slices exposed to ISO in the absence of 
tetanic stimulation show a small but appreciable increase in fEPSP slope (Ventral ISO: 116 ± 4.2%, n = 7, P < 0.05, 
Dorsal ISO: 115 ± 7.6%, n = 7, P = 0.2377) that remains relatively stable for at least 45 minutes and does not differ 
between the two regions (P = 0.6119).  
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Figure 13: Down-regulation of protein phosphatase 1 following β-AR activation. Protein phosphatase 1 
dephosphorylates a number of synaptic proteins with important roles in LTP induction including CaMKII, 
NMDARs, and stargazin as well as β2-ARs. The activity of protein phosphatase 1 (PP1) at synapses is regulated by 
inhibitor-1 (Inh-1), a regulatory protein that is phosphorylated by PKA and dephosphorylated by protein 
phosphatase 2B (calcineurin). Inhibitor-1 phosphorylation by PKA following β-AR activation leads to an inhibition 
of protein phosphatase 1 thereby facilitating protein phosphorylation needed for LTP induction. 
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Chapter Three 

Introduction 

Regulation of SK Channels  

  β-adrenergic activation coincident with tetanic stimulation induces substantial and 

persistent LTP in the ventral hippocampus. What mediates this process, however, is unknown. 

Based on our data from the previous two chapters and careful examination of the literature, the 

SK channel serves as a promising target as it meets three important criteria; it is part of the β-

adrenergic signaling cascade (O’Dell et al., 2015), it affects complex spike bursting and NMDA 

receptors (Schmolesky et al., 2002), and it is involved in hippocampal LTP (Murthy et al., 2014).  

 As briefly discussed, these channels are gated by intracellular calcium concentration, 

localized largely within the dendritic spine, and control potassium efflux from neurons 

(Gonzalez et al., 2012). Their single channel conductance is small, around 10 pS, and each 

channel consists of four subunits. There are four members of the SK channel family, SK1-SK4, 

that vary in their calcium sensitivity. All SK channels derive their calcium sensitivity from their 

close association with calmodulin, a calcium binding protein that attaches to the C-terminus of 

the channel’s subunits, with the SK2 and SK3 channels being the most sensitive (Gonzalez et al., 

2012, Schmolesky et al., 2002). As a result of their mediation of outward potassium currents, SK 

channels resist dendritic depolarization and contribute to the after-hyperpolarizations (AHPs) 

seen following an action potential (Pedarzani et al., 2005). After-hyperpolarizations are 

important for restoring a neuron to its resting membrane potential and “resetting” sodium 

channels that have inactivated due to depolarization. The AHP itself is often broken down into 3 

phases; fast, medium, and slow. The fast phase of the AHP is largely due to outward currents 

mediated by large conductance BK channels and fast inactivating Ia currents and is more 
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influential following single action potentials, as opposed to trains or bursts. The medium phase, 

which lasts from ~25-200 ms, is governed by activation of SK channels and is much more 

prevalent after a burst of APs (Storm et al., 1990; Sah and Faber, 2002; Wu et al., 2002; 

Bhattacharjee and Kaczmarek, 2005). Altering SK channel conductance can therefore lead to 

serious perturbations in AHPs and subsequent bursting, thereby affecting plasticity.  

  Indeed, cellular mechanisms that can reduce the surface expression of SK channels or 

inhibit their function also increase dendritic excitability.  Bock et al. (2005) found that activation 

of SK channels reduced the magnitude of NMDA-dependent neuronal spiking. Similarly, 

decreasing SK activity in dopaminergic neurons led to an increase in cell excitability and 

persistent bursting events (Ji et al., 2009). Recent evidence has also indicated the involvement of 

SK channels outside of the dendritic spines in controlling neuronal excitability. Activity of SK 

channels at the somata and proximal dendrites, under certain conditions, can blunt the generation 

of action potentials and subsequent bursting (Chen et al., 2014).  While the SK channel has a 

clear involvement in intracellular bursting, the relationship is not always simple. In the same 

study by Bock, despite the decrease in NMDA spike amplitude, inhibition of the SK channel also 

led to a decrease in the threshold necessary to generate such a spike, effectively increasing the 

spiking events. Additionally, Wang et al. (2015) found that increasing SK channel conductance 

in dopaminergic neurons resulted in a switch from phasic pace-making activity to irregular and 

more frequent bursting. The evidence presented thus far unanimously implicates SK channels as 

an important mediator of bursting, but the exact relationship is still unclear.   

  Direct links between SK channel activity and LTP induction are also quite prevalent. 

Murthy et al. (2015) found that inhibiting SK2 channels with either SK2-antisense or a selective 

antagonist significantly facilitated LTP induced by theta burst stimulation. The same study also 
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found that inhibiting SK2 channels in vivo could exert a direct effect on memory formation. 

Blocking SK2 channels immediately after training on a contextual fear-conditioning paradigm 

enhanced contextual fear memory in rodents that received ventricular injections of a selective 

antagonist. Indeed, application of apamin, a selective SK antagonist derived from honey-bee 

venom, is capable of facilitating a ~30% increase in the EPSP response in pyramidal neurons by 

its application alone. This effect was blocked with AP5, indicating the necessity of calcium 

influx through the NMDA receptor to co-activate the SK channel (Faber et al., 2005). 

Intriguingly, the relatively small potentiation of the EPSP with the agonist alone is similar to 

what we have seen with ISO application in the absence of tetanic stimulation (Fig. 12B). While 

this is a purely speculative link, it does add another interesting piece of evidence to the 

involvement of SK channels.     

  Further implicating SK channels in ventral plasticity and the subsequent “rescue” by β-

AR activation is the channels potent regulation by PKA. PKA directly phosphorylates SK 

channels at multiple sites (Ren et al., 2006), which leads to internalization of the channel and 

therefore a reduction in the hyperpolarizing effects of potassium efflux (Dunwiddie et al., 1992; 

Faber et al., 2008). Indeed, Abiraman et al. (2015) found that high tonic levels of PKA activation 

in hippocampal pyramidal neurons led to significant decreases in SK channel clustering and 

membrane expression, whereas low levels resulted in the opposite effect. Elevated cAMP and 

PKA following LTP induction also facilitated SK channel endocytosis and an increase in AMPA 

mediated EPSP. When PKA phosphorylation of SK was preferentially blocked, both SK 

endocytosis and EPSP increases were stymied (Lin et al., 2008).   

  The SK channel is therefore uniquely positioned to be the molecular mediator of β-AR 

induced facilitation of ventral LTP due to its involvement in plasticity, intracellular bursting, and 
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the PKA molecular cascade. Perhaps antagonizing the SK channel will mirror the effects of 

Isoproterenol on ventral LTP and cement the SK channel as an integral part of this phenomenon. 

We therefore decided to investigate the SK channel in ventral hippocampal plasticity.     
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                                                        Results 

Inhibiting SK channels facilitates ventral LTP induction to theta-pulse stimulation  

   To compare the effects of inhibiting SK channels with that of activating β-adrenergic 

receptors, we carried out similar experiments as in chapters 1 and 2 but in the presence of apamin 

(100 nM). We first sought to determine whether SK channel inhibition was responsible for the 

lack of EPSP-evoked bursting in ventral pyramidal cells, presumably through down regulation of 

NMDA receptors. Although apamin had little apparent effect on dorsal cells, it strongly 

facilitated EPSP-evoked CS bursting in ventral pyramidal cells (Fig. 14A). The addition of the 

NMDA open-channel blocker MK801, however, prevented this apamin-induced facilitation of 

EPSP-evoked CS bursting in ventral cells, demonstrating both the crucial role for NMDAR 

activation in EPSP-evoked CS bursting and the direct role of SK channels in suppressing 

NMDAR activation.   

  Inhibiting SK channels, then, appears to facilitate complex spike bursting in ventral 

pyramidal cells. However, we were curious as to whether this effect extends beyond the single 

cell and if it is strong enough to permit LTP induction at ventral CA1 synapses. To directly 

address this question we examined the effects of apamin on TPS-induced CS bursting and LTP. 

Although EPSPs failed to elicit CS bursting during 30 seconds of theta stimulation in ventral 

hippocampal slices under control conditions, inhibiting SK channels with apamin enabled robust 

CS bursting (Fig. 14B,C). Moreover, apamin strongly facilitated the induction of LTP in ventral 

hippocampal slices (Fig. 14C) while having no effect on LTP induction in dorsal hippocampal 

slices (Fig. 14D). Together, these findings indicate that the ability of excitatory synaptic inputs to 

trigger CS-like bursting in CA1 pyramidal cells is strongly NMDAR-dependent and that 
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activation of apamin-sensitive SK channels prevents EPSP-evoked bursting in ventral 

hippocampal CA1 pyramidal cells by limiting NMDAR activation. 

 

Suppression of NMDAR activation by SK channels inhibits EPSP amplification and EPSP-

evoked CS bursting in ventral CA1 pyramidal cells   

 To further examine the interplay between SK channels and NMDA receptors, we 

measured the NMDA-mediated current in the presence and absence of SK channel activity. We 

first used whole-cell voltage-clamp recordings to measure NMDAR-mediated EPSCs in cells 

where postsynaptic SK channels (and other potassium channels) were blocked by intracellular 

perfusion of Cs+ and TEA (Fig. 15A). Under these conditions the NMDAR-mediated component 

of EPSCs elicited by SC fiber stimulation was not significantly different in dorsal and ventral 

pyramidal cells (Fig. 15A). This suggests that the absence of NMDAR-mediated EPSP 

amplification in ventral CA1 pyramidal cells is not due to dorsal-ventral differences in NMDAR 

expression. Subsequently, we examined the effects of apamin on EPSP amplification and 

NMDAR activation in dorsal and ventral pyramidal cells. Blocking SK channels significantly 

enhanced EPSP amplification in ventral pyramidal cells and abolished the dorsal-ventral 

difference in EPSP amplification (Fig. 15B,C). In addition, blocking NMDARs with APV 

prevented the apamin-induced enhancement of EPSP amplification in ventral pyramidal cells 

(Fig. 15B,C), indicating that SK channel activation likely suppresses EPSP amplification in 

ventral pyramidal cells by inhibiting NMDAR activation. Indeed, although APV had no effect on 

EPSPs evoked at -40 mV in ventral pyramidal cells under control conditions, an APV-sensitive, 

NMDAR-mediated component of EPSPs was present when SK channels were blocked with 

apamin (Fig. 15D). Inhibiting SK channels during 30 seconds of theta stimulation therefore 
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facilitates the activation of NMDA receptors and elevates the level of complex spiking in the 

ventral hippocampus, allowing it to undergo LTP. Modulation of SK channels is a likely 

candidate for at least one of the molecular mediators behind β-adrenergic facilitation of ventral 

LTP through increases in complex spiking.  

 

Elevated expression of SK mRNA in the ventral hippocampus  

  Enhanced activity of SK channels and the resulting inhibitory effects on NMDA 

receptors have a clear role in ventral hippocampal plasticity induction. However, we know very 

little about the actual expression pattern of SK channels along the longitudinal axis of the 

hippocampus. Thus, there is the possibility that differential expression of SK channels might 

underlie the unique properties of EPSP amplification in dorsal and ventral pyramidal cells. 

Consistent with this possibility, using quantitative RT-PCR we found that although SK2 channel 

mRNA levels were similar, SK3 channel mRNA levels were approximately 2-fold higher in 

isolated CA1 regions obtained from ventral hippocampal slices compared to dorsal CA1 regions 

(Fig. 16). Although measurements of mRNA levels in samples prepared from hippocampal slices 

will reflect levels of SK channel mRNA expression in multiple cell types, a reanalysis of data 

generated from a recent RNA-Seq study specifically examining differences in gene expression in 

dorsal and ventral CA1 pyramidal cells (Cembrowski et al., 2016) performed using Hipposeq 

(Cembowski et al., 2016) revealed that SK3 channel mRNA levels are approximately 4-fold 

higher in ventral CA1 pyramidal cells (Fig. 16). Therefore increased expression of SK3 channels 

in ventral CA1 likely downregulates NMDAR activity and prevents complex spiking. 

 

Inhibition of SK channels during 180 Seconds of the TPS does not facilitate ventral LTP  
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 We next administered 5 Hz stimulation for 180 s to determine if the effect of apamin 

continued to mirror that of ISO. While both control dorsal slices and dorsal slices treated with 

apamin showed significant potentiation from baseline (Dorsal Ctrl: 117 ± 7.4%, n = 6, p < 0.05, 

Dorsal Apamin: 130 ± 12.2%, n = 5, p < 0.05), the effect size was modest and they did not 

statistically differ from one another (p = 0.2466, Fig. 17). Similarly, there was a slight ~15% 

increase in ventral apamin slices compared to control, but this difference was not and easily 

failed to match results seen in ventral slices bathed in the β-adrenergic agonist (Ventral Ctrl: 

99% ± 3.8%, n = 6, p = 0.4726, Ventral Apamin: 116 ± 8.2%, n = 6, p = 0.5064). Therefore, 

while apamin is sufficient to induce ventral potentiation following 30s of 5Hz stimulation, it fails 

to do so during longer trains of stimulation. This result shows a significant deviation from what 

was observed with the use of ISO, suggesting that SK channel regulation and their influence on 

NMDA receptors is not the entire picture. 
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                                                     Discussion 

   Our findings suggest that SK channels act as a potent suppressor of NMDAR activation 

and, therefore, LTP induction at ventral SC synapses. Consistent with this notion, both SK2 and 

SK3 type subunits of SK channels are present in dendritic spines (Lin et al., 2008; Ballesteros-

Merino et al., 2014) and activation of SK channels by increases in spine calcium acts in a 

feedback fashion to limit membrane depolarization and inhibit NMDAR activation (Ngo-Anh et 

al., 2005; Bloodgood and Sabini, 2007, Faber et al., 2005). Moreover, inhibiting SK channels 

with the selective blocker apamin facilitates LTP induction (Faber et al., 2005; Behnisch et al., 

1998; Stackman et al., 2002; Buchanan et al., 2010). Our findings validate and extend these 

earlier observations by demonstrating that dorsal-ventral differences in the regulation of 

NMDAR activation by SK channels fine tunes the properties of LTP induction by controlling 

NMDAR-mediated EPSP amplification and resulting CS burst generation in CA1 pyramidal 

cells. 

  The evidence presented indicates that in addition to its canonical role as a detector of 

coincident pre- and postsynaptic activity, NMDAR activation at SC synapses also has a crucial 

role in EPSP-evoked CS bursting. Thus, differences in SK channel regulation of NMDAR 

activation also underlie the profound dorsal-ventral difference in E-S coupling exhibited at SC-

CA1 pyramidal cell synapses. Although our results suggest that dorsal-ventral differences in SK3 

subunit expression contributes to increased SK channel activity at SC synapses in the ventral 

hippocampus, they do not rule out the possibility that a dorsal-ventral difference in the coupling 

between SK channels and sources of calcium influx, such as NMDARs and voltage-activated 

calcium channels, might also be involved. Moreover, the spine localization of SK channels is 

highly activity-dependent (Lin et al., 2008; Lin et al., 2010), suggesting that factors in addition to 
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overall levels of expression may contribute. The specific increase in SK3 is of interest, though, 

as elevated SK3 subunit expression contributes to age-related deficits in both LTP and memory 

(Blank et al., 2003).  

  The presented evidence is quite compelling for the involvement of SK channels as one of 

the primary mediators of the faciliatory effect of β-adrenergic activation on ventral LTP 

induction and complex spiking. Indeed, we found many parallels between SK channels and β-

adrenergic activation. SK channels are potently inhibited by PKA, a kinase that is activated 

within the β-adrenergic signaling cascade (Faber et al., 2006). Application of ISO leads to 

increases in resting membrane potential and amplified population spikes (Huang et al., 2012; 

Heginbotham and Dunwiddie, 1991), two characteristics of SK channel inhibition. Furthermore, 

both processes modulate NMDA receptor currents (Ngo-Anh et al., 2005; Gean et al., 1992), 

which are essential for facilitating ventral LTP induction and complex spiking. 

