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Supervisor: Kimberly Raab-Graham
N-methyl-D-aspartate receptor (NMDAR) antagonists have gained much attention
of late for their ability to remediate major depressive disorder. The body of evidence
surrounding their mechanism of action suggests that they activate cellular homeostatic
mechanisms. This thesis examines the convergence of rapid antidepressant and
homeostatic mechanisms. It provides evidence of the homeostatic interaction between
NMDAR and γ-aminobutyric acid receptor B (GABABR), a metabotropic inhibitory
receptor, by demonstrating that GABABR function shifts from opening inwardly
rectifying potassium channels to increasing resting dendritic calcium signal upon
application of NMDAR antagonists. This fundamental shift in function plays an
important role in the activation of protein synthesis dependent homeostatic mechanisms
that occur in response to NMDAR antagonists. We hypothesize that the GABABR shift in
function is a unifying pathway between rapid antidepressant and local homeostatic
mechanisms.
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Chapter 1: Introduction
Because of the complex, non-additive causes of major depressive disorder,
understanding why and how an antidepressant remediates symptoms is staggeringly
complex. Research into the etiology of depression centers largely on evidence from postmortem studies of diseased brains, functional imaging, and animal models. These studies
indicate that homeostatic imbalances may lead to major depression (1). One current
hypothesis implicates a homeostatic disruption of top down connections from the
prefrontal cortex in the etiology of depression. N-methyl-D-aspartate receptor (NMDAR)
antagonists act as rapid antidepressants such that a remarkable reversible of depressive
symptoms occurs within hours or days of a single injection (2). The model for their mode
of action proposes that the efficacy of NMDAR antagonists derives from the activation
protein-synthesis dependent homeostatic mechanisms that correct the disruption in topdown excitatory connections in the prefrontal cortex (3). This thesis examines the
convergence of rapid antidepressant and homeostatic mechanisms. Like known
homeostatic processes, NMDAR antagonists correlate with increased spine density on
excitatory neurons and require mammalian target of rapamycin (mTORC1) dependent
translation (3). However, the exact provenance of mTORC1 dependent translation
increases following NMDAR antagonism is not well characterized. We provide evidence
that a shift in γ-amino-butyric acid receptor B (GABABR) function, an inhibitory
metabotropic receptor, is required for mTORC1 dependent translation that occurs with
NMDAR antagonists (4, 5). Based on these findings, we hypothesize that the GABABR

1

shift in function helps resolve key discrepancies between rapid antidepressants and local
homeostatic mechanisms.
The Consequences of Major Depressive Disorder
Depression or Major Depressive Disorder (MDD) is a major neural
pathophysiology that will affect up to 17% of the population at some point during their
lifetimes (6). The most common and current pharmacological therapies (Selective
Serotonin Reuptake Inhibitors/SSRIs) target the serotogenic system to treat MDD.
SSRIs, however, are not very effective as only 35-50% of individuals afflicted with MDD
experience relief from their depressive symptoms (7-10). In the United States, MDD
annually costs ~$210.5 billion of which 45% is due to direct treatment costs, 5% to
suicide, and 50% to losses in productivity in the workplace (11). Given the cost of MDD
to the individual and society at large, finding effective treatments for MDD and
understanding why current standard treatments fail are highly warranted.
Altered brain structures in MDD
MDD affects diverse brain regions that regulate emotion, reward, executive
function, and the stress response (12). Disrupted areas include (but are not limited to) the
prefrontal cortex (PFC), the hippocampus (HPC), the basolateral amygdala (BLA), the
nucleus accumbens (NAc), the ventral tegmental area (VTA), and the hypothalamicpituitary-adrenal axis (HPA) (13-15). However, much of the post mortem evidence
available provides conflicting results regarding changes in brain region volume, which is
a likely consequence of the heterogeneity of individuals suffering from MDD. Functional
2

MRI studies looking at activity changes in the brain provide somewhat less conflicting
results, but the changes associated with MDD remain incompletely characterized. The
next section will review the current evidence of how MDD affects the brain.
Hypothalamic-Pituitary-Adrenal axis
Structures involved in the stress response, such as the HPA, are consistently
disrupted in patients with MDD (reviewed in (16)). Additionally, the interaction between
the HPA axis and its inputs from the HPC and the PFC have considerable import in the
current hypotheses of depression. The dysregulation in the HPA axis leads to elevated
glucocorticoid levels (GC, (17)), potentially affecting brain areas that have high
concentrations of GC receptors, such as the hippocampus and prefrontal cortex (18).
Conversely, the PFC and HPC can regulate the HPA via inhibitory inputs onto the
paraventricular nucleus of the hypothalamus, which contains the cell bodies of GCreleasing neurons (19, 20). Loss of these inputs from the hippocampus and the dorsal
PFC disrupts the negative feedback system regulating the GC levels and results in
chronic over activity of the HPA axis (21, 22). Alterations in the stress response in MDD
are so prevalent that chronic stress or chronic unpredictable stress is used to induce a
depressive state in rodents (23).
Prefrontal Cortex
In individuals with MDD, PFC regions associated with the regulation of
emotional response have reduced volume and activity (12). These areas primarily occupy
the dorsomedial PFC, the dorsal lateral PFC, and the dorsal anterior cingulate cortex
3

(ACC) (24-26). In contrast, PFC regions associated with the production of emotional
response such as the orbital PFC (OPFC) and the ventral anterior cingulate cortex (ACC,
which includes cg25) show increased activity using the measures of blood flow (rCBF)
and glucose metabolism (PET) (12, 15, 27-31) . Consistent with a loss of excitatory
connections in emotional regulatory regions, several studies have linked a loss of
excitatory structural and synaptic features with animal models of depression. One
observed decreased PFC volume and atrophied distal dendrites in layers II/III of
pyramidal cells located in the dorsal ACC in an animal model of chronic stress (32).
Another demonstrated a reduction dendritic spines in layers II/III of pyramidal cells in
the dorsomedial PFC using a similar paradigm (33). A third associated chronic stress with
decreases in synaptic excitation as measured by a reduction in NMDAR and α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) excitatory postsynaptic
potential (EPSP) response amplitude in layer V pyramidal neurons (34). Because the loss
of PFC volume and activity is often associated with both a reduction in excitatory
dendrites and a disruption of inhibitory (gabaergic) transmission (1, 13, 21), it is not
surprising that inhibitory connections are also altered in the PFC in MDD.
Transcriptional profiling studies indicate that the major inhibitory channel, γ-aminobutyric acid A receptor (GABAAR), exhibits a decrease in subunit in the temporal cortex
in a way that would suggest a decrease in inhibition. Moreover, both the major inhibitory
neurotransmitter, GABA and the major excitatory neurotransmitter, glutamate, have
lowered concentration in the PFC (35, 36). These findings altogether highlight the
dysregulation of excitatory and inhibitory connections in MDD.
4

Hippocampus
While human postmortem studies provide differing results of how MDD alters
hippocampal volume, animal models of chronic stress consistently show atrophy of apical
distal dendrites and a decrease in the size and number of dendritic spines in CA3
pyramidal neurons (37-41). Others have reported that stress induces a loss of
parvalbumin interneurons in the hippocampus. This offers additional evidence of
disruption in the inhibitory system as parvalbumin neurons are one of the main types of
inhibitory interneurons in the hippocampus (42). As in the PFC, MDD correlates with a
disruption in inhibitory and excitatory connections in the hippocampus.
Other Subcortical Structures
Subcortical structures that regulate emotional processing and reward behavior
also exhibit aberrant activity in animal models of depression and in human studies (40).
The lateral habenula is a region associated with negative reward and inhibits both
dopamine and serotonin secretion (43, 44). Recent work has shown that learned
helplessness protocols induce increased spontaneous action potential discharge in the
lateral habenula (45). Changes in the nucleus accumbens (NAc) also lead to decrements
in dopaminergic release. The NAc receives excitatory inputs from the hippocampus and
the PFC and sends gabaergic outputs onto interneurons in the VTA, which inhibit
dopaminergic releasing neurons in the paraventricular nucleus (PVN) (46). In an animal
model of depression, chronic stress produced a decrease in AMPAR mediated excitation
in D1 dopamine receptor (D1R) containing medium spiny neurons (MSN) of the VTA. A
5

decrease in excitation of the D1R containing MSN would lead to decreased dopamine
release (47). In the amygdala and medial thalamus, many imaging studies have found
increased activity in measures of metabolism and blood flow (48). Dendritic hypertrophy
also occurs in the amygdala in some animal models of depression (49). Antidepressant
treatment appears to reverse the excess activity in the amygdala and may return its
volume to normal levels (50). Altogether, these studies demonstrate that MDD correlates
with bidirectional disruption in the subcortical excitatory-inhibitory balance much like
the alterations observed in the PFC and HPC.
Current Animal Models of Depression
As MDD is a complex disease with a multitude of symptoms, creating animal
models that replicate the disease is very difficult. The etiology of MDD comprises a
diverse set of causes including genetic predisposition, environmental factors such as
stress or emotional losses, and endocrine disruptions (13). Though there is significant
amount of literature exploring the neural changes that correlate with depression as
discussed in the preceding section, no single consistent indicator has emerged to diagnose
depression (13, 51). From the standpoint of diagnosis, MDD is assessed by a subjective
criteria that includes depressed or irritable mood, decreased interest in activities, weight
or appetite changes, sleep changes, baseline activity alterations, excessive fatigue,
feelings of guilt or worthlessness, a loss of concentration, and suicidal ideation (DSM-5).
It is not feasible to assess many of these symptoms in animals adding to the complexity
of creating an animal model. Despite the difficulty in developing these models, much
insight into the etiology of depression has come from the use of animal models in pre6

clinical research. The following section reviews current animal models of depression and
behavioral tests used to assay depressive behavior.
Criteria used to evaluate animal models of depression
An animal model of a neural pathology is generally evaluated on achieving face,
construct and predictive validity (23). Face validity is defined as the extent to which a
model produces similar symptoms (both biomarker readouts and behavioral changes) to
the disease. Many of the symptoms of depression such as suicidal ideation or excessive
feelings of guilt or worthlessness are not possible to model in animals, indicating that any
animal model will lack some face validity. Symptoms of depression that can be modeled
such as anhedonia, changes in weight or sleep, changes in activity levels, and alterations
in the stress response provide key readouts in the development of many animal models
(52). Construct validity denotes that the causative factors in an animal model should be
the same as those in the human disease. In terms of MDD, this is difficult to achieve as
the causative factors of MDD are not a single genetic difference or failure of one
particular system (52). Current animal models rely extensively on the alterations in the
stress axis (HPA axis) and on social factors to produce depressive like symptoms in
animal models (13). Finally, the predictive validity of a model derives from a model’s
response to treatment corresponding to the treatment response in humans. Predictive
validity is difficult to achieve, in part, because most antidepressants are only effective in
a subset of the depressed patients (12). Most current models of depression fulfill at least
one of the three criteria for animal model evaluation. The difficulty in developing models
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that meet all three criteria highlights the challenges in creating animal models for
complex diseases such as depression.
Stress based models of depression
Because of the consistent association between stress and MDD, many current
models focus on using environmental or social stressors to produce depressive-like
symptoms in animals. Chronic mild stress or chronic unpredictable stress models subject
wild type rodents to a series of mild stressors occurring either randomly or on predictable
intervals over several weeks or longer (53). Chronic mild stress or chronic unpredictable
stress models are based on the work of Katz who observed that chronic exposure to
severe stressors produces anhedonia like symptoms in rats, which was subsequently
generalized in the current animal models (54-56). These models provide reasonable
construct and face validity through the use of stress based paradigms to produce
anhedonia in rodents. The effects of stress model are only reversed following several
weeks of traditional antidepressant treatment thus providing predictive validity as well
(52). The large number of dependent variables make implementation difficult to
standardize, which produces inconsistent behavioral and molecular phenotypes (51).
Social defeat models of MDD place a naïve animal in proximity with an
aggressor (usually a large, older breeder male) leading to social subordination on the
premise that social stresses are associated with depression (construct validity) (57, 58).
Social defeat models lead to animals with depressive-like symptoms including social
withdrawal, anhedonia and metabolic changes (face validity), which can be reversed
8

with long-term antidepressant treatment with SSRIs (predictive validity) (52). These
models also offer the added benefit of producing a subset of “resilient” mice for whom
the treatment does not produce metabolic and behavioral changes (57, 59, 60). This
parallels the large number of individuals who do not become depressed following
significant social stress (13). Again, social defeat models have reasonable face, construct
and predictive validity, but the complexity of the models leads to difficulty in
standardizing the model and produces inconsistent results.
Behavioral tests for depression and antidepressant effectiveness in animal models
Historically, the first tests for antidepressants reverse engineered the effects of
drugs known to be effective in treating depression. A single dose of an antidepressant
such as fluoxetine was observed to decrease the time an animal spent immobile after
being placed in an inescapable situation (61). Thus, tests to assess antidepressant
effectiveness measure the amount of time an animal is mobile/immobile following
placement in an inescapable situation. The effectiveness of a particular treatment is
assessed by measuring changes in immobility time. The forced swim test (FST) is a
behavioral test in which a rodent must swim without hope of escape in a beaker of water
for a period of time (62). Similarly, the tail suspension test (TST) monitors the amount of
time spent struggling or immobile following inescapable suspension (63). Though the
FST and TST have relatively reliable predictive validity, they lack much in face and
construct validity (13). Of note however, recent work has shown that areas implicated in
MDD including the hippocampus, VTA of the nucleus accumbens, infralimbic cortex and
dopamine signaling regions are all involved in the responses to the FST and TST (51, 64,
9

65). Finally, the major criticism of immobility tests is that they anthropomorphize the
relative passivity of the animals as a marker of behavioral despair (23). These tests can be
viewed as a reasonable initial screen for antidepressant effectiveness but the results
cannot be viewed as an indication of a depressive state in rodents. Taken as a whole, the
FST and TST tests do provide some predictive validity despite major flaws in face and
construct validity, which account for their continued use in pre-clinical settings.
Similar to the TST and FST, the learned helplessness test subjects animals to a
series of shocks from which they cannot escape. In a later session, the animals are
reintroduced to the shocks after a short period of time with escape possible. A subset of
the animals will not attempt escape or display decreased escaped attempts, which is taken
as indicative of a depressive phenotype (66). These animals can then be compared to the
cohort that did attempt to escape. These tests require 3-5 day administration of SSRI
antidepressants to reverse helpless behavior. Because of the short-term application of
stress in the learned helplessness, TST, and FST tests, these tests do not replicate the
chronic, long-term stresses that precede depressive symptoms in humans. Similarly, the
rapid reversal of symptoms following treatments with SSRIs is a serious drawback, since
effective SSRI therapies can take several weeks or months to reverse depressive
symptoms in humans.
The other major tests for depression gauge anhedonia-like symptoms in animals.
As an example, the sucrose preference test measures an animal’s preference for sucrose
over water as measure of the animal’s pleasure seeking behavior. Animals in an
anhedonic state will tend to exhibit no clear preference for sucrose solution over water
10

(67). The splash test measures grooming behavior in animals following application of a
sugar solution to the dorsal coat. A lack of interest in grooming is associated with
anhedonia in humans, while the sucrose solution presumably increases the pleasure of the
grooming behavior (68). Other commonly used tests measure both depressive symptoms
but also tend to gauge anxiety. The Novelty Suppressed Feeding test measures the amount
of time to feed in a novel, open environment. Increased latency to feed corresponds with
increased anxiety, a symptom often correlated with MDD and also tests an animal’s
reward seeking behavior (23). Like the learned helplessness test, this test reverses
increased latency times only after prolonged treatment with SSRI antidepressants. Tests
for anhedonia and reward seeking behavior provide face validity in that they are modeled
on depressive symptoms, though care must be taken that the results of the tests are not a
consequence of altered locomotion (69).
Taken together, classical tests for “behavioral despair” such as the TST and the
FST provide reasonable initial screens of new antidepressants but require additional
supporting evidence from additional behavioral tests using animal models of depression
or from extant clinical trials with depressed patients. Animal models of chronic stress and
social defeat have enhanced face and construct validity and have the potential to provide
significant insight into the etiology of depression. As a whole, the models for depression
and the behavioral assays are valuable tools in assessing the antidepressant efficacy of a
drug and in probing the etiology of depression.
Hypotheses on the molecular neurobiology of depression
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Monoamine Hypothesis
Multiple hypotheses have been formulated regarding the etiology of depression.
The earliest was the monoamine hypothesis of depression that posited that decreased
monoamine (serotonin/5HT, dopamine, norepinephrine) function causes depression (70,
71). This hypothesis arose from drug trials of several drugs that affect the serotogenic
system. In human trials, iproniazid and imipramine had antidepressant effects, and
increased monoamine concentrations in the brain (72). Another drug, resperine, which
depletes monoamine stores, produced depressive states in some patients (73-75). Later
work showed that monoamine deficiency cannot fully account for depression (76). In
particular, SSRIs and MAOIs (monoamine oxidase inhibitors) require a long time for
symptom relief despite immediate increases in monoamine levels. Moreover,
experimental manipulations of serotonin levels did not provide conclusions to support
that reduced serotonin is sufficient to produce depressive symptoms (77). Recent versions
of this hypothesis hold that antidepressants targeting the monoamine system (MAOs,
SSRIs) induce neuroplastic changes that remediate depressive symptoms with time (13).
Though the serotogenic system is disrupted in depression and its manipulation can
provide relief of symptoms, an altered serotogenic system is one disruption within the
larger pathology of depression.
Neurotrophin hypothesis
The neurotrophin hypothesis of depression suggests that a lack of neurotrophin
signaling is one of the main causes of depression and restoration of neurotrophin levels
12

remediates depression (78). Neurotrophins are growth factors that signal to neurons to
survive, grow, or differentiate. Brain derived neurotrophic factor, BDNF, is a
neurotrophin important for neuronal plasticity (79). Data indicate that BDNF mediated
functions are impaired in depression models leading to decreased neurogenesis in the
dentate gyrus of the hippocampus, atrophy of distal dendrites in the hippocampus and
impaired synaptic plasticity (80). Antidepressant treatment may increase BDNF levels
and direct infusion of BDNF into the hippocampus can produce antidepressant effects
(78, 81). However, BDNF enhancements in other regions such as the NAc actually
increase susceptibility to depression (82, 83). Though knockout studies have shown that a
loss of the BDNF gene can block antidepressant effects of direct BDNF infusion,
conditional knockout of the BDNF gene in forebrain does not produce depressive like
behavior (84-86). Indeed a single nucleotide polymorphism that disrupts trafficking of
BDNF, impairs activity dependent release of BDNF and decreases hippocampal volume
does not change the genetic vulnerability to depression (87, 88). Finally, many clinical
and preclinical studies have failed to replicate the stress and antidepressant induced
changes to BDNF (89, 90). Though BDNF does appear to be of importance in the
efficacy of antidepressants, its deficiency alone cannot account for the cause of
depression.
GABAergic hypothesis versus Excitatory Synapse hypothesis of depression
Two hypothesis have emerged recently regarding the mechanisms of depression
mediated by inhibitory vs excitatory activation. Both hypotheses focus on the critical role
of the cortex in regulating the stress response and subcortical limbic structures. Both
13

