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Abstract 

Title of Thesis: L-655, 708 Exerts Rapidly-Acting Antidepressant Efficacy in Rat Models 

of Depression 

Jonathan Fischell, Master of Science, 2014 

Thesis Directed by: Dr. Scott Thompson, Chair, Department of Physiology 

The considerable morbidity and mortality associated with depression, combined 

with its extensive prevalence, makes optimally treating depression a key objective of 

mental health research.  Currently, the first line of pharmacological treatment for 

depression are selective serotonin reuptake inhibitors (SSRIs).  While SSRIs are effective 

tools in the treatment of depression, their value is substantially diminished by a delay of 

weeks to months before providing relief of the symptoms depression.  Furthermore, 

SSRIs are only effective in one-half to two-thirds of patients.  Investigation into 

alternative pharmacological treatments that could exert rapid antidepressant effects led to 

the discovery of ketamine, a non-competitive NMDA receptor antagonist.  Unfortunately, 

ketamine is severely limited in its therapeutic value by its addictive and dissociative 

properties.  Ketamine has been shown to increase excitatory neurotransmission in the 

hippocampus resulting in a long term enhancement of excitatory synaptic strength, an 

effect theorized to underlie its antidepressant efficacy.  Another way to increase 

excitatory neurotransmission, is through the attenuation of GABAergic synaptic 

inhibition using compounds such as the α5 selective, GABAA receptor partial inverse 

agonist, L-655, 708. 



 

  
 

In this thesis, I have demonstrated that a single injection of L-655, 708 rapidly 

reversed a stress-induced impairment of sucrose preference and social interaction in a rat 

model of stress-induced depression.  Associated with this reversal, L-655, 708 rapidly 

restored the strength of pathologically weakened AMPAR-mediated, but not NMDAR-

mediated neurotransmission at temproammonic-CA1 synapses, measured 

electrophysiologically.  Additionally, L-655, 708 rapidly increased S831 phosphorylation 

at these synapses.  This finding indicated that an enhancement of AMPA receptor 

function may underlie the electrophysiological findings.  Based on our previously 

proposed, excitatory synapse hypothesis of depression, we theorize that ability of L-655, 

708 to restore excitatory synaptic strength underlies its efficacy as an antidepressant.  

Finally, L-655, 708 appears to be non-anxiogenic, as measured by open-field testing.  

Before now the antidepressant efficacy of compounds like L-655, 708 have never been 

investigated.  We conclude that L-655, 708 may be a novel, effective, rapidly acting, and 

clinically viable treatment for depression. 
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Introduction 

In 2010 there were 38,364 deaths due to suicide in the U.S. making it the 10th 

cause of death the country1.  Depression is involved in more than two thirds of all 

suicides2 making death (at least in large part) due to depression considerably more 

prevalent than homicide (16,259 deaths3).  Major Depressive Disorder (MDD) is also the 

leading cause of disability in the U.S. for people between the age of 15 and 44.  It affects 

roughly 14.8 million Americans or 6.7% of all people over the age of 184.  Although 

death due to suicide is a tragic consequence of depression it is far from the only serious 

and debilitating symptom.  The core symptoms of MDD, proposed by the DSM-V are 

depressed mood, loss of interest and enjoyment in usual activities (anhedonia) and 

reduced energy and decreased activity.  The pathological inability of depression 

individuals to actively enjoy life, substantially impacts all aspects of their lives.  As such 

it is difficult to overestimate how disruptive depression can be to the lives individuals 

suffering from it and their families.  Due to the wide prevalence of depression, and the 

considerable morbidity and mortality that it causes, optimally treating depression is a key 

goal in the improvement of mental health care. 