  There is, however, an interesting caveat to all of this. We found that inhibiting SK 

channels does not facilitate the induction of LTP when a 5 Hz train is delivered for 180 s in 

either the dorsal or ventral hippocampus. This stands in stark contrast to the robust potentiation 

we have seen when this protocol was applied in the presence of ISO. While SK channel 

inhibition does mimic many aspects of β-adrenergic activation, it does not recapitulate the entire 

phenomenon. This should not be entirely surprising. The signaling cascade generated by β-AR is 

enormous and diverges in many different directions. The idea that this phenomenon could be 

boiled down to one single effector is extremely unlikely. What, then, is responsible for the 

facilitation we see during the longer train of TPS, if not SK channels?  

  This discrepancy could be explained in several different ways. For one, the length of the 

stimulation train likely plays a role. There is a rich literature that supports the idea that shorter 
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stimulation trains tend to elicit LTP while longer trains bias towards no plasticity or LTD 

(Watabe and O’Dell, 2003; Moody et al., 1999; Fink and O’Dell, 2009; Huang and Kandel, 

2005). This is largely believed to be through variation in calcium dynamics. The differential 

threshold hypothesis (Artola and Singer, 1993; Lisman et al., 1989) states that LTD has a low 

calcium threshold for induction whereas LTP has a significantly higher threshold, depending on 

both the intensity and length of the stimulation. Though the induction of LTD and LTP has 

proven more complicated than just relying on absolute calcium levels, the length and frequency 

of stimulation has maintained its importance. Indeed, Yang et al. (1999) found that they could 

switch between LTP and LTD induction by simply varying the length of calcium exposure in 

pyramidal cells. They loaded cells with a photolabile calcium-EGTA compound and pulsed light 

at varying lengths and intensities to selectively release caged calcium. They found that short, 

weak pulses resulted in significant depression of the EPSP whereas a single pulse of greater 

intensity resulted in LTP. Interestingly, the total amount of calcium released in both conditions 

was approximately the same, indicating that the timing of the exposure is more important than 

the absolute calcium levels.   

  This effect could also be dependent on the time course for kinase and phosphatase 

activation, as these two groups act as opposing forces to one another and essentially “gate” 

plasticity. Calcium entry can lead to the activation of both adenylyl cyclase (and subsequently 

PKA) and the protein phosphatase calcineurin. PKA and calcineurin can then phosphorylate or 

dephosphorylate, respectively, inhibitor 1. Phosphorylated inhibitor-1 binds to and suppresses 

protein phosphatase 1, which in turn prevents the inhibitory effect of PP1 on various receptors 

and protein kinases required for LTP induction, such as CaMKII (Fig. 13, Blitzer et al., 1995; 

Iyengar et al., 1996; Lisman et al., 1994). Conversely, dephosphorylation by calcineurin stymies 
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inhibitor 1 activity and prevents its association with PP1, allowing PP1 to dephosphorylate its 

targets. Indeed, LTP induction by theta stimulation is differentially sensitive to phosphatase 

inhibitors in a duration-dependent manner. Thomas et al. (1996) found that short trains of TPS 

capable of inducing LTP are insensitive to protein phosphatase 1/2A inhibitors, whereas longer 

trains, that do not produce LTP on their own, are capable of inducing LTP only in the presence 

of these inhibitors. There is clearly a dynamic relationship between kinase/phosphatase activity 

that is dependent on the duration of theta stimulation, and it appears to have a significant impact 

on plasticity.  

  Perhaps this can offer insight into the dichotomous response between ISO and apamin. 

As ISO activates a host of intracellular signals, including PKA, ERK, CaMKII, and various 

transcription factors, it may be able to prevent this shift towards phosphatase activity. Apamin, 

on the other hand, is extremely limited in its effect, in that it serves to primarily inhibit the SK 

channel. While this does result in elevated resting membrane potentials, especially in spines, and 

increased NMDA activation, it’s unlikely that this could combat the pervasive activation of 

phosphatases throughout the cell.  
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Figure 14: SK channel inhibition facilitates complex spiking and LTP induction in the ventral hippocampus. 
(A) Inhibiting SK channels with 100 nM apamin enables NMDAR-dependent EPSP-evoked bursting in ventral CA1 
pyramidal cells (n = 11 dorsal cells and 10 ventral cells in the presence of apamin and 6 ventral cells in the presence 
of apamin with intracellular application of MK-801). *P < 0.05, **P < 0.001, two-way ANOVA with Student-
Newman-Keuls post hoc multiple comparisons test. Traces show postsynaptic responses elicited in ventral 
pyramidal cells in the presence of apamin with and without intracellular MK-801. (B) Summary of EPSP-evoked 
bursting during TPS in ventral hippocampal slices in the absence (control, n = 8) and presence of apamin (n = 7). 
Results are from same experiments shown in C. (C) Apamin enables LTP induction by TPS (delivered at time = 0) 
in ventral hippocampal slices. 45 minutes post-TPS fEPSPs were potentiated to 149 ± 6.2% of baseline in the 
presence of apamin compared to 105 ± 2.9% of baseline in control experiments (P < 0.001, Students t-test). Traces 
show superimposed fEPSPs recorded during baseline and 45 minutes post-TPS in control experiments (top) and in 
experiments with apamin (bottom). Calibration bars are 1 mV and 5 msec. (D) Apamin has no effect on TPS-
induced LTP in dorsal hippocampal slices. 45 minutes post-TPS fEPSPs were potentiated to 145 ± 3.8% of baseline 
in control experiments (n = 7) and 144 ± 4.2% of baseline in the presence of apamin (n = 7, P = 0.85, Student’s t-
test). 
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Figure 15: SK channel activation suppresses NMDAR activation and EPSP amplification at SC synapses in 
ventral hippocampus. (A) Ratio of NMDAR/AMPAR-mediated components (left) and decay time constants 
(middle) for EPSCs recorded at Vm = 40 mV in dorsal and ventral pyramidal cells (n = 9 dorsal and 8 ventral cells). 
NMDAR/AMPARs ratios were 0.52 ± 0.02 and 0.57 ± 0.03 in dorsal and ventral cells, respectively (P = 0.312, 
Student t-test). Decay time constants were 75 ± 5.1 ms in dorsal cells and 86 ± 5.2 msec in ventral cells (P = 0.15, 
Student t-test). Traces (right) show example EPSCs recorded at -80 and 40 mV. Calibration bars are 75 pA and 20 
msec. (B) Blocking SK channels with 100 nM apamin enables NMDAR-mediated EPSP amplification in ventral 
pryamidal cells (*P < 0.05, **P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple 
comparisons test, n = 10 dorsal and 10 ventral cells in apamin, n = 10 ventral cells in apamin plus D-APV). (C) 
Amplification for all cells in the presence of apamin or apamin plus D-APV. Amplification in the presence of 
apamin was 2.5 ± 0.34 and 2.6 ± 0.21 for dorsal and ventral pyramidal cells, respectively and 1.7 ± 0.17 for ventral 
cells in the presence of apamin + D-APV. *P < 0.05, one-way ANOVA with Student-Newman-Keuls post hoc 
multiple comparisons test. (D) Traces show superimposed average EPSPs elicited at Vm = -40 mV in the absence 
and presence of APV in control cells (left) and in the presence of apamin (right). Shading indicates s.e.m. 
Calibration bars are 2 mV and 20 msec. 
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Figure 16: SK channel subunit expression in dorsal and ventral hippocampus. (A) Levels of kcnn2 (SK2) and 
kcnn3 (SK3) mRNA expression in isolated CA1 regions micro-dissected from dorsal and hippocampal slices. Lines 
indicate values obtained from tissue samples from the same hippocampi. (B) Expression levels for SK channel 
subunit mRNA in dorsal and ventral CA1 pyramidal cells obtained using Hipposeq39 analysis of hippocampal RNA-
seq database generated by Cembrowski et al. 
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Figure 17: Inhibiting SK channels does not facilitate LTP induction in the dorsal or ventral hippocampus 
following three minutes of TPS. (A) 5 Hz stimulation delivered to dorsal (n = 6) and ventral (n = 6) (B) CA1 for 
three minutes failed to result in significant potentiation of either region compared to their respective controls (Dorsal 
Ctrl vs. Dorsal AP: P = 0.2466; Ventral Ctrl vs. Ventral AP, P = 0.3964). Both dorsal control and dorsal apamin 
slices did show a small but significant potentiation compared to their baselines (Dorsal Ctrl: 117 ± 7.4%, n = 6, P < 
0.05, Dorsal Apamin: 130 ± 12.2%, n = 5, p < 0.05) whereas ventral slices did not (Ventral Ctrl: 99% ± 3.8%, n = 6, 
P = 0.4726, Ventral Apamin: 116 ± 8.2%, n = 6, P = 0.5064).  
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             Part II 

                                                      Introduction 

  Thus far we have delineated the plasticity differences that exist along the longitudinal 

axis of the hippocampus, and how one might rectify this disparity. Another important mediator 

of hippocampal plasticity is the phosphorylation state of the nearly ubiquitous AMPA receptor. 

These excitatory glutamatergic receptors are constantly trafficked in and out of the membrane in 

an activity-dependent manner and this is believed to be largely due to the phosphorylation state 

of their subunits, particularly the GluA1 subunit. Much time and effort has been put forth into 

identifying the different phosphorylatable residues on this subunit as well as how these residues 

are regulated and their implications in plasticity.  

  In the second part of this thesis, we will examine two particle residues on the GluA1 

subunit, serine at amino acid position 845 (S845) and threonine at amino acid position 840 

(T840). Both of these residues have been linked to synaptic plasticity, yet not much is known 

about their regulation, relative prevalence in their phosphorylated state, or whether they are 

capable of interacting with one another. We conducted a series of experiments to better typify the 

characteristics of these residues as well as elucidate their role in hippocampal synaptic plasticity.  
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                      Chapter Four 

                                                                  Introduction 

Regulation of GluA1 subunits 

  Alterations to the phosphorylation state of AMPA receptors are an essential component 

of receptor trafficking, kinetics, and plasticity. As AMPA receptors process the bulk of 

excitatory synaptic transmission, understanding their regulation is paramount to understanding 

how the brain processes information.   

   AMPA receptors are tetramers that consist of a combination of four subunits denoted 

GluA1 through GluA4. Different subunit combinations yield receptors with different functions, 

kinetics, and conductance properties. The more prevalent GluA1-GluA2 heteromeric receptor is 

calcium impermeable, primarily allowing the passage of sodium and potassium ions and 

mediating a non-rectifying inward current that normally serves to depolarize the cell. GluA2-

lacking AMPA receptors also generate depolarizing currents, but conversely do allow the 

passage of calcium ions and are inward rectifying due to a voltage-sensitive polyamine block 

(Traynelis, 2010; Tanaka et al., 2000). In the hippocampus, approximately 80% of receptors are 

GluA1-GluA2 heteromers (Malinow and Malenka, 2002). The remaining receptors are GluA1 

homomers (GluA2-lacking) with an even smaller percentage of GluA2/GluA3 containing 

receptors. GluA1 containing AMPA receptors possess a large number of phosphorylatable 

residues on their C-terminal tails that regulate receptor function (Lee et al., 2006). A variety of 

kinases and phosphatases target three primary serine residues for phosphorylation and 

dephosphorylation, respectively, including S818, S831, and S845. Additionally, a threonine 

residue that is also endogenously phosphorylated has recently been identified just five amino 

acids away from the S845 site, denoted as T840 (Lee et al., 2007). Alterations to these states can 
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have a profound impact on receptor function and have been linked to changes in more abstract 

processes like learning, memory and behavior.  

  Altering the phosphorylation state of the aforementioned sites exerts significant impact 

on receptor function. Phosphorylation of the GluA1 site S818 by PKC, both in vitro and in vivo, 

primes receptors for insertion into the post-synaptic density (PSD) and facilitates the expression 

of LTP (Boehm et al., 2006). Additionally, the S831 residue can be phosphorylated by both PKC 

(Roche et al., 1996) and CaMKII (Mammen et al., 1997) following LTP induction and has 

similarly been linked to receptor trafficking to the membrane. Along with increased insertion 

into the PSD, phosphorylation of S831 increases single receptor conductance and therefore the 

depolarizing effect of transmitter released on the postsynaptic neuron (Derkach et al., 1999). This 

residue also exhibits increased phosphorylation following contextual fear conditioning in rats, 

advocating for the relevance of these phosphorylation states in vivo and in cognitive processes 

(Shukla et al., 2007).   

  While S818 and S831 are both meaningful targets for understanding plasticity, the S845 

site stands out for its involvement in both LTP and LTD as well as its regulation by PKA. S845 

phosphorylation by PKA (Roche et al., 1996) facilitates receptor insertion into extrasynaptic sites 

(Esteban et al., 2003; Oh et al., 2006), thereby priming the receptor for insertion into the PSD 

during LTP (Granger et al., 2013). In line with this, inhibiting PKA phosphorylation of S845 in 

vivo reduces surface expression of GluA1 containing AMPA receptors (Du et al., 2008) and can 

disrupt learning events, such as alterations in motivational priorities in drug seeking tasks. 

Phosphorylation of S845 also increases open channel probability (Banke et al., 2000) and 

receptor net conductance.  Interestingly, dephosphorylation of this site by phosphatases has been 

heavily implicated in LTD, (Lee et al., 1998 and 2000) primarily through the subsequent 
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endocytosis of AMPA receptors (Man et al., 2007). Indeed, mutation of S845 into an 

unphosphorylatable alanine significantly reduced LTD induction in CA1 of the hippocampus 

(Lee 2003 and 2010; He et al., 2011). S845 dephosphorylation is largely mediated through 

association of the scaffolding protein, AKAP150, with the protein phosphatase calcineurin. 

Calcium influx through the NMDA receptor activates calcineurin, anchored at AKAP150, which 

then provides access to the S845 site on GluA1 for rapid dephosphorylation. Preventing the 

association of calcineurin with AKAP150 prevents LTD induction and actually increases S845 

phosphorylation (Sanderson et al., 2012). This is likely due to the imbalance in 

phosphatase/kinase activity, which then favors S845 phosphorylation by PKA.   

  Furthermore, the regulation of S845 by PKA makes it especially relevant in the context 

of neuromodulators that exploit GPCRs coupled to the Gα, coincidentally like the β-adrenergic 

receptor. Activation of this receptor, or those like it, leads to a multiplicative increase in S845 

phosphorylation and, as previously mentioned, lowers the threshold for LTP induction. Many 

studies point towards the subsequent activation of PKA and phosphorylation of S845 as an 

important factor in this phenomenon. Indeed, knock-in mice that have an unphosphorylatable 

alanine substitution at S845 do not show an LTP enhancement following tetanic stimulation in 

the presence of a β-AR agonist (Seol et al., 2007). Importantly, PKA signaling alone is not 

sufficient to induce AMPA receptor trafficking to the membrane and subsequent LTP. Rather, 

PKA activation in the presence of NMDA receptor stimulation (typically achieved through 

tetanic stimulation) is needed to facilitate AMPA receptor insertion (Oh et al., 2006) and 

subsequent facilitation of LTP induction.   

  Identification of the T840 residue on the C-terminal tail of GluA1 has added further 

complexity to the potential effects of GluA1 phosphorylation states. Phosphorylation of this site 
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by PKC in vitro enhances AMPA receptor conductance (Jenkins et al., 2014), though our lab has 

not found any alteration in T840 phosphorylation following LTP induction (Delgado et al., 

2007). LTD induction does, however, result in substantial dephosphorylation of T840 (Delgado 

et al., 2007). Little is still known about the regulatory mechanisms of T840, and what role it may 

play in other forms of synaptic plasticity.  

  Despite the evidence listed, recent studies have thrown doubt onto the involvement of 

S845 and T840 in plasticity. Firstly, Nabavi et al. (2012) suggest that NMDA receptor-dependent 

LTD is independent of both calcium flux through the NMDA receptor as well as 

dephosphorylation of the S845 residue on GluA1. The involvement of calcium in NMDA-

receptor dependent LTD and LTP has been a cornerstone of plasticity research for decades, 

meaning this finding could have substantial implications for the field. Secondly, Hokosawa et al. 