argue that a loss of connections from the PFC and the HPC result in a dysregulation of
the stress response mediated by the HPA and emotional regulatory circuits. The
gabaergic hypothesis argues that thinning of inhibitory connections in the brain following
the loss of inhibitory neurons in the hippocampus and alterations in the expression of
GABAAR are fundamental aspects in the etiology of depression (21). In particular, the
loss of cortical and hippocampal inhibitory control of the HPA axis disrupts the negative
feedback mechanisms regulating glucocorticoid levels in the brain and leads to the
pathological hallmarks of depression (21). The excitatory synapse hypothesis of
depression, on the other hand, posits that many symptoms of depression are caused by a
disruption of excitatory connections. Regions associated with mood regulation including
PFC, hippocampus and nucleus accumbens experience a loss of excitatory connections
while those regulating the negative reward (the lateral habenula) undergo an upregulation
of excitatory inputs (1). The loss of top-down connections in both of these hypotheses
rest on well-established evidence demonstrating that the dorsal PFC experiences a
decrease in activity and volume associated with a loss of both excitatory and inhibitory
connections (15). Therefore, restoring some or all of the lost connections in the cortex
could remediate the effects of MDD (3).
Engaging homeostatic mechanisms as a novel approach to MDD therapy
Homeostatic processes help maintain optimal physiological conditions within a
biological system. In the central nervous system, extremes in neuronal activity, both too
high and too low, can cause neuronal circuits to become unstable (91, 92). Homeostasis
restores physiological stability by altering synaptic strength, intrinsic excitability, and/or
14

neuronal structure (93). Neurological diseases including depression, anxiety disorders,
and autism result from imbalanced neuronal networks (94-96). Interestingly, therapies
that engage a neuron’s or neural network’s homeostatic mechanisms such as deep brain
stimulation have effectively mitigated such diseases (97, 98). My body of work presented
within this thesis has centered on how rapid antidepressants trigger synaptic homeostasis
to remediate depressive symptoms. This research supports the supposition that effective
therapies for complex neurological diseases can be effectively treated by activating
endogenous corrective mechanisms within the central nervous system.
Homeostatic mechanisms restore stability to a circuit by up or down regulating
the excitability of neurons in response to long term changes in activity (99). The loss of
both excitatory and inhibitory connections in the cortex and hippocampus in individuals
with MDD can be strongly argued as a disruption in the homeostatic balance of the brain.
A long term downregulation of excitatory inputs can activate homeostatic increases in
excitatory or inhibitory responses (92). However, the disruption to the homeostatic
balance in MDD may not be sufficient to activate the self-correcting mechanisms of
homeostasis (Figure 1.1, top panel). That is, MDD does not arise from a state that is
extreme enough to activate mechanisms that maintain homeostatic balance of neurons
and neural networks. Emerging therapies of interest, including deep brain stimulation and
rapid antidepressants (NMDAR antagonists), may trigger the self-corrective mechanisms
of the brain (96, 97). NMDAR antagonists block glutamatergic transmission through
NMDAR, one of the primary excitatory channels in the brain (7). We hypothesize that
NMDAR antagonists remediate MDD by pushing the activity state of the network far
15

enough outside expected activity levels that the homeostatic mechanisms activate and
allow for self-correction (Figure 1.1).
NMDAR antagonists as rapid antidepressants
The N-methyl-D-aspartate receptor (NMDAR) is a ligand and voltage gated
cation channel that is critical for many neuroplastic processes such as rhythm generation,
learning and memory formation (100). NMDAR is a tetramer composed of 2 obligate
GluN1 subunits and 2 GluN2 (GluN2A-D) or 2 GluN3 (GluN3A-B). The composition of
the NMDAR tetramer differs by brain region and confers differential kinetics, open
probability and deactivation time on the receptor (101). NMDAR must bind both
glutamate and glycine when the membrane is sufficiently depolarized to relieve the
magnesium ion from blocking the channel pore (100). The NMDAR is often called a
coincidence detector since both membrane depolarization and glutamate binding must
occur for it to open (102). Calcium ions passing through NMDAR activate a number of
molecular pathways that allow for synaptic changes. The amount of calcium and length
of channel open time dictates whether those synaptic changes result in synaptic
potentiation, depression, or neither (103). Spontaneous NMDAR activity plays a key role
in maintaining the balance of receptors on the cell membrane (104, 105). NMDAR
activity is disrupted in several key forms of MDD, leading to a downregulation of
synaptic excitation particularly in the PFC and the hippocampus (2, 34). It is worth noting
that homeostatic compensation follows after alterations in NMDAR signaling. One of
these homeostatic mechanisms includes changes in NMDAR subunit
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composition/expression levels and changes in a multitude of other synaptic and dendritic
proteins (106, 107).
NMDAR antagonists, including ketamine and other FDA approved drugs, have a
remarkable efficacy in reversing treatment-resistant depression (108). In 1991, Trullas
and Skolnick first observed that NMDAR antagonists have an antidepressant effect (109).
However, ketamine use can be addicting (7). Recent clinical studies on the efficacy of
ketamine and other NMDAR antagonists that have lower potential for abuse have
renewed the field’s interest in considering NMDAR antagonists as potential
antidepressants (110). NMDAR antagonists work quickly within hours or days. A single
acute injection can have effects lasting several weeks to a month (111). Scientists
speculate that sustainment of antidepressant behavior likely arises from the increase in
neurotrophic factors such as BDNF and upregulation of local circuits that act to increase
spine density (96). Moreover, NMDAR antagonist efficacy may result from the quieting
of the glutamatergic system that triggers the brain’s “reset” functions (Figure 1.1).
Model for the molecular mechanisms of rapid antidepressants
The formation of new excitatory synaptic connections in the PFC may restore
excitatory connections that had been lost in the PFC, providing the basis for the efficacy
of rapid antidepressants. The exact mechanistic steps leading to the increase in excitatory
connections is an expanding area of research. Current models for the mechanism
postulate that rapid antidepressants exert effects primarily by blocking NMDAR in the
PFC. Loss of NMDAR signaling at principal excitatory neurons in the PFC leads to an
17

MDD

Workman
Figure 1.1

NMDAR
Antagonist

Homeostatic
Mechanisms

Remission

Figure 1.1: Model for rapid antidepressant activation of homeostatic
mechanisms. MDD leads to a system that is somewhat outside the ideal
homeostatic range (Panel 1). NMDAR antagonists push the network further
outside the ideal range (Panel 2) and in doing so trigger a homeostatic response
(Panel 3). The endogenous corrective mechanisms of homeostasis then push the
system back into a balanced state resulting in relief from MDD and remission
(Panel 4).
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increase in protein synthesis in excitatory neurons and following this an increase in spine
density on excitatory neurons in the PFC. These changes are believed to underlie the
efficacy of the drug, though much additional work is needed to assess how an increase in
excitatory connections in the PFC leads to the behavioral efficacy of rapid
antidepressants.
Rapid antidepressants exert effect through blockade of NMDAR on pyramidal
neurons in PFC
Most evidence to date supports the hypothesis that rapid antidepressant efficacy
follows from direct inhibition of basal NMDAR activity on pyramidal neurons in the PFC
(112). NMDAR blockade at these neurons leads to the activation of a homeostatic
response and correspondent increase in synaptic drive via protein synthesis dependent
mechanisms (113, 114). An alternative hypothesis argues that ketamine may selectively
block NMDAR on inhibitory interneurons leading to a disinhibition of pyramidal neurons
and an increase in protein synthesis (98, 115, 116). T This hypothesis is based on the idea
that inhibitory interneurons are tonically active to maintain inhibitory tone, thus blocking
resting NMDAR current will selectively affect NMDAR on inhibitory neurons (112).
Based on this, a suppression of GABAA R mediated inhibition should mimic the rapid
antidepressant effects of NMDAR antagonists. However, injection of GABAAR
antagonist did not mimic the rapid antidepressant effects (117). Further, selective
knockdown of NMDAR on interneurons failed to prevent the antidepressant effects of
NMDAR antagonists (118). Though rapid antidepressant blockade of NMDAR on
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inhibitory interneurons is likely important for the rapid antidepressant efficacy, their
import and role have not yet been characterized.
In contrast, increasing evidence supports the hypothesis that direct inhibition of
NMDAR on pyramidal neurons underlies the effectiveness of rapid antidepressants.
Selective removal of GluN2B containing NMDAR on pyramidal neurons was sufficient
to prevent the rapid antidepressant effects of ketamine (114). GluN2B containing
NMDAR mediate tonic activity due to ambient glutamate, which is consistent with their
decreased sensitivity to Mg2+ and increased sensitivity to agonist. In further support of
the direct hypothesis, bidirectional alterations in the ambient glutamate concentration
produce bidirectional alterations in excitatory synaptic drive of layer II/III pyramidal
neurons in the PFC similar to alterations observed with application of NMDAR
antagonists (114, 119). In a separate study, depletion of vesicles from the spontaneously
releasable pool of glutamatergic synapses mimicked the physiological effects of ketamine
in hippocampal slice (113, 120). These results argue that the direct inhibition of
NMDAR on pyramidal neurons in the PFC lead to the increases in excitatory synaptic
drive and increases in spine density observed with rapid antidepressants.
Rapid antidepressants increase spine density on excitatory neurons via mTORC1
dependent translation
Rapid antidepressant injection is directly correlated with an increase in spine
density and synaptic proteins sustained for days after the initial dose (96). The increase is
spine density requires new protein synthesis directed by mammalian target of rapamycin
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kinase (mTORC1) (116, 121). mTORC1 is a serine/threonine kinase that is activated by
local stimulus, often via calcium-dependent events that lie upstream (122). mTORC1
activity is necessary to increase key synaptic proteins that include BDNF, calcium
permeable AMPAR subunit glutamate A1 (GluA1), postsynaptic density protein (PSD95) and synapsin upon rapid antidepressant administration (116).
Rapid antidepressants also relieve the repression of eukaryotic elongation factor 2
by eEF2 kinase (eEF2, eEF2K, Figure 1.2, (104)). eEF2 is a translation factor implicated
both in the initial rapid antidepressant response of NMDAR antagonists and in the
formation of new spines in the hippocampus (117). Repression of eEF2 via
phosphorylation by eEF2K stalls translation of nascent peptides (123). The importance of
eEF2 in rapid antidepressant efficacy may arise from eEF2-mediated increases in both
BDNF and calcium permeable AMPAR subunit, GluA1 (5, 117, 124). However, several
reports have demonstrated that mTORC1 is necessary for increased BDNF and GluA1
expression following rapid antidepressant treatment (Figure 1.2, (5, 122)). Indeed, the
exact roles of mTORC1 and eEF2 following rapid antidepressant treatment remains
unresolved. Taken together, rapid antidepressant treatments induce new spine formation
that requires new protein synthesis, which is driven critically by mTORC1 activity.
The current model holds that rapid antidepressants block NMDAR on pyramidal
neurons in the PFC, which, in turn, activates a cascade of homeostatic responses
including an upregulation mTORC1 dependent synthesis and an increase in spine density.
Yet, NMDAR activity, not antagonism, normally activates mTORC1 (125). This model
begets the question of what cellular homeostatic responses are activated by NMDAR
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Figure 1.2 Proposed model for rapid antidepressant molecular mechanism.
Following NMDAR antagonist administration, eEF2K is inhibited leading to a derepression of eEF2 dependent translation of GluA1, which leads to an increase in
calcium permeable AMPAR at the cell membrane (Autry et al 2011, Sutton et al
2006) (1). Simultaneously, Kir3.2 (GIRK) channels decrease, GABABR decouple
from Kir3.2 (via 14-3-3η) at the cell membrane, and surface GABABR expression
increases (Workman et al. 2014) (2). GABABR function then shifts to increase
resting dendritic calcium signal in a manner that requires L-type calcium
channels (Workman et al 2014) and increases mTOR dependent protein
synthesis (3). mTOR activity leads to an increase in synaptic proteins (GluA1/2,
PSD-95) and growth factors (BDNF) and spine density (Li et al. 2010, 2011).
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blockade and specifically of how NMDAR antagonism leads to an increase in mTORC1
dependent protein synthesis.
Rapid Antidepressants require GABABR signaling
γ-amino butyric acid receptor B (GABABR) is an inhibitory G protein-coupled
receptor that is found both pre- and postsynaptically in almost all neuronal cell types and
glia (126). GABA, the primary inhibitory neurotransmitter activates GABABR. When not
located near GABA release terminals, GABABRs are thought to be activated through
GABA “spillover” from simultaneously active gabaergic interneurons (127, 128). The
NMDAR and GABABR pathways are part of a feedback pathway that responds to
changes in the activity level of the dendrite. Our work demonstrates that NMDAR
antagonists trigger a functional shift in the GABABR pathway. The shift in the GABABR
pathway is necessary to activate mTORC1 when NMDAR are blocked(5). We have
demonstrated that GABABR is required for the increase in active mTORC1, the increase
in excitatory synaptic proteins and the behavioral changes that follow rapid
antidepressant administration (5).
GABABR
GABABR is an obligate heterodimer composed of GABABR1 and GABABR2.
GABABR1 has two subtypes, R1a and R1b. GABABR1a is found primarily
presynaptically, while GABABR1b is found primarily postsynaptically (129, 130).
GABABR1a differs from R1b in that its N-terminal tail has two sushi domains (An
evolutionarily conserved protein domain also known as a complement control protein
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module), which increase surface stability and promote localization to the axon (131-133).
GABABR1 and R2 perform distinct functions. For membrane expression, GABABR2
must bind to GABABR1 and mask the endoplasmic retention signal providing a
regulatory checkpoint within the ER that can alter membrane GABABR expression (134).
The GABABR2 subunit also mediates interaction with the G-proteins, while the Nterminus of the GABABR1 unit is sufficient for ligand binding (135-138).
GABABRs are located in both the central and peripheral nervous systems. The
brain regions with the highest GABABR concentrations include the hippocampus,
thalamic nuclei, cerebellum, neocortex and the habenula (139). In the axon, GABABRs
are located both at extra-synaptic sites and at the presynaptic specialization of both
glutamatergic and gabaergic terminals (137). Postsynaptically, GABABRs are located
both in the dendritic spine and shaft. In principal neurons receiving gabaergic inputs, the
receptors display an even distribution along the dendritic shafts. In neurons receiving
glutamatergic inputs, GABABRs cluster near glutamatergic synapses (140).
Following activation by GABA, GABABRs activate a Gi or Go protein cascade
with probable 1:1 stoichiometry (141). The βγ-complex of the G-protein dissociates
resulting in either inhibition of calcium channels or activation of inwardly rectifying
potassium channels. The α subunit of the G protein complex regulates adenylate cyclase
and thus cAMP levels (141). Presynaptically, GABABRs inhibit N and P/Q type calcium
channels via the βγ subunit and can slow synaptic vesicle recruitment to the terminal via
the α subunit (142). In dendrites, GABABRs primarily activate GIRK2 (Kir3) leading to a
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slow inhibitory post synaptic current (sIPSC) (143). Transgenic mice without Kir3.2 lack
GABABR induced outward currents in hippocampal neurons (144).
NMDAR and GABABR interaction underlie rapid antidepressant efficacy
NMDAR and GABABR are part of a feedback pathway that responds to
alterations in NMDAR activity. In spines of pyramidal neurons in layer 2/3 of the
prefrontal cortex, GABABRs dampen calcium signal from NMDAR directly via the PKA
pathway (145). GABABR-GIRK2 signal also can indirectly regulate NMDAR activity by
increasing the magnesium ion block of the NMDAR channel through local inhibition of
the spine (146). Indicative of a negative feedback loop that harnesses excitatory synaptic
inputs, NMDAR activity potentiates the sIPSC generated by GABABR-GIRK2 (143).
Consistent with this, synaptic activation of NMDAR using chemical LTP increases
GABABR at the membrane surface, whereas prolonged bath application of NMDA
decreases surface GABABR, indicating a possibly excitotoxic response (147). Both
synaptic NMDAR activity and global activation of NMDAR regulate GABABR through
changes in the recycling/degradation pathway of GABABR (147, 148).
As would be expected, NMDAR antagonists also regulate GABABR expression.
NMDAR blockade produces an increase in surface GABABR, complementary to the
decrease in surface GABABR seen with global NMDAR activation (4). However,
NMDAR blockade increases new translation of GABABR2 indicating that the signaling
mechanisms activated following NMDAR blockade are not necessarily the simple inverse
of the signaling mechanisms activated by NMDAR activity.
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NMDAR antagonists also induce a functional change in GABABR. Following
NMDAR blockade with rapid antidepressants, GABABR function shifts from opening
potassium channels to increasing resting dendritic calcium signal in a manner that
requires L-type calcium channel activity, a channel required for rapid antidepressant
behavioral efficacy (149). Consistent with GABABR mediated increases in resting
dendritic calcium signal, brief application of GABABR agonist activates mTORC1, which
is activated by a calcium sensitive pathway. Further, in vivo, the rapid antidepressant
mediated increases in mTOR dependent translation products necessary for behavioral
efficacy require GABABR signaling. At a behavioral level, the effects of NMDAR
antagonists are reversed when NMDAR antagonists are co-injected with GABABR
blockers (4, 5).
GABABRs play an important role in the dynamic and rapid response to changes in
activity of NMDAR in the dendrite. When NMDAR are synaptically activated, GABABR
mediated sIPSC increases. When NMDAR are blocked, GABABR function shifts to
increase both resting dendritic calcium signal and active mTORC1. These processes
increase the expression of excitatory synaptic proteins such as GluA1. In both cases,
GABABR function acts as a counterweight to changes in NMDAR activity, thus
providing a homeostatic check on NMDAR activity or inactivity. Rapid antidepressant
treatment with NMDAR antagonists engages the homeostatic regulatory processes of
GABABR.
How basic science has informed us about the neuron’s ability to self-correct
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Synaptic mechanisms of homeostasis afford neurons the ability to regulate the
inhibitory and excitatory balance rapidly in response to changes in the extracellular
milieu. At a cellular level, homeostatic compensation occurs through a number of
pathways including: 1) modulation of the strength of the synapse through synaptic
scaling, 2) alteration in composition and density of the channels, 3) presynaptic changes
and 4) alterations to the structure of the neuron (93). These changes can arise from
perturbations to activity levels such as those that occur following sensory deprivation,
pharmacological blockade, or alterations in genetic background of the neuron. Here we
describe how rapid antidepressants activate homeostatic processes at a cellular level.
Convergence of rapid antidepressant and local synaptic scaling mechanisms
Local homeostatic mechanisms that require new protein synthesis and the
molecular mechanisms activated by rapid antidepressants have considerable overlap,
though important differences between the two exist. Local homeostasis is defined as the
synaptic alterations that occur following acute blockade of local glutamatergic inputs
(either AMPAR, NMDAR or both, Figure 1.3). Whereas global synaptic scaling is
process that occurs following a longer term blockade of firing (99). Classically, following
a block of glutamatergic inputs, local homeostasis increases the calcium permeable
AMPAR subunit, GluA1, resulting in an increase in mini excitatory postsynaptic current
(mEPSC) amplitude and may, if prolonged, lead to an increase in GluA2, a key readout
of global synaptic scaling (104, 150, 151). These local increases in GluA1 have been
reported multiple times using varied paradigms to block local synaptic activity including
synapse specific silencing, blockade of AMPAR, blockade of NMDAR or blockade of
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both (28, 151-153). In experiments that best parallel the rapid antidepressant paradigm,
local scaling work observed that 3hr blockade of NMDAR in culture increases the
mEPSC amplitude with no effect on frequency, indicating a postsynaptic change in the
number of AMPAR following NMDAR blockade (153). Thus, acute treatment with
NMDAR antagonists alone can activate a local postsynaptic scaling event in culture
systems.
In rapid antidepressant paradigms, NMDAR antagonists are sufficient to increase
GluA1 and GluA2 expression (5, 116, 117). Indeed, recent work has observed that
enhanced field potentials that occur with ketamine require GluA2 function (113, 152).
These finding are somewhat at odds with scaling work that did not observe early changes
in GluA2 following acute NMDAR blockade, and a second study that observed that 24
hours of AP5 treatment did not induce changes in GluA1 nor GluA2 (152, 154). These
differences may be a consequence of different receptor subtypes, time course, and
preparation between the in vitro cell culture system and in vivo. Firstly, low level activity
blockade in general only increases GluA1 and not GluA2. A modest perturbation to the
systems activity levels may only result in an increase in GluA1 but not GluA2. Secondly,
all rapid antidepressant treatments have utilized relatively short drug treatments and the
elimination half-life of the majority of the drugs is only 2.5 hours, much less than a 24
hour treatment (155). Finally, we have observed in vitro that the shift in GABABR
receptors requires exogenous agonist, baclofen, to induce an increase in active mTOR
and an increase in the expression of BDNF. Whereas with in vivo injection, no activation
of GABABR is necessary to induce the rapid antidepressant effect NMDAR antagonists,
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Figure 1.3: Cultured studies demonstrate that local homeostatic scaling
induces dendritic changes similar to rapid antidepressants.
:
In culture:
Left Panel: Blockade of AMPAR induces increases in GluA1, likely via eEF2
(Sutton et al. 2006). BDNF also increases through mTOR dependent translation
and enhances presynaptic function (Henry et al 2012, Jakwich et al., 2010).
The AMPAR mediated increases require L-type calcium channels (Thiagarajan
et al., 2005). Right Panel: NMDAR blockade increases GluA1 but not BDNF
through activation of eEF2 (Sutton et al 2006, Jakawich et al. 2010). Exogenous
activation of GABABR with baclofen may be required to activate mTORdependent increases in BDNF when NMDAR are blocked.