Currently, depression is primarily treated pharmacologically and by far the most 

common class of drugs used are Selective Serotonin Reuptake Inhibitors (SSRIs).   In 

2010 SSRIs were the second most prescribed drug in the U.S.  About 254 million 

                                                           
1 Center for Disease Control and Prevention.  Leading Causes of Death. Accessed 2014. 
2 Depression and Bipolar Support Alliance.  Depression Statistics. Accessed 2014. 
3 Center for Disease Control and Prevention.  Assault or Homicide. Accessed 2014. 
4 National Institute of Mental Health.  The Numbers Count: Mental Disorders in America.  Accessed 2014. 
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prescriptions were written resulting in nearly 10 billion dollars in costs5.  While SSRIs 

are likely to be the most effective treatment for depression currently available in the U.S., 

there are many major limitations to their effectiveness.  They have many adverse side 

effects including nausea, reduced sexual desire and function, drowsiness, insomnia and 

headaches6.    Furthermore, treatment with SSRIs takes effects take weeks to months to 

reliably show any improvement in even successful cases.  It has been shown 30% to 40% 

of patients do not receive any significant relief of symptoms of MDD from the first two 

attempts at SSRI treatment 7.  Consequently, as many as 40% of patients spend at least 4 

months attempting to find an adequate treatment for their depression, and ultimately 

derive no significant therapeutic benefit.   This delay in effectiveness prevents the relief 

of depressive symptoms for months or even years after diagnosis which can often mean 

the difference between life and death in severely depressed patients.  For these reasons, 

the development of new antidepressant drugs that have fast-acting capabilities (show 

effectiveness on the scale of hours to days rather than weeks to months) is a major focus 

in the field of depression today.  Without the major delay in effectiveness, finding an 

antidepressant that successfully treats the symptoms of depression could occur in a few 

weeks at most, rather than a year.  In addition a fast acting antidepressant, even if not able 

to produce persistent relief, could conceivably serve as a ‘bridge’ until SSRIs take effect.  

Through either of these clinical uses, the development of rapidly-acting antidepressants 

                                                           
5 Insel, T. Director’s Blog: Antidepressants: A complicated picture.  National Institute of Mental Health. 

2011. 
6 Mayo Clinic Staff.  Depression (major depressive disorder): Selective Serotonin Reuptake Inhibitors 

(SSRIs).  Mayo Clinic. 2013.  
7 Grotto J, & Rapaport MH (2005).  Treatment Options in Treatment-Resistant Depression. Primary 

Psychiatry 12:42-50.  



 

3 
 

would provide a pharmacological means to relieve the considerable debilitation of 

depression in millions of people. 
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Background 

 Understanding the molecular basis of depression is an obvious first step in the 

logical identification and assessment of novel target compounds that could have 

significant efficacy as fast-acting antidepressants.  The debilitating nature and high 

prevalence of depression as well as the considerable limitations of our current first line of 

treatment has placed a huge urgency on understanding its cause.  Unfortunately, due to 

the complexity of the disease and heterogeneity of its symptoms the molecular basis for 

depression is still poorly understood.  This background section will investigate a leading 

hypothesss in the field of depression in order to ultimately evaluate the theoretical value 

of L-655, 708 – a partial inverse agonist at the benzodiazepine site of GABAA receptors 

containing the α5 subunit - as a potential fast-acting antidepressant.    
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Chapter 1: Brief history of antidepressant pharmacology and the monoamine theory 

of depression 

 Theoretically, the most effective way to develop treatments for a disease would be 

to first understand its cause then design treatments that directly reverse that cause.  

However, the progression of scientific knowledge must be preceded by advances in 

technology and the limited rate of discovery rarely meets the demand for effective 

treatments.  In many cases, the imperfect nature of research often proves to be an asset, 

with many of the most impactful breakthroughs in the treatment of a disease discovered 

by accident, well before the mechanisms underlying that disease are known.  In these 

cases the accidental discovery of a treatment provides insight to its molecular basis rather 

than vice versa.  The discovery of the reversal of Parkinsonian symptoms by L-DOPA 

exemplifies this situation.  In 1957-58 investigation of the central effects of dopamine in 

the brain identified that L-DOPA relieved Parkinsonian symptoms induced by treatment 

with reserpine8.  Prior to this, the etiology of Parkinson’s disease was unknown.  This 

finding prompted postmortem studies from brains of Parkinson’s patients which 

demonstrated a severe deficiency in striatal dopamine8.  The discovery of the first 

antidepressant drugs was also by accident and eventually led to formulation of the first 

major hypothesis regarding the molecular basis of depression, the monoamine theory of 

depression, more commonly referred to as the serotonin hypothesis. 

  

                                                           
8Hornykiewicz O (2010). A brief history of levodopa.  Journal of Neurology 257:249-52. 
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Figure 1.1 – General timeline of the discovery and development of Monoamine Oxidase Inhibitors 

(MAOIs), Tricyclic Antidepressants (TCA) and Selective Serotonin Reuptake Inhibitors (SSRIs).  