(2015) posit that basal levels of S845 and & T840 phosphorylation are extremely low at 

approximately 0.02% and 4%, respectively. If these numbers are accurate, it is difficult to 

imagine that either phosphorylation site could have serious impacts on global plasticity. We 

believe it is necessary to investigate these inconsistencies to better understand the involvement of 

S845 and T840 in general AMPA receptor and how they may affect synaptic plasticity in the 

hippocampus.  
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                                                       Results (A)  

S845 and T840 provide different read-outs of synaptic strength  

  In order to probe the characteristics of the GluA1 phosphorylation sites T840 and S845, 

we chose to examine their activity dependent regulation. We first measured the changes in 

phosphorylation state between the two sites after bulk depolarization of hippocampal neurons. 

We bathed hippocampal slices in ACSF containing a high concentration of potassium to drive 

positively charged potassium ions into the cell and depolarize the neurons. This process is 

particularly potent and leads to a complete depression of synaptic transmission that recovers to 

baseline 10-15 minutes after the initial exposure. We then allowed slices to recover and snap-

froze them at specific time points after the initial depolarization. Indeed, both S845 and T840 

showed substantial dephosphorylation immediately after treatment with high potassium aCSF, at 

approximately 50% for each site (Fig. 18A,B). While S845 remained consistently 

dephosphorylated for the remainder of our time points (up to 40 minutes), T840 quickly rose 

back to baseline. The results were quite similar when we performed the same procedure but 

substituted the potent NMDA receptor agonist, NMDA, to serve as the depolarizing force (Fig. 

18C,D).  

   We have seen that both sites respond to the initial depolarization, but T840 rapidly 

recovers along with the synaptic response while S845 does not. This is intriguing as 

dephosphorylation of S845 has long been associated with LTD (Lee et al., 1998, 2000; Zhu et 

al., 2002; Delgado et al., 2007) but in these experiments, fails to track synaptic strength. We 

therefore choose to examine a situation in which the synaptic response remained depressed and 

therefore employed the use of a chemical LTD (cLTD) protocol. Application of 20 µM NMDA 

in ACSF containing elevated calcium (4 mM as opposed to 2 mM) for 3 minutes generates 
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persistent synaptic depression for at least 1 hour (Fig. 18E). We again measured S845 and T840 

phosphorylation levels at the time points of 0, 20, and 40 minutes after wash-out. Similar to 

depolarization alone, we saw a substantial dephosphorylation of both sites (~60% of baseline) 

and a complete cessation of synaptic transmission immediately after the cLTD protocol (Fig. 

18F). However, approximately 25 minutes after wash-out, synaptic responses held steady at 

~50% and both S845 and T840 were still substantially dephosphorylated for the remaining time 

points. These results reveal substantial differences between the regulation of S845 and T840 

phosphorylation. Whether subjected to depolarization or cLTD, S845 shows ~50% 

dephosphorylation that persists for the measured time window. T840, however, only transiently 

dephosphorylates following depolarization and then mirrors the functional recovery with its 

phosphorylation state. Only synaptic depression resulted in persistent dephosphorylation of 

T840.  

  

Different calcium sources regulate S845 and T840  

  Consistent with previous findings showing that NMDA-induced S845 dephosphorylation 

is calcium-dependent (Vanhoose et al., 2006), high-potassium induced dephosphorylation of 

both T840 and S845 was almost completely prevented when high-potassium was applied in 

calcium-free aCSF containing 10 mM EGTA (Fig. 19A,B). In contrast, disrupting calcium 

release from intracellular stores with thapsigargin (2 or 5 µM, 1 h pretreatment) had no effect on 

depolarization-induced dephosphorylation of either T840 (n = 6) or S845 (n = 4), suggesting that 

calcium release from intracellular stores is not involved (Fig. 19C). Thus, depolarization-induced 

T840 and S845 dephosphorylation is triggered by increases in intracellular calcium due to 

activation of ligand-gated and/or voltage-gated calcium channels (VGCCs).   
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  Because the changes in GluA1 T840 and S845 phosphorylation induced by high-

potassium are similar to those seen after pharmacological activation of NMDARs (Fig. 18), we 

examined whether depolarization-induced dephosphorylation of GluA1 at these sites is mediated 

by NMDAR activation. Blocking NMDARs with D-APV (50 µM) prevented depolarization-

induced dephosphorylation of S845 but, surprisingly, had no effect on T840 dephosphorylation 

(Fig. 19D). Blocking L-type VGCCs with nifedipine (50 µM) either alone (n = 4) or in the 

presence of APV (n = 2) also had no effect on high-potassium-induced T840 dephosphorylation 

(data not shown). Depolarization-induced T840 dephosphorylation was, however, strongly 

inhibited in the presence of 3.0 mM CoCl2, a blocker of multiple types of VGCCs (Fig. 19D). 

Blocking VGCCs with Co2+ also prevented depolarization-induced S845 dephosphorylation (Fig. 

19D), most likely by preventing NMDAR activation via blocking depolarization-induced 

glutamate release from presynaptic terminals. Consistent with this notion, synaptic transmission 

was abolished in the presence of 3.0 mM CoCl2 (Fig. 19E). Together, these results suggest that 

although increases in intracellular calcium trigger GluA1 dephosphorylation at both T840 and 

S845, T840 dephosphorylation is dependent on activation of VGCCs, whereas NMDAR-

mediated increases in intracellular calcium regulate S845 phosphorylation. 

  

Identification of specific phosphatase and kinase regulations  

  To determine the protein phosphatases responsible for depolarization-induced GluA1 

dephosphorylation at T840 and S845, hippocampal slices from the same animal were exposed to 

ACSF containing either 0.1–0.2% DMSO (vehicle controls) or different protein phosphatase 

inhibitors for 1–2 hours before high-potassium induced depolarization. Previous studies have 

found that inhibitors of protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), such as 
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okadaic acid and calyculin A, enhance GluA1 phosphorylation at both S845 and T840 

(Kameyama et al., 1998; Delgado et al., 2007; Lee et al., 2007; Vanhoose and Winder, 2003). 

Consistent with these observations, cantharidin, an inhibitor of PP1 and PP2A (Honkanen et al., 

1993), increased basal levels of GluA1 phosphorylation at T840 and S845 (levels were increased 

to 196 ± 12% and 214 ± 12% that of vehicle treated controls, respectively, p < 0.05 compared 

with control, n= 6) and inhibited depolarization-induced dephosphorylation of both sites (Fig. 

20A,C, and D). In contrast, the protein phosphatase 2B (PP2B) inhibitor cyclosporin A (2.0 µM) 

had no effect on basal levels of GluA1 phosphorylation at T840 and S845 (levels were 87 ± 6% 

and 102 ± 12% that of vehicle treated control slices respectively, n = 8) and did not inhibit 

depolarization-induced T840 dephosphorylation (Fig. 20B,C). Cyclosporin A did, however, 

significantly inhibit depolarization- induced S845 dephosphorylation (Fig. 20B,D). Thus, the 

depolarization-induced decrease in GluA1 phosphorylation at T840 and S845 not only involves 

distinct sources of calcium but also arises from activation of distinct, but overlapping, types of 

protein phosphatases.  

  Although p70S6 kinase (Delgado et al., 2007) and PKC (Lee et al., 2007) can both 

phosphorylate T840 in vitro, the identity of the protein kinase(s) responsible for T840 

phosphorylation in neurons is unclear. We thus used both in vitro and in vivo approaches to 

identify the protein kinases that phosphorylate T840. As shown in Fig. 21A, in vitro kinase 

assays using GST fusion proteins containing the C terminus of GluA1 indicate that T840 can be 

phosphorylated by multiple protein kinases including PKC, p70S6 kinase, and CaMKII. As 

expected from previous studies (Delgado et al., 2007; Lee et al., 2007), PKA did not 

phosphorylate GluA1 at T840 but readily phosphorylated S845 (Fig. 21A). To determine which 

of these candidate protein kinases phosphorylate T840 in neurons, we examined whether re-
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phosphorylation of T840 after high-potassium-induced dephosphorylation was inhibited in the 

presence of different protein kinase inhibitors. Consistent with a previous report that PKC 

phosphorylates T840 in hippocampal neurons (Lee et al., 2007), re-phosphorylation of T840 

after a 5-min application of high-potassium ACSF was significantly inhibited in hippocampal 

slices exposed to ACSF containing the PKC inhibitors Gö6976 (2 µM) or chelerythrine (10 µM) 

(Fig. 21B,C). In contrast, the CaMKII inhibitor KN-62 (10 µM) had no effect on T840 re-

phosphorylation (Fig. 21B,C). Although this suggests that CaMKII activation does not contribute 

to T840 phosphorylation after high-potassium-induced depolarization, KN-62 inhibits CaMKII 

activation but does not inhibit autophosphorylated, persistently active forms of this kinase 

(Tokumitsu et al., 1990). Thus, these results do not rule out a potential role for CaMKII in T840 

phosphorylation in vitro.	

 

Prior T840 phosphorylation inhibits subsequent S845 phosphorylation  

  Thus far, we have established that the two neighboring phosphorylation sites on the C-

terminal tale of GluA1, S845 and T840, show significant functional and regulatory differences 

despite their close proximity to one another. Intriguingly, as both T840 and S845 are 

phosphorylated by basophilic kinases (Delgado et al., 2007; Lee et al., 2007; Roche et al., 1996; 

Banke et al., 2000), a subtype of kinase that preferentially phosphorylates substrates with 

positively charged residues close by (Pinna and Ruzzene, 1996), the addition of a negatively 

charged phosphate group at one site could alter the subsequent phosphorylation at the other. To 

test this hypothesis, we first used an immunoprecipitation/depletion assay to compare PKA-

mediated increases in S845 phosphorylation at T840-phosphorylated and non-T840-

phosphorylated GluA1. As shown in Fig. 22A, immunoprecipitation with a phospho-T840 
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GluA1-specific antibody effectively removes T840- phosphorylated GluA1 from lysates 

prepared from hippocampal slices (phospho-T840 GluA1 levels in the unbound fraction after a 

single round of immunoprecipitation were just 0.4 ± 0.2% that of the levels in total lysate, n = 8). 

Thus, immunoprecipitation with anti-phospho-T840 GluA1 antibodies provides a convenient 

way to separate T840-phosphorylated GluA1 (immunoprecipitated fraction) and non-T840-

phosphorylated GluA1, which remains in the supernatant after immunoprecipitation (unbound 

fraction). Immunoblotting with phospho-S845-specific antibodies can then be used to measure 

GluA1 S845 phosphorylation in each of these fractions.  

  Fig. 22B shows the results of experiments using this approach. In these experiments 

hippocampal slices were either untreated or exposed to a 3-min bath application of ACSF 

containing β-adrenergic receptor agonist isoproterenol to activate PKA signaling. Phospho-T840 

immunoprecipitation was then used to deplete T840-phosphorylated GluA1 from lysates 

prepared from both groups of slices, and immunoblotting with anti-phospho-S845 GluA1 

antibodies was used to measure S845 phosphorylation in the total lysate, the immunoprecipitated 

fraction (T840-phosphorylated GluA1), and in the unbound fraction (non-T840-phosphorylated 

GluA1). Consistent with the notion that GluA1 phosphorylation at T840 can inhibit 

phosphorylation of S845, the isoproterenol-induced increase in S845 phosphorylation was 

significantly smaller in the immunoprecipitated fraction compared with that seen in both the total 

lysate (p < 0.01) and in the non-T840-phosphorylated GluA1/unbound fraction (p < 0.05) (Fig. 

22B).  

  Although the results shown in Fig. 22B suggest that prior T840 phosphorylation inhibits 

PKA phosphorylation of GluA1 at S845, a similar result could occur if T840-phosphorylated 

GluA1 is already highly phosphorylated at S845 in hippocampal slices under basal conditions. 
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To examine this possibility, we used immunoprecipitation/depletion assays with anti-phospho-

S845 GluA1 antibodies to determine the basal levels of S845 phosphorylation on T840-

phosphorylated GluA1. In these experiments immunoprecipitation with antiphospho-S845 

antibodies effectively cleared S845-phosphorylated GluA1 from lysates prepared from untreated 

hippocampal slices (levels were depleted to 0.7 ± 0.2% compared with total lysate, n = 8) but 

reduced levels of T840-phosphorylated GluA1 by only 30 ± 4% (Fig. 22A). This indicates that 

T840-phosphorylated GluA1 is not also highly phosphorylated at S845. Indeed, this value is 

most likely an overestimation of the pool of GluA1 subunits phosphorylated at both T840 and 

S845 as AMPARs in hippocampal neurons are predominately GluA1/GluA2 heterodimers (Lu et 

al., 2009) with a subunit stoichiometry of 2:2 (Balasuriya et al., 2013; Mansour et al., 2001). 

Thus the reduction in T840-phosphorylated GluA1 in the unbound fraction after phospho-S845 

GluA1 immunoprecipitation represents the removal of receptors where S845 and T840 are 

phosphorylated on the same subunit as well as receptors where one GluA1 subunit was 

phosphorylated at S845 and the other GluA1 subunit was phosphorylated at T840. 

  Because of the close proximity of T840 and S845 in the C terminus of GluA1, another 

alternative explanation for the smaller increase in S845 phosphorylation in T840-phosphorylated 

GluA1 is that T840 phosphorylation inhibits the ability of the phospho-S845 antibody to 

recognize S845-phosphorylated GluA1. Thus, as an additional control, we used a peptide 

competition assay to determine whether the ability of the anti-phospho-S845 antibody to 

recognize S845-phosphorylated GluA1 is reduced by GluA1 phosphorylation at T840. As shown 

in Fig. 22C, the ability of this antibody to recognize S845-phosphorylated GluA1 was blocked 

equally well by peptides phosphorylated at S845 alone or at both T840 and S845. In contrast, a 

peptide-phosphorylated T840 alone had no effect (Fig. 22C). This indicates that the ability of the 



 
 

88 

phospho-S845 antibody to recognize S845-phosphorylated GluA1 is not altered by GluA1 

phosphorylation at T840.  

  As a second test of the ability of T840 phosphorylation to inhibit S845 phosphorylation, 

we next examined whether increases in GluA1 S845 phosphorylation induced by activating PKA 

with the adenylyl cyclase activator FSK were inhibited in HEK-293 cells expressing a T840 

phosphomimetic form of GluA1 where an aspartate replaced threonine at position 840 (GluA1-

T840D) (Fig. 23A). FSK-induced increases in S845 phosphorylation were strongly inhibited in 

cells expressing GluA1-T840D compared with cells expressing wild type GluA1 (GluA1-WT) (p 

< 0.01). Moreover, FSK-induced S845 phosphorylation was significantly enhanced in cells 

expressing a mutant form of GluA1 where T840 was replaced by a nonphosphorylateable alanine 

(GluA1-T840A) (p < 0.05), suggesting that preventing phosphorylation of T840 by endogenous 

kinases facilitates PKA phosphorylation of S845 (Fig. 23A). To examine whether the amino acid 

substitutions used in these experiments might alter the ability of the phospho-S845 antibody to 

recognize S845-phosphorylated GluA1, we performed peptide competition assays with S845-

phosphorylated peptides containing either an aspartate or alanine at position 840. As shown in 

Fig. 23B, neither amino acid substitution altered the ability of S845 phosphorylated peptides to 

inhibit antibody recognition of S845 phosphorylated GluA1.   

 

GluA1 phosphorylation at S845 inhibits T840 phosphorylation 

  Given the inhibitory influence T840 phosphorylation exerts over GluA1 phosphorylation 

at S845, we next asked whether S845 phosphorylation can similarly regulate T840 

phosphorylation. We first investigated this question by examining whether increasing GluA1 

S845 phosphorylation could inhibit the rapid re-phosphorylation of T840 that occurs after high-
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potassium-induced dephosphorylation. For these experiments we used a protocol similar to that 

shown in Fig. 18B where hippocampal slices from the same animal were either untreated or 

exposed to a 5-min application of high-potassium ACSF and collected either immediately after 

depolarization or at different times after high-potassium ACSF washout (15 and 35 min). In 

control experiments ACSF containing 0.1% DMSO was applied during the first 10 min of high-

potassium washout, and as expected, GluA1 T840 phosphorylation returned to basal levels seen 

in untreated control slices within 15 min post-depolarization (Fig. 24A,B). In contrast, 

application of ACSF containing 50 µM FSK during the first 10 min of high-potassium washout 

increased S845 phosphorylation and significantly inhibited T840 re-phosphorylation (Fig. 