29

though blockade of GABABR will prevent the antidepressant behavioral effects and
molecular readouts (increased GluA1, BDNF) (5). We hypothesize that the discrepancy
between the culture systems where most local homeostatic work has occurred and in vivo
may be the presence of endogenous GABA. Culture systems have lower levels of
inhibitory neurons (156-158) Thus in culture, an agonist is necessary to GABABR
activity, which can then increase resting dendritic calcium necessary to activate
homeostatic scaling processes (Figure 1.3).
Role of dendritic calcium levels in protein synthesis dependent homeostasis
Though NMDAR antagonists in vivo also result in an increase in GluA1, they do
not require a decrease in AMPAR signal as observed to be the predominant factor
necessary for local scaling to occur in culture (98). Indeed, AMPAR signal may be
required for the increase in protein synthesis machinery following ketamine injection
(159). This discrepancy may be a consequence primarily of the diffuse effects of
ketamine. Ketamine also blocks sodium channels and to some extent voltage-gated
calcium channels along with a number of additional targets (160-162). The overall effect
may result in an over-quieting of the neuron resulting in lowered basal levels of dendritic
calcium. Since many translational activators are calcium-dependent, this could prevent
the activation of key translational machinery necessary for local homeostatic protein
expression increases.
Consistent with the integrative role of dendritic calcium levels, local scaling
experiments demonstrated that blockade of L-type calcium channels mimicked the effects
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of AMPAR blockade leading to increases in GluA1 (152). Inversely, blocking calcium
sensitive kinase, PI3K, prevented the increase in GluA1 in selectively silenced synapses
(151). Similarly, rapid antidepressants such as ketamine require L type calcium channels
for behavioral efficacy. This requirement is perhaps a consequence of the GABABR shift
in function, which requires L-type calcium channels to increase resting dendritic calcium
levels (4, 5, 149).
GluA1 and BDNF regulation in local synaptic scaling and rapid antidepressants
Local synaptic scaling and rapid antidepressants may increase GluA1 AMPAR
subunits through the activation of eEF2, a key component in translational elongation.
(Figure 1.2). Acute blockade of NMDAR mEPSCs (TTX plus AP5) increases GluA1
locally through activation of eEF2. (104, 150). Rapid antidepressants also produce an
increase in eEF2 activity. Interestingly, eEF2 activation mimics rapid antidepressant
behavioral effects and associated molecular changes (as measured by BDNF expression)
that the authors posited are due to eEF2-mediated increases in BDNF (117). Although,
other studies have found that BDNF increases are mediated by an increase in active
mTOR in vivo (5, 116, 121). In culture, however, NMDAR blockade alone activates a
postsynaptic response that does not affect BDNF levels (153). We have demonstrated the
GABABR activation can increase BDNF in an mTORC1-dependent manner when
NMDARs are blocked in cultured neurons (Figure 1.3, (5)). The rapid translational
changes wrought by de-repression of eEF2 are likely critical to the overall synaptic
remodeling that takes place with rapid antidepressant treatment, though the data presently
available argues in favor of mTORC1-driven increases in BDNF.
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BDNF may also play a role in the presynaptic changes observed with rapid
antidepressant treatment. Local homeostatic studies have shown that glutamatergic
blockade enhances presynaptic function through the retrograde transport of BDNF (163).
Whether or not retrograde transport of BDNF occurs in vivo with rapid antidepressants is
unknown; this remains to be resolved. However, it is worth noting that the BDNFmediated enhancement of presynaptic function may account for the glutamate “burst”
observed with ketamine (164). The source of the increased glutamate following ketamine
administration is one piece of evidence in favor of the hypothesis that NMDAR
antagonists preferentially target NMDAR on gabaergic neurons (165). Blocking NMDAR
on gabaergic neurons in the PFC could relieve the inhibition to pyramidal neurons and
increase glutamate release. The hypothesis that NDMAR antagonists act primarily by
blockade of NMDAR on excitatory neurons does not account for the increase in
glutamate release observed with rapid antidepressant treatment. Retrograde BDNF that
enhances presynaptic release could reconcile the evidence of the increased glutamate
with the hypothesis in favor of excitatory neurons as the primary agent of rapid
antidepressant efficacy.
Alterations in intrinsic excitability occur in rapid antidepressants
Intrinsic excitability is determined by the composition and density of channels
and receptors on the cellular membrane (166). Intrinsic properties are regulated by
activity dependent feedback loops that maintain the basal electrical activity of a neuron.
Changes to intrinsic excitability change the way a neuron responds to an input. Intrinsic
plasticity can change rapidly and will scale in response to activity dependent plasticity.
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Alterations to intrinsic excitability can lead to the antidepressant-like changes.
Knockdown of the HCN1 channel produces an antidepressant behavioral phenotype and
increases mTOR and BDNF, two molecular mediators of rapid antidepressant efficacy
(167). Moreover, rapid antidepressants can alter channel expression and activity.
Specifically GABABR signaling to inwardly rectifying potassium channels (Kir3.2)
decreases and instead increases L-type channel activity which in turn increases mTOR
activity and BDNF expression (4). Although the paths by which reduced neuronal
excitability is reduced are quite different, collectively these findings argue that alterations
to intrinsic excitability follow rapid antidepressant administration.
Structural Plasticity alterations observed with rapid antidepressants
Dendritic spines are the primary location of excitatory synapses in the adult brain.
Spine shape, size, and number vary over the lifetime of an individual (168). Structural
homeostasis is defined by alterations to neuronal architecture in response to long term
fluctuations in activity (93). Over the years, well-established paradigms that promote
homeostatic plasticity have also induced morphological changes in spines (169, 170). For
example, sensory deprivation results in enlarged spine heads and is consistent with an
increase in postsynaptic AMPAR (171, 172). Furthermore, reducing synaptic activity in
an acute hippocampal slice preparation, in particular through NMDAR blockade,
significantly increases the spine density in dendrites (173). Moreover, whisker trimming
paradigms that are akin to NMDAR blockade result in decreased spine elimination (174).
Together, these data show that structural plasticity occurs as a consequence of
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fluctuations in activity and coincides with homeostatic molecular responses to similar
treatments.
One of the most striking effects of rapid antidepressants is the increase in spine
density (175). Using mice that sparsely express yellow fluorescent protein in the
prefrontal cortex, Duman and colleagues demonstrated that administration of NMDAR
antagonists increase spine density 24 hours post-injection (116, 121). Other work
demonstrates an increase in mEPSC frequency in layer II/III cortical neurons 24 hours
post rapid antidepressant injection (ketamine or Ro25-6981). The authors suggest that the
increase in mEPSC frequency indicates the formation of new immature synapses since
there was no change in paired pulse ratio (114). In part, the underlying mechanisms for
structural plasticity initiated by rapid antidepressants may arise from the protein synthesis
machinery activated by local homeostatic processes. mTORC1 is required for new spine
formation and may be the key link (176, 177). eEF2 translation of BDNF is also
necessary for spine maturation, stability and increases to spine number (178). Rapid
antidepressants do not increase spine number if mTORC1 is blocked, despite eEF2dependent translation of BDNF still occurring (116, 117). Further work is needed to
clarify key intermediates necessary for the shift in neuronal architecture following
administration of rapid antidepressants. Collectively, homeostatic plasticity brought about
by reducing NMDAR activity in vivo induces structural changes that serve to bring the
neuron back into a preferred activity state.
GABABR shift in function as unifying pathway between local homeostatic
and rapid antidepressant mechanisms
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Rapid antidepressants activate a series of processes that have effects long after the
drug has left the patients system. The exact molecular changes that occur coincide largely
with local homeostatic mechanisms. In particular, the translational machinery activated
and the increases in spine density are remarkably similar. However, there remain a
number of unresolved differences between the two processes, as well as, an incomplete
understanding of the exact mechanisms following rapid antidepressant treatment.
My thesis focuses on how the interaction between NMDAR and GABABR
underpins the effectiveness of rapid antidepressants. It settles the question of how
mTORC1 is activated by showing that GABABR activates mTORC1 when NDMAR are
blocked. It provides additional evidence to support the claim that rapid antidepressants
act primarily by blocking NMDAR on excitatory principal neurons by showing that the
GABABR shift in function occurs when presynaptic inputs are blocked. It also adds to the
known homeostatic changes resultant from rapid antidepressant treatment by
demonstrating a bidirectional regulation of the GABABR pathway occurs with NMDAR
antagonism and an animal model of depression. Finally, it demonstrates that the
GABABR is required for mTOR dependent translation and the behavioral efficacy of
rapid antidepressants. By examining the role of GABABR in responding the alterations in
NMDAR signaling, this thesis resolves key discrepancies between rapid antidepressant
and local homeostatic effects. Based on this work, we propose that the fundamental shift
in the GABABR pathway following NMDAR antagonism is a unifying pathway between
local homeostatic scaling and rapid antidepressants.
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Chapter 2: mTORC1 Dependent Protein Synthesis Underlying Rapid
Antidepressant Effect Requires GABABR Signaling
Emily R. Workman, Farr Niere, and Kimberly F. Raab-Graham

Abstract:
Administration of N-methyl-D-aspartate receptors (NMDAR) antagonists initiates
a rapid anti-depressant response requiring mammalian Target of Rapamycin Complex 1
(mTORC1) kinase; however the molecular mechanism is unknown. We have determined
that upon NMDAR blockade, dendritic γ-amino-butyric acid B receptors (GABABR)
facilitate dendritic calcium entry. The GABABR mediated increase in calcium signal
requires the availability of dendritic L-type calcium channels. Moreover, GABABR can
activate mTOR and increase mTOR dependent expression of BDNF under the same
NMDAR blocked conditions. In vivo, blocking GABABR prevents the fast-acting, antidepressant effect of the NR2B antagonist, Ro-25-6891, decreases active mTORC1 kinase,
and reduces expression of BDNF and the AMPA receptor subunit GluA1. These findings
propose a novel role for GABABRs in the anti-depressant action of NR2B antagonists and
as an initiator/regulator of mTORC1-mediated translation.

Introduction
Major depressive disorder (MDD) is a chronic disease with low remission rates
(~33%) and relies on lengthy use of antidepressants for therapy (1-4). Several wellcharacterized N- methyl-D-aspartate receptor (NMDAR) antagonists (AP-7, Ro-25-6981,
MK-801, and ketamine) act as rapid onset antidepressants; however the mechanism by
which this occurs is largely unknown (5-7). A recent finding demonstrates that rapid
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antidepressants can increase the activity of the mammalian target of rapamycin (mTOR), a
serine/threonine kinase critical for translation (8). mTOR consists of two complexes
mTORC1 and C2, with C1 mediating protein synthesis (9, 10).
Because activation of mTOR kinase is generally regarded as a consequence of
NMDAR stimulation, it is unknown how NMDAR antagonists increase active mTOR (11,
12). In this study we address the fundamental question of how mTOR kinase is activated
during NMDAR blockade.
Many molecular changes occur when NMDAR activity is altered. For example,
NMDAR activation negatively regulates the surface expression of γ- amino butyric acid
type B receptors (GABABRs) (13-15). GABABRs inhibit neuronal activity by reducing
neurotransmitter release, via the inhibition of presynaptic calcium channels, and by
mediating slow inhibitory postsynaptic potentials via the activation of postsynaptic
potassium channels. Whether changes in GABABR signaling play a role in the molecular
basis of rapid antidepressants is unknown.
Herein, we demonstrate that a functional shift of postsynaptic GABABRs underlie
the enhanced mTOR activity induced by NMDAR antagonists. GABABRs shift from
reducing to increasing resting dendritic calcium signal and require L-type calcium channels
to do so. Consistent with the requirement for new protein synthesis of plasticity related
proteins, blocking GABABR signaling in mice treated with the rapid antidepressant Ro-256891 reduces the protein levels of the brain-derived neurotropic factor (BDNF) and the
synaptic protein GluR1/GluA1 in the prefrontal cortex. We extend these findings by
demonstrating that block of GABABRs in vivo prevents both the up regulation of mTOR
and the expected behavioral phenotype arising from blocking NMDARs
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Results and Discussion

NMDAR inhibition promotes GABABR surface expression and shifts its
function to increase resting calcium
To establish an in vitro model that visualizes site-specific molecular changes
associated with rapid antidepressants, we blocked NMDARs in cultured cortical or
hippocampal neurons by applying D-(2R)-amino-5-phophovalonic acid (AP5) for 90
minutes. Because NMDAR activation reduces the dendritic surface expression of
GABABRs by endocytosis (14, 16), we predicted that NMDAR blockade would increase
GABABRs on the dendritic membrane. To label surface GABABRs, we used an antibody
against the extracellular N-terminus and compared that to the total amount of GABABRs
labeled with an antibody against the C-terminal, cytoplasmic tail of GABABR1 (Figure
2.1A). To verify our surface staining protocol, human embryonic kidney (HEK) 293 cells
were transfected with cDNAs coding for GABABR1a alone or with GABABR1a and
GABABR2. Plasma membrane expression of the functional dimeric GABAB receptor
requires both GABABR1 and R2. In HEK cells that only express GABABR1a, GABABRs
will not be expressed on the surface as GABABR1a will be retained intracellularly. This
serves as a negative control for surface expression (17). Indeed, in non-permeabilized HEK
cells transfected with GABABR1a, the extracellular antibody did not detect any surface
GABABRs. However, permeablized cells displayed strong intracellular staining, consistent
with intracellular retention of GABABR1a in the absence of GABABR2 (17). In contrast,
co-expression of GABABR1 and R2 resulted in abundant surface GABABR expression
which was detected by both the extracellular and cytoplasmic antibodies (Figure 2.1B).
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Using these antibodies, we quantitated the surface expression of GABABR1 in
hippocampal neurons treated with vehicle and AP5. At the completion of the treatment,
neurons were fixed and surface GABABR1s were immunostained with the extracellular
antibody. Afterwards, neurons were permeabilized and total GABABR1 expression was
determined using the C-terminal antibody. Consistent with our prediction, we found that
blocking NMDARs for 90 minutes increased the ratio of surface to total GABABRs by 36
± 0.07% relative to control (Figure 2.2A and B).]
We next sought the functional significance of increased GABABR surface
expression during NMDAR blockade by examining dendritic calcium. GABABR activation
can affect calcium signaling through (1) blocking presynaptic release of GABA leading to
reduced inhibition and increased dendritic calcium, (2) blocking presynaptic glutamate
release which will likely reduce membrane depolarization and decrease dendritic calcium,
or (3) opening postsynaptic potassium channels, thereby preventing calcium entry. To
assess how NMDAR blockade changes the GABABR-induced calcium signals, we used
hippocampal and cortical cultured neurons filled with the calcium indicator OGB-488AM
to determine the change in calcium signal due to baclofen, a GABABR agonist. Neurons
under both control (vehicle, H2O) and AP5 conditions had comparable dendritic caliber
(Figure 2.3A). As an additional control, neurons treated with AP5 were imaged over 10
minutes to ensure that the baseline calcium levels remained steady for the duration of the
imaging protocol (Figure 2.3B). Consistent with GABABR activation decreasing glutamate
release or opening postsynaptic potassium channels, baclofen significantly decreased
dendritic calcium compared to vehicle (Figure 2.4A, hippocampal: -15±4%, left and Figure
2.4B-C; Figure 2.3C, cortical: - 8±4%). In contrast, GABABR activation in AP5-treated
neurons significantly increased the resting calcium signal (Figure 2.4A hippocampal:
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13±4%, right and Figure 2.4B-C; Figure 2.3C, cortical: 43±15%). We measured the time
course of dendritic calcium changes of AP5-treated neurons in response baclofen. Of note,
we observed a three to four minute delay before the onset of calcium increase (Figure 2.3EF).The effects of baclofen were completely blocked by inclusion of the GABABR
antagonist CGP-35348 (100 μM, Figure 2.4B and C). These results demonstrate that after
blockade of NMDARs, GABABR activation increases dendritic resting calcium.

L-type calcium channels mediate GABABR-induced increase in dendritic
calcium signal when NMDARs are blocked
To characterize the baclofen-mediated increase in dendritic calcium when
NMDARs are blocked, we performed live calcium imaging of AP5-treated neurons in the
presence of N-type (ω-conotoxin GVIA), P-type (ω-agatoxin), or L-type (nifedipine),
calcium channel blockers before and after baclofen application. Blocking N-type channels
had no effect on either basal calcium levels or the baclofen-mediated increase in dendritic
calcium (Figure 2.6A-B). Although ω-agatoxin increased the basal calcium signal in AP5treated neurons (Figure 2.6A and Figure 2.5A; 18±7%), blocking P-type channels did not
abrogate the GABABR-mediated increase in dendritic calcium (Figure 2.6B and Figure
2.5A). Nifedipine, which blocks L-type channels, was the lone blocker to decrease the
resting dendritic calcium signal (-18±6%, Figure 2.6A) and to abolish the baclofen-induced
increase in calcium signal (-24±8%, Figure 2.6B-C) of AP5-treated neurons. Indeed,
inclusion of nifedipine mimicked the baclofen-induced decrease in resting dendritic
calcium seen in control neurons (-24±8%). In the absence of AP5, nifedipine did not alter
the baclofen mediated decrease in resting calcium signal (Figure 2.5B-C). These results
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indicate that L-type calcium channels are required for the GABABR-mediated increase in
calcium signal.