 

The discovery of the first documented antidepressant drug occurred in 1952 

(Figure 1.1).  While being studied for the treatment of tuberculosis, researchers noticed 

that patients taking antimycobacterial agent iproniazid became “became cheerful, more 

optimistic, and more physically active”9.  Interest in iproniazid as a potential 

antidepressant grew and its efficacy was eventually attributed to its inhibitory actions on 

the enzyme, monoamine oxidase, which is one of two enzymes responsible for the 

breakdown of the monoamines, norepinephrine (NE), dopamine (DA) and serotonin (5-

HT)9.  The discovery of the antidepressant actions of iproniazid led to the development of 

the first generation of antidepressant drugs, monoamine oxidase inhibitors (MAOIs) and 

was the first evidence implicating monoamine malfunction in etiology of depression.  In 

1957-1958 over 400,000 patients suffering from depression were treated with iproniazid 

making it the first drug prescribed specifically for its antidepressant effects9.  This paved 

                                                           
9Lopez-Munoz F, Alamo C, Juckel G, & Assion HJ (2007). Half a Century of Antidepressant Drugs. 

Journal of Clinical Psychopharmacology 27:555-9. 
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the way for clinical use of other MAOIs and the development and use of other classes 

drugs designed to affect monoamine signaling for the treatment of depression. 

 Shortly after the introduction of MAOIs to the market, an association between 

MAOI treatment and nephrotoxicity led to the withdrawal of MAOIs from the market in 

196111. Despite the short life span of clinically prescribed MAOIs, their effectiveness 

resulted in the synthesis and development of the next major class of antidepressant drugs, 

tricyclic antidepressants (TCA).  In the late 1950s, imipramine, the first clinically useful 

tricyclic antidepressant, was synthesized through the molecular modification of 

phenothiazines10.  Imipramine and other TCA drugs are theorized to exert therapeutic 

effectiveness, primarily, by preventing the reuptake of serotonin and norepinephrine 

which then increases the concentration of those monoamines in synapses resulting in 

increased activation of their receptors.  Although the lack of specificity of TCAs actions 

resulted in many antimuscarininc side effects, such as increased body temperature, dry 

mouth and nose, constipation, urinary retention and cognitive and memory impairment, 

they were made available for clinical use in the 1960s and have been widely used for 

decades. 

 Further research in the field of depression, fueled by the discovery of MAOIs and 

TCAs, in the 1960s led to the official development of the catecholamine hypothesis of 

emotion - otherwise known as the monoamine theory of depression - which proposed that 

“that decreased levels of certain neurotransmitters, such as NE, DA, and 5-HT, might 

play a role in the pathogensis of depression.”9 There, however, was disagreement in the 

                                                           
10 Kuhn R (1958). The treatment of depressive states with G 22355 (imipramine hydrochloride). American 

Journal of Psychiatry 115:459–64. 
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field regarding which neurotransmitter, NE or 5-HT, was primarily responsible for this 

pathogenesis and the effectiveness of MAOI and TCA treatment.  This debate led 

researchers to investigate compounds that acted only to increase 5-HT signaling without 

effecting NE, which resulted in the discovery of the antidepressant effects of the first 

SSRI, fluoxetine9, in 1974.  Fluoxetine and other SSRI compounds work similarly to 

TCAs in that they also block the reuptake of serotonin, however unlike TCAs they 

exhibit high selectivity, and accordingly have far fewer adverse side effects.  Fluoxetine 

was approved by the FDA in 1987 and it and other SSRI compounds quickly became the 

standard in the pharmacological treatment of depression because while they have 

comparable efficacy to TCAs, they cause far fewer adverse side effects.  Since SSRIs 

first became available, the number of Americans taking antidepressant medications has 

increased by more than 400%.11  The success of SSRIs drew the attention of the field 

away from NE and towards the serotonin hypothesis of depression.  