24A,B).  

  As a more direct test of the ability of S845 phosphorylation to inhibit GluA1 

phosphorylation at T840, we next examined the ability of purified protein kinases to 

phosphorylate T840 on either WT or S845 phosphomimetic (S845D) C-terminal GluA1-GST 

fusion proteins. Consistent with the notion that S845 phosphorylation can inhibit GluA1 

phosphorylation at T840, mimicking phosphorylation at S845 strongly inhibited PKC 

phosphorylation of T840 (Fig. 25A). Substitution of an aspartate for S845 only slightly reduced 

the ability of T840-phosphorylated peptides to block the ability of the phospho-T840 antibody to 

recognize T840-phosphorylated GluA1 (Fig. 25C). Thus, it seems unlikely that the pronounced 

decrease in PKC phosphorylation of GluA1 (S845D)-GST fusion protein reflects a disruption of 

the phospho-T840 antibody to recognize T840 phosphorylation in the GluA1-S845D fusion 

protein. Indeed, substitution of an aspartate for S845 had no effect on CaMKII phosphorylation 

of T840 (Fig. 25A,B). In addition to providing evidence for bidirectional, inhibitory interactions 

between T840 and S845, these results suggest that S845 phosphorylation may act as a 
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conditional switch that determines the upstream signaling pathways regulating T840 

phosphorylation. In addition, mimicking phosphorylation at S845 had no effect on PKC and 

CaMKII phosphorylation of GluA1 at S831 (n = 4 for both kinases, data not shown). This 

indicates that the ability of S845 phosphorylation to inhibit phosphorylation of other sites in the 

C terminus of GluA1 is spatially restricted to nearby phosphorylation sites.  
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                                                      Results (B)  

Questioning the canonical calcium-dependent nature of NMDAR-dependent LTD  

  As mentioned in the introduction, the longstanding cannon that S845 dephosphorylation 

is involved in LTD was recently challenged by Nabivi et al. (2012). They posited that glutamate 

binding to the NMDA receptor initiates a metabotropic-signaling cascade that results in LTD and 

that calcium influx through the NMDA receptor is not necessary for this process. This claim was 

quite surprising, and given our involvement in studying the regulation and function of GluA1 

residues and plasticity, we attempted to replicate their results.  

 

Calcium flux through NMDARs is necessary for LTP induction 

  The initial paper stated that the NMDA antagonist APV blocks LTD by occupying the 

glutamate-binding site of the receptor and preventing the metabotropic-signaling cascade. The 

use-dependent channel blocker MK801, however, should not block LTD since it does not affect 

the glutamate-binding site but rather binds within the pore of the receptor. Thus, to determine 

whether metabotropic NMDAR signaling underlies LTD in the CA1 region of the adult 

hippocampus, we first examined whether MK-801 fails to inhibit LTD induced by 1 Hz LFS in 

slices obtained from 8- to 12-week-old mice. In control experiments, fEPSPs were depressed to 

77 ± 4% of baseline 45 min after LFS (n = 6; p < 0.005 compared with pre-LFS baseline; Fig. 

26A). In contrast, LFS in the presence of the competitive NMDAR antagonist D-APV had no 

lasting effect on synaptic strength (fEPSPs were 102 ± 4% of baseline, n = 6), indicating that the 

induction of LTD is NMDAR dependent (Fig. 26A). LTD was also blocked, however, in slices 

where LFS was delivered in the presence of MK-801 (10 µM; Fig. 26A; fEPSPs were 100 ± 12% 

of baseline, n = 8). Consistent with previous reports (Norris et al., 1996; Delgado et al., 2007), 
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the induction of LTD in slices from adult animals was sensitive to extracellular calcium levels as 

LTD was not induced by LFS in slices bathed in ACSF containing 2 mM CaCl2 (Fig. 26B). 

Thus, calcium-dependent, ionotropic NMDAR signaling is required for the induction of LTD in 

the hippocampal CA1 region of adult mice. 

  To further validate the necessity of calcium flux through the NMDA receptor for LTD 

induction, we also subjected hippocampal slices to a chemical LTD protocol. Indeed, 

administration of the cLTD protocol following 1-2 hours of incubation in MK801 resulted in a 

complete block of synaptic depression when compared to controls (Fig. 26C). The resultant 

synaptic depression from cLTD is believed to be partially dependent on the elevated calcium in 

the bath. If calcium flux is not necessary for cLTD-induced depression, NMDA application alone 

should be sufficient. However, slices exposed to NMDA alone, in the absence of calcium, 

showed only transient synaptic depression that soon returned to baseline (Fig. 26D). Only 

NMDA coincident with elevated calcium resulted in LTD.  

 

Calcium flux through NMDARs is necessary for dephosphorylation of S845 and T840 

  Because dephosphorylation of AMPAR GluA1 subunits and activation of p38-MAPK are 

thought to contribute to LTD induction (Lee et al., 1998, 2000; Zhu et al., 2002; Delgado et al., 

2007), we also used MK-801 to examine whether metabotropic signaling by NMDARs regulates 

p38-MAPK and GluA1 phosphorylation. Although a 3 min application of 20 µM NMDA 

induced a nearly two-fold increase in p38-MAPK phosphorylation in control CA1 mini slices, it 

had no effect on p38-MAPK phosphorylation in mini slices incubated in ACSF containing MK-

801 (Fig. 27). Thus, ionotropic NMDAR signaling is required for activation of downstream 

signaling pathways implicated in LTD in the hippocampus. 
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  In summation, we have determined that calcium influx through the NMDA receptor is 

necessary for LTD induction in CA1 of the hippocampus, and that this process directly results in 

the dephosphorylation of both S845 and T840. While our results are not consistent with Nabiviv 

et al. (2012), they do agree with the majority of studies on this NMDAR-dependent LTP in the 

hippocampus.  
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                                                                    Results (C) 

How prevalent is S845 and T840 phosphorylation on the GluA1 subunit? 

  Thus far we have primarily dealt with the relative levels of GluA1 phosphorylation and 

how these levels go up and down as a result of certain stimuli. However, whether something 

increases by two or three or four times gives no information in regards to the actual number of 

receptors being affected. While several studies have found that activation of β-adrenergic 

receptors induces a 2- to 3-fold increase in GluA1 S845 phosphorylation (Tenorio et al., 2010; 

Qian et al., 2012; Moody et al., 2011), if only 1% of receptors are basally phosphorylated at this 

residue that would result in just 2-3% of receptors now becoming phosphorylated. Indeed, a 

recent study by Hokosowa et al. (2015) stated that the actual level of phosphorylation is even 

lower than in this hypothetical example, with only 0.02% of S845 and 4% of T840 residues 

being phosphorylated within AMPA receptors. Therefore, a three-fold increase in S845 

phosphorylation would only amount to 0.06% of receptors being phosphorylated. This raises an 

interesting conundrum; with so much attention being paid to the relative change in these 

phosphorylation states, how much do they matter on a global scale? We therefore decided to 

investigate this concept by determining the absolute percentage of GluA1 subunits that are 

phosphorylated at these residues under basal conditions.  

 

Immundepletion assays effectively remove phosphorylated and nonphosphorylated GluA1 

subunits  

  Here, we report the results of experiments using immunodepletion assays to measure 

GluA1 phosphorylation in hippocampal neurons. In these assays the proportion of GluA1 

subunits phosphorylated at T840 or S845 was determined by comparing total GluA1 levels in 
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homogenates before and after immunoprecipitation with the same phospho-site specific 

antibodies as in the previous section to remove T840- or S845-phosphorylated subunits. Probing 

for total GluA1 levels in the phospho-depleted samples would then yield a percentage of GluA1 

subunits basally phosphorylated at that site.   

  In our experiments we used both denatured and nondenatured homogenates for 

immunodepletion assays. The depletion of GluA1 subunits following immunoprecipitation of 

phosphorylated GluA1 under these conditions provides different, but complementary, 

information regarding GluA1 subunit phosphorylation. When proteins are denatured prior to 

immunoprecipitation, the depletion of GluA1 from the homogenate represents the proportion of 

GluA1 subunits phosphorylated at a particular site (Fig. 28) but does not provide information 

regarding how these subunits are incorporated into receptors. In contrast, receptor complexes 

will remain largely intact in nondenatured homogenates and nonphosphorylated subunits will 

coimmunoprecipitate with phosphorylated subunits (Fig. 28). Thus, the depletion of GluA1 from 

nondenatured homogenates reflects the proportion of subunits (phosphorylated and 

nonphosphorylated) that reside in receptors containing at least one phosphorylated subunit. 

  To validate this approach, we first examined the ability of a GluA1 antibody that 

recognizes both phosphorylated and nonphosphorylated GluA1 (i.e., total GluA1) to 

immunoprecipitate GluA1 and coimmunoprecipitate GluA2 subunits from nondenatured and 

denatured hippocampal homogenates (Fig. 29). Because the majority of AMPARs expressed by 

hippocampal neurons are GluA1/GluA2 heteromers (Wenthold et al., 1996; Sans et al., 2003; 

Reimers et al., 2011; also see Cheng et al., 2006; Lu et al., 2009), GluA1 immunoprecipitation 

from nondenatured homogenates should coimmunoprecipitate significant amounts of GluA2 if 

receptors remain intact under these conditions. In contrast, receptor complexes should be 
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disrupted prior to immunoprecipitation in denatured homogenates and thus little, if any, GluA2 

should coimmunoprecipitate with GluA1. Consistent with this, GluA2 coimmunoprecipitated 

with GluA1 from non-denatured homogenates (Fig. 29A) and levels of GluA2 in the unbound 

fraction were depleted to just 9 ± 1% of input (n = 5, p < 0.01 compared with IgG control 

unbound fraction) (Fig. 29B). GluA2 subunits did not, however, coimmunoprecipitate with 

GluA1 from denatured homogenates (Fig. 29C). Although GluA1 was efficiently depleted from 

denatured homogenates, GluA2 levels in the unbound fraction were 101 ± 5% of input (n = 5, p 

= 0.82 compared to IgG control unbound fraction) (Fig. 29D). Together, these results validate 

our approach, confirming that AMPARs are disrupted in denatured homogenates but remain 

largely intact in the non-denatured homogenates. 

 

Immunodepletion of T840 and S845-phosphorylated GluA1 from denatured hippocampal 

homogenates 

  To determine basal levels of GluA1 phosphorylation, we next measured depletion of 

GluA1 following immunoprecipitation of T840- or S845-phosphorylated GluA1 from denatured 

hippocampal homogenates (Fig. 30). Strikingly, even though immunoprecipitation of T840-

phosphorylated GluA1 was not complete (phospho-T840 levels in the unbound fraction were 

reduced to 10 ± 2% of input, n = 5), GluA1 levels in the unbound fraction were reduced to 51 ± 

9% of input (p < 0.01 compared with IgG control unbound fraction) (Fig. 30A,B). This indicates 

that at least 50% of GluA1 subunits in hippocampal neurons are basally phosphorylated at T840. 

In contrast, we were unable to detect depletion of total GluA1 subunits in the unbound fraction 

following immunoprecipitation of S845-phosphorylated GluA1 even though S845-

phosphorylated GluA1 subunits were completely depleted from the homogenate (Fig. 30C,D). 
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We were also unable to detect depletion of T840-phosphorylated GluA1 subunits in the unbound 

fraction following immunoprecipitation of S845-phosphorylated GluA1 (Fig. 30D). However, 

immunoprecipitation of T840-phosphorylated GluA1 reduced levels of S845-phosphorylated 

GluA1 subunits in the unbound fraction to 67 ± 4% of input (p < 0.01 compared to levels in IgG 

control unbound fraction) (Fig. 30B). This indicates that about one-third of the small population 

of S845-phosphorylated subunits is also phosphorylated at T840. Together, these findings 

indicate that although a substantial fraction of GluA1 subunits are basally phosphorylated at 

T840, relatively few subunits are phosphorylated at S845 and an even smaller fraction are 

phosphorylated at both of these sites. Thus, we focused on T840 phosphorylation for the 

remainder of our experiments. 

  Our previous findings, along with others (Lee et al., 2007; Hosokawa et al., 2015), 

suggest that basal levels of GluA1 T840 phosphorylation are determined by the opposing actions 

of persistently active protein kinases and protein phosphatases. If so, blocking protein 

phosphatases should significantly increase the proportion of GluA1 subunits phosphorylated at 

T840. To examine this we determined the proportion of GluA1 subunits phosphorylated at T840 

in hippocampal slices that were either untreated or exposed to the protein phosphatase 1/2A 

inhibitor cantharidin (20 µM for 1 h). As shown in Fig. 31A and B, T840-phosphorylated GluA1 

levels in the input fractions increased to 182 ± 6% of control in cantharidin-treated slices (n = 

7, p < 0.01). Depletion of GluA1 levels in the unbound fraction following immunoprecipitation 

of T840-phosphorylated GluA1 was also significantly enhanced (p < 0.02) in homogenates 

prepared from cantharidin-treated slices. GluA1 levels in the unbound fraction were 47 ± 5% of 

input in homogenates from untreated control slices and were just 14 ± 1% of input in 

homogenates prepared from cantharidin-treated slices (Fig. 31C,D). Thus, in the presence of a 
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protein phosphatase inhibitor a large proportion (∼86%) of GluA1 subunits are phosphorylated 

at T840. 

 

Immunodepletion of T840-phosphorylated GluA1 from nondenatured hippocampal homogenates 

 The fact that 50% of GluA1 subunits are basally phosphorylated at T840 raises an 

important question. How many GluA1 subunit-containing AMPARs in hippocampal neurons 

contain at least one subunit phosphorylated at T840? Because AMPARs are disrupted in 

denatured homogenates, the stoichiometry of subunit phosphorylation in intact AMPA receptors 

cannot be determined by this approach alone. Therefore, to address this question we performed 

immunodepletion assays using nondenatured hippocampal homogenates to immunoprecipitate 

intact AMPARs. 

  Although hippocampal neurons express a small population of homomeric receptors 

containing 4 GluA1 subunits, the vast majority of AMPARs are GluA1/A2 heteromeric receptors 

(Wenthold et al., 1996). These heteromeric receptors contain two GluA1 subunits (Mansour et 

al., 2001) and thus can exist in one of three stoichiometric configurations where either zero, one, 

or two subunits are phosphorylated at T840. Because 50% of all GluA1 subunits are 

phosphorylated at T840, nearly every AMPAR in hippocampal neurons could be phosphorylated 

at this site if receptors contain only one T840-phosphorylated GluA1 subunit. If so, the number 

of subunits pulled down in the nondenatured assay, where nonphosphorylated GluA1 subunits 

can coimmunoprecipitate with T840-phosphorylated GluA1, would be twice that pulled down in 

the denatured assay, leaving GluA1 subunits completely depleted from the unbound fraction. 

Alternatively, if T840-phosphorylation occurs in a way such that all receptors are either doubly 

phosphorylated or not at all, then immunoprecipitation of T840-phosphorylated GluA1 would 
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deplete an equal amount of GluA1 from denatured and nondenatured homogenates. A mixture of 

stoichiometries would lead to a number in between. Intriguingly, total GluA1 levels in the 

unbound fraction were also reduced by ∼50% (49 ± 6% of input, n = 5, p < 0.01 compared with 

levels in control IgG unbound fraction) following immunoprecipitation of T840-phosphorylated 

GluA1 from nondenatured homogenates (Fig. 32). This suggests that at the receptor level T840 

phosphorylation occurs in an “all or none” fashion where the multiple GluA1 subunits present in 

a given receptor are either all phosphorylated or all unphosphorylated at this site. 
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                                                         Discussion 

Differential regulation and inhibitory interactions between T840 and S845 could serve to 

catalogue synaptic history  

  Our extensive experimental battery has illuminated many key differences between the 

S845 and T840 phosphorylation sites. Of particular interest is the differential dephosphorylation 

of S845 and T840 as a result of depolarization versus depression. While S845 shows 

indiscriminate dephosphorylation following bulk depolarization and LTD induction, T840 more 

reliably tracks synaptic strength by only persisting in its dephosphorylated state following LTD. 