L-type channel activity requirement in the APV-induced GABABR shift in
function persists when dendritic GABABR component is isolated
Since L-type calcium channels are reported to be predominantly postsynaptic in
hippocampal neurons, these data led us to ask the question if the shift in GABABR function
occurs postsynaptically (18-20). We reasoned that if the baclofen-induced calcium signal
persisted when we isolated the postsynaptic component of GABABR by using blockers that
prevented neurotransmitter input, then we would be able to assess whether presynaptic
and/or postsynaptic GABABRs triggered the increase in calcium signal. To isolate the
dendritic component of the GABABR-mediated increase in calcium signal, we performed
live calcium imaging in a cocktail of glutamate receptor (MPEP (10 µM, mGlu5), LY
367385 (100 µM, mGlu1), NBQX (20µM, AMPAR)), sodium channel (TTX (1µM, Na+
channel)), and GABAAR (picrotoxin (20 µM, GABAAR), bicuculline (20 µM, GABAAR))
blockers. These blockers were washed onto the cells prior to imaging but after the 90minute incubation in vehicle or AP5. We initially examined whether isolating the
postsynaptic cell affected the GABABR-induced calcium changes in control (vehicle, H2O)
dendrites. As expected in vehicle-treated neurons, stimulating GABABRs with baclofen
significantly decreased resting calcium levels (-8±2%, Figure 2.7A-B). In contrast, and
consistent with what was observed without blockers, baclofen significantly increased
dendritic fluorescence in NMDAR-blocked neurons (∆F/F= 5±1%; Figure 2.7A-B). Albeit,
the overall changes appear smaller for both control- and AP5-treated neurons when
neurotransmitter input was blocked; however there was no significant difference between
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the baclofen-induced changes in resting calcium levels, arguing that changes in dendritic
resting calcium in the presence of NMDAR blockade are due to postsynaptic GABABRs.
To clearly visualize the dendritic processes, we utilized GCaMP3, an established
genetic calcium sensor, as a second indicator (21). GCaMP3 provides better resolution of
the dendrites since few neurons express the calcium indicator per coverslip, as compared
to OGB-488AM, which labels every cell (Figure 2.7C). Using the same paradigm to isolate
the dendritic component of the GABABR-mediated increase in calcium signal, cells
expressing GCaMP3 displayed a significant decrease in resting calcium levels in primary
dendrites when treated with baclofen as compared to vehicle treatment (-8±2%; Figure
2.7D-E). In contrast, baclofen significantly increased dendritic fluorescence in neurons
exposed to NMDAR blockade (19±3%; Figure 2.7D-E). These results indicate that
postsynaptic GABABR can mediate the increase in dendritic calcium signal as measured
by two different calcium sensors. To confirm the requirement for L-type calcium channels
we repeated the experiment in the presence of nifedipine. Indeed, blocking L-type channels
prevented the baclofen-mediated increase in calcium signal (Figure 2.7D-E) in AP5-treated
neurons. This finding provides additional evidence that postsynaptic L-type calcium
channels participate in GABABR-mediated elevation of dendritic resting calcium when
NMDAR signaling is abated.

GABABR activation increases dendritic mTORC1 activity and protein
synthesis with NMDAR blockade
Others have reported that injection of rapid antidepressants into rodents increases
mTOR and extracellular signal-regulated kinase (ERK) signaling (22). Several cell types
use calcium entry through L-type calcium channels as a second messenger to activate these
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pathways (23, 24). Although our results demonstrate that GABABRs increase calcium, it is
unknown whether endogenous GABA is sufficient to trigger mTOR and ERK activity in
vivo. We have previously shown that AP5 treatment reduces mTOR activity in vitro (12).
Thus, we expect that our in vitro model would require GABABR activation with baclofen
to turn on these signaling pathways via calcium.
To test this hypothesis we used Western blot analysis of synaptoneurosomes
isolated from untreated control- or AP5-treated cultured neurons. In control neurons,
baclofen did not increase ERK or mTOR activity (Figure 2.8A and B). Unlike the reported
in vivo findings, AP5 alone did not change ERK activity; however as expected, AP5
treatment reduced mTOR activity (Figure 2.9A and B). Furthermore, the addition of
baclofen to AP5-treated neurons increased the activity of mTOR back to control levels with
no significant effect on ERK activity. The effect of GABABR activation on mTOR activity
was reduced by pretreatment with rapamycin (1.03 ±0.02 AP5+baclofen vs. 0.46 ±0.03
AP5+baclofen+rapamycin, Figure 2.9B).
Through immunocytochemisty we sought the subcellular localization of the
increased mTOR activity during NMDAR blockade. We used an antibody against
phospho-S6 (pS6), since increased pS6 signal reflects heightened mTORC1 activity (25).
In untreated, control neurons pS6 activity was found in dendrites as distinct puncta or hot
spots (Figure 2.9C). pS6 expression in control and baclofen-treated neurons had similar
number of hotspots in dendrites (0.88±0.21 as fold of control, Figure 2.9C and D).
Consistent with the Western blot analysis, neurons pretreated with AP5 displayed
significantly fewer pS6 hotspots in dendrites compared to control neurons (0.07±0.02 as
fold of control, Figure 2.9C and D). However, activation of GABABRs in AP5-treated cells
restored the number of pS6 hotspots to control levels (0.69±0.30 as fold of control, Figure
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2.9C and D). To confirm that the increased pS6 was due to mTORC1 activation, neurons
exposed to AP5 and baclofen were treated with the mTORC1-specific inhibitor rapamycin.
The addition of rapamycin prevented the activation of mTORC1 kinase by baclofen as
indicated by the absence of pS6 hotspots in dendrites (Figure 2.9C and D). These results
demonstrate that GABABR signaling activates mTORC1 kinase in vitro when NMDARs
are blocked.
To assess if GABABR-mediated activation of mTORC1 kinase increases protein
synthesis of plasticity-related mRNAs, we performed Western blot analysis on
synaptoneurosomes. Changes in protein expression were determined for the brain-derived
neurotropic factor (BDNF), a protein reported to be synthesized by the mTOR pathway
(26), and activity regulated cytoskeleton- associated protein (Arc), whose synthesis has
been reported to be regulated by both ERK and mTOR (27, 28). We reasoned that mRNAs
whose translation is regulated by mTOR and not ERK would be sensitive to rapamycin.
Arc protein levels did not change significantly under any condition (Figure 2.9E). In
contrast, NMDAR blockade alone reduced the levels of BDNF protein by ~33%
(0.67±0.02, Figure 2.9F). Furthermore, the addition of baclofen to AP5-treated neurons
increased BDNF expression above control levels (1.51±0.10). Preincubation with
rapamycin prevented the baclofen-mediated increase in BDNF, consistent with mTORC1mediated protein synthesis (Figure 2.9F). These results show that in AP5-treated neurons,
GABABR activation of the mTOR pathway mediates synthesis of BDNF but not Arc.

Selective inhibition of NR2B/GluN2B activity further stimulates mTORC1
signaling through GABABR activation.
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NMDA receptors are tetramers often composed of two subunits: NR1 (or GluN1)
and two NR2 (or GluN2) subunits (29). Recent clinical trials for major depressive disorder
showed that NR2B/GluN2B antagonists have a greater antidepressant effect than general
NMDAR antagonists. Furthermore, NR2B/GluN2B antagonists lack the psychotomimetic
effects and abuse potential of some of the more general NMDAR blockers (e.g. ketamine)
(30-33). In a more recent study, the NR2B/GluN2B antagonist Ro-25-6891 acts as a rapid
antidepressant and involves mTORC1- dependent protein synthesis (8). We hypothesized
that specifically blocking NR2B/GluN2B-containing channels would induce the
GABABR-mediated increase in active mTOR. Unlike AP5, treating cultured neurons with
Ro-25-6891 for 90 minutes did not alter the number of pS6 hotspots relative to control.
However, activation of GABABRs in Ro-25-6891-treated neurons further enhanced the
number of pS6 hotspots (3.32±0.72; Figure 2.10A and B). Similar to AP5-treated neurons,
rapamycin prevented the baclofen-mediated increase in active mTOR (Figure 2.10C).
These results demonstrate that blocking NR2B/GluN2B-containing NMDARs is sufficient
to induce GABABR- mediated activation of mTOR. Unlike the general NMDAR antagonist
AP5, NR2B/GluN2B-specific inhibition maintains baseline mTOR activity, thus allowing
further activation of mTOR with GABABR stimulation.

GABABRs are required for mTORC1 dependent protein synthesis in vivo with
NR2B/GluN2B antagonist
Not surprisingly, application of NMDAR antagonists alone in vitro is not sufficient
to increase mTOR kinase activity, as it does in vivo (8), and requires GABABR activation.
One possible explanation for the discrepancy is that culture systems do not preserve
neuronal connections and perhaps do not recapitulate the in vivo ratio between glutamate
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and GABA as implied by increased miniature excitatory postsynaptic synaptic currents
(mEPSCs) in vitro (34-36). Is endogenous GABA in vivo therefore sufficient to trigger
mTOR-dependent protein synthesis through GABABR when NMDAR is blocked? To test
this, we injected mice with either saline or Ro-25-6891. Forty-five minutes post-injection
we prepared synaptoneurosomes from prefrontal cortex (PFC), since this region has been
used to demonstrate mTOR activity underlying rapid antidepressants (8).
Consistent with previous observations, mTOR kinase activity was significantly
elevated in the PFC of Ro-25-6891-injected mice compared to saline-injected controls
(Figure 2.11A) (8). The elevated mTOR activity was absent when the GABABR antagonist
CGP-35348 was co-injected with Ro-25-6891 (Figure 2.11A). Again, NMDAR blockade
with Ro-25-6891 had no effect on ERK activity at 45 minutes post-injection; however its
activity was reduced with co-injection of GABABR antagonists (Figure 2.12A).
To determine if blocking GABABR activation affects levels of known proteins
whose translation is mediated by mTOR activity, we assayed the levels of BDNF and
GluR1/GluA1 at 45 min and 24 hours post-injection, respectively (8, 26). Consistent with
mTOR kinase-dependent translation, CGP-35348 reduced the Ro-25-6981-mediated
increases in BDNF and GluR1/GluA1 to control levels (0.87±0.13, Figure 2.11B and
0.63±0.08, Figure 2.11C). As we observed in vitro, Arc protein levels did not increase with
Ro-25-6891 injection. Of note, its expression was reduced with GABABR antagonists,
similar to ERK activity (Figure 2.12B). These results suggest that block of NR2B/GluN2Bcontaining NMDARs in vivo increases mTOR kinase activity through GABABRs,
promoting translation of BDNF and GluR1.
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GABABR is necessary for the antidepressant effects of NR2B antagonist, Ro25-6891
The forced swim test (FST; also known as the behavioral despair test) is a widelyused assay for depression-like behaviors in rodents (37, 38). Although depression is a
complex disease with many phenotypes, the forced swim test, whereby rodents are forced
to swim without escape, elicit a response of helplessness or despair by becoming immobile
(39). This behavior is reminiscent of other animal behaviors associated with clinically
depressed patients (31, 40-42). Moreover, immobility induced by the FST has been shown
to have good predictive ability and sensitivity to antidepressant treatment as the majority
of antidepressants used medically can decrease the length of immobility (43). Hence, the
forced swim test can serve as a test for potential antidepressant drugs. To test if the
antidepressant action of Ro-25-6891 is mediated by activation of GABABRs endogenously,
we measured antidepressant behavior using the FST in mice injected with a GABABR
antagonist or GABABR antagonist + Ro-25-6891. Consistent with antidepressant behavior,
Ro-25-6891-injected mice displayed a significant reduction in immobility (8). In contrast,
mice injected with both Ro-25-6891 and CGP-35348 had immobility scores that were
relative to control mice. Importantly, injection of CGP-35348 alone had no significant
effect on immobility time (Figure 2.13A). These results suggest that the antidepressant
effect produced by NR2B/GluN2B antagonists requires GABABR activity.
Next, we examined whether further activation of GABABRs with baclofen
enhanced the antidepressant efficacy of Ro-25-6891. Forty-five minutes post-injection,
mice were scored for mobility. As previously observed, injection of Ro-25-6891 alone
produced a marked decrease in immobility time (Figure 2.13) (8). Mice injected with
baclofen alone were extremely lethargic and could not be tested in the forced swim test.
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Surprisingly, mice co-injected with baclofen and Ro-25-6891 had reduced immobility
times relative to Ro-25-6891 alone, thus blocking the lethargic affect produced by baclofen
alone (Figure 2.13B). Moreover, exposure to rapamycin abrogated the effect of the NR2B
antagonist co-injected with baclofen similar to previous observations (8). These results
suggest that baclofen does not provide additional benefit in mitigating depressive behavior;
however Ro-25- 6891 can reverse the negative effects of baclofen.