 The serotonin hypothesis logically suggests that, because compounds that increase 

the availability of serotonin have antidepressant properties, deficient levels of serotonin 

in brain must play a critical role in the etiology of depression.  Although this theory 

makes sense, especially at the time of its creation, studies done to investigate this 

hypothesis have been met with varied and limited success.  While early postmortem 

studies on the brain stems of suicide victims did indicate decreased levels of 5-HT12, 

studies that measured levels of 5-HT metabolite 5-HIAA in living, depressed subjects did 

                                                           
11Levine, BE.  400% Rise in Anti-Depressant Pill Use: Americans Are Dismpowered – Can the OWS 

Uprising Shake Us Out of Our Depression.  Alternet.  Accessed 2014. 
12Shaw DM, Camps FE, & Eccleston EG (1967). 5-Hydroxytryptamine in the hind-brain of depressive 

suicides. Br J Psychiatry 113:1407–11. 
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not find a significant reduction13.  Additionally, reducing 5-HT levels by inhibiting 

tryptophan hydrolase (TPH), one of the enzymes responsible for the synthesis of 5-HT 

from its precursor, tryptophan does not induce a depressive phenotype in the forced swim 

test in a rodent model of depression.14  The examples above are just several examples of 

the large body of contradictory and inconclusive research that has caused researchers in 

the field to question the validity of the serotonin hypothesis as the sole explanation of 

depression. 

 

 

 

 

 

 

 

 

 

                                                           
13Ashcroft GW, Crawford TBB, Eccleston D, Sharman DF, Macdougall EJ, Stanton JB, & Binns JK (1966). 

5-hydroxyindole compounds in the cerebrospinal fluid of patients with psychiatric or neurological diseases.  

The Lancet 288:1049-1052. 

14Gavioli EC, Vaughan CW, Marzola G, Guerrini R, Mitchell VA, Zucchini S, De Lima TC, Rae GA, 

Salvadori S, Regoli D, & Calo G (2004). Antidepressant-like effects of the nociceptin/orphanin FQ receptor 

antagonist UFP-101: new evidence from rats and mice. Naunyn-Schmiedeberg’s Archives of 

Pharmacology 369:547-53. 
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Chapter 2: Serotonin-mediated potentiation at excitatory synapses 

 While it is still largely accepted that 5-HT plays a role in depression, today, it is 

generally agreed that the complex and variable pathology of depression make it difficult 

to identify a single underlying abnormality, suggesting that depression is associated with 

multiple biological mechanisms.15  If a deficiency in 5-HT signaling is inadequate to 

explain the molecular basis of depression, there must be other factors that underlie the 

etiology of depression, and it is therefore possible that increasing 5-HT with SSRIs is, in 

fact, an indirect means of treatment; an idea corroborated by the slow time scale of SSRI 

efficacy.  As such, a large body of current research in the field of depression has focused 

on identifying other mechanisms to explain the etiology of depression and piece together 

the role of 5-HT in the bigger picture.  This information could be critical in identifying 

novel compounds that could be more efficacious than SSRIs by reversing the cause 

depression in a more direct fashion. 

 The research laboratory of Dr. Scott Thompson at the University of Maryland is 

one of the labs investigating alternative roles of 5-HT signaling that could explain the 

efficacy of SSRIs, without relying on a 5-HT deficiency as the sole factor underlying the 

                                                           
15Duman, RS (2014).  Neurobiology of stress, depression and rapid-acting Antidepressants: remodeling 

synaptic connections. Depression and Anxiety 31:291-6. 
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etiology of depression, proposed by the serotonin hypothesis.  Prior to the work decribed 

in this thesis, my predecessors, Xiang Cai, Angy Kallarackal and their collaborators, 

discovered a novel mechanism by which 5-HT acts to increase excitatory synaptic 

strength in the temporoammonic (TA) pathway of the hippocampus that could explain the 

antidepressant efficacy of SSRIs and TCAs.

 Electrophysiological recordings of glutamatergic field excitatory postsynaptic 

potentials (fEPSPs) at the TA-CA1 synapses of hippocampal slices revealed that the TCA 

imipramine, or the SSRIs fluoxetine or citalopram produced a new form of 5-HT-

mediated synaptic potentiation16.  Increased levels of extracellular 5-HT caused by bath 

application of these antidepressants resulted in an approximately 2-fold increase in fEPSP 

slope at the TA-CA1 pathway that persisted for >90 minutes after the removal of the 

drugs. This potentiation was prevented by the 5-HT1BR antagonist isamoltane (Figure 