This process is selectively regulated by calcium entry through segregated sites, with S845 

dependent on calcium entry through NMDA receptors and T840 preferentially affected by 

calcium influx through VGCCs. This may provide a mechanism for producing distinct patterns 

of GluA1 phosphorylation in response to different patterns of neuronal activity. For example, 

although activation of NMDARs and VGCCs during coincident pre- and postsynaptic activity 

could trigger GluA1 dephosphorylation at S845 and T840, postsynaptic activity alone will 

selectively dephosphorylate the T840 site. This would decouple the regulation of these two 

receptors in an activity dependent manner and the state of these phosphorylation sites could serve 

as a kind of “synaptic history” in regards to the kinds of stimuli recently experienced. 

Differential phosphorylation states of GluA1 subunits between synapses could therefore yield 

information as to the recent activity experienced at those sites.   

  Similarly, the inhibitory interactions between T840 and S845 may give rise to state-

dependent, conditional signaling that can act in a switch-like fashion to regulate the ability of 

some upstream signaling pathways to modify AMPAR function. As the regulation of these sites 

arise from distinct calcium sources, the resetting of these switches by dephosphorylation will be 
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controlled by distinct patterns of neuronal activity.   

  This raises a host of implications in regards to the timing and order of synaptic 

stimulation. For instance, consider a situation in which an axon originating from the locus 

coeruleus synapses onto a spine of a hippocampal pyramidal cell. If the postsynaptic neuron fires 

first, leading to the dephosphorylation of both S845 and T840, subsequent release of 

norepinephrine and activation of PKA would likely be more effective at phosphorylating S845 

due to the decreased phosphorylation of T840. Conversely, if norepinephrine is released first and 

causes an increase in S845 phosphorylation, this could decrease the ability of T840 to be re-

phosphorylated following its initial transient dephosphorylation. This is but one of innumerable 

conditions in which the temporal order of synaptic events could result in different outcomes due 

to the phosphorylation state of these GluA1 residues.   

 

LTD is dependent on calcium influx through NMDA receptors  

  While the title of this section would seem more apropos if presented several decades ago, 

the relationship between NMDA receptors and LTD is still an important subject with many 

unanswered questions. As many forms of synaptic plasticity center on these receptors, 

investigating the existence of an unidentified mechanism of signaling through metabotropic 

means would have enormous implications.   

  Importantly, the NMDA receptor does not usually exist completely isolated within the 

postsynaptic density (PSD).  Indeed, within the PSD of excitatory synapses, NMDARs are 

associated with a large number of adaptor proteins and downstream signaling molecules through 

protein interactions mediated by the C-terminal tails of their GluN2 subunits (Husi et al., 2000; 

Paoletti et al., 2013). These protein interactions might provide a mechanism whereby 
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conformational changes associated with glutamate binding could activate downstream signaling 

pathways. Thus, the notion that NMDARs are capable of metabotropic-like signaling is an 

intriguing possibility. Moreover, kainate receptors, another type of ionotropic glutamate receptor, 

are capable of metabotropic signaling (Lerma and Marques, 2013). However, until recently, there 

have been only a few reports suggesting that NMDARs might be capable of metabotropic 

signaling (Vissel et al., 2001; Yang et al., 2004). Thus, the recent suggestion that a calcium-

independent, metabotropic form of signaling by NMDARs underlies the induction of LTD 

represents a potentially important advance in our understanding of both synaptic plasticity and 

NMDAR signaling (Nabavi et al., 2013).   

  However, in contrast to these findings, we find that the induction of LTD is sensitive to 

extracellular calcium levels and that blocking NMDAR channels with MK-801 blocks LTD. 

MK-801 also abolished changes in AMPAR GluA1 subunit phosphorylation induced by 

NMDAR activation. Thus, our results are consistent with the view that calcium-dependent, 

ionotropic NMDAR signaling underlies the induction of LTD at Schaffer collateral fiber 

synapses onto CA1 pyramidal cells in adult hippocampus. The reasons for the discrepancy 

between our findings and those reported by Nabavi et al. (2013) are unclear. Because of the use-

dependent nature of the MK-801 block of NMDAR channels (Huettner and Bean, 1988), one 

possibility is that the MK-801-resistant LTD seen in the experiments of Nabavi et al. (2013) is 

caused by incomplete block of NMDARs. This explanation seems unlikely, however, as we find 

that LTD is blocked by 2- to 10-fold lower concentrations of MK-801 than those used by Nabavi 

et al. (2013). Moreover, MK-801 completely prevents the inhibition of synaptic transmission 

induced by bath application of NMDA (Fig. 26C), suggesting that spontaneous glutamate release 

produces sufficient levels of receptor activation to enable inhibition of NMDARs during 
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prolonged exposures to MK-801. An alternative, albeit unlikely, explanation is that even if 

NMDAR mediated currents and NMDAR-triggered changes in intracellular calcium are 

undetectable after application of MK-801 (Nabavi et al., 2013), these assays may have been 

unable to detect very small currents and, more importantly, small increases in calcium levels at 

the intracellular mouths of the NMDAR channels during LTD induction protocols. 

  The ability of MK-801 to inhibit LTD induction is consistent with a number of previous 

findings suggesting that LTD induction requires iontropic NMDAR signaling.  

For example, patterns of synaptic stimulation that normally have no effect on synaptic strength 

can induce LTD when paired with modest postsynaptic depolarization (Oliet et al., 1997; 

Ngezahayo et al., 2000) or dendritic spikes (Holthoff et al., 2004). This property of LTD 

induction can be readily explained by the voltage-dependent magnesium block of NMDAR ion 

channels, but it is difficult to understand if LTD induction involves an ion channel-independent 

form of NMDAR signaling. In addition, LTD is blocked by postsynaptic infusions of calcium 

chelators (Brocher et al., 1992; Mulkey and Malenka, 1992; Debanne et al., 1994) and is 

dependent on calcium-activated signaling mechanisms, such as activation of protein phosphatase 

2B (Mulkey et al., 1994) and the neuronal calcium sensor hippocalcin (Palmer et al., 2005). 

Although the mechanism underlying the block of LTD by calcium chelators has been questioned 

(Nabavi et al., 2013), it is unclear how a calcium-independent form of NMDAR signaling could 

account for the key role of calcium-dependent signaling pathways in LTD. Indeed, activation of 

voltage-dependent calcium channels alone can induce a form of LTD that occludes NMDAR-

triggered LTD (Cumming et al., 1996), and the induction of LTD by LFS occludes the persistent 

depression of synaptic transmission induced by photolysis of caged calcium chelators (Neveu 

and Zucker, 1996). Thus, our results are consistent with a large body of previous results, all of 
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which support a crucial role for NMDAR-mediated calcium signaling in LTD. Although our 

results do not rule out the possibility that NMDARs are capable of metabotropic signaling, they 

do indicate that this form of signaling is unlikely to have an important role in NMDAR-

dependent LTD at excitatory synapses on hippocampal CA1 pyramidal neurons. 

 

Relative to what? Understanding the basal phosphorylation states of the GluA1 subunit 

  The second part of this thesis has primarily sought to elucidate the regulation and 

function of the S845 and T840 residues and how fluctuations in their phosphorylation state can 

exert synaptic changes. However, our methodical delineation of the relative increases and 

decreases in these phosphorylation sites raised an interesting and essential question; what is the 

basal percentage of GluA1 receptors phosphorylated at these residues?   

 As should be quite evident by now, modulation of AMPAR ion channel properties and 

receptor trafficking triggered by changes in GluA1 subunit phosphorylation are thought to 

contribute to changes in synaptic strength induced by activity-dependent (Lee and Kirkwood, 

2011; Lu and Roche, 2012) as well as homeostatic forms of synaptic plasticity (Goel et al., 2011; 

Diering et al., 2014). Moreover, phosphorylation sites in GluA1 subunits may represent 

important targets for protein kinases activated by modulatory neurotransmitters that regulate the 

induction of both long-term potentiation and LTD (Hu et al., 2007; Seol et al., 2007; Qian et al., 

2012). Importantly, changes in the total number of GluA1 subunits that are phosphorylated 

determine the functional impact of increases or decreases in GluA1 phosphorylation and thus the 

ability of these changes in GluA1 phosphorylation to regulate synaptic transmission is critically 

dependent on basal levels of subunit phosphorylation. For example, a two-fold relative decrease 

(or increase) in phosphorylation at a particular site (measured by immunoblotting with 
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phosphorylation site-specific antibodies) could have a strong impact if 50% of receptors are 

basally phosphorylated, as we report here for the T840 site in GluA1 (Fig. 30A,B). In contrast, 

the same relative change in subunit phosphorylation would likely have little effect if only a 

minor fraction of receptors were basally phosphorylated, as appears to be the case for S845 (Fig. 

30C,D).  

  In our experiments, we used a modified version of immunodepletion assays that have 

previously been used to determine the subunit composition of AMPARs (Wenthold et al., 1996; 

Sans et al., 2003; Reimers et al., 2011) to examine GluA1 phosphorylation at the level of 

individual GluA1 subunits and intact receptors. Strikingly, although S845- phosphorylated 

GluA1 can readily be detected on blots probed with a phospho-S845 specific antibody, 

immunoprecipitation of S845-phosphorylated GluA1 had no measurable effect on GluA1 levels 

in the unbound fraction. This suggests that few GluA1 subunits are basally phosphorylated at this 

site in hippocampal neurons. In contrast, our results indicate that T840-phosphorylated subunits 

are abundant, with ~50% of GluA1 subunits basally phosphorylated at this site. Interestingly, 

GluA1 levels in the unbound fraction were also reduced by ~50% following 

immunoprecipitation of T840-phosphorylated GluA1 from nondenatured homogenates, where 

nonphosphorylated GluA1 subunits in the same receptor complexes can coimmunoprecipitate 

with T840- phophorylated GluA1. The similar depletion of GluA1 from denatured and 

nondenatured homogenates following immunoprecipitation of T840-phosphorylated GluA1 

suggests that many of the T840-phosphorylated AMPARs have both (or all) of their GluA1 

subunits phosphorylated at this site. It is important to recognize, however, that some receptor 

complexes could be dissociated even under nondenaturing conditions. Thus, our measurements 

may underestimate the population of receptors containing both T840-phosphorylated and 
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nonphosphorylated GluA1 subunits. However, the strong depletion of GluA2 subunits following 

immunoprecipitation of GluA1 from nondenatured homogenates (Fig. 29B), suggests that 

AMPARs remain largely intact under these conditions.   

  Recent findings from experiments using Phos-tag gel electrophoresis to measure the 

proportion of GluA1 subunits basally phosphorylated at T840 and S845 in hippocampal neurons 

suggest that 0.02% of GluA1 subunits are phosphorylated at S845 and only 4% of all subunits 

are phosphorylated at T840 (Hosokawa et al., 2015; see Kinoshita et al., 2015 for a description of 

Phos-tag gel electrophoresis). It is unclear why Phos-tag gel electrophoresis and 

immunodepletion assays give very different answers regarding the proportion of GluA1 subunits 

basally phosphorylated at T840 in hippocampal neurons. It is intriguing, however, that both 

approaches indicate that only a small proportion of GluA1 subunits are basally phosphorylated at 

S845 and that T840 phosphorylated subunits are much more abundant than S845 phosphorylated 

subunits. Moreover, Phos-tag gel electrophoresis and immunodepletion assays provide similar 

numbers for the proportion of GluA1 subunits phosphorylated at T840 in the presence of protein 

phosphatase inhibitors (80% and 86%, respectively, see Fig. 4; Hosokawa et al., 2015). However, 

in our experiments the increase in the proportion of GluA1 subunits phosphorylated at T840 

induced by inhibiting protein phosphatases was associated with a less than two-fold increase in 

relative levels of T840 phosphorylation while a 19-fold increase in relative phosphorylation was 

seen in the experiments of Hosokawa et al. (2015). Clearly, a 19-fold increase in relative T840 

phosphorylation would be impossible if 50% of GluA1 subunits are basally phosphorylated at 

this site but could occur if only 4% of subunits are. Thus, our results and those of Hosokawa et 

al. (2015) are consistent in that blocking protein phosphatases induces a modest increase in 

relative T840 phosphorylation under conditions where basal levels of GluA1 T840 
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phosphorylation are high (our experiments) and a much more robust increase under conditions 

where the basal level of GluA1 phosphorylation is much lower (Hosokawa et al., 2015). This 

suggests that differences in starting material, perhaps due to changes in protein phosphorylation 

during sample preparation, could account for the very different estimates of the proportion of 

GluA1 subunits basally phosphorylated at T840. Importantly, protein kinases and phosphatases 

will be inactivated in experiments where homogenates were denatured prior to 

immunoprecipitation and in control experiments we found no evidence that GluA1 T840 or S845 

phosphorylation is altered during immunoprecipitation under nondenatured conditions (data not 

shown). This indicates that the methods we used for immunoprecipitation preserved GluA1 

phosphorylation. 

  Although more work is required to resolve these issues, results from both Phos-tag gels 

and immunodepletion assays suggest that few GluA1 subunits are basally phosphorylated at 

S845, which is difficult to reconcile with the notion that dephosphorylation of this site has a 

crucial role in LTD. Low basal levels of GluA1 S845 phosphorylation also seem inconsistent 

with the idea that increased S845 phosphorylation is responsible for the ability of some 

modulatory neurotransmitters to facilitate the induction of LTP. It is important to note, however, 

that our use of crude hippocampal homogenates makes it impossible to rule out the possibility 

that different proportions of S845-phosphorylated GluA1 exist in different cellular 

compartments, cell types, and hippocampal regions. However, our observations (and those of 

Hosokawa et al., 2015) do help to explain the paradoxical finding that under some experimental 

conditions pharmacological activation of NMDARs can induce robust and persistent decreases in 

S845 phosphorylation (as detected by immunoblotting with phospho-specific anti bodies) yet 

have no lasting effect on synaptic strength (Gray et al., 2014, Fig. 18). In contrast, the induction 
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of short-term depression of synaptic transmission by bath application of NMDA induces a 

transient dephosphorylation of GluA1 at T840 that recovers with a time course similar to the 

recovery of synaptic transmission. Furthermore, this site is persistently dephosphorylated 

following the induction of LTD by a chemical induction protocol (Delgado et al., 2007; Gray et 

al., 2014). Thus, unlike S845, dephosphorylation of T840 closely parallels changes in synaptic 

strength during both short-term and long-term decreases in synaptic strength. Moreover, unlike 