Conclusions
Although it is well established that mTOR-dependent protein synthesis requires
NMDAR activation during neuronal activity, little is known how mTOR is activated during
NMDAR inhibition (11, 12, 44). Using an in vitro model, we provide insight into the
molecular changes underlying the activation of mTOR kinase in the presence of NMDAR
antagonists. We show that blocking NMDARs (1) increases GABABRs on the surface of
the dendritic membrane and (2) shifts postsynaptic GABABR function from reducing to
increasing dendritic resting calcium levels, requiring L-type calcium channels in normal
and reduced states of synaptic activity (Figure2.14). While the signal transduction pathway
through which GABABR increases dendritic calcium signal is yet undetermined, we have
shown its requirement for the L-type calcium channel. Interestingly, this finding is opposite
to recent reports suggesting that in dendrites, not exposed to NMDAR antagonists,
GABABR activation inhibits calcium channels (13, 45, 46). However, it is consistent with
work by other groups indicating that GABABR can increase L-type channel conductance
during development through a Gq pathway that activates both PKA and PKC (47).
Collectively, our results indicate that neurons may utilize developmental pathways as a
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mode of inducing plasticity, consistent with what others have observed for the GABAAR
(48).
We show in vivo that GABABR activation is required to stimulate mTOR kinase
activity and to promote the synthesis of plasticity-related proteins when NMDARs are
blocked with rapid antidepressants. These results are surprising since GABABR signaling
in central neurons mediates inhibition. One feasible explanation for a GABABR-facilitated
increase in dendritic calcium is through the inhibition of presynaptic calcium channels in
GABAergic interneurons, thus preventing GABA release (49). However, our results
demonstrate that blocking presynaptic calcium channels, action potentials, and
postsynaptic activity still permits the GABABR-mediated increase in dendritic calcium
with NMDAR-blockade. In support of our findings, the recent report by Autry et al.
demonstrates that inhibiting GABAAR, a target of presynaptic GABA release, does not
block the rapid antidepressant effect of NMDAR antagonists (2011). Together, these
results argue for a role of postsynaptic GABABRs in mediating the rapid antidepressant
effects.
Recent work into the mechanism of rapid antidepressants suggests that mTOR is
necessary for the sustainment of rapid antidepressant effect of NMDAR antagonists. One
model posits that rapid antidepressants promote secretion of the brain-derived neurotropic
factor (BDNF), which binds to postsynaptic tropomyosin-related kinase receptor B (TrkB)
thus activating the mTOR kinase pathway (50). However, this model does not address how
antidepressants that block NMDAR activity modulate resting dendritic calcium levels. Our
findings have identified GABABR as an essential player in achieving relevant calcium
signals during NMDAR inhibition by shifting its function from reducing to increasing
calcium in the dendrites through L-type calcium channels (51). This novel pathway may
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be critical for (1) BDNF synthesis, secretion, and activation of mTOR kinase, (2) mTORdependent translation of BDNF, GluR1/GluA1 and perhaps other synaptic proteins (Henry
et al., 2012b), and (3) facilitation of antidepressant effects of NMDAR antagonists.
The role of GABAB receptors in depression is controversial. Both agonists and
antagonists exhibit antidepressant effects (52). NMDAR antagonists show promise as they
can be effective in patients resistant to traditional medications (53). Our results may help
explain why both GABABR agonists and antagonists can relieve depression symptoms.
Activation of GABABRs with NMDAR antagonists may decrease depressive symptoms
through the activation of the mTOR kinase, a pathway that others have previously reported
to be necessary to reverse depression (8). On the other hand, GABABR antagonists on its
own may act over a longer time scale to decrease depressive symptoms by acting in concert
with the serotonergic system (54).
As protein synthesis is crucial for the induction of lasting changes in synaptic
efficacy, GABABR signaling may play a role in activating mTOR kinase in response to
reduced NMDAR function as induced by rapid antidepressants or perhaps in other diseases
such as bipolar disorder (55).
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Figure 2.1: Antibody directed against the N-terminal
GABABR recognizes surface GABAB receptors. (A) Diagram indicating
the epitopes of surface (N-terminus) and intracellular (C-terminus) antibodies
against GABAB receptor. (B) Immunostaining of surface an intracellular
GABABRs with or without permeabilization in HEK cells transfected with
GABABR1a (top) or GABABR1a and R2 (second from bottom). Expression of
GABABR1a alone does not promote surface expression of GABABR, while
co-expression of GABABR1a R2 results in GABABR surpace expression.
Staining with surface and intracellular antibodies after permeabilization shows
that these antibodies recognize a similar population of receptors in HEK cells
transfected with GABAB1a (second from top) or GABABR1a and R2.
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dendritic membrane (A) Representative images of GABABR surface expression
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significantly increases surface expression of GABABR in dendrites (right) but not
cell body (left, n = 9 neurons and 15-25 dendrites). Significance calculated with
Student’s T-test at α=0.05 level.
Error bars represent SEM.
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Figure 2.3: GABABR activation induces delayed increase in
calcium signal in neurons when NMDARs are blocked. (A) Dendritic caliber of
neurons treated with AP5 or vehicle for 90 minutes is similar. (B) Calcium signal
in AP5-treated neurons after vehicle addition remains constant over continuous
imaging period. (C) GABABR activation induces increase in calcium signal in
cultured cortical neurons when NMDARs are blocked. (D) Still image depicting
ROIs used in (E) to assess change in calcium signal over time in response to
baclofen in AP5-treated neurons, as indicated by raw intensity values. (F) Timelapse images of selected ROI in NMDAR-blocked neurons. Baclofen addition at 1
minute. Scale bar = 25μm.
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Figure 2.4: GABABR activation increases dendritic calcium signal in AP5treated neurons (A) Representative images of calcium signal change pre- (top)
and post- baclofen (bottom) treatment. Neurons are pseudo-colored to indicate
signal intensity with 0 being the lowest and 255 being the highest intensity
(Scale=25μm). (B) Hippocampal neurons were preincubated in vehicle (control)
or AP5 for 90 minutes prior to imaging. Averaged fluorescence signals,
normalized by baseline, over 1 minute before and after the addition of vehicle or
baclofen in vehicle (Veh) or AP5-treated neurons either with or without GABABR
blocker included in bath solution. (C) Summary graph shows significant increase
in dendritic calcium signal (ΔF/F) by Tukey’s 1-way ANOVA in hippocampal
neurons treated with AP5. Inclusion of GABABR blocker CGP- 35348 prevents
baclofen-mediated increase in calcium signal. N = 8-12 neurons. * indicates
p<0.05, ** indicates p<0.01, *** indicates p<0.001, and n.s. indicates not
significant. Error bars represent SEM.
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Figure 2.5: GABA BR mediated increase in calcium signal not
blocked by P-type calcium channel blockers. (A) Hippocampal neurons were
preincubated in AP5 for 90 minutes prior to imaging. Averaged fluorescence
intensity profile shows that P- type channel blockers do not affect the baclofeninduced increase in dendritic calcium signal in AP5-treated neurons. ω-AgatoxinIVA = P-type blockade. (B-C) Nifedipine does not alter baclofen-induced
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and summary graph (C) show that nifedipine does not alter vehicle-treated
neurons’ response to baclofen. Significance assessed by Student’s T-test. N = 710 neurons.
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Figure 2.6: Ltype calcium channels are required for GABABR induced
increase in dendritic calcium signal. (A) Summary graph shows a significant
change in calciumsignal after application of calcium channel blockers nifedipine
(L-type; Nife; p<0.03, #) and ω-agatoxin-IVA (P-type; AgTx; p<0.03, #), but not
with ω-conotoxin GVIA (N-type; CTx) or vehicle (Veh). Single T-test with = 0
was used to assess effect of each calcium channel blocker. (B) Summary graph
of GABABR-mediated increase in calcium in the presence of voltage-gated
calcium channel blockers. Note, only blocking L-type channels with nifedipine
blocks the GABABR-mediated increase in resting dendritic calcium and restores
the baclofen mediated decrease in calcium, similar to control (untreated)
neurons. Significance assessed by Tukey’s 1-way-ANOVA. ** indicates p<0.01,
*** indicates p<0.001, and n.s. indicates not significant. Error bars represent
SEM. (C) Hippocampal neurons were preincubated in AP5 for 90 minutes prior to
imaging. Averaged fluorescence intensity profile shows that nifedipine prevents
baclofen-induced increase in dendritic calcium signal. Dashed lines indicate
incubation period where no imaging occurred. N = 8-16 neurons.
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Figure 2.7: Dendritic GABABR increase calcium signal and require L-type
calcium channels. (A) Averaged fluorescence signal of OGB-488AM-filled
dendrites while neurotransmitter input is blocked before and after baclofen.
Neurons were preincubated in vehicle (control) or AP5 for 90 minutes. (B)
Summary graph shows GABABR- mediated increase in calcium signal persists
when neurotransmitter input is blocked. N= 7-10 neurons (C) Representative
neuron transfected with GCaMP3 and the ROIs used for primary dendrite
analysis. (D) Averaged fluorescence signal profile, normalized by baseline, of
GCaMP3 while neurotransmitter input is blocked before and after baclofen.
Neurons were preincubated in vehicle (control) or AP5 for 90 minutes. Nifedipine
prevents dendritic GABABR-mediated increase in calcium signal. (E) Summary
graphs show change in in primary dendritic calcium signal (ΔF/F).Significance
calculated using Bonferroni 1-way ANOVA. * indicates p<0.05, *** indicates
p<0.001. Error bars represent SEM. Dashed lines indicate incubation period
where no imaging occurred. N = 5-7 neurons.
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Figure 2.8: Baclofen does not affect levels of active mTOR or
ERK. (A-B) Western blots of cortical synaptoneurosomes show that a 15-minute
treatmentwith baclofen does not affect levels of active mTOR (A), active ERK (B).
Significance assessed by Student’s T-test.
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Figure 2.9 continued on next page
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Figure 2.9: GABABR stimulation increases active mTORC1 pathway but not
ERK while NMDARs are blocked. (A) NMDAR blockade, GABABR activation,
nor rapamycin significantly changes levels of active ERK. (B) GABABR activation
rescues decrease in active mTORC1 as a result of NMDAR blockade. Rescue is
prevented when neurons are pretreated with mTORC1 inhibitor rapamycin. (C)
Representative images of neuronal pS6 signal or hotspot (Scale = 15μm). Arrows
indicate hotspots of pS6 activity. (D) Summary graph shows decreased total pS6
hotspots in AP5-treated neurons is rescued by baclofen treatment and prevented
by pretreatment with rapamycin (Bonferonni’s 2-way-ANOVA). N = 18-22
neurons. Hotspots are reported for the first 50µm of the dendrite from the soma.
(E) Neither GABABR activation nor NMDAR blockade significantly changes levels
of the ERK–dependent protein, Arc. (F) GABABR activation while NMDAR are
blocked increases BDNF expression by 50% compared to control and rescues
reduced BDNF expression due to NMDAR blockade. Increase in BDNF levels is
prevented in neurons pretreated with mTORC1 inhibitor rapamycin. N = 4
independent cultures. Significance was assessed by Tukey’s 1-way ANOVA. *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. Error bars represent
SEM.
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Figure 2.10: Effect of GABABR on mTORC1 activity is enhanced by
NR2B/GluN2B antagonism (A) Representative images of pS6 signal or hotspot
in neuronal dendrites (Scale = 15μm). Arrows indicate hotspots of pS6 activity.
(B) Summary graph showing that NR2B/GluN2B-specific antagonist, Ro-25-6891,
enhances the effect of baclofen, a GABABR agonist, on mTOR activation as
measured by pS6 signal (Bonferroni’s 2-way- ANOVA). n=18-22 neurons.
Hotspots are reported for the first 50 µm of the dendrite from the soma. (C)
Rapamycin reduces pmTOR signal of neurons treated with Ro-25- 6891 and
baclofen down to control level as assessed by Tukey’s 1-way ANOVA N = 35. * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. Error bars
represent SEM.
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Figure 2.11: GABABR is required for mTORC1
- dependent protein synthesis
underlying antidepressant effect of NR2B/GluN2B antagonist. (A-C) Injection
of a NR2B/GluN2B blocker (Ro-25-6891) increases active mTORC1 signaling as
(A) indicated by elevated pmTOR/total mTOR (B) enhanced BDNF synthesis at
45 min. post-injection, and (C) higher GluR1/GluA1 expression at 24 hours postinjection, compared to mice injected with saline or co-injected with a GABABR
blocker (CGP- 35348) and Ro-25-6891 which prevents the increase in active
mTOR, BDNF, and GluR1/GluA1. N = 3-7 animals per condition. Statistical
difference is assessed by Newman Keuls 1-way ANOVA. * indicates p<0.05, **
indicates p<0.01. Error bars represent SEM.
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Figure 2.12: Blockade of GABABR significantly decreases
ERK and Arc levels. (A-B) Western blots of prefrontal cortex
synaptoneurosomes show no changes in levels of active ERK1 levels or Arc
levels when injected with Ro-25-6891. Co-injection of GABABR antagonist with
Ro-25-6891 significantly decreases both levels of active ERK1 and Arc.
Significance assessed by Newman-Keuls 1-way ANOVA. * indicates p<0.05 and
n.s. indicates not significant. Error bars represent SEM.
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indicates p<0.001, and. Error bars represent SEM.
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Figure 2.14. Working model of GABA-BR activation of mTOR
dependent
translation. Under control conditions (left), basal NMDAR activity allows calcium
to enter the dendrite and activate the mTOR signaling cascade via Ca2+-dependent
activation of PI3K (Hoeffer and Klann, 2009) leading to basal levels of mRNA
translation. With rapid antidepressants (right), GABABR surface expression
increases and its function shifts to increase resting L-type calcium channel activity,
which in turn activates the mTOR signaling leading to activity-dependent mRNA
translation.
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Chapter 3: Rapid Antidepressants Stimulate the Decoupling of GABAB
Receptors from GIRK/Kir3 Channels through increased Protein
Stability of 14-3-3η
Emily R. Workman, Patrick C. G. Haddick, Keegan Bush, Geoffrey A. Dilly, Farr
Niere, Boris V. Zemelman, and Kimberly F. Raab-Graham
Abstract
A single injection of N-methyl-D-aspartate receptor (NMDAR) antagonists
produces a rapid antidepressant response. Lasting changes in synapse structure and
composition underlie the effectiveness of these drugs. We recently discovered that rapid
antidepressants cause a shift in the γ-aminobutyric acid receptor (GABABR) signaling
pathway, such that GABABR activation shifts from opening inwardly rectifiying potassium
channels (Kir/GIRK) to increasing resting dendritic calcium signal and mTOR activity.
However, little is known about the molecular and biochemical mechanisms that initiate this
shift. Herein, we show that GABABR signaling to Kir3 (GIRK) channels decreases with
NMDAR blockade. Blocking NMDAR signaling stabilizes the adaptor protein 14-3-3η,
which decouples GABABR signaling from Kir3 and is required for the rapid antidepressant
efficacy. Consistent with these results, we find that key proteins involved in GABABR
signaling bidirectionally change in a depression model and with rapid antidepressants. In
socially defeated rodents, a model for depression, GABABR and 14-3-3η levels decrease
in the hippocampus. The NMDAR antagonists AP5 and Ro-25-6981, acting as rapid
antidepressants, increase GABABR and 14-3-3η expression and decrease Kir3.2. Taken
together, these data suggest that the shift in GABABR function requires a loss of GABABRKir3 channel activity mediated by 14-3-3η. Our findings support a central role for 14-3-3η
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in the efficacy of rapid antidepressants and define a critical molecular mechanism for
activity-dependent alterations in GABABR signaling.

Introduction
Major depressive disorder (MDD) is the second largest contributing factor to
disability in developed countries.(1) In the United States, ~20% of the population will
experience a MDD episode in their lifetimes.(2) Serotonergic- and adrenergic-based
antidepressants, typically prescribed to treat MDD, require two to four weeks of use before
relief of symptoms occur.(3) This lag time, unfortunately, presents a vulnerability to
suicide.(4) Furthermore, these medications are not effective in ~20% of patients suffering
from MDD.(5-10) Thus, developing new antidepressants that act rapidly and provide relief
to individuals with treatment-resistant depression is vital. Clinical studies show that
ketamine acts rapidly (within days or hours) and is efficacious in treatment-resistant
depression.(11-13) However, ketamine has the potential for abuse, tempering enthusiasm
for its clinical use. Research both in animal models and clinical studies suggests that the
antidepressant efficacy of ketamine arises from its blockade of N-methyl-D-aspartate
receptors (NMDARs).(14-16) Given the clinical promise of NMDAR antagonists,
characterizing the molecular mechanisms that underlie the effectiveness of NMDAR
blockers is a timely and critical step toward the development of safer and more effective
antidepressants. γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in
the brain. Metabotropic GABAB receptors (GABABRs) are G-protein coupled receptors
that mediate slow synaptic inhibition by increasing outward potassium current through
inwardly rectifying potassium channels (GIRK/Kir3.X).(17) The role of GABABR
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signaling in MDD is beginning to emerge.(18) We recently demonstrated that GABABRs
are necessary for the rapid antidepressant efficacy of NMDAR antagonists.(19) Contrary
to GABABRs’ established function, NMDAR blockade promotes a shift in GABABR
signaling such that activation of the receptor increases resting dendritic calcium in a
manner that requires L-type Ca2+ channels. The rise in dendritic calcium activates hotspots
of mammalian Target of Rapamycin (mTOR) kinase activity in the dendrites. mTOR
activity promotes the syntheses of plasticity-related proteins, a necessary step for the
initiation and sustainment of rapid antidepressant efficacy of NMDAR antagonists (herein
referred to as the GABABR shift in function).(20) The present study examines the
molecular events upstream of the shift in GABABR function by asking: 1) are dynamic
changes in dendritic protein expression required for the shift in GABABR signaling, and
(2) how is the inhibitory component of GABABR signaling changed with NMDAR
antagonists?
Herein, we describe a mechanism, by which NMDAR antagonists cause GABABRs
to decouple from their primary inhibitory target, Kir3 channels. Intraperitoneal (i.p.)
injection of an NMDAR antagonist, D-(-)-2-amino-5-phosphonopentanoic acid (AP5) or
Ro-25-6981, induces rapid changes in protein expression in vivo to favor the shift in
GABABR signaling such that protein levels of Kir3.2 (GIRK) decrease and GABABR2
increase in the hippocampus through mRNA translation. 14-3-3η is an adaptor protein that
regulates GABABR coupling to Kir3.X channels (21, 22) and is implicated in diseases, in
which NMDAR signaling is dysregulated. (23) We show that 14-3-3η expression increases
with acute NMDAR antagonism and decreases in socially-defeated rodents, a model of
depression. NMDAR blockade unexpectedly slows both protein synthesis and degradation
of 14-3-3η, elevating total levels of 14-3-3η. Blocking the functional interaction between
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14-3-3η with a dominant negative form of 14-3-3η (DN-14-3-3 η) restores GABABRmediated inhibition in the presence of NMDAR blockade. Moreover, stereotaxic injection
of a virus coding for DN-14-3-3η prevents the rapid antidepressant efficacy of AP5 and
Ro-25-6981. Our findings altogether suggest that removing GABABR-Kir3 activity may
be the initial step required for the shift in GABABR function that is necessary for the
efficacy of rapid antidepressants.

Results
Rapid antidepressants are NMDAR antagonists that increase synaptic efficacy by
affecting key regulators of protein synthesis.(19, 20, 24, 25) Rapid antidepressant efficacy
requires GABABR activation of mTOR-dependent protein synthesis in dendrites.(19) It is
unclear if the events prior to the shift in GABABR require new protein synthesis. Therefore,
we independently tested two NMDAR antagonists, AP5 and Ro-25-6981. First, we
determined if these NMDAR antagonists produced a behavioral phenotype consistent with
antidepressant efficacy. AP-7, an NMDAR antagonist similar in structure, selectivity, and
potency to AP5 has demonstrated rapid antidepressant properties.(26) Ro-25-6981, which
blocks GluN2B-containing NMDARs, produces rapid antidepressant effects in animal
models and is being tested clinically for MDD.(15) Few studies suggest that AP5 may not
cross the blood brain barrier (27); however, many report its effectiveness in the CNS
following peripheral administration.(28-35) To compare the two NMDAR antagonists, we
i.p. injected mice with either AP5 or Ro-25-6981 and subsequently measured their behavior
during the forced swim test (FST). FST is a well-established measure of antidepressant
efficacy, requiring rodents to swim without escape and eliciting an immobile response.(36,
37) Treatment with antidepressants reduces the length of immobility induced by FST (i.e.
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the animals swim longer).(36) Similar to Ro-25-6981, AP5 reduced immobility time by
~40 second at 45 minutes and ~50 seconds at 24 hours post-i.p. injection (Figure 3.1A-B,
S1A; 45 min: Control, 140±6s; AP5, 97±4s, p<0.005; Figure 3.1B; Control, 146±13s; Ro25-6981, 76±18s, p<0.02). These results demonstrate that a single i.p. injection of AP5
produces antidepressant behavioral effects, similar to other NMDAR antagonists.(19, 20,
26)

NMDAR antagonists reduces Kir3.2 and correspondingly increases
GABABR2 levels
We next asked if GABABR coupling to Kir3 channels changes with
NMDAR antagonism. We have previously determined that NMDAR antagonists increase
the surface expression of GABABR1; however, it is unclear whether this elevated surface
expression requires an increase in total protein. GABABR is an obligate heteromultimer,
requiring the assembly of GABABR1 and R2 to make a functional receptor.(38) Activation
of the GABABR releases the βγ subunits of its associated trimeric G protein, consequently
opening Kir3 channels.(39) The extent of GABABR-Kir3 coupling could vary with the
expression levels of Kir3.2, GABABR1, and R2. Thus, we examined the protein levels of
Kir3.2, GABABR1, and R2 at 45 minutes post-injection in the hippocampal
synaptoneurosomes (pre- and postsynaptic nerve endings) of Control (Vehicle, saline) and
AP5 (2.5 mg/kg) or Ro-25-6981 (10 mg/kg) mice. Western blot analysis revealed that AP5
reduced total Kir3.2 expression by ~65% compared to vehicle (Figure 3.1C; Kir3.2:
0.35±0.04, p<0.02, relative to Control), complementing the report that NMDAR activity
stabilizes Kir3.2 surface expression.(40) Though GABABR1 expression did not increase at
45 minutes (Figure 3.1D), AP5 increased GABABR2 levels by 20% (Figure 3.1E; R2:
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1.25±0.04, p<0.01, relative to Control). These findings were consistent with Ro-25-6981
injection (Figure 3.1F-H; Kir3.2 0.69±0.05, p<0.01; R1: 1.13±0.19; R2: 1.47±.0.1, p<0.01;
relative to Control). GABABR1 and R2 levels were elevated two hours post-injection of
Ro-25-6981 (Figure 3.1B-C; R1: 1.6±0.20, p<0.03; R2: 1.43±0.05, p<0.04 relative to
Control). Taken together, NMDAR antagonists alter protein expression that may favor the
shift in GABABR function.

NMDAR antagonism increases GABABR2 expression through new protein
synthesis
An increase in GABABR1 and R2 expression with NMDAR blockade may occur
through new protein synthesis. We measured new translation of GABABR1 or R2 during
NMDAR blockade using bioorthogonal noncanonical amino acid tagging (BONCAT) in
cultured hippocampal neurons.(41-43)

BONCAT incorporates an azidohomoalanine

(AHA)-tagged non-canonical amino acid by utilizing an alkyne-azide reaction to label
newly synthesized proteins with biotin. To detect new GABABR1 or R2 protein
specifically, we subsequently performed a proximity ligation assay (PLA-Duolink) on
BONCAT-treated neurons. PLA emits a fluorescent signal only when two antibodies (antibiotin and anti-GABABR1 or R2) are within 30-40 nm of each other. The combination of
these methods stringently identifies newly translated GABABR1 or R2. NMDAR blockade
by AP5 significantly increased newly synthesized dendritic GABABR2 protein by ~6070% but not R1 (Figure 3.1 I-L; (0-100μm: R1: 0.97±0.27; R2: 1.70±0.28, p<0.01); (100150μm: R1: 1.04±0.34; R2: 1.63±0.32, p<0.01); relative to Control). These results
demonstrate that NMDAR inhibition can induce rapid protein synthesis and that the
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elevated GABABR2 levels observed during NMDAR blockade may be through new
mRNA translation.

GABABR levels are reduced in a rat model of depression
Depression models seek to mimic the physical or emotional stresses that
may alter normal molecular signaling and lead to depression or other mood disorders.(44,
45) Therefore, we hypothesized that social defeat, a depression model, downregulates
GABABR and upregulates Kir3 channel expression, consistent with a bidirectional
regulation of the pathway.(3, 46) In the social defeat model of depression, experimental
rats are placed in the home cage of a novel, aggressive rat for 30 minutes/day including
five minutes of direct contact for five days.(47-49) To assess the effect of social defeat on
the GABABR pathway, we isolated hippocampi from socially defeated and control rats 36
hours after their last encounter with the aggressor.(48) Western blot analysis showed that
rats exposed to social defeat have significantly lower levels of GABABR1 and R2 relative
to controls, while Kir3.2 levels remained unchanged in hippocampal synaptoneurosomes
(Figure 3.1M–O, S1D-F; Kir3.2: 0.99±0.10; R1: 0.79±0.04, p<0.009; R2: 0.75±0.04,
p<0.004; relative to Control). These data suggest that rapidly altering GABABR2 and
Kir3.2 expression may favor the rapid shift in GABABR function, since these changes
coincide with the earliest time point assayed for rapid antidepressant efficacy. In contrast,
an increase in GABABR1 may be required for long-lasting effects with NMDAR
antagonists.

Blocking NMDARs reduces GABABR-Kir3.2 co-localization
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Since NMDAR antagonism reduces total Kir3.2 expression but increases
GABABR2 expression, we asked if co-localization between GABABR and Kir3.2
decreases. In contrast to the increase in new GABABR2 protein and consistent with what
we observe in vivo (Figure 3.1), Kir3.2 expression levels measured by puncta number and
intensity decrease with acute AP5 treatment (Figure 3.3A-B). We previously demonstrated
that the surface expression of GABABR1 increases with NMDAR blockade (19). Thus, a
reduction in co-localization between GABABRs and Kir3 channels may occur because of
(1) an increase in the number of surface GABABRs or (2) a decoupling of GABABR and
Kir3 channels (Figure 3.4A). To examine if NMDAR blockade affects GABABR coupling
to Kir3 channels in dendrites, we used a live-labeling protocol that allows us to specifically
mark the population of GABAB surface receptors present on the membrane prior to AP5
exposure (Figure 3.4A, old receptors coupled to Kir3 channels are pink).(50) After
antibody feeding to live cells, we applied AP5 for 90 minutes, and fixed the cells for
immunocytochemistry to detect Kir3.2 co-localization with the labeled, surface GABABRs
(pink receptors, Figure 3.4A). In AP5-treated neurons, GABABR co-localization with
Kir3.2 decreased by ~34% relative to vehicle-treated neurons (Figure 3.4B-C; 0.66±0.05;
relative to Control). These results demonstrate that NMDAR antagonism reduces
GABABR coupling to Kir3 channels.