2.1a,b)16.  Anpirtoline, a 5-HT1BR agonist, produced a similar potentiation with the 

exception that it was reversed over the course of 60 minutes of anpirtoline washout 

(figure 2.1c)16.  Anpirtoline induced potentiation was blocked by concurrent isamoltane 

treatment and prevented by pretreatment with imipramine, fluoxetine or citalopram 

(figure 2.1b,c)16.  The prevention of this potentiation by antidepressant treatment 

indicated a likelihood that the two forms of potentiation are mechanistically similar, such 

                                                           
16Cai X, Kallarackal AJ, Kvarta MD, Goluskin S, Gaylor K, Bailey AM, Lee HK, Huganir RL & 

Thompson SM (2013).  Local potentiation of excitatory synapses by serotonin and its alteration in rodent 

models of depression.  Nature Neuroscience 16:464-472. 
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that anpirtoline cannot further potentiate the already potentiated neurons.  

 

Whole-cell recordings showed that anpirtoline’s effect is specific to the TA 

pathway as it is not seen when Schaffer collateral (SC)-CA1 synapses are activated 

indicating that the potentiation process is highly localized (figure 2.1D)16.  This 

observation is consistent with the considerably higher density of 5-HT1BRs in the TA 

pathway as compared with the SC pathway16.  To determine if this serotonin-mediated 

potentiation was induced by a pre- or post-synaptic mechanism, Cai et al. conducted 

experiments to measure fiber volley amplitude and paired-pulse ratio (PPR) during 

potentiation.  The fiber volley in field recordings is generated by action potentials in the 

Figure 2.1 – Induction of 5-HT
1B

R mediated potentiation in TA pathway of the rat hippocampal slices in vitro a, 

Application of the TCA, imipramine induces potentiation of excitatory transmission at TA-CA1 synapses over the 

course over the course of its application, this effect does not washout immediately upon removal of imipramine.  

This effect is blocked by the 5HT1BR antagonist isamoltane.  b, The SSRIs fluoxetine and citalopram as well as 

imipramine induce potentiation at excitatory synapses in the TA pathway of the hippocampus. Pretreatment with 

these antidepressants prevents further potentiation by the 5HT1BR agonist anpirtoline.  c, in vitro application of 

anpirtoline onto hippocampal slices induces potentiation at TA-CA1 synapses.  This effect is also blocked by 

isamoltane.  d, Whole-cell recording in voltage clamp mode indicates that anpirtoline causes potentiation in the TA 

pathway but not the SC pathway of the hippocampus.
16  
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presynaptic fibers that release the glutamate that evokes the later EPSP, thus its amplitude 

is directly correlated with the magnitude of that input.  Accordingly, if serotonin-

mediated potentiation is mediated by an increase in the effectiveness of the stimulus, 

presynaptically, then the amplitude of the fiber volley should increase as the response 

potentiates.  A change in PPR also can be used to provide an indication of changes in 

presynaptic release probability because an increase in the release of a neurotransmitter 

decreases the probability of release for a second delivered a few 10s of milliseconds later.  

 

The results of their experiments revealed no change in FV amplitude or PPR 

following potentiation, thus implicating a postsynaptic mechanism of plasticity (figure 

2.2a)16.  Finally, whole-cell recordings demonstrated that anpirtoline potentiates AMPA 

receptor mediated component of the synaptic responses while having no effect on the 

NMDA receptor mediated component of the EPSP (figure 2.2b)16.  

Figure 2.2 –  Postsynaptic mechanism of anpirtoline induced potentiation through 

AMPA but not NMDA receptors a, PPR and fiber volley measurement during 

anpirtoline induced potentiation, Anpirtoline does not alter PPR or FV amplitude 

indicating that anpirtoline-mediated potentiation occurs through a post-synaptic 

mechanism.  b, Anpirtoline potentiates the AMPAR-mediated component of the EPSC 

but not the NMDAR-mediated component.16 
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The results above demonstrate that 5HT1BR activation either through increasing 5-

HT levels with TCA or SSRI drugs or through direct agonism by anpirtoline causes 

excitatory synaptic potentiation at the TA pathway.  These findings, however did not 

elucidate  the molecular mechanism.  Western blot data indicates that treatment with 

anpirtoline increases levels of phosphorylated calcium/calmodulin-dependent protein 

kinase (CaMK) (figure 2.3a,b)16.  CaMK, is known to be responsible for the 

phosphorylation of the GluA1 subunit of AMPA receptors at the C-terminal serine 831 