S845, a substantial proportion of GluA1 subunits are basally phosphorylated at T840. Together, 

these findings suggest that T840 represents an important site where protein phosphatases and 

protein kinases can act to regulate AMPAR-mediated synaptic transmission in hippocampal 

neurons. 
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Figure 18: Changes in GluA1 phosphorylation at T840 and S845 induced by transient depolarization and 
NMDAR activation. (A) Bath application of high-K+ aCSF (50 mM, indicated by the bar) transiently abolishes 
transmission but has no lasting effect on synaptic strength (n = 6). Traces show example fEPSPs recorded during 
baseline in the presence of high-K+ aCSF and 40 min after high-K+ washout. (B) Phospho-T840 (pT840) and 
phospho-S845 (pS845) GluA1 levels in hippocampal slices that were either untreated (UT) or exposed to a 5-min 
bath application of high-K+ aCSF and collected either immediately after high-K+ application (K) or after high-K+ 
washout for 15 or 35 min (n = 8, *p < 0.05 compared with untreated controls). (C) Bath application of NMDA 
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(20µM for 3 min, indicated by the bar) induces a transient inhibition of synaptic transmission (n = 4). Traces show 
example fEPSPs recorded during base line and 60 min post-NMDA application. (D) Changes in GluA1 T840 and 
S845 phosphorylation induced by NMDAR activation (n = 6; * p < 0.05). (E) Bath application of NMDA (20 µM 
for 3 min) in high-Ca2+ aCSF induces LTD (n = 7). Traces show fEPSPs recorded during baseline and 60 min after 
NMDA application. (F) Changes in GluA1 T840 and S845 phosphorylation induced by NMDA application in high- 
Ca2+ aCSF (n = 7; * p < 0.05). Total GluA1 levels were not altered by high-K+ ACSF or application of NMDA 
application in normal or high-Ca2+ ACSF. 
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Figure 19: Distinct sources of Ca2+ influx are responsible for depolarization-induced T840 and S845 
dephosphorylation. (A) A 10 minute bath application of Ca2+-free ACSF containing 10 mM EGTA (indicated by 
the bar) blocks excitatory synaptic transmission (n = 4). Inset shows example fEPSPs recorded during baseline and 
after application of Ca2+-free ACSF. (B) Slices were either untreated (UT) or exposed to high-K+ ACSF in the 
absence and presence of 10 mM EGTA (Ca2+-free, 10 min pretreatment) (n = 5, *P < 0.05 compared to % 
dephosphorylation in absence of EGTA). Ca2+-free ACSF had no effect on basal levels of GluA1 T840 and S845 
phosphorylation or total GluA1 levels. (C) Inhibiting Ca2+ release from intracellular stores with thapsigargin (TG) 
has no effect on high-K+ induced GluA1 dephosphorylation at T840 and S845. Slices were pretreated (for 1 hour) 
with ACSF containing either 0.1% DMSO (vehicle control, n = 6) or 2.0 - 5.0 µM thapsigargin (n = 4 and 2, 
respectively). Thapsigargin had no effect on total GluA1 levels or basal levels of GluA1 phosphorylation at T840 
and S845. (D) High-K+ was applied in absence (control, n = 8) or presence of either 50 µM DAPV (n = 5), or 3 mM 
CoCl2 (n = 3). Although blocking VGCC with Co2+ inhibited depolarization-induced dephosphorylation at both 
T840 and S845, blocking NMDARs with APV only prevented dephosphorylation of GluA1 at S845 (**P < 0.001 
compared to % dephosphorylation in controls). APV and CoCl2 had no effect on basal levels of GluA1 
phosphorylation at either site and total GluA1 levels were unchanged in all conditions. (E) Bath application of 
ACSF containing 3.0 mM CoCl2 abolishes synaptic transmission (n = 4). Inset shows fEPSPs recorded during 
baseline and 10 minutes after application of ACSF containing CoCl2. 
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Figure 20: Protein phosphatases mediating depolarization-induced GluA1 dephosphorylation. (A) 
Immunoblots showing levels of phospho-T840, phospho-S845 and total GluA1 in an experiment where high-K+ was 
applied in the presence of ACSF containing 0.1% DMSO (vehicle control) or 20 µM cantharidin (Can). (B) Same as 
in panel (A) but with 2.0 µM cyclosporin A (CsA) pre-treatment. (C) and (D), Summary of changes in GluA1 
phosphorylation at T840 (C) and S845 (D) induced by high-K+ ACSF in control slices (n = 14) and in slices where 
high-K+ ACSF was applied in the presence of cantharidin (n = 6) or cyclosporin A (n = 8). *P < 0.05, **P < 0.001 
compared to % dephosphorylation induced by high-K+ in vehicle control treated slices. 
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Figure 21: PKC phosphorylates GluA1 at T840 in vitro and in vivo. (A) In vitro phosphorylation assay using 
purified protein kinases and a C-terminal GluA1-GST fusion protein. T840 is phosphorylated by CaMKII, PKC, and 
p70S6K. Phosphorylation by all three protein kinases was disrupted when T840 was mutated to an alanine (T840A). 
(B) Immunoblots showing changes in T840 phosphorylation following application of high-K+ ACSF in the 
continuous presence of different protein kinase inhibitors. (C) Summary of experiments shown in (B). 
Depolarization induced a transient dephosphorylation of AMPAR GluA1 subunits at T840 in vehicle control slices 
(0.1-0.2% DMSO, n = 7) and in slices exposed to 10 µM KN-62 (n = 4). T840 rephosphorylation was significantly 
inhibited in the presence of 10 µM chelerythrine (n = 6) or 2.0 µM Gö6976 (n = 5, *P < 0.05 compared to UT). 
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Figure 22: GluA1 T840 phosphorylation inhibits Ser845 phosphorylation in hippocampal slices. (A) 
Homogenates prepared from untreated hippocampal slices were cleared of phospho-T840 (top) or phospho-S845 
GluA1 (bottom) by immunoprecipitation with phospho-specific antibodies (n = 8 for each). IgG: non-immune IgG 
control immunoprecipitation. Note co-immunoprecipitation of AMPAR GluA2 subunits (top) and the small 
reduction of T840-phosphorylated GluA1 in the unbound fraction following immunoprecipitation with phospho-
S845 GluA1 antibody (bottom). (B) PKA activation downstream of β-adrenergic receptor activation preferentially 
phosphorylates non-T840 phosphorylated GluA1 in hippocampal slices. Anti-phospho-T840 antibodies were used to 
immunoprecipitate (IP) T840 phosphorylated GluA1 (pT840) from lystates prepared from untreated control slices 
and slices exposed to ISO (1 µM, 3 min) (n = 4). The ISO-induced increase in S845 phosphorylation (pS845) in 
T840-phosphorylated (pT840) GluA1 (IP fraction) is significantly smaller compared to the increase in S845 
phosphorylation seen in both the fraction of GluA1 not phosphorylated at T840 (unbound fraction, *P < 0.05) and 
total lysate prior to immunoprecipitation (input, **P < 0.01). (C), Peptide competition assay comparing the ability 
of S845-phosphorylated (open circles; IC50 = 0.43 ± 0.04 ng/ml) and S845/T840-phosphorylated peptides (filled 
circles; IC50 = 0.36 ± 0.02 ng/ml) to inhibit binding of phospho-S845 antibody to S845-phosphorylated GluA1 (n = 
4 for each, Hill coefficients = 1.9 for both peptides). At the peptide concentrations tested a peptide phosphorylated at 
T840 alone (triangles, n = 3) had no effect. 
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Figure 23: Mimicking T840 phosphorylation inhibits GluA1 phosphorylation at S845. (A) Compared to HEK-
293 cells expressing WT full length GluA1, increases in GluA1 S845 phosphorylation induced by FSK (1 µM, 10 
min) are significantly enhanced in cells expressing GluA1-T840A (n = 6, *P < 0.005) and significantly reduced in 
cells expressing GluA1-T840D GluA1 (n = 6, **P < 0.005). Mock transfected (NT) controls are also shown. (B) 
Phospho-S845 peptide competition assays testing effects of alanine (open symbols, IC50 = 0.39 ± 0.01 ng/ml, n = 5) 
or aspartate (filled symbols, IC50 = 0.35 ± 0.03 ng/ml, n = 4) substitutions for T840 on antibody recognition of S845 
phosphorylated GluA1. Gray line corresponds to results from competition assays using phospho-S845 peptide 
shown in figure 22C.  
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Figure 24: GluA1 S845 phosphorylation inhibits T840 phosphorylation in vivo. (A) Immunoblots showing the 
effects of bath application of FSK (50 µM, 10 min.) or 0.1% DMSO (vehicle control) for 10 minutes during high-K+ 
ACSF washout on GluA1 T840 and S845 phosphoryation. Note the robust increase in S845 phosphorylation 
induced by FSK. (B) Although T840 rapidly rephosphorylates in vehicle control experiments (n = 4), T840 
rephosphorylation is significantly inhibited when PKA is GluA1 subunit phospho-site interactions 20 activated with 
FSK during high-K+ ACSF washout (n = 4, *P  < 0.05 compared to untreated control slices). 
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Figure 25: GluA1 S845 phosphorylation inhibits T840 phosphorylation in vitro. (A) and (B) Wild type (WT) 
and S845 phospho-mimic (S845D) versions of the C-terminal GluA1-GST fusion protein were incubated with 
purified PKC (A) or CaMKII (B) and immunoblotting with phospho-specific antibodies was used to measure T840 
phosphorylation. Mimicking S845 phosphorylation inhibits T840 phosphorylation by PKC (n = 4, # P < 0.005 
compared to WT GluA1-GST fusion protein) but has no effect on CaMKII phosphorylation of T840 (n = 4). (C) 
Phospho-peptide competition assays testing the effects of S845 phosphorylation (filled circles, IC50 = 5.4 ng/ml, n = 
4) or substitution of aspartate for S845 (triangles, IC50 = 7.7 ng/ml, n = 4) on the ability of a T840-phosphorylated 
peptide (open circles, IC50 = 5.4 ng/ml, n = 6) to inhibit phospho-T840 antibody recognition of T840-
phosphorylated GluA1. At the concentrations tested a peptide phosphorylated only at S845 had no effect (squares, n 
= 3) 
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Figure 26: MK-801 blocks LTD in the hippocampal CA1 region of adult mice. (A) LTD induced by 1 Hz LFS 
(open circles, n = 6) is blocked by 10 µM MK-801 (filled circles, n = 8) or 50 µM D-APV (triangles, n = 6). MK-
801 or D-APV was present throughout the experiment. Traces are superimposed fEPSPs recorded during baseline 
and 45 minutes post LFS (calibration bars 1 mV, 5 msec). (B) Changes in synaptic strength induced by LFS in slices 
bathed in ACSF containing 2 mM CaCl2 (open bar, n = 8) or 4 mM CalCl2 (filled bars, * P < 0.005 compared to pre-
LFS baseline). (C) Chem-LTD is blocked by MK-801. Bath application of 20 µM NMDA induced LTD in 
interleaved control experiments (open circles, n = 6) but had no effect on synaptic strength in MK-801 treated slices 
(filled circles, n = 4, P < 0.001 compared with control). Traces are superimposed fEPSPs recorded during baseline 
and 50 minutes post NMDA application (E) Chem-LTD is blocked when NMDA is applied in Ca2+-free ACSF (no 
added CaCl2). A 15 min bath application of Ca2+-free ACSF alone (shaded region) transiently abolished synaptic 
transmission but had no lasting effect on synaptic strength (squares, n = 8). Bath application of NMDA induced 
LTD in interleaved control experiments (open circles, n = 6) but had no lasting effect on synaptic strength (squares), 
n = 8). Bath application of NMDA induced LTD in interleaved control experiments (open circles, n = 6) but had no 
lasting effect on synaptic strength when applied in Ca2+-free ACSF (filled circles, n = 6). Traces show 
superimposed fEPSPs recorded during baseline and 50 minutes after NMDA application in Ca2+-free ACSF (right) 
in control experiments (left). Calibration bars are 1 mV and 5 ms. 
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Figure 27: MK-801 blocks activation of p38-MAPK and AMPAR GluA1 subunit dephosphorylation induced 
by NMDAR activation. MK-801 blocks NMDA-induced increases in p38-MAPK phosphorylation and GluA1 
dephosphorylation at S845 and T840 in CA1 mini-slices from adult mice (n = 6, *P < 0.05 compared to untreated 
UT control slices). Although basal levels of GluA1 S845 phosphorylation tended to be elevated in MK-801 treated 
slices, this difference was not statistically significant (P = 0.065). 
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Figure 28: Schematic of immunoprecipitation/depletion assays. The starting material for immunoprecipitation 
(input fraction) consists of either individual subunits or intact receptors for denatured and non-denatured 
homogenates, respectively (Step 1). Phosphorylated subunits are incubated with T840 or S845 phosphorylation site-
specific antibodies conjugated to protein A coated agarose beads (Step 2). Beads (and attached proteins) are then 
pelleted by centrifugation, leaving non-phosphorylated subunits/receptors in the supernatant/unbound fraction (Step 
3). The pelleted fraction is then re-suspended in loading buffer (LB) and boiled to release proteins (and antibodies) 
from the beads (Step 4). Phosphorylated subunits are collected by taking the supernatant following centrifugation 
(IP fraction). Western immunoblotting is then used to compare total GluA1 levels in the input and unbound fractions 
and determine the proportion of subunits/receptors basally phosphorylated at each site. For simplicity, only GluA1/2 
subunit-containing heteromeric AMPARs are shown. Abbreviations: SDS, sodium dodecyl sulfate buffer; mRIPA, 
modified radioimmunoprecipitation assay buffer; Ab, antibody; IP, immunoprecipitated; LB, loading buffer.  
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Figure 29: Immunoprecipitation of GluA1 from non-denatured and denatured hippocampal homogenates. 
(A) GluA2 subunits co-immunoprecipitate with GluA1 from non-denatured homogenates. Example immunoblots 
showing GluA1 and GluA2 levels in the input fraction, immunoprecipitated (IP) fraction (top), and unbound fraction 
(bottom) after immunoprecipitation with anti-GluA1 or control IgG antibodies. (B) Levels of GluA1 and GluA2 in 
the unbound fraction expressed as a percentage of levels in input fraction (n = 5, lines connect results from same 
immunoprecipitation). (C) and (D) GluA2 subunits do not co-immunoprecipitate with GluA1 from denatured 
homogenates. Same as in panels A and B except that GluA1 immunoprecipitations were performed using denatured 
homogenates (n = 5). Bars indicate median values. 
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Figure 30: Immunoprecipitation of phosphorylated GluA1 from denatured hippocampal homogenates. (A) 
Example immunoblots showing total and phosphorylated GluA1 in immunoprecipitated (left) and unbound fractions 
(right) following immunoprecipitation of T840-phosphorylated GluA1. (B) Plots show levels of total and 
phosphorylated GluA1 in the unbound fraction following immunoprecipitations using either phospho-T840 GluA1 
or control IgG antibodies (n = 5, lines connect results from the same homogenate). (C) and (D) Same as in panels A 
and B except immunoprecipitations were performed using phospho-S845 GluA1 antibodies (n = 4). GluA1 levels in 
the unbound fraction were 98 ± 8% of the input following immunoprecipitation of S845-phosphorylated GluA1 (P = 
0.41 compared with levels in IgG control unbound fraction). Bars in point plots indicate median values. 
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Figure 31: Phospho-T840 immunodepletion assays using denatured homogenates prepared from 
hippocampal slices maintained in-vitro. Hippocampal slices obtained from the same animal were either left 
untreated (UT) or exposed to 20 µM cantharidin (Can) for one hour (n = 7). (A) Immunoblots showing phospho-
T840 GluA1 levels in the input and unbound (UB) fractions from untreated control and cantharidin-treated slices. 
(B) Levels of T840-phosphorylated GluA1 in the input fractions from untreated controls and cantharidin-treated 
slices. (C) Immunoblots show GluA1 in immunoprecipitated (IP) fraction (top) and unbound fractions (bottom) 
from untreated control and cantharidin-treated slides. (D) Levels of total GluA1 in the unbound fraction following 
immunoprecipitation of T840-phosphorylated GluA1 from homogenates prepared from untreated control and 
cantharidin treated slices. Lines and B and D connect results from the same experiment. Bars indicate median 
values.  
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Figure 32: Depletion of GluA1 following immunoprecipitation of T840-phosphorylated GluA1 from non-
denatured homogenates. (A) Example blots showing total GluA1 in the IP fraction (top) and total and T840-
phosphorylated GluA1 in the unbound fraction (bottom). (B) Results from all experiments (n = 5) showing levels of 
T840-phosphorylated (left) and total GluA1 (right) in the unbound fraction. Lines connect results from the same 
experiment. Bars indicate medians for each group.  
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                                                                Methods Part I  
 
Animals and slice preparation: Male C57Bl/6N mice (2-3 months old; housed in a 12/12 

light/dark cycle) were deeply anesthetized with isoflurane and following cervical dislocation the 

brain was rapidly removed and submerged in ice-cold, oxygenated (95% O2/5% CO2) ACSF 

containing (in mM) 124 NaCl, 4 KCl, 25 NaHCO3, 1 NaH2PO4, 2 CaCl2, 1.2 MgSO4, and 10 

glucose. On a cold plate, the brain hemispheres were separated blocked, and the hippocampi 

removed. 400-µm-thick slices were then cut using a manual tissue chopper. Slices from the 

dorsal and ventral thirds of the hippocampus were used. Slices were maintained (at 30oC) in 

interface-type chambers that were continuously perfused (2-3 ml/min) with ACSF and allowed to 

recover for at least 2 hours prior to recordings. All experimental techniques were approved by 

the Institutional Care and Use Committee at the University of California, Los Angeles. 