Blocking NMDARs decreases GABABR-induced hyperpolarization mediated
by Kir3/GIRK in the dendrites
Since AP5 reduced GABABR-Kir3.2 co-localization, we suspected that
GABABR-mediated hyperpolarization decreases in the dendrites. Unlike in vivo, NMDAR
antagonists in culture require exogenous GABABR activation to increase resting dendritic
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calcium and mTOR kinase activity.(19, 20) This difference allows us to separate activation
from downstream signaling, an event that is indistinguishable in vivo due to endogenous
GABA.(19) Using Mermaid, a voltage-sensitive genetic FRET sensor, we measured the
relative changes in membrane potential within the primary dendrite, where the shift in
GABABR function is localized.(19, 51) Although fluorescent sensors are slow,(52) the shift
in GABABR function with NMDAR blockade occurs three to five minutes after AP5
application, increases resting dendritic calcium signal that lasts at least five minutes, and
requires L-type calcium channels.(19) Accordingly, Mermaid is an appropriate tool to
visualize site-specific changes in dendritic membrane potential.(52) An increase in FRET
signal indicates depolarization (Figure 3.5C-D, Supplemental Methods), while a decrease
indicates hyperpolarization relative to the starting membrane potential.(51)
Using cultured hippocampal neurons expressing Mermaid, we determined the effect of
GABABR activation in the presence or absence of AP5 (Figure 3.4D-G). As expected,
application of GABABR agonist, baclofen, significantly hyperpolarized the control
dendrites as indicated by a decrease in FRET ratio (Figure 3.4D-E;
ΔR/R = 0.09±0.03, p ≤ 0.02; one-way T-test). However, when NMDARs are
blocked, baclofen negligibly changed the membrane potential of the primary dendrite
(Figure 3.4D-E; ΔR/R = 0.003±0.01) without altering the somatic response (Figure 3.3EF). These results suggest that inhibiting NMDAR activity abrogates GABABR-induced
hyperpolarization in the dendrites.
To assess the contribution of Kir3 activity to GABABR-induced hyperpolarization during
NMDAR blockade, we treated Mermaid-transfected cells with baclofen in the presence or
absence of AP5. After baclofen treatment, we measured the FRET signal after blocking
Kir3 channels with tertiapin Q (tert-Q, 50 nM; ∆R/R = RBACTQ – RBAC/RBAC). As expected,
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baclofen hyperpolarized the dendritic membrane (Figure 3.4F, middle panel unfilled
circles; Figure 3.4G, white bar). Addition of tert-Q to vehicle-treated neurons increased the
FRET signal, indicating a significant depolarization (Figure 3.4F, right panel; Figure 3.4G,
hatched bar ∆R/R = 3±1%). In contrast, AP5-treated neurons showed no observable change
in FRET signal with the Kir3 blocker (Figure 3.4F, filled circles right panel; Figure 3.4G,
hatched bar). These data suggest that blocking NMDARs reduces GABABR-coupled Kir3
activity.

NMDAR antagonism increases the stability of 14-3-3η, an adaptor protein that
decouples GABABR and Kir3.2
Several reports link 14-3-3η to the regulation of GABABR signaling.(21, 22) Thus,
14-3-3η could potentially regulate GABABR response to NMDAR blockade. First, we
determined if NMDAR antagonism altered 14-3-3η expression. Western blot analysis of
hippocampal synatoneurosomes indicated that NMDAR blockade (AP5 or Ro-25-6981)
increased 14-3-3η expression relative to control (Figure 3.6A-B; (AP5: 1.26±0.09,
p<0.03); (Ro-25-6981: 1.46±0.13, p<0.02)). As seen with GABABR, social defeat
significantly decreased 14-3-3η (Figure 3.6C; 0.68±0.04, p<0.001; relative to Control).
To determine if the increase in 14-3-3η expression was due to new protein
synthesis, as observed with GABABR2 (Figure 3.1), we used BONCAT-PLA to detect new
14-3-3η protein. Unexpectedly, NMDAR antagonism reduced the detectable levels of new,
biotinylated 14-3-3η protein by ~56% (Figure 3.6D-E; 0-100μm: 0.44±0.04; 100-150μm:
0.38±0.04, p<0.005; relative to Control). These results were puzzling since the overall 143-3η expression levels increased with NMDAR antagonists (Figure 3.6A-B).
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We hypothesized that NMDAR blockade increases the stability of the 14-3-3η
rather than its mRNA translation. To test this prediction, we expressed the photoconvertible
fluorescent protein Kaede fused to 14-3-3η in cultured hippocampal neurons. UV light
converts the fluorescence Kaede from green to red irreversibly.(53) After a brief UV
exposure, detection of the green signal indicates “new” protein synthesis which can be
differentiated from the “old” red protein. Thus, Kaede can distinguish changes in protein
synthesis from changes in protein stability (i.e. increase in detectable green protein
indicates new translation versus no change in red protein indicates protein stability).(5457) Changes in “new” green and “old” red protein are measured by ∆F/F (∆F/F = F0-F/F0,
where F0 is the signal intensity at time point 0 after the initial photoconversion, and F is
the signal intensity 60 minutes later). Similar to the BONCAT-PLA assay (3.6D-E), the
increase in new green 14-3-3η was smaller in neurons where NMDARs were blocked
(Figure 3.6F-H; green bars; (0-100μm: Control = 16±3%; AP5 = 10±3%); Figure 3.5B).
Albeit, the decrease in “new” green protein was not as dramatic, as detected by BONCATPLA, in dendritic regions close to the cell body. However, at distances greater than 100μm
from the soma, there was significantly less “new” green protein, indicating that AP5 may
significantly slow new translation of 14-3-3η in more distal dendrites (Figure 3.6F-H;
green bars; 100-150μm:,Control = 21±4%; AP5 = 6±2%; p<0.003). In contrast, NMDAR
blockade completely prevented the decrease in “old” red protein both proximally and at
distances greater than 100μm from the cell body, 60 minutes post-conversion (Figure 3.6FH; red bars; (0-100μm: Control = -17±4%; AP5 4±7%; p<0.009); (100-150μm: Control =
-18±2%; AP5 = 3±8%; p<0.03)). These results suggest that during basal NMDAR activity,
14-3-3η is rapidly synthesized and degraded. NMDAR blockade slows down both 14-3-3η
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synthesis and protein degradation. Thus, the enhanced protein stability outweighs the
reduced protein synthesis, resulting in a net increase in 14-3-3η expression levels.

14-3-3η reduces the dendritic GABABR and Kir3.2 co-localization and the
surface GABABR expression in NMDAR blocked neurons
To determine if the increase in 14-3-3η protein with NMDAR blockade is critical
to the decoupling of GABABR and Kir3 channels, we constructed a dominant negative
form of 14-3-3η (DN-14-3-3η),(58) in which two arginines (R56 and R60) are mutated to
alanines at the interface between the two subunits. These mutations significantly reduce
dimerization of 14-3-3 proteins, and hence interaction with its substrates.(58) We
expressed DN-14-3-3η in cultured hippocampal neurons using a recombinant adenoassociated virus targeting vector (rAAV). A second rAAV was used to mark the infected
neurons with tdTomato red fluorescent protein. To ensure that all red neurons also
expressed DN-14-3-3η, the DN-14-3-3η:tdTomato ratio was set at 4:1. We then performed
the live antibody feeding assay described above to assess the co-localization of GABABR
and Kir3.2 after the addition of AP5. As previously observed (Figure 3.4B, C), NMDAR
blockade reduced the co-localization of GABABR with Kir3.2 in neurons expressing
tdTomato alone (Figure 3.7A, B). In DN-14-3-3η expressing cells, AP5 did not reduce
GABABR-Kir3.2 co-localization (Figure 3.7A, B; DN+AP5, 0.74±0.06; AP5: 1.08±0.08;
both relative to Control). These data suggest that 14-3-3η may decouple GABABRs from
Kir3 channels upon NMDAR antagonism.
How does 14-3-3η promote the reduced GABABR-Kir3 co-localization
with NMDAR blockade? 14-3-3η prevents the interaction between the C-terminal domains
of GABABR1 and R2,(21) thereby disrupting the heterodimer.(22) Thus, a reduction in
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GABABR-Kir3 co-localization in AP5 might occur due to reduced stability of surface
GABABRs present on the membrane prior to NMDAR inhibition. Because it is unknown
whether heterodimerization is required for GABABR stabilization on the membrane, we
next asked if preventing 14-3-3η interaction with GABABRs affects dendritic surface
expression. After co-expressing DN-14-3-3η and dsRed in hippocampal neurons, we
measured surface GABABR1 in non-permeabilized neurons. As previously observed, AP5
increased surface GABABRs.(19) Expression of the DN-14-3-3η enhanced the AP5induced increase in surface GABABR1 by ~55% above AP5-treated, control neurons
(Figure 3.7C, D; DN+AP5: 1.96±0.26; AP5: 1.40±0.16; both relative to Control; reported
as percentage of Surface/Total). These results argue that 14-3-3η reduces the membrane
stability of GABABRs, which may govern the reduction in GABABR co-localization with
Kir3 channels with NMDAR blockade.

Blocking the functional interaction of 14-3-3η with GABABRs restores
GABABR-mediated inhibition in neurons with reduced NMDAR activity
GABABR-Kir3 activity decreases in the presence of NMDAR antagonists (Figure
3.4). Moreover, 14-3-3η reduces surface GABABRs and GABABR-Kir3 co-localization
(Figure 3.7A-D). Thus, we hypothesized that blocking 14-3-3η with its dominant negative
would restore the baclofen-induced hyperpolarization during NMDAR blockade. As
previously observed using the voltage-sensor Mermaid (Figure 3.4), AP5 significantly
reduced the hyperpolarization induced by baclofen compared to vehicle-treated cells.
Expression of DN-14-3-3η completely restored GABABR-mediated inhibition in AP5treated neurons (Figure 3.8A-B; control: -3±0.5%; AP5: 0±0.1%; DN+AP5: -3±0.8%).
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These data indicate that during NMDAR blockade, 14-3-3η is necessary to decouple
GABABR from Kir3.

In vivo expression of DN-14-3-3η in hippocampal CA1 pyramidal neurons
prevents the rapid antidepressant efficacy of NMDAR antagonists
We have shown in neuronal cultures, that during NMDAR inhibition GABABR
function shifts from opening Kir3.X channels to facilitating an increased in dendritic
calcium. We have also demonstrated that the GABABR shift in function requires 14-3-3η.
In vivo, we have determined that blocking GABABRs prevents the positive effects mediated
by rapid antidepressants(19). Hence, we sought to examine the requirement of 14-3-3η in
mediating the antidepressant effects of NMDAR antagonists. We assessed the rapid
antidepressant efficacy of AP5 and Ro-25-6981 in animals expressing DN14-3-3ηFlag+tdTomato or empty vector+GFP. Expression of construct was confirmed by Western
blot analysis of isolated hippocampi (Figure 3.9A). Stereotaxically-injected controls
performed similarly to non-injected animals on the forced swim test (FST) for saline(black), AP5- (2.5mg/kg; red), and Ro-25-6981- (10mg/kg, pink) treated mice (Figure
3.1A, B, 5C). AP5 reduced immobility time by ~40 seconds at 45 minutes post-injection
and ~45 seconds at 24 hours post-injection. Similar to AP5, Ro-25-6981-injected mice
reduced immobility by ~60 seconds at 45 minutes post-injection. However, mice
expressing DN-14-3-3η (blue) were unresponsive to AP5 or Ro-25-6981 injection and had
similar immobility times to saline-injected mice (Figure 3.8C; Control = 137±4s, DN+AP5
= 134±11s; Control = 136±15s, DN+Ro-25-6981, 134±11s; Figure 3.9A,).
To further validate the role of 14-3-3η in rapid antidepressant efficacy, we
subjected stereotaxically-injected mice to two additional behavioral readouts, the tail
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suspension test (TST) and the splash test for grooming behavior. TST is commonly used
to screen antidepressants,(59) and grooming frequency in the splash test assess self-care
and motivational behavior.(60) Consistent with the FST, Ro-25-6981 significantly
increased the time spent struggling of vector-injected, control mice but not of DN-14-33η-Flag-injected animals (Figure 3.8D; Control = 125±7s, Ro-25-6981 = 176±10s,
DN+Ro-25-6981 = 118±11s). Following the TST, animals were assessed for grooming
behavior using the splash test (30-40 min after TST). We predicted that Ro-25-6981treated, vector-injected mice will display increased rate of grooming over vehicle-treated
(10% DMSO), vector-injected mice. Furthermore, expression of DN-14-3-3η will prevent
Ro-25-6981-induced increase in grooming. A 10% sucrose solution was squirted on the
dorsal coat of the mouse and grooming frequency was measured.(61) Indeed, Ro-25-6981treated, control mice displayed augmented grooming behavior relative to vehicle-treated,
control mice (Figure 3.8E; Control = 4±0.4, Ro-25-6981 = 9±1). Importantly, Ro-25-6981
in mice expressing the DN-14-3-3η did not increase the grooming frequency compared to
control (Figure 3.8E; DN+Ro-25-6981 = 5±1). These data altogether suggest that 14-3-3η
is necessary for the rapid antidepressant effect of NMDAR antagonists in vivo.

Discussion
Model for molecular changes mediating rapid antidepressant efficacy
We describe a mechanism that addresses how rapid antidepressants affect
GABABR-mediated inhibition. We provide evidence that 14-3-3η facilitates the
decoupling of GABABR from Kir3 channels. By decoupling GABABR and Kir3, GABABR
function shifts from opening potassium channels to increasing resting dendritic calcium, a
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mechanism required to activate mTOR-dependent protein synthesis and mediate the rapid
antidepressant effects of NMDAR antagonists (Figure 3.10).(19)
Intriguingly, our results reveal an overall remodeling of dendritic proteins with
rapid antidepressants. In a rat model of depression GABABR1, R2 and 14-3-3η levels are
decreased. In contrast, treatments with rapid antidepressants reduce Kir3.2 levels, while
14-3-3η and GABABR2 concurrently increase. Since R1 total protein does not initially
change (Figure 3.1) and requires R2 to traffic to the membrane,(38) the increase in R2 may
be necessary for new receptors to assemble and target the membrane. An increase in new
surface GABABRs that facilitate L-type Ca+2 channel activity,(19) in combination with
removal of GABABR-Kir 3 channels via 14-3-3η, favors the rapid shift in GABABR
function to mediate calcium entry (Figure 3.10). Furthermore, the drop in Kir3.2 expression
in the presence of NMDAR antagonists, likely ensures that GABABR activation supports
an immediate increase in resting dendritic calcium, since hippocampal Kir3.2 levels do not
change between socially defeated and control rats.
14-3-3η is linked to diseases whereby NMDA-dependent changes in protein
expression are dysregulated, such as schizophrenia, bipolar disorder, and now rodent
models of depression.(62-64) Our results indicate that NMDAR signaling increases the rate
of 14-3-3η mRNA translation and protein degradation, arguing that precise synthesis and
degradation of 14-3-3η are imperative for normal neuronal function. Consistent with this
idea, a 7-base pair repeat and a single nucleotide polymorphism within the 5’ and 3’
untranslated regions (UTRs) of 14-3-3η are associated with schizophrenia and bipolar
disorder, respectively.(64, 65) Since, most translational regulation through RNA-binding
proteins and microRNAs occur at sites within the UTRs, it will be medically informative
to determine if these polymorphisms result in aberrant 14-3-3η protein levels and GABABR
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signaling. Interestingly, 14-3-3η is detectable in cerebrospinal fluid of patients with
Alzheimer’s disease and is being considered as an early biomarker.(66, 67) Our results
provide a mechanistic insight into how 14-3-3η reduces inhibition which is beneficial for
the treatment of depression, but if left unchecked may lead to excitotoxicity and
neurodegeneration. Future work on how NMDA-signaling balances the mRNA translation
and protein degradation of 14-3-3η will expand our understanding on the nature of mental
health disorders.
In summary, we have identified 14-3-3η as a critical player in the removal of
GABABR-Kir3 signaling that is required for the efficacy of rapid antidepressants. Notably,
molecular changes induced by NMDAR antagonists in animals subjected to depression
paradigms parallel those observed in naïve animals.(20, 68-71) Consistent with these
reports, we have shown that the protein levels of GABABR1, R2 and 14-3-3η drop in a rat
model of depression. However, a single i.p. injection of a NMDAR antagonist results in
elevated expression of these proteins. NMDAR antagonists exert their effects by altering
the rate of protein synthesis and degradation of GABABR2 and 14-3-3η, respectively. The
exact signaling pathways that facilitate protein synthesis and degradation of these proteins
are yet to be defined. Be that as it may, through careful dissection of the molecular changes
that mediate the shift in GABABR signaling with rapid antidepressants, we have identified
14-3-3η as a promising target for treatment of major depressive disorder.
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Figure 3.1 continued on next page
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Figure 3.1: Bidirectional regulation of the GABABR pathway by NMDAR
antagonists, AP5 and Ro-25-6981. Compared to control, (A) AP5 (2.5mg/kg,
i.p.) or (B) Ro-25-6981 (10mg/kg, i.p.) reduced immobility time by ~40s at 45
minutes post-injection. n=3-4 animals. Representative Western blots and
quantification of (C, F) Kir3.2, (D, G) GABABR1, and (E, H) GABABR2 show that
NMDAR antagonists decrease Kir3 expression while increasing GABABR2
expression in hippocampal synaptoneurosomes of rats i.p. injected with (C-E)
AP5 or (F-H) Ro-25-6981 compated to vehicle. Tissue harvested 45 minutes
post-injection. N=4 animals. (I-L) AP5 does not change (I, J) GABABR1 levels,
but increases translation of (K, L) R2 using BONCAT and PLA. N=10 neurons.
Scale bar=25μm. (M-O) Social defeat does not change (M) Kir3.2 levels but
significantly decreases expression of (N) GABABR1 and (O) R2 in hippocampal
synaptoneurosomes harvested at 36 hours after last defeat session. N=8
animals. Significance assessed by Student’s T-test.
118

A.

24 hours

Two hours post-injection

C.

B.

GABABR1

GABABR2

α-Tubulin

α-Tubulin

Vehicle
Ro-25-6891

Total Hippocampal Cell Lysate

D.

E.

F.