(S831). Accordingly, phosphorylation of GluA1 S831 is also increased by treatment with 

anpirtoline (figure 2.3a,b)16.   Finally, CaMK inhibitor, KN62, and inhibitory peptide AIP 

prevented the potentiation effect of anpirtoline (Figure 2.3c,f)16.  The authors thus 

concluded that CaMK phosphorylation of S831 on the AMPA receptor subunit, GluA1, 

was required for the expression of 5HT1B-mediated potentiation. 

 

Figure 2.3 - CaMK phosphorylation of S831 on the GluA1 subunit of AMPA receptors is necessary for 

anpirtoline induced potentiation. a, Western blotting for pCaMKII, CaMKII, pGluA1 S831, and total 

GluA1 following treatment with anpirtoline. b, Slice application of anpirtoline increases pGluA1 S831 

and pCaMKII levels.  Total GluA1 expression is unaltered by anpirtoline treatment.  c, The CaMK 

inhibitor KN62, and CaMK inhibitory peptide AIP both prevent anpirtoline-mediated potentiation while 

the PKA inhibitor PKI does not.  d, Slices from mice with a S831A mutation of GluA1 do not exhibit 

anpirtoline-mediated potentiation. 
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Phosphorylation of S831 on GluA1 receptors by CaMK is thought to be the 

primary mechanism by which high frequency stimulation (HFS) induces classical long 

term potentiation (LTP) in both the TA and SC pathways of the hippocampus16,17.  CaMK 

phosphorylation of S831 is theorized to potentiate neurons by increasing the single-

channel conductance of the AMPA receptor17.  Cai et al. demonstrate that HFS-induced 

LTP occludes serotonin-induced potentiation and vice versa16.  This signifying that the 

two means of potentiation exert their effects via the same expression mechanism, thus 

confirming that anpirtoline induces potentiation through the maximal enhancement 

AMPA receptor function by phosphorylation of S831 on the GluA1 subunit. 

The results found in this paper led the authors to conclude that serotonin 

activation of 5-HT1BRs acts to potentiate excitatory synapses in the TA pathway of the 

hippocampus by the following mechanism (figure 2.4):  

                                                           
17Lee HK, Barbarosle M, Kameyama K, Bear MF, & Huganir RL (2000). Regulation of distinct AMPA 

receptor phosphorylation sites during bidirectional synaptic plasticity. Nature 405:955-59. 
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Next, Cai et al. used chronic unpredictable stress (CUS) model of to induce a 

depressive-like behavioral state in rats.  In a CUS model of depression, rats are subjected 

to 2-3 mild stressors, daily, out of a cycle of 6 distinct stressors.  Different stressors are 

used each day such that they are entirely unpredictable to the rats and the treatment is 

conducted for 5-6 weeks.  CUS displays high face validity in that stress is a major 

contributing factor in the induction of depression; it displays high construct validity 

because chronic stress is known to induce a weakened neurological state that is 

associated with depression; and finally displays high predictive validity because the 

induction of a depressive-like state by CUS causes impairment in behavioral assays 

designed to measure depression-associated behaviors, including the sucrose preference  

5-HT1B Agonists 

(Anpirtoline) 

SSRIs 
(Fluoxetine) 

TCAs 
(Imipramine) 

Increased Synaptic 5-

HT Concentration 

Increased 5-HT1B 

Heteroreceptor 
Activation 

Increased CAMK 

Auto-phosphorylation 

Increased GluA1 

S831 Phosphorylation 

Potentiation of 

Excitatory Synapses 

Figure 2.4 - Mechanism by which 5HT1B receptor activation potentiates 

excitatory synapses in the TA pathway of the hippocampus 
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test. 