Electrophysiological recordings: A bipolar, nichrome wire stimulating electrode was placed in 

stratum radiatum of the CA1 region and used to activate Schaffer collateral/commissural fiber 

synapses. For extracellular recordings, evoked fEPSPs (basal stimulation rate = 0.02 Hz) were 

recorded in stratum radiatum using a glass microelectrode filled with ACSF (resistance ranged 

from 5–10 MΩ). Interface-type recording chambers were used for extracellular recordings while 

whole-cell current- and voltage-clamp recordings were done using slices maintained in 

submerged-slice type chambers. Whole-cell current-clamp recordings were used to examine 

pairing-induced LTP, intrinsic excitability, E-S coupling, and EPSP amplification. In these 

experiments recording electrodes (4–8 MΩ) were filled with a K+-based electrode-filling solution 

containing (in mM) 122.5 K-gluconate, 17.5 KCl, 10 HEPES, 0.2 EGTA, 10 Na2-

phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP (pH = 7.3, 290 mOsm). Whole-cell voltage-clamp 

recordings (evoked EPSCs and mEPSCs) were performed using a Cs+-based electrode-filling 

solution containing (in mM) 102 mM Cs-gluconate, 20 mM CsCl, 10 K-gluconate, 10 mM TEA-

Cl, 5 mM QX314, 20 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 Na-GTP, and 20 mM HEPES (pH = 

7.3, 290 mOsm). For experiments performed in picrotoxin (100 µM) the CA3 region was 

removed and, unless noted otherwise, the slices were bathed in a modified ACSF containing 2.4 

mM KCl, 4.0 mM CaCl2, and 2.4 mM MgSO4. Series resistance compensation was used in all 

voltage-clamp recordings except in experiments examining miniature postsynaptic currents. All 

cells were allowed to equilibrate for ≥ 3 minutes after break-in before starting experiments. 
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Recordings where series resistance was ≥ 30 MΩ or unstable were discarded. Unless noted, 

reported membrane potentials are not adjusted for junction potentials. 

LTP-induction protocols: The induction of LTP by TPS was examined using 30s or 180s long 

trains of 5 Hz stimulation (150 pulses and 900 pulses, respectively). At the start of each 

experiment the maximal fEPSP amplitude was determined and the intensity of presynaptic fiber 

stimulation was then adjusted to evoke fEPSPs with an amplitude ~50% of the maximal 

amplitude. Note that unlike more conventional theta-burst stimulation protocols, where bursts of 

presynaptic stimulation are delivered at 5 Hz, only single pulses of stimulation are delivered 

during TPS. For high frequency stimulation (HFS) induced LTP, two trains of 100 Hz were 

delivered for 1s each with an inter-stimulus interval (ISI) of 10s. The average slope of fEPSPs 

evoked between 40 and 45 min post-TPS (normalized to pre-TPS baseline) was used for 

statistical comparisons and 55-60 min post-HFS (normalized to pre-HFS baseline) was used for 

those experiments. LTP experiments using Isoproterenol (ISO, 1 µM) were monitored for a 10 

min stable baseline before ISO was washed in for 10 min and then subsequently washed out. 

Control experiments in the absence of tetanic stimulation were run in a similar manner but with a 

constant stimulation throughout the protocol at 0.02 Hz. Experiments examining the delayed 

effect of ISO first achieved a 10 minute baseline, followed by 10 min of ISO and subsequent 

washout, 20 mins of propranolol (Prop, 50 µM) and subsequent washout, then tetanic stimulation 

at 5 Hz for 180s. In experiments using whole-cell current-clamp recordings, LTP was induced by 

pairing EPSPs evoked by SC fiber stimulation with tonic postsynaptic depolarization. Slices 

were bathed in modified ACSF containing picrotoxin and the strength of SC fiber stimulation 

was adjusted to evoke approximately 15 mV EPSPs (Vm = -80 mV). Following a 10-minute 

baseline (basal stimulation rate = 0.05 Hz), 100 pulses of presynaptic fiber stimulation delivered 

at 2 Hz were paired with postsynaptic depolarization to -10 mV. The average slope of EPSPs 

elicited 25-30 min post-pairing (normalized to baseline) was used for statistical comparisons.  

Basal properties of excitatory and inhibitory synaptic transmission: Basal synaptic strength 

at SC synapses was determined by comparing presynaptic fiber volleys and fEPSP slopes elicited 

by different intensities of presynaptic fiber stimulation. Quantal size and release probability were 

determined from the amplitude and frequency (Prange and Murphy, 1999), respectively, of 

miniature EPSCs (mEPSCs) recorded at −80 mV in pyramidal cells bathed in standard ACSF 
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containing 1.0 µM TTX (1 µM) and picrotoxin. A template-based event detection routine in 

pClamp 10 (Molecular Devices) was used to identify mEPSCs. Detected events smaller than 6 

pA were excluded from the analysis. The use-dependent inhibition of NMDAR-mediated EPSCs 

by MK-801 (Huettner and Bean 1988) was also used to examine basal release probability 

(Hessler et al., 1993; Rosenmund et al., 1993). In these experiments slices were bathed in CNQX 

(20 µM) and picrotoxin and pyramidal cells were voltage-clamped at 40 mV. Evoked currents 

were set at ~300 pA and a baseline was established. Synaptic stimulation was stopped for 10 

minutes during bath application of MK-801 (40 µM) and then 100 pulses of synaptic stimulation 

were delivered at 0.1 Hz. For each cell, the activity-dependent, MK-801 inhibition of NMDAR-

mediated EPSCs was measured using a weighted decay time constant (τw) calculated from 

double exponential fits to the time course of the inhibition using the equation: τw = τf  ∗ 

[af/(af+as)] + τs ∗ [as/(a+as)] where τf and  τs are the time constants of the fast and slow 

components and af and as are the amplitudes of fast and slow components.  

The NMDAR/AMPAR ratio of EPSCs evoked by SC fiber stimulation was determined 

by measuring the amplitude of synaptic currents elicited 5 and 50 ms after EPSC onset in cells 

voltage-clamped at -80 and 40 mV. The AMPAR and NMDAR-mediated components of the 

synaptic currents were estimated by measuring EPSC amplitude 5 and 50 ms after EPSC onset, 

respectively, from the average 40 mV waveform for each cell. To determine the NMDA current 

decay time constant, the decay of the average EPSC waveform at 40 mV for each cell was fit 

with a double exponential and a weighted decay time constant was calculated for comparison.  

EPSP-spike (E-S) coupling was measured using whole-cell current-clamp techniques to 

record postsynaptic responses elicited by different intensities of SC fiber stimulation (membrane 

potential was set to -70 mV using current injection). Five responses were elicited at each 

stimulation intensity and the size of EPSPs was measured using the average EPSP slope. To 

examine EPSP amplification, current through the recording electrode was used to set Vm = -80 

mV and the strength of SC fiber stimulation was adjusted to evoke ~5 mV EPSPs. Steady-state 

current injection was then used to examine the effect of membrane depolarization (up to -40 mV) 

on EPSP amplitude and duration. For each cell, the average of 5 EPSPs recorded at each 

membrane potential tested was used for analysis.  
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Inhibitory synaptic transmission was assessed in the following ways. The ratio of 

excitation to inhibition was measured by voltage clamping and holding cells at the reversal 

potential for GABA (-42 mV) and for glutamate (15 mV) receptors, which had been measured in 

this preparation and was not different between dorsal and ventral pyramidal cells. Charge 

transfer at each reversal potential was computed and the ratio taken for comparison. The 

recording electrode solution used in these experiments contained (in mM): 115 Cs-gluconate, 10 

K-gluconate, 13 TEA-Cl, 0.2 EGTA, 20 HEPES, 5 QX314, 5 Na-posphocreatine, 0.3 Na-GTP, 

and 4 Mg-ATP (pH = 7.3, 290 mOsm). Spontaneous and miniature IPSCs (mIPSCs) were 

recorded in cells voltage-clamped at -70 mV using recording electrodes filled with a solution 

containing (in mM): 140 CsCl, 4 NaCl, 1 MgCl2, 0.1 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX314, 

and 10 HEPES (pH = 7.3). The external solution contained kynurenate (3 mM) to block AMPAR 

and NMDAR-mediated currents and 1.0 µM TTX was also present during mIPSC recordings. 

The very high frequency of spontaneous and mIPSCs made it difficult to resolve single events 

and thus total charge transfer during 10-second-long recording intervals was measured. The TPS-

induced depression of evoked IPSCs (Vm = -70) was also measured using CsCl-based electrode 

solutions and kynurenate to block excitatory synaptic transmission. Bath application of 100 µM 

picrotoxin or 40 µM bicuculline completely blocked currents recorded in the presence of 

kynurenate, confirming that the responses are GABAA receptor-mediated. 

Intrinsic Excitability: Resting membrane potential was the steady-state membrane voltage with 

no current injection measured ≥ 3 min after break-in but before any kind of current injection to 

the neuron. All other intrinsic properties were measured with steady-state current injected to hold 

cells at -57 mV (~ -70 mV after correction for calculated junction potential), which was the 

approximate resting membrane potential for pyramidal cells (Supplementary Table 1). All 

protocols were repeated three times per cell and averaged. For input resistance, 500 ms current 

steps of 0 pA to -200 pA were injected in -20 pA increments. Steady-state responses were 

measured as the average change in voltage in the last 100 ms of the pulse. The slope of a 

regression line fitted to the voltage versus current data was used to calculate input resistance. 

Current sag was also measured during these experiments and computed as the initial voltage 

trough during the -100 pA and -200 pA steps minus the steady-state voltage change. Rheobase 

was determined by injecting 1 ms square pulses in 100 pA steps and recording the strength of the 
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first pulse to elicit an action potential. Action potential threshold, height, after-hyperpolarization, 

and after-depolarization were computed from these waveforms as described in Jensen et al. 

(1996) except for threshold, which was the average of the thresholds computed using Methods II, 

VI, VII from Sekerli et al. (2004) Firing frequency vs. injected current was measured as the 

number of spikes per 500 ms step in 25 pA increments from 0 pA to 150 pA. 

Reverse transcription and quantitative PCR (RT-qPCR): Isolated CA1 regions were micro-

dissected from dorsal and ventral hippocampal slices, snap frozen on dry ice, and then stored at -

80°C until use. RNA was then purified from samples (each containing 8 CA1 regions) using a 

combined Trizol (Invitrogen) and column (Qiagen) purification protocol. 500 µL of Trizol was 

added to each sample, followed by the standard Trizol protocol until the phase separation step. 

The top aqueous layer was then removed, mixed 1:1 with 100% ethanol, and added to the 

column, followed by the manufacturer protocol for column purification.  

 Equal amounts of dorsal and ventral purified RNA (100 ng per RT reaction) were added 

into the reverse transcription reaction using the SuperScript III First Strand Synthesis System 

with random hexamer priming. qPCR was then carried out on the cDNA using SYBR Green-

based PCR (Applied Biosystems) using primers specific for Kcnn2, Kcnn3, and HPRT1 in 

technical triplicates per reaction. Normalization was done using ΔCt by first normalizing 

Kcnn2/3 expression levels to HPRT of that sample, then by comparing the normalized Kcnn2/3 

ventral Ct values to dorsal Ct values. 

 Exon-spanning primers for Kcnn2 were 5’ GTCGCTGTATTCTTTAGCTCTG, 3’ 

ACGCTCATAAGTCATGGC; and Kcnn3 were 5’ GCTCTGATTTTTGGGATGTTTG, 3’ 

CGATGATCAAACCAAGCAGGATGA (both from Strassmaier et al. (2004)). Hprt1 primers 

were 5’ TGTTGTTGGATATGCCCTTG, 3’ GGCCACAGGACTAGAACACC. 

Statistical Analysis: Values are reported at mean ± s.e.m. After evaluating data for normality 

and homoscedasticity, Student’s t tests or, where appropriate, Mann Whitney U tests were used 

to determine statistical significance between two groups. ISO experiments were done using 

bootstrapped ANOVAs or two-box comparison tests, where indicated.  All other comparisons 

used either one-way or two-way ANOVAs followed by Student-Newman-Keuls post hoc 

multiple comparisons tests.  
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                                                                Methods Part II 

Section (A)  

Acute Hippocampal Slice Preparation: Standard methods approved by the University of 

California, Los Angeles Institutional Animal Care and Use Committee were used to prepare 400 

µm-thick hippocampal slices from C57Bl/6 male mice between the ages of 8-12 weeks.  Animals 

were deeply anesthetized with isoflurane and sacrificed by cervical dislocation. The brain was 

rapidly removed and placed into cold (4 °C), oxygenated (95% O2/5% CO2) artificial cerebral 

spinal fluid (ACSF) containing 124 mM NaCl, 4.4 mM KCl, 25 mM Na2HCO3, 1 mM NaH2PO4, 

1.2 mM MgSO4 2 mM CaCl2, and 10 mM glucose. Techniques described elsewhere (25) were 

then used to prepare and maintain slices in vitro (at 30 °C). Field excitatory postsynaptic 

potentials (fEPSPs) evoked by Schaffer Collateral fiber stimulation (0.02 Hz) were recorded in 

stratum radiatum of the CA1 region using ACSF-filled, glass microelectrodes (5 – 10 Mohm 

resistance). Signals were acquired and analyzed using pClamp 10 (Molecular Devices). Slices 

were allowed to recover for at least 2 hours prior to an experiment. 

Reagents and Antibodies: Forskolin (FSK), chelerythrine, Gö6976 (LC Laboratories), KN-62 

(Cayman Chemical), thapsigargin, rolipram, cantharidin, and cyclosporin A (Tocris Bioscience) 

were prepared as concentrated stock solutions in DMSO. Isoproterenol (Tocris Bioscience) and 

D-APV (Ascent Scientific) were prepared as concentrated stock solutions in H2O. All other 

chemicals were obtained from Sigma-Aldrich. Anti-phospho-Thr840 antibody (1:2,000) was 

from Abcam, while total GluA1, phospho-Ser831, and phospho-Ser845 antibodies (all used at 

1:1000) were from Millipore. Antibodies against β-actin (1:5,000) and a neuronal specific 

isoform (βIII) of tubulin (1:20,000) were from Sigma-Aldrich. Horseradish peroxidase 

conjugated secondary antibodies (1:2000) were obtained from GE Healthcare. 

 

Western Immunoblotting: Homogenates from treated and untreated hippocampal slices were 

prepared using techniques described elsewhere (Delgado et al., 2007). For GluA1-expressing 

HEK293 cells, pharmacological stimulation with FSK (1 µM) was performed by adding drug 

directly to medium containing the cells and incubated at 37 °C for 10 minutes. The cells were 

then washed briefly in PBS and incubated on ice in homogenization buffer containing Complete 

Lysis-M Reagent (Roche), 25 mM η-Dodecyl-β-maltoside, Protease Inhibitor Complete (Roche), 
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and Phosphatase Inhibitor Cocktails I and II (Sigma-Aldrich). Cells were scraped from the plate 

and briefly sonicated before being diluted in 2X sample loading buffer and boiled. Proteins were 

separated by SDS-PAGE (20 µg per lane) and standard procedures were used for Western 

immunoblotting. For quantification of Westerns using slice homogenates, all values were first 

normalized to levels of tubulin in each lane to control for variations in loading and then 

expressed as a percent of untreated control slices. With HEK-293 cells, levels of total GluA1 

were normalized to actin for each sample, and this GluA1:actin ratio was then used to correct for 

variability in recombinant protein expression levels.  

 

Immunoprecipitation with Phospho-Specific GluA1 Antibodies: Hippocampal slices 

maintained in vitro were snap-frozen and homogenized in 200 µl modified RIPA buffer 

containing 50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, 10 mM 

EGTA, 10 mM EDTA, 25 mM NaPyrophosphate, 10 µM cantharidin (Tocris Bioscience), 

phosphatase inhibitor cocktails I and II (Sigma-Aldrich), and Protease Inhibitor Complete 

(Roche). For the input sample, 50 µl (~140 µg) of protein lysate was removed, rocked overnight 

at 4 ºC, and boiled in an equal volume of 2X loading buffer. The immunoprecipitation was 

performed by incubating 100 µl  (~350 µg) of the protein lysate with 4 µg of phospho-Thr840 or 

phospho-Ser845 antibody for 5 hours at 4 ºC, followed by binding to Protein A Plus agarose 

beads (Pierce) at 4 ºC with rocking overnight. Beads were then pelleted by centrifugation and 

half the volume of supernatant removed (50 µl) and boiled in an equal volume of 2X loading 

buffer (depleted sample). The beads were washed three times in wash buffer (50mM Tris pH 7.4, 

300mM NaCl, 5mM EGTA, 0.1% Triton), and resuspended in 1X loading buffer (100 µl), and 

boiled (immunoprecipitated sample). Equal volumes were loaded for Western blotting.  