Kir3.2

GABABR1

GABABR2

α-Tubulin

α-Tubulin

α-Tubulin

Figure 3.2: GABABR2 protein levels change bidirectionally with depression
and rapid antidepressants, Ro-25-6891 and AP5. (A) Compared to control,
AP5 (2.5mg/kg; i.p._ reduced immobility time by ~40s N=3-4 (B-C) 24 hours post
injection with Ro-25-6981, both R1 and R2 levels are increased. N=4 animals.
(D-F) Social defeat decreases expression of GABABR2 with no change to
GABABR1 or Kir3 in lysate harvested from the hippocampus of rat 34 hours after
the last defeat session. N=4 animals. Significance assessed by Student’s T-test.
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Quantification of decrease in number of hotspots and average intensity of Kir3.2
with NMDAR blockade. N=8-12 neurons. Voltage sensor produces significant
depolarization in response to addition of 25 mM KCl, while NMDAR blockade
produces no detectable difference in the call body’s’ response to GABABR
activation. (C-D) Average traces and summary graph showing significant change
in FRET ratio in response to depolarization with 25 mM KCl. (E-F) Average
traces and summary graph showing no significant difference in response to
GABABR activation in cell body. N=10-12 neurons. Significance assessed by
Student’s T-test (*). Significance from zero assessed by single T-test (#)
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Figure 3.4: Blockade of NMDARs reduces co
- localization between GABABR
and Kir3.2 and GABABR activation of Kir3. (A) Model showing how AP5 may
affect GABABR co-localization with Kir3.2. (Left) In control condition, GABABR
activation increases Kir3 activity. (Right, top panel) (1): Possible mechanism if
co-localization does not change with NMDAR blockade. (Right, bottom panel) (2):
Possible mechanism if NMDAR blockade reduces the co-localization of
GABABRs and Kir3 channels. (B) Representative images and (C) quantification
demonstrating that AP5 significantly decreases the percentage of GABABR
colocalized with Kir3.2 relative to vehicle-treated neurons. White dots indicate colocalized points. Scale=10μm. N=10-12 neurons. (D) Averaged traces (E) and
histogram show baclofen negligibly affects membrane potential in AP5-treated
neurons. (F) Averaged summary trace shows NMDAR-blocked neurons exhibit
no detectable Kir3/GIRK response to its specific channel blocker tertiapin-Q (tertQ), unlike control neurons that exhibit a small but significant depolarization. (G)
Summary graph shows relative response to baclofen and baclofen+tert-Q in
control- and AP5-treated neurons. N=3 independent cultures. Pearson’s
correlation coefficient used to assess percent colocalization in (C). # indicates
significance from zero. * indicates significance between treatments using Tukey’s
1-way ANOVA in (E), Student’s T-test in (C) and Bonferroni’s 2-way ANOVA in
(G).
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Figure 3.5: 14-3-3η new translation decreases with AP5 and in socially
defeated rats (A) Social defeat decreases expression of 14-3-3η in lysate
harvest from the hippocampus of rat 36 hours after the last defeat session. N=4
(B) AP5 slows the rate of new translation of 14-3-3η. Representative images of
14-3-3η-Kaede transfected neurons treated with vehicle control or AP5 0 and 60
minutes after UV conversion (from green to red) and treatment with drug (vehicle
H20 or AP5) n=10 neurons. Significance assessed by Student’s T-test.
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Figure 3.6: NMDAR antagonism slows both degradation and new protein
synthesis of 14-3-3η (A-C) Representative Western blot of hippocampal
synaptoneurosomes show 14-3-3η protein significantly increases 45 minutes
post-injection of (A) AP5 or (B) Ro-25-6891 and (C) significantly decreases with
social defeat. N=4animals in (A, B). N=8 animals in (C). (D-E) AP5 decreases
new translation of 14-3-3η in dendrites. N=10 neurons. Scale bar=25μm. (F-H)
AP5 slows the rate of degradation of 14-3-3η. (F) Representative images of 14-33η-Kaede expressing neurons before and after UV-conversion (from green to
red) following 60 minutes incubation with AP5 or vehicle (H2O, control). (G-H)
Summary graphs show that AP5 significantly increases old (red) protein present
in the dendrite, and significantly decreases new (green) protein in distal dendrites
after one hour (see also Figure S3). N=10 neurons. Significance assessed by
Student’s T-test.
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Figure 3.7: 14
- -33η is required for the reduction in GABAB R co localization
with Kir3.2 and regulates surface GABABR with NMDAR blockade. (A-B) Colocalization of GABABR with Kir3.2 is restored in NMDAR-blocked neurons
expressing DN-14-3-3η. (A) Representative images of Kir3.2, surface GABABR1,
and co-localized points for control, AP5 treated neurons expressing tdTomato
and empty vector or DN-14-3-3η, Scale=25μm. (B) Summary graph of
normalized Pearson’s correlation coefficient (PCC).(Bolte and Cordelieres, 2006)
N=6-8 neurons. (C-D) Blocking 14-3-3η interaction significantly enhances surface
GABABR with AP5. (C) Representative neurons expressing dsRed and empty
vector (pc) or DN-14-3-3η and immunostained for GABABR surface and total. (D)
Summary graph of surface/total GABABR1 expression. Scale=25μm. N=8-10
neurons. Significance (*) determined by Newman-Keuls one-way ANOVA.
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Figure 3.8: Blocking 14-3-3η function restores GABABR-mediated
hyperpolarization in AP5-treated neurons and prevents rapid
antidepressant effect of NMDAR antagonists in vivo. (A-B) Averaged traces
of FRET ratio and summary graph show that the DN 14-3-3η restores baclofeninduced hyperpolarization. N=3 independent cultures. (C) Injection of DN-14-3-3η
into CA1 of hippocampus prevented AP5- (2.5mg/kg; i.p.) or Ro-25-6891- (Ro,
10mg/kg; i.p.) induced decrease in immobility in the FST 45 minutes post
injection. (D-E) 24 hours post-injection, DN14-3-3η stereotaxic injection
prevented Ro-25-6891 induced increase in mobility in TST and grooming
frequency in the splash test. N=3-4 animals (AP5) or N=6-8 animals (Ro-256891).
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mice injected with viral rAAV virus of DN14-3-3η-Flag. (B) DN14-3-3η prevents
AP5 induced decrease in immobility. Significance assessed by 1-way ANOVA
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Chapter 4: Material and Methods
Cell culture, transfections and infections
Primary neurons were prepared as previously described (1). For imaging
experiments, hippocampal neurons were plated at 200,000 cells/12 mm coverslip (Chapter
2) or 50-75,000 cells/12 mm (Chapter 3) and used at day in vitro (DIV) 14-18. For Western
blots, cortical neurons were plated at 2 million cells/35 mm well and used at DIV14-18.
DIV 12-14 hippocampal neurons were transfected using 0.4 μg DNA according to
manufacturer’s instructions (Invitrogen) with the exception that the transfection was done
in Neurobasal media and neurons were returned to conditioned media 4-6 hours post
transfection. HEK293T cells were transfected according to the manufacturer’s instructions
(Invitrogen) and fixed 24 hours post-transfection. rAAV infections were performed using
one microliter viral mix per coverslip. For DN-14-3-3η and tdTomato co-infections
rAAV(DN-14-3-3η):rAAV(tdTomato)

ratio

was

4:1.

For

tdTomato

controls,

rAAV(tdTomato) was diluted 1:5 with PBS. For DN-14-3-3η and tdTomato co-infections
rAAV(DN-14-3-3η):rAAV(tdTomato)

ratio

was

4:1.

For

tdTomato

controls,

rAAV(tdTomato) was diluted 1:5 with PBS.14-3-3η-Kaede in Sindbis was infected 24-36
hours prior to live-imaging. Constructs used were: GCaMP3 (Addgene), GABABR1,
GABABR2 (Margeta-Mitrovic et al., 2000), 14-3-3η-Kaede, dsRed, and Mermaid. Kaede
and Mermaid cDNA was a kind gift from Dr. Atsushi Miyawaki at the Riken Brain
Institute, Japan.
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Adapted from previously published:
Workman, E.R., P.C. Haddick, K. Bush, G.A. Dilly, F. Niere, B.V. Zemelman, and K.F.Raab-Graham. 2015.
Rapid antidepressants stimulate the decoupling of GABA(B) receptors from GIRK/Kir3 channels through
increased protein stability of 14-3-3eta. Molecular psychiatry. 20:298-310.
Workman, E.R., F. Niere, and K.F. Raab-Graham. 2013. mTORC1-dependent protein synthesis underlying
rapid antidepressant effect requires GABABR signaling. Neuropharmacology. 73:192-203.

Pharmacology
Drug treatment was done in media. All live imaging experiments were done in
HEPES- based artificil cerebral spinal fluid (aCSF (in mM): 100 NaCl, 10 HEPES [pH
7.4], 3 KCl, 2 CaCl2, 1 MgCl2, 10 glucose) adjusted to match the osmolarity of cell culture
media. For in vitro manipulations, neurons were pretreated with the NMDAR antagonist
D-(-)-2-amino-5-phosphonopentanoic acid (50 μM D-AP5; ACSF-AP5) for 90 minutes.
For GABABR activation, neurons were treated with baclofen (50 μM, 5-10 minutes). To
block GABABR, neurons were treated with CGP-35348 (100 μM). For calcium blocker
experiments, the following blockers were used: nifedipine (1 μM, L-type), ω-conotoxin
GIVA (1 μM, N type), and ω-agatoxin-IVA (1 μM, P type). To block Kir3 channels,
tertiapin-Q (50 nM, 2 min) was applied. 25mM KCl was used to depolarize neurons. For
Western blots, rapamycin (200 nM, 30 minutes prior to harvesting and 60 minutes after
AP5 application) was used to block mTORC1. To isolate the postsynaptic GABABR
component, the following blockers were added to aCSF just prior to imaging: NBQX (10
μM, AMPAR), picrotoxin (20 μM, GABAAR), bicuculline (20 μM, GABAAR), TTX (1
μM, Na+channels), MPEP (10 μM, mGlu5), LY367387 (100 μM, mGlu1); and for
conditions where NMDARs were blocked, AP5 (50 μM) was included. All drugs were
purchased from Tocris.

Cloning of 14-3-3η
14-3-3η

was

cloned

5’atgggggaccgagagcagctg3’

by
and

RT-PCR

from

rat

brain

cDNA

5’gcgcacatcataatttaaagaggcacagc3’

primers

amplifying

nucleotides 176-1446 (Genbank accession #: D17445). The remaining 3’UTR was cloned
by sequential ligations of annealed oligonucleotides (1447-1689). The dominant negative
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construct was made by site-directed mutagenesis replacing the cga with gca at amino acid
56 and the agg with a gcg at amino acid 60 to replace the arginine to an alanine (2). Primers
used for rAAV insert are:
Forward primer: 5’ gagctcgccaccatgggggaccgagagcagctgctccagcgggcgcgac 3’
Reverse primer: 5’ ctgcagtcagttgccttctccggcttcttcatcc 3’
Kaede was initially cloned into the EGFP-N1 vector (Clontech) by replacing the
EGFP cDNA inserted at the BamH1 and Not I (blunt) sites. Kaede-14-3-3η was generated
by PCR using a primer specific for the EGFP-N1 vector in the forward direction
(aggcgtgtacggtgggaggtctatata) and a primer that contained the last 15 nucleotides of the
cDNA before the stop codon, of Kaede, with the addition of a Nhe I site at the 3’ end
(Kaede: cccggccgctagccttgacgttgtcc) in the reverse direction. The PCR product was
digested with Nhe I and inserted into a Nhe I site of the14-3-3η cDNA at the start codon
that was previously engineered into the sequence by the Quick Change Site Directed
Mutagenesis Kit (Stratagene). Kaede-14-3-3η 3’UTR cDNA was then subcloned into the
StuI site of the SinRep5 virus vector (Invitrogen) and pseudovirions produced according
to the manufacturer’s directions.

Adeno-associated viral vectors
The DN-14-3-3η and tdTomato (3) proteins were cloned into separate adenoassociated viral vectors containing a mouse synapsin promoter, a woodchuck posttranscriptional regulatory element (WPRE) and SV40 poly-adenylation sequence between
flanking AAV2 inverted terminal repeats.(4) rAAVs were assembled using a modified
helper-free system (Stratagene) as serotype 2/1 (rep/cap genes) viruses, and harvested and
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purified over sequential cesium chloride gradients as previously described.(5) Viral titers
were greater than 1x109 infectious particles per microliter
.
Microscopy
Images were acquired with a Leica SP5 disk confocal microscope using an oilimmersion 63X lens or a 63X water immersion lens for live imaging. For immunostaning,
a 10 μm Z-stack of 1024 x 1024 pixels was obtained using a scan rate of 400 Hz. Max
projections of the stack were used for analysis. Live imaging experiments were done in
aCSF in a 35 mm culture dish. Single plane images of 512 x512 pixels were collected at a
rate of 400 Hz for 1 minute during each acquisition period. Laser intensity, exposure time,
and image size were held constant within each experiment to allow for comparison.

Immunofluorescence
Neurons were fixed in 4% PFA with 4% sucrose for 20 minutes at RT,
permeabilized with 0.25% Triton X-100 in PBS (PBS), and then blocked in PBS with 8%
goat serum for at least 30 minutes at RT. Primary and secondary antibody incubations were
done in blocking buffer overnight (O/N) at 4°C, and 2 hours at RT, respectively. Between
incubation steps, neurons were washed 3 x 10 minutes with PBS. For surface staining,
neurons were fixed in 4% PFA with 4% sucrose for 20 minutes on ice and blocked in TBS
with 8% goat serum for at least 30 minutes at RT. Surface primary antibody incubation
was completed in blocking buffer O/N at 4°C. After washing 3 X10 minutes with PBS, the
cells were permeabilized and total antibody was probed as above. The following antibodies
were used: pS6 (pS6/4278; Cell Signaling), S6 (S6/2317S; Cell Signaling), surface
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GABABR (AB55051, Abcam), and total GABABR (SC-14006, Santa Cruz), GABABR2
(Neuromab, N81/2), and Kir3.2 (Alomone APC-006).

Live labeling of surface GABABRs
Live-labeling was performed using a modified method from Hayashi et al (6).
DIV14-20 hippocampal neurons were incubated in 3% BSA ACSF with surface
GABABR1 antibody for one hour. Following two rinses with BSA ACSF, neurons were
returned to conditioned media and incubated with AP5 (50 μM) or vehicle (H2O) for 90
minutes. Neurons were then fixed in 4% PFA and stained as above. The following
antibodies were used: surface GABABR1 (AB55051, Abcam) and Kir3.2 (Alomone APC006).

BONCAT-PLA for protein specific new translation
BONCAT was performed using a method similar to that described by Dieterich et
al (7-9) and using Click-iT® Metabolic Labeling AHA and Reaction buffer kit (Life
Technologies). Coverslips were moved to a methionine free media, aCSF, for 30 minutes
at 37°C. Drug (AP5, 50 μM or vehicle, H2O) and azide-linked non-canonical amino acid,
AHA were then spiked into the media, and cells were incubated for one hour at 37°C.
Following this, Click-iT® Metabolic Labeling was performed according to the
manufacturer’s instructions using a biotin-alkyne to tag the newly synthesized proteins.
Coverslips were then blocked and incubated in primary antibody O/N at 4°C. The
following day the proximity ligation assay (PLA) secondary staining was performed using
the Duolink kit according to manufacturer’s instructions (Duolink, Sigma). Antibodies
used include: GABABR1 (Santa Cruz, sc-14006), GABABR2 (Neuromab, N81/2), 14-3-3η
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(sc-17286, Santa Cruz), biotin/α-rabbit (Sigma, SAB3700857), and biotin/ α-mouse
(Abcam, ab79111), and MAP2 (Aves, MAP).

Live imaging
Calcium Imaging: Neurons were transfected with GCaMP3 or incubated for 30
minutes with the cell- permeant, calcium indicator Oregon Green BAPTA 488AM (OGB488AM; 200 μM) reconstituted in aCSF + 1.5% pluronic acid. Neurons were incubated
with vehicle (H2O) or AP5 for 90 minutes and washed 3X in aCSF (or aCSF-AP5) before
image acquisition. Baseline fluorescence (F0) was established by taking one image every
5 seconds for 1 minute. All drugs were allowed to equilibrate for 2-5 minutes prior to
measuring the fluorescence during the next 1-minute imaging period (F). Cumulative data
are expressed as ΔF/F0.
Kaede Imaging: Live imaging of 14-3-3η-Kaede was performed similar to RaabGraham et al. and Sosanya et al (10, 11). Coverslips were infected with a Sindbis virus
coding for 14-3-3η- Kaede. 24-36 hours later, coverslips were washed three times with
aCSF and moved to the imaging chamber. An initial Z-stack of the full volume of the
neuron (12-18 μm) was acquired (Pre-UV). Kaede protein was then converted from green
to red using UV light for one minute. Another Z-stack was acquired for the t=0 timepoint
(F0), after which AP5 (50 μM) or Vehicle (H2O) was applied to the bath. A Z-stack was
acquired every 15 minutes for one hour (F15, F30, F45, F60) after the addition of AP5 or
H2O. Live imaging experiments were done in aCSF in a 35 mm culture dish. Single plane
images of 512 x 512 pixels were collected at a rate of 400 Hz for one minute during each
acquisition period for mermaid imaging. For imaging of protein stability using Kaede, a Zstack of 1024 x 1024 pixels was obtained using a scan rate of 400 Hz stacks for the full
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extent of each neuron were used (12-15μm). Laser intensity, exposure time, and image size
were held constant within each experiment to allow for comparison
.
Live Mermaid (voltage) imaging
All live imaging experiments were done as described in calcium image section.
Mermaid-transfected neurons were incubated with vehicle (H2O) or D-(-)-2-amino-5phosphonopentanoic acid (AP5) for 90 minutes and washed three times in artificial
cerebrospinal fluid (aCSF) or aCSF+AP5 before image acquisition. Measurements are
reported as a ratio (R) of the acceptor (red) to donor (green) fluorescence, where an
increase in the ratio indicates depolarization and a decrease indicates hyperpolarization
(12). The baseline ratio (R0) was established by taking one image every five seconds for
one minute. All drugs were allowed to equilibrate for two to five minutes prior to measuring
the ﬂuorescence during the next one-minute imaging period (RDrug). Cumulative data are
expressed as ΔR/R0.

Image analysis
For staining experiments: For S6 hotspot analysis, ROIs were demarcated
manually by tracing the full visible extent of dendrites that extend out at least 60
µm from the cell body. Background was subtracted by determining the signal in a
region close to the dendrite but void of all processes. Hotspots were defined as pixel values
within each dendritic ROI where the signal intensity for pS6 exceeded the mean signal
intensity plus two standard deviations for untreated, control neurons. Non-zero values were
then totaled to determine the total number of hotspots and plotted as a function of distance

136

from the soma to visualize areas of increased pS6 signal. Hotspots are reported for the first
50 µm of the dendrite from the soma.
For co-localization analysis, the full visible extent of each region of interest (ROI)
within a primary dendrite was boxed in a 4X4 μm2 area. These ROIs were then analyzed
using the JaCOP plugin to determine the Pearson coefficient.(13) Thresholds were set
according to the computer generated value for each ROI.
For intensity and punctal analyses, ROIs were demarcated manually by tracing
the full visible extent of dendrites that extend out at least 60 μm from the cell body.
Background was subtracted by determining the signal in a region close to the dendrite but
void of all processes. For dendritic intensity, the average intensity value for the full extent
of each dendrite is reported. For surface staining, the average ratio of surface GABABR1
intensity to total GABABR1 intensity is reported. For BONCAT-PLA analysis, the PLA
intensity values for each protein reported as a ratio of the average PLA intensity to map2
intensity. For punctal analysis, puncta were deﬁned as pixel values within each dendritic
ROI where the signal intensity for Kir3.2 exceeded the mean signal intensity plus two
standard deviations for untreated, control neurons. Non-zero values were then totaled to
determine the total number of hotspots and plotted as a function of distance from the soma
to visualize areas of increased Kir3.2 signal.

Live Imaging Analysis
For calcium imaging analysis: The calcium signal was analyzed by defining an
ROI that started ~5 μm from the cell body and extended to the first visible branch point.
The ROI included the entire visible portion of the dendrite. To ensure that the dendritic
caliber was similar among treatments, the diameter of each dendrite was analyzed. The cell
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body ROI was defined by tracing the circumference of the cell body. Neurons were
background subtracted and intensity values for ROIs at each time point were determined
using ImageJ. The ROI mean intensity values for each time point in the first imaging period
were averaged as the baseline (F0). The ROI intensity values for each time point after
calcium blocker application were averaged as the post blocker fluorescence (FBl). The ROI
intensity values obtained for each time point after the Baclofen incubation were averaged
(F). To calculate the change in signal, the following equations were used: ΔF/F = ((F –
F0)/F0). To calculate the change in fluorescence following with calcium channel blockers,
the following equation was used: ΔF/F = ((F – FBl)/FBl). The change in fluorescence due
to calcium channel blocker was calculated using the equation: ΔF/F = ((FBL – F0)/F0).
The fluorescence intensity at each time point was also averaged and plotted as a percentage
of the baseline.
For live imaging of protein stability using 14-3-3η-Kaede, the average intensity
for each fluorophore was calculated for 25 μm ROIs that began 10 μm from the cell body
and continued consecutively for the full extent of the dendrite for each time point. The
change in intensity was then calculated as a percentage change from t=0 timepoint (ΔF =
(F60 -F0)/F0) for both old/red protein and new/green protein.
For Mermaid voltage imaging, the FRET signal was analyzed by deﬁning an ROI
that started ~5µm from the cell body and extended to the ﬁrst visible branch point. The
ROI included the entire visible portion of the dendrite. Neurons were background
subtracted and intensity (red/acceptor and green/donor) values for each fluorophore at each
time

point

were

determined

using

ImageJ.