 

 

 

 

The induction of a depressive-like by CUS was correlated with an increase in 

magnitude and duration of the anpirtoline effect, such that no reversal was seen even two 

hours after washing out anpirtoline. An effect that was reversed by chronic SSRI 

treatment during the final 3 weeks of CUS (figure 2.5a)16, implying a role of serotonin-

induced potentiation in the etiology of depression and its reversal by SSRI treatment.  To 

investigate this finding further, Cai et al. asked if 5HT1B activation, was required for the 

antidepressant efficacy of SSRIs.  The authors found that an antagonist of 5HT1B-

Figure 2.5 – 5-HT1B activation is required for the behavioral efficacy of SSRIs a, Effect of chronic 

stress and antidepressant treatment of serotonin-mediated potentiation. b, SDS treatment causes 

anhedonia, measured by a loss of sucrose preference in untreated, normal rats (light blue).  

Fluoxetine reverses a loss of sucrose preference after 2 weeks of chronic treatment (red).  

Concurrent treatment the 5HT1BR inhibitor, SB224289 prevents the reversal of sucrose preference 

impairment (blue).  c, 5HT1BR homozygous knockout (Htr1b-/-) prevents the reversal if a CUS 

induced reduction in sucrose preference in mice.  d, Mice with a GluA1 S831A mutation exhibit a 

baseline anhedonic state (even before CUS treatment)  measured by sucrose preference testing.  

Fluoxetine does not reverse this deficit in those GluA1 S831A mice. 
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receptors, SB224289, entirely prevented fluoxetine from reversing social defeat stress 

(SDS)-induced anhedonia, as measured by sucrose preference testing(figure 2.5b)16.  

Consistent with this observation, they observed that fluoxetine was ineffective in 

restoring sucrose preference following CUS in mice lacking the 5HT1B heteroreceptor 

(figure 2.5c).  These findings demonstrate 5HT1B receptor activation is required for the 

antidepressant efficacy of SSRIs, which implies a strong likelihood that 5HT1B-mediated 

potentiation underlies their theraputic effectiveness.  Finally, genetic modifications that 

impair the phosphorylation of S831 on GluA1 (GluA1 S831A), result in the generation of 

an anhedonic state, as measured by sucrose preference, even in the absence of CUS, and 

that state is not affected by SSRI treatment (figure 2.5d).  This observation not only 

highlights the necessity of enhanced AMPAR-mediated signaling by S831 

phosphorylation in the reversal of depressive behaviors by SSRIs, theoretically through 

5HT1B-mediated potentiation; but also implies requirement of S831 phosphorylation in 

the maintainence normal hedonic behavior and, presumably affective state.  
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Chapter 3: Chronic stress decreases excitatory synaptic strength at the TA pathway 

of the hippocampus 

 In summary, my predecessors in the Thompson lab provided considerable 

evidence that increased levels of 5-HT can potentiate excitatory synapses; that this novel 

mechanism of action of 5-HT was altered in a rat model of stress-induced depression; and 

that 5HT1B activation was required for the antidepressant efficacy of SSRIs.  Although 

these results strongly supported a role of serotonin-induced potentiation in the 

antidepressant efficacy of SSRIs, how this potentiation exerts long term effects on 

synaptic plasticity in order to account for the reversal of depression by SSRIs is not 

described in this paper.  Additionally, the ability of SSRIs to reverse a depressive 

phenotype by potentiating excitatory synapses does not necessarily mean that depression 

is caused by a deficiency in excitatory synaptic activity, just as the efficacy of SSRIs does 

not prove that a deficiency in 5-HT levels results in etiology of depression, as proposed 
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by the serotonin hypothesis.  

 

 The potentiation of excitatory neurotransmission by 5HT1BR activation; as well as 

previous and concurrent research of the molecular mechanisms underlying the etiology of 

depression that implicated a decrease in excitatory synaptic strength (described in later 

sections of the background); led the Thompson lab to investigate the effects of CUS and 

SSRI treatment on excitatory synaptic transmission at TA-CA1 synapses of the 

hippocampus (figure 3.1).  To do so, field recordings on hippocampal slices at TA-CA1 

synapses were used to independently measure the strength of AMPAR and NMDAR 

d 

Figure 3.1 – Effect of CUS and SSRI treatment on AMPA and NMDA mediated signaling, and 