 

GST Fusion Protein Purification and In Vitro Kinase Assays: The C-terminus of GluA1 

(814-889) fused to GST (GST-GluA1: plasmid pGEX-4T-3 GluR1CT kindly provided by Dr. 

Soderling, OHSU) was expressed in E. coli BL21 cells, and affinity purified with Glutathione 

Sepharose 4B (GE Healthcare) according to the manufacturer’s instructions. Purified CaMKII 

(New England Biolabs), PKA (New England Biolabs), PKCα (Millipore), or p70S6 kinase 

(p70S6K) (Millipore) were incubated with 6.0 µg GST-GluA1 in 100 µl reactions using buffer 

conditions and kinase unit concentrations recommended by the manufacturer. Reactions were 



 
 

132 

incubated for 0-30 minutes at 30 ºC, stopped by addition of SDS-PAGE loading buffer, and the 

protein (1 µg per lane) resolved by SDS-PAGE. Western blotting with phospho-specific 

antibodies was used to measure phosphorylation. Mutations to GST-GluA1 were introduced at 

Thr840 and Ser845 using the QuickChange Site-Directed Mutagenesis Kit (Stratagene) and 

verified by DNA sequencing. 

 

HEK-293 Cell Culture and Electrophysiology: HEK-293 cells were maintained in DMEM 

supplemented with 10% fetal bovine serum, penicillin, and streptomycin (all from Invitrogen) at 

37 ºC in a humidified cell culture incubator containing 5% CO2. Cells were transiently 

transfected in a 6-well plate at 40-60% confluence using Effectene Reagent (Qiagen) and were 

used for experiments 48 hours later. Wild-type or mutant YFP-GluA1 cDNA were used for 

transfections; the mutations were generated using the QuickChange Site-Directed Mutagenesis 

Kit (Stratagene). Prior to electrophysiological experiments, the cells were gently mechanically 

dispersed and plated onto poly L-lysine-coated glass coverslips, and maintained at 37 ºC for 2-8 

hours. Immediately before recording, the coverslip was transferred to a recording chamber at 22-

23 ºC and continually perfused with extracellular recording solution containing 147 mM NaCl, 2 

mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and 10 mM glucose (pH = 7.4, ~300 

mOsm). Glutamate (10 mM, 100 ms) was applied locally through a barrel of a fast perfusion 

device (SF-77B Perfusion Fast Step, Warner Instruments) every 1-2 minutes. Solutions 

containing FSK (50 µM) plus the phosphodiesterase inhibitor rolipram (0.1 µM) or vehicle 

(0.11% DMSO) were delivered continually for 15 minutes through a second barrel starting 5 

minutes after break-in. Whole-cell voltage-clamp recordings were performed with borosilicate 

glass electrodes (5-7 Mohms) filled with 140 mM KCl, 4 mM MgATP, 11 mM EGTA, 1 mM 

CaCl2, 10 mM HEPES, 2 mM TEA, and 10 mM phosphocreatine (pH = 7.2, 295 mOsm), using 

an Axopatch 200 amplifier (Molecular Devices). Data was acquired and analyzed using pClamp 

8.1/Campfit software (Molecular Devices). Cells were held at -60 mV, and series resistance was 

continually monitored throughout the experiment. If the holding current was unstable or if the 

series resistance (typically 10-15 Mohms) changed by more than 20% during the experiment, the 

cell was discarded.  

 

Statistics: All results are presented as mean ± sem. Statistical significance was determined using 
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paired and unpaired t-tests, one-way ANOVAs or, where appropriate, one-way ANOVAs on 

ranks. Student-Newman-Keuls tests for multiple comparisons were used for post hoc 

comparisons. One-way repeated measure ANOVAs followed by Bonferroni t-test comparisons to 

baseline were used to determine statistical significance of FSK/rolipram-induced increases in 

glutamate-evoked currents in HEK-293 cells. 
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Section (B) 

Slice preparation and extracellular recording: Standard methods approved by the University 

of California, Los Angeles and Stanford University Institution Animal Care and Use Committees 

were used to prepare 400 µm-thick hippocampal slices. In experiments done at UCLA slices 

were obtained from adult (8-12 week old, male) or young (14-21 day old, male or female) 

C57BL/6N mice and maintained (at 30oC) in interface-type chambers perfused (2 – 3 ml/min) 

with an oxygenated (95% O2/5% CO2) ACSF containing (in mM): 124 NaCl, 4 KCl, 25 

NaHCO3, 1 NaH2PO4, 2 CaCl2, 1.2 MgSO4, and 10 glucose.  Slices were allowed to recover for 

at least 2 hours prior to an experiment and techniques described elsewhere (Delgado et al., 2007) 

were used to record field excitatory postsynaptic potentials (fEPSPs) evoked by Schaffer 

collateral/commissural fiber stimulation in the hippocampal CA1 region. Because of the use-

dependent nature of the blockade of NMDARs by MK-801 (Huettner and Bean, 1988), slices 

were exposed to ACSF containing MK-801 (10 µM) for ≥ 2 hours prior to the start of an 

experiment and MK-801 was present throughout the experiment. To facilitate the induction of 

LTD in slices from adult mice the extracellular concentration of Ca2+ was increased to 4 mM 

(Norris et al., 1996; Delgado et al., 2007). 

 In experiments done at Stanford, hippocampal slices obtained from CD1 mice (18-21 

days old, male and female) were prepared in a similar manner to C57BL/6N mice. Slices (300 

µm thick) were allowed to recover in oxygenated (95% O2/5% CO2) ACSF maintained at 30oC 

for 1 hr.  Slices were then transferred to a holding chamber containing oxygenated ACSF or 

oxygenated ACSF with MK-801 (50 µM) at room temperature for a minimum of 2 hrs before 

being transferred to the recording chamber (at 30oC). Slices treated with MK-801 were perfused 

with oxygenated ACSF containing MK-801. To maximize the number of synaptic NMDARs 

blocked by MK-801 slices were pre-stimulated at 0.2 Hz for 5 min at approximately twice the 

intensity used to elicit baseline fEPSPs.  Picrotoxin (50 µM) was present in the perfusion 

solution. 

 Three different stimulation protocols were used to examine the effects of MK-801 on 

activity-dependent changes in synaptic strength: (1) 1 Hz low-frequency stimulation (LFS) (900 

pulses); (2) 2 Hz LFS (900 pulses); (3) high frequency stimulation (HFS) (4 trains of 100 Hz 



 
 

135 

stimulation, 1 second in duration, inter-train interval = 20 seconds). We also examined the 

effects of MK-801 on LTD using a chemical induction protocol (chem-LTD) (Lee et al., 1998; 

Delgado et al., 2007). In these experiments slices were maintained in a submerged-slice 

recording chamber and LTD was induced by a 3 minute bath application of 20 µM NMDA.  

Western Immunoblotting: Hippocampal slices or CA1 mini-slices (where CA3 and dentate 

gyrus were removed during dissection to isolate the CA1 region) were prepared and maintained 

as described above. Slices were then placed into two separate interface type chambers and 

allowed to recover for 2 hours. During this time one chamber was perfused with ACSF, while 

slices in the second chamber were exposed to ACSF containing 10 µM MK-801. Slices from 

both chambers were then collected to serve as untreated controls and the remaining slices were 

collected immediately after a 3 minute bath application of 20 µM NMDA. Slice homogenates 

were prepared using techniques described elsewhere (Delgado et al., 2007) and proteins were 

resolved on 12% SDS-PAGE gels and then transferred onto nitrocellulose membranes. 

Following incubation in primary and secondary antibodies immunoreactive bands were 

visualized using enhanced chemiluminesence. For quantification, all blots were probed with anti-

tubulin antibodies and the optical density of bands of interest were normalized to tubulin levels 

in each lane to control for variations in loading.  

Reagents and Antibodies: NMDA (Sigma-Aldrich, St. Louis, MO, USA), MK-801, and D-

APV (both from Abcam, Cambridge, MA USA) were prepared as concentrated stock solutions in 

ddH2O. Anti-phospho-Thr840 GluA1 (1:2,000) and total GluA1 (1:4,000) antibodies were from 

Abcam. Anti-Phospho-Ser831 GluA1 (1:1,000) was from Invitrogen (Grand Island, NY USA) 

and anti-phospho-Ser845 GluA1 (1:1,000) was from Millipore (Billerica, MA USA). Anti-

phospho-p38 MAPK (1:1,000) antibody was from Cell Signaling Technology (Danvers, MA 

USA). Anti-βIII-tubulin (1:20,000) was from Sigma. HRP conjugated secondary antibodies 

(1:2,000) were obtained from GE Healthcare. 

Statistics: All results are presented as mean ± sem. Statistical significance was determined using 

paired and unpaired t-tests, one-way ANOVAs or, where appropriate, one-way ANOVAs on 

ranks. Student-Newman-Keuls tests were used for post hoc comparisons. 
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Section (C) 

Sample Preparation from Intact Hippocampi and Hippocampal Slices: Standard methods 

approved by the University of California, Los Angeles Institutional Animal Care and Use 

Committee were used to obtain intact hippocampi or hippocampal slices from 8-12 week old 

C57Bl/6 male mice. Briefly, animals were anesthetized with isoflurane and killed by cervical 

dislocation. The brain was then rapidly removed and placed into cold (4 °C), oxygenated (95% 

O2/5% CO2) artificial cerebral spinal fluid (ACSF) containing 124 mM NaCl, 4.4 mM KCl, 25 

mM Na2HCO3, 1 mM NaH2PO4, 1.2 mM MgSO4, 2 mM CaCl2, and 10 mM glucose. 

Hippocampi were then either snap frozen and stored at -80 oC for use in immunoprecipitations or 

used to prepare 400 µm thick slices that were then maintained in an interface-type chamber 

perfused (2-3 ml/min) with warm (30 °C) ACSF. Slices were allowed to recover for 2 hours and 

then either left untreated or exposed to ACSF containing the protein phosphatase 1/2A inhibitor 

cantharidin (20 µM, 1 hour). Slices were then transferred to pre-frozen microcentrifuge tubes 

placed in a bed of crushed dry ice and stored at -80 oC.   

 

Immuno-depletion Assays: For immunoprecipitations using denatured proteins, one 

hippocampus (or 6 hippocampal slices) were homogenized in a denaturing lysis buffer 

containing 50 mM Tris (pH = 7.4), 5 mM EDTA, 1% SDS, and 10 µM cantharidin that was 

supplemented with cocktails of both protein phosphatase inhibitors (Phosphatase Inhibitor 

Cocktails II and III from Sigma-Aldrich) and protease inhibitors (Sigma-Aldrich). Samples were 

sonicated, boiled for 5 minutes, and then allowed to cool at room temperature for 5 minutes. The 

homogenate was then diluted 10 fold in dilution buffer (50 mM Tris, 1% Triton X-100, 5 mM 

EDTA, 300 mM NaCl, pH = 7.4), placed on ice for 5 min, and centrifuged (14,000 x g, 4 oC) for 

15 minutes. For the input sample, a portion of the supernatant was removed, maintained at 4 oC 

overnight and then boiled the next day in an equal volume of 2X loading buffer (0.5 M Tris-HCl, 

4.4% SDS, 20% glycerol, 2% mercaptoethanol, pH = 6.8). Immunoprecipitations were 

performed by incubating another portion of the supernatant with 4 µg of phospho-Thr840, 

phospho-Ser845 or total GluA1, antibodies for 3-4 hours at 4 ºC followed by an overnight 

incubation with Protein A Plus agarose beads (Pierce) at 4 ºC. Beads were then pelleted by 
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centrifugation and the supernatant (unbound fraction) was removed and boiled in an equal 

volume of 2X loading buffer. The beads were washed three times in a buffer containing 50 mM 

Tris (pH = 7.4), 300 mM NaCl, 5 mM EGTA, and 0.1% Triton X-100 and then resuspended in 

1X loading buffer and boiled for 10 minutes. Beads were then pelleted by centrifugation and the 

supernatant (immunoprecipitated sample) was collected.  

For immunoprecipitation of non-denatured proteins, hippocampi or hippocampal slices were 

homogenized in a modified RIPA buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% 

NP-40, 0.5% DOC, 0.1% SDS, 10 mM EGTA, 10 mM EDTA, 25 mM sodium pyrophosphate, 

10 µM cantharidin and cocktails of protein phosphatase and protease inhibitors (see above). A 

portion of the homogenate was maintained at 4 oC overnight and then boiled the next day in an 

equal volume of 2X loading buffer (input fraction). Part of the remaining homogenate was then 

used for immunoprecipitations as described above.  

  To confirm that GluA1 phosphorylation is not altered during the overnight incubation of 

homogenates with antibodies and agarose beads, we measured phospho-GluA1 levels in samples 

from the same homogenate that were either immediately mixed with 2x loading buffer and boiled 

or left overnight at 4 oC and mixed with 2x loading buffer and boiled the next day. Levels of 

T840- and S845-phosphorylated GluA1 in samples maintained overnight were 94 ± 2% and 97 ± 

8% of those in samples denatured immediately after homogenization, respectively (n = 3, data 

not shown). This indicates that GluA1 phosphorylation is preserved during the 

immunoprecipitation protocol. 

 

Western Immunoblotting: Proteins (equal volumes or protein concentrations per lane) were 

separated by SDS-PAGE (4% and 12% acrylamide stacking and resolving gels, respectively) and 

transferred to 0.2 µm nitrocellulose membranes using standard procedures. Membranes were 

blocked in Tris-buffered saline containing 0.05% Tween-20 (TBST) plus 4% non-fat dry milk 

for 1 hour and then incubated overnight at 4 oC in TBST containing 4% non-fat dry milk and 

phospho-T840, phospho-S845 or total GluA1 antibodies. Blots were then washed three times 

with TBST and incubated for 2 to 4 hours at room temperature in TBST containing 4% non-fat 

dry milk and an anti-mouse or anti-rabbit HRP-conjugated secondary antibody. Immunoreactive 

bands were visualized using enhanced chemiluminesence (ProtoGlow ECL, National 
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Diagnostics, Atlanta, GA). Image acquisition and analysis were done using a 12-bit cooled CCD 

camera and Image Lab software (Bio-Rad). For quantification of signals from unbound fractions 

the blots were re-probed with an anti-tubulin antibody. Density values for phospho- and total 

GluA1 bands were then normalized to levels of tubulin in each lane to control for potential 

variations in loading. 

Reagents and Antibodies: Cantharidin (Abcam) was prepared as a 20 mM stock solution in 

DMSO. All other chemicals were obtained from Sigma-Aldrich. Phospho-T840 (1:2,000) and 

total GluA1 antibodies (1:2000, rabbit monoclonal EPR5479) were obtained from Abcam and 

the phospho-S845 antibody (1:1000) was obtained from Millipore. Monoclonal antibodies 

against a neuronal specific isoform (βIII) of tubulin (1:20,000, Clone 2G10) and AMPAR GluA2 

subunits (1:1000-500, Clone N52A/42) were obtained from Sigma-Aldrich and the UC 

Davis/NIH NeuroMab facility, respectively. Control immunoprecipitations were performed using 

a non-immune rabbit IgG obtained from Santa Cruz Biotechnology. Horseradish peroxidase 

conjugated secondary antibodies (1:2,000) were obtained from GE Healthcare. The phospho-

T840 and phospho-S845 GluA1 antibodies used in these experiments have been extensively 

characterized by us (Delgado et al., 2007; Gray et al., 2014) and others (Toda and Huganir, 2015; 

Hosokawa et al., 2015) and do not recognize non-phosphorylated GluA1 or GluA1 

phosphorylated at other sites. 

Statistics: Results are presented as mean ± sem. Summary plots in figures show results from all 

individual experiments. Because normality for small sample sizes could not be guaranteed, 

resampling statistics (bootstrapping), performed using routines written in R, were used to 

determine statistical significance (Manly, 2006). p < 0.05 was considered to be significant. 
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