The

acceptor:donor

ratio

(red/acceptor:green/donor intensity) for each time point in the ﬁrst imaging period were
averaged as the baseline (R0). The ROI ratio values obtained for each time point after the
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baclofen incubation were averaged (R or RBAC in Figure 3.6). The ROI ratio values obtained
for each time point after the Tertiapin-Q/GIRK blocker incubation were averaged (R or
RBACTQ). To calculate the change in signal, the following equations were used: (1) for
application of one drug ΔR/R = ((R– R0)/R0) was used and (2) to calculate the change in
ﬂuorescence following Tertiapin-Q/Kir 3 blocker after application of baclofen, ΔR/R =
((RBACTQ – RBAC)/RBAC)) was used. The acceptor:donor ratio values at each time point was
also averaged and plotted as a percentage of the baseline

Isolation of synaptoneurosomes and neuronal lysates
Synaptoneurosomes (SN) were isolated from DIV14-18 cortical cultures or from
mouse prefrontal cortex (PFC) by a modified method previously described (14). Briefly,
neurons were harvested in buffer B (20 mM HEPES, pH 7.4; 5 mM EDTA, pH 8.0;
protease inhibitor cocktail (Complete, Roche); phosphatase inhibitor) and homogenized.
Homegenate was filtered first through a sterile 100 μm nylon filter followed by a 5 μm
filter. SNs were pelleted at 14,000 x g for 20 minutes at 4°C. SN pellet was solubilized
with RIPA buffer (150 mM NaCl; 10 mM Tris, pH 7.4; 0.1% SDS; 1% Triton X-100; 1%
deoxycholate; 5 mM EDTA; protease inhibitor cocktail tablet and phosphatase inhibitor)
for 20 minutes on ice. The insoluble fraction was then pelleted at 14,000 x g for 20 minutes
at 4°C and the supernatant was used for immunoblot analysis.

Immunoblotting
Equal amounts of SN (15-40 μg) sample in RIPA and SDS loading buffer were run
on a 4-20% gradient (BioRad) or 10% SDS-polyacrylamide gel and transferred to a
nitrocellulose membrane for 1 hour in 20% transfer buffer (25 mM Tris, 192 mM glycine,
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20% methanol). For BDNF, samples in RIPA and SDS loading buffer were run on a 12%
gel and transferred to a PVDF membrane for 30 minutes in 10% transfer buffer (25 mM
Tris, 192 mM glycine, 10% methanol). Membranes were then blocked for 1 hour at RT
while shaking in TBST (TBS + 0.1% Tween-20) with either 5% bovine serum albumin
(BSA, for phospho-specific antibodies) or 5% nonfat milk. Membranes were incubated
O/N at 4°C in primary antibody and for 45 minutes at RT in secondary antibody. After
each incubation step, membranes were washed for 6 X 10 minutes in TBST. Membranes
were imaged with the Odyssey immunoblot software. To probe for total ERK, membranes
were then stripped at 55oC in stripping buffer (2 M Tris, 40% SDS, 1% BME) for 1 hour,
washed in TBST for 6 X 10 minutes and probed for total ERK as above. For BDNF blots,
membranes were probed by enhanced chemiluminescence. ImageJ was used for
densitometry. Membranes were imaged with the Odyssey immunoblot software. For 14-33η blots, membranes were probed by enhanced chemiluminescence. ImageJ was used for
densitometry analysis. The antibodies used were as follows: GABABR1 (AB55051,
Abcam), GABABR2 (Neuromab, N81/2), Kir3.2 (Alomone APC-006), 14-3-3η (sc-17286,
Santa Cruz), α-Tubulin (ab15246, Abcam), phospho-mTOR (2971S, Ser2448, Cell
Signaling), mTOR (N93A14, Invitrogen), Arc (SC17839, Santa Cruz for Figure 2.11, or
156 002, Synaptic Systems for Figure 2.9), GluR1/GluA1 (PC246, Millipore), pERK
(4370, Cell Signaling), ERK (4372, Cell Signaling), BDNF (sc20981, Santa Cruz) and αTubulin (ab15246, Abcam).

Mouse injections and behavior
Chapter 2: Six-week-old, male mice received 200 μl of saline, Ro-25-6981 (10
mg/kg), CGP-35348 (100 mg/kg), baclofen (2mg/kg), Ro-25-6981+ CGP-35348, Ro-25-
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6891+ baclofen, or Ro-25-6891+ baclofen+ Rapamycin (1 mg/kg) via intraperitoneal (i.p.)
injection. The prefrontal cortex was harvested 45 minutes and 24 hours post-injection for
immunoblot analysis. For behavioral analysis, antidepressant behavioral response was
assessed blindly by forced swim test as previously described (15).
Chapter 3: Intraperitoneal injections of AP5 (2.5 mg/kg) or Ro-25-6981 (10
mg/kg) were administered to 20-30 day old Sprague-Dawley male rats and six to ten week
old mice for behavioral analyses (FST, TST and Splash test) and biochemistry.
Hippocampi were harvested 45 minutes post-injection for immunoblot analysis. Behavioral
testing was completed in uninjected naïve and rAAV (tdTomato+vector or tdTomato+DN14-3-3η- Flag) injected eight to ten week old mice.
All procedures were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by The University of Texas at Austin
Institutional Animal Care and Use Committee.

Stereotaxic virus injections
All procedures were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by The University of Texas at Austin
Institutional Animal Care and Use Committee using sterile technique. The animals were
anesthetized using inhaled isoflurane in O2 and fixed in a stereotaxic frame using nonperforating ear bars. The surgical site was prepared by clipping the hair on the scalp and
sterilizing the scalp with 70% ethanol. A 5-10 mm incision was made to expose the skull.
A one millimeter hole was then drilled at pre-determined coordinates using an F/G dental
drill bit. A Nanoject II microinjector (Drummond Scientific) fitted with a pulled-glass
injection pipette (5-10 μm tip diameter) containing the viral suspension was inserted into
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the brain using a stereotaxic manipulator (Sutter Instruments). Injection coordinates for the
dorsal hippocampal CA1 (from bregma) were -2.2 mm A/P, +/- 1.5 mm M/L; -2.5 mm
A/P, +/- 1.6 mm M/L. 30 nl of virus was injected at depths of -1.2, -1.1 and -1.0 mm from
pia at each site. The rAAV:mSYN-DN-14-3-3η and rAAV:mSYN-tdTomato viruses were
premixed in a 4:1 ratio by volume. For control experiments rAAV:mSYN-tdTomato virus
was diluted 1:5 in PBS.

Behavioral Testing
Forced Swim Test (FST) was performed at 45 minutes and 24 hours post injection
as described previously. Mice were placed in three liters of water at 25° C and filmed for
the entire session. The last four minutes of the session were scored blindly for immobility.
Tail Suspension Test (TST) was completed 24 hours post-injection as described
in Can et al (16, 17). Mice were filmed for the entire session and scored blindly. Splash
Test was assessed approximately 30 minutes after the TST.
Grooming frequency was assessed for five minutes after 200 μl of 10% sucrose
was squirted on the dorsal coat of the mouse(18).

Social Defeat
Vasectomized 12 week old male Sprague-Dawley rats (Harlan) were selected for
aggressive behavior by assessing those males that displayed aggressive grooming, pinning,
or biting towards the probe rat within one minute of placement into the resident cage. These
animals were used for multiple rounds of social defeat. Female cage mates were rotated
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among residents. 5-week-old male Sprague-Dawleys (Harlan) were housed in groups of 23 and were utilized as the intruders for the stress paradigm
Residents and intruders were taken to a behavioral procedure room in their home
cages at the end of the dark cycle (7:00 AM). The room was lit with red light to encourage
activity. Females were removed from residents’ cages to a holding cage. Intruders were
introduced to residents’ home cages and the latency to display of aggressive behavior by
the resident (aggressive grooming, pinning, or biting) was recorded. After 5 minutes of
direct contact, a perforated Plexiglass barrier was inserted to physically separate animals
while maintaining sensory contact for an additional 25 minutes. After the defeat session,
all animals were returned to their home cages and taken back to the colony, where residents
and intruders were examined for injuries. For repeated social defeat, one defeat session
occurred daily for five days, and intruders were exposed to a different resident each session.

Statistical analysis
All statistical analyses were performed using the Graphpad Prism software. For all
experiments: signiﬁcance was calculated at α=0.05 level. For both 1-way and 2-way
ANOVA and Student’s paired T-test, signiﬁcance is represented by: *p < 0.05, **p < 0.01,
***p < 0.001. n.s. indicates no signiﬁcant difference. Single t-tests signiﬁcance (#) were
calculated with a one sample T-test with μ= 0 where indicated in the text. Error bars
represent SEM.
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Chapter 5: Conclusion and Future Directions:
The use of NMDAR antagonists in individuals suffering from MDD leads to fast
and lasting remission of depressive symptoms (1). The molecular mechanisms of these
drugs are now beginning to be resolved. Our work provides new evidence that the
molecular changes following NMDAR antagonism activate a homeostatic response and
support the importance of mTOR-dependent protein synthesis in rapid antidepressant
efficacy. They implicate the importance of GABABR as a key initiator in engaging
homeostatic mechanisms in response to NMDAR antagonism. The results of these
experiments support the hypothesis that fundamental shift in the GABABR pathway
following NMDAR antagonism is a unifying pathway between local homeostatic scaling
and rapid antidepressants.
GABABR links homeostatic mechanisms and rapid antidepressant response
NMDAR antagonism by rapid antidepressants elicits similar responses to those
observed in cellular homeostatic responses. Both increase spine density following a
decrease in activity levels (2, 3). Both act initially to increase calcium permeable
glutamate receptor subunit GluA1 and both require the presence of L-type calcium
channels (2-5). Key differences exist between the rapid antidepressant system in vivo and
the homeostatic scaling experiments completed primarily in vitro. Our work resolves
some of these differences by observing that the effect of GABABR in vitro requires
exogenous activation with an agonist. This may be a result of the lower levels of
inhibitory gabaergic inputs in the culture system (6). Whereas, in vivo, the lack of
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GABABR signal blocks the rapid antidepressant mediated increases in mTOR and
synaptic protein expression increases (7). Regulation of GABABR by NMDAR and its
response to NMDAR signaling resolve some of the differences between in vivo rapid
antidepressant efficacy and homeostatic scaling experiments. Moreover, the dynamic
changes of GABABR elucidate a dynamic response to signaling changes by a
metabotropic receptor.
How do changes in calcium levels regulate translation-dependent homeostatic
mechanisms?
Dendritic calcium levels influence the type and magnitude of homeostatic
response (4, 8). Homeostatic changes in activity influence dendritic calcium levels. This
can result from direct blockade of a calcium channel or indirectly by blocking
glutamatergic transmission or silencing a synapse (9). Because homeostatic responses act
to normalize a cell’s activity levels, their effect on dendritic calcium levels may be
transient. When GABABR function shifts, its activation increases resting dendritic
calcium signal and activates mTORC1 dependent translation. The correlation between
the two events argues that GABABR mediated increase in calcium signal leads to the
activation of the calcium sensitive mTORC1 pathway. This process provides a
mechanism for mTORC1 activation following rapid antidepressant administration.
Though the correlation is striking, it is now direct evidence that the GABABR pathway
activates mTORC1 through increases in resting dendritic calcium signal.
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Future experiments could directly assess this by monitoring changes in dendritic
calcium signal over time following rapid antidepressant administration. This might
provide a time point at which to begin looking for up- or down-regulation of the mTOR
and eEF2 pathways. One could then examine the importance of calcium signal to these
pathways by knocking down or blocking the calcium sensing domains in PI3K or eEF2K
and examining if this prevents rapid antidepressant-mediated increase in mTORC1 and
eEF2. Results from these studies could provide insight into the importance calcium
signaling in activating translational machinery and could help define the roles eEF2 and
mTORC1 in mediating antidepressant response.
One can argue that the resting dendritic calcium levels and the source of the
calcium will dictate which mRNAs are translated and which are suppressed. Indeed the
calcium signaling sensitivity of both eEF2K and PI3K modulate key translation pathways
in response to changes in dendritic calcium. Whether a specific source (e.g. L-type
channel or NMDAR or GABABR) is the key intermediary or the key factor is simply the
compartmental calcium levels remains unknown and will require further study to
determine the mechanics. Tracking the translational regulator activity using a genetic
activity sensor of the calcium sensitive molecules concurrent with fluorescent labeling of
mTORC1 and/or eEF2 itself would provide direct evidence of the translational changes
that follow a decrease in activity levels. Alternatively, intracellular co-localization or
immunoprecipitation assays could discern if there is a shift in association of eEF2K or
PI3K that leads to the activation of protein synthesis specific to rapid antidepressant
events.
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Do eEF2 and mTORC1 work synergistically or antagonistically to mediate
antidepressant effects?
Resolving the exact roles of eEF2, mTORC1 and BDNF in the rapid
antidepressant model will provide insight into the mechanics of rapid local translation in
the dendrite and into the molecular components leading to increases in spine density. The
known increases in spine density that occur with NMDAR antagonists provide a tractable
readout of sustained translational changes. mTORC1 activity is necessary for NMDAR
antagonist mediated increases in spine density (10). However, no data yet exists
determining if increased BDNF and eEF2 activity are also necessary to mediate the
increase in spine density even though both are linked to increased spine formation (11). If
the GABABR shift in function is necessary to mediate the enhanced spine density, then
this would bolster the observations that mTORC1 mediates the increases in spine density.
BDNF is sufficient to increase spine density (11), but are the transient increases in BDNF
enough to activate mTOR dependent translational machinery that increases spine density?
Understanding the translational changes that occur following NMDAR blockade will
provide data that will further our understanding of how rapid antidepressants efficacy is
sustained.
From activation of mTOR to sustained increases in spine density
mTORC1 expression increases only transiently following NMDAR antagonists
(10). Therefore, is a transient increase in mTORC1 sufficient to promote cell-wide
increases in spine density that last for weeks? Given the cell-wide increases in spine
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density that last for weeks following NMDAR administration, there may be
transcriptional changes that foster the increased spine density. Transient alterations in
calcium signal following NMDAR blockade might result in slower transcriptional
upregulation that result in increased spine density. This theory does not do well to
account for the requirement for mTORC1 activity, as it ignores the requirement of
mTORC1 for the sustained increases in spine density following NMDAR antagonism.
Alternatively, the transcription factor ATF4 (CREB 2) is known to associate with
GABABR1 in neuronal cultures (12, 13). Activation of GABABR results in changes in the
ATF4 distribution between the nucleus and the soma (14). Several studies have also
indicated that mTORC1 activation drives ATF4 expression (15, 16), which argues that
perhaps GABABR activation can directly and indirectly regulate ATF-4. Moreover, ATF4 may play a role in the stability of dendritic spines. ATF-4 knockdown by shRNA
knockdown in cortical cultures produced a decrease in mushroom spines and increases
the presence of dendritic filopodia in dendrites as measured by confocal light microscopy
(17). Serial section electron microscopy experiments showed that blockade of synaptic
input led to an increase in filopodia in mature hippocampal slices (18). NMDAR
antagonism increases spine density, but the type of spines that increase are not known
(19). Perhaps NMDAR antagonism induces similar increases in filopodia. If so, then
ATF-4 regulation by either GABABR and/or mTORC1 might be the key component
between mTORC1 activation and spine density increases.
Rapid Antidepressants outside of the cell
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Very little research has yet explored circuit level changes following rapid
antidepressant administration, though several current hypotheses conjecture that the
increases in spine density lead to increased excitatory inputs from the PFC to other
structures in the limbic system (20, 21). Indeed, another pressing question is whether the
changes in spine density are specific to the dorsal medial PFC and the ACC, where much
evidence indicates a loss of activity in imaging studies of individuals with MDD (22).
Furthermore, do areas where there is an overabundance of activity associated with MDD,
such as in orbital PFC, experience similar increase in spine density?
To date, the majority of changes observed following NMDAR blockade have
been in excitatory neurons in the PFC and HPC (10, 23-26). Indeed, Golgi–Cox staining
of pyramidal neurons in the nucleus accumbens of socially defeated rats, an animal model
of depression, showed that spine density was unaffected by ketamine injection, while
pyramidal neurons from the HPC (CA3, CA1, DG) and the medial PFC of the same
animals displayed marked increases (27). However, another recent study found that
ketamine restored spontaneous dopaminergic activity in the nucleus accumbens in rats
subjected to a learned helplessness depression model (28). Rapid antidepressant effects in
the sub-cortical limbic system likely occur. Whether they are the result of an increase in
excitatory connections in the PFC or the result of changes within the tissues themselves
remains unresolved.
Several current hypotheses argue that rapid antidepressants lead to changes in
top-down connections in the PFC. Increased spine density on pyramidal neurons in the
PFC increase excitability and restore the loss of activity observed in areas of the PFC
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(dorsal medial/dorsal lateral PFC, ACC) (20). As a consequence of this, the excitatory
inputs onto the subcortical limbic system including the nucleus accumbens result in
increased dopaminergic and serotonergic release from neurons in the VTA (20) . Yet, the
research available both in human studies and in animal models argues that there are
alterations to gabaergic neurons in the PFC in addition to alterations in excitatory
connections (29). Indeed, it is thought that inhibitory connections from the PFC onto the
HPA are consistently disrupted in MDD (30, 31). Moreover, a downregulation of activity
in subgenual PFC (sgACC) in MDD reduces inhibition onto the amygdala (32). In MDD,
the amygdala is chronically overactive leading to both continued inhibition of the PFC
and over activation of the stress response (33). The effect of rapid antidepressants on the
HPA axis and the amygdala are not well-characterized. One might hypothesize that there
are similar increases in excitatory synapses on interneurons in the PFC following rapid
antidepressant treatment. Future work should focus on whether the same molecular
changes leading to increased spine density in pyramidal neurons also occur in
interneurons of the PFC, and if these changes restore the observed loss of inhibitory
connections between the PFC and the HPA axis and the amygdala.
Our work has provided new evidence into the molecular mechanism of rapid
antidepressants. From it, a series of questions arise regarding the exact intracellular
mechanisms that activate homeostatic changes and if these intracellular changes are
generalizable to other types of neurons and other parts of the brain. At a molecular level,
what is the exact role of dendritic calcium signaling in mediating the activation of
dendritic translation machinery? Furthermore, what are the intermediate steps and their
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associated players between increases in active mTOR and sustained increases in spine
density have yet to be resolved? Lastly, how does an increase in the spine density of
pyramidal neurons in the PFC restore the circuits that are most disrupted in MDD?
Based on the evidence available to date, it is clear, though, that rapid antidepressants
activate neuronal homeostatic processes and this contributes to a mitigation of the
symptoms associated with MDD. Therapies that can activate endogenous homeostatic
responses may have an important role in treating complex neurological diseases.
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