GluA1 expression a, Slices from rats treated with CUS display lower AMPAR-mediated fEPSP 

slopes at a range of stimulation intensities. b, CUS causes a significant reduction in AMPAR-

mediated responses while chronic fluoxetine treatment during the last 3 weeks CUS restores this 

deficit.  No change is seen in NMDAR-mediated signaling.  c, Slices from rats subjected to CUS 

display significantly lower mean AMPA:NMDA ratios, this is restored by chronic treatment with 

fluoxetine.  d, Hippocampal samples from the SLM in rats subjected to CUS have significantly 

lower GluA1 levels, this deficit is reversed by chronic fluoxetine treatment prior in the last 3 weeks 

of CUS.18 
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mediated signaling in control rats, rats subjected to CUS, and rats given fluoxetine during 

the final 3-4 weeks of CUS (figure 3.1 a,b,c)18.  Using the fact that the NMDAR 

component of an EPSP occurs later then the AMPAR component, Kallarackal et al. first 

isolated the slope of the AMPAR mediated component by measuring the initial slope of 

the recording only18.  Subsequently, to measure the NMDAR mediated component 

independently, the AMPAR antagonist, DNQX (50μM) was washed in for 15 minutes 

and measurements of the fEPSP slope were repeated18.  The authors found that there was 

a decrease in the AMPAR mediated component of the fEPSP, as normalized to the fiber 

volley amplitude, and that this decrease in synaptic strength was reversed by SSRI 

treatment.  Neither effect seen on the NMDAR component of the response (figure 3.1b)18.  

This differential effectiveness was apparent as a much lower ratio of the AMPAR 

mediated component to the NMDAR component in CUS rats as compared to unstressed 

controls (figure 3.1c)18.  This effect was also reversed by SSRI treatment (figure 3.1c)18.  

These results provide strong evidence that induction of a depressive-like-state via chronic 

stress in rats acts to decrease the excitatory synaptic strength at TA-CA1 pathway of the 

hippocampus; and that that effect is reversed by increasing levels of 5-HT by SSRI 

antidepressant treatment.  Consistent with the electrophysiology, western blot analysis of 

GluA1 expression revealed a decreased expression at TA-CA1 synapses following CUS 

which was reversed by SSRI treatment (figure 3.1d)18.  In contrast, at Schaffer collateral 

– CA1 synapses(SC-CA1) in the stratum radiatum CUS did not cause a reduction in 

GluA1 expression.  This finding suggests that the CUS-induced loss of excitatory 

                                                           
18Kallarackal AJ, Kvarta MD, Cammarata E, Jaberi L, Cai X, Bailey AM, &Thompson SM (2013). Chronic 

Stress Induces a Selective Decrease in AMPA Receptor-Mediated Synaptic Excitation at Hippocampal 

Temporoammonic-CA1 Synapses. Journal of Neuroscience 33:15669-15674. 
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synaptic strength in the hippocampus may be specific to the TA-CA1 pathway where 

5HT1B expression is high, thus explaining why increasing activation of 5HT1B receptors 

would be effective in the treatment of depression. Finally, they could show that there was 

a significant correlation between any individual animal’s sucrose preference and their 

AMPA:NMDA ratio at TA-CA1 synapses but not SC-CA1 synapses (figure 3.2). 

  

Sucrose preference measurement of anhedonia is one widely accepted measure of 

depression, thus a loss of sucrose preference can be interpreted as a clear sign of a 

depressive-like-state.  It’s correlation with AMPA:NMDA ratio of TA-CA1 synapses 

therefore implicates a decrease in excitatory synaptic strength at some stress-sensitive 

synapses in depression.  The reversal of this decrease excitatory synaptic strength by 

increasing 5-HT levels through SSRI treatment highlights this as a potential mechanism 

for SSRI antidepressant efficacy, which alludes to a potential target for the development 

of novel antidepressants – a reversal of the decrease in excitatory synaptic strength 

brought on by chronic stress. 

 

a b 

Figure 3.2 - Effect of CUS on sucrose preference and its correlation with 

AMPA:NMDA. a, Rats subjected to 3 weeks of CUS  display  a significant 

reduction in sucrose preference compared to controls.  b, AMPA:NMDA 

ratio and sucrose preference are positively correlated when AMPA:NMDA 

ratios are measured in TA-CA1 synapses but not SC-CA1 synapses  



 

23 
 

 

Chapter 4: The hippocampus and mPFC drive dopaminergic reward pathway 

signaling 

 The data presented in the previous section provides strong evidence supporting a 

role of a loss of excitatory synaptic strength in the TA pathway of the hippocampus in the 

etiology of depression.  However, the mechanism by which that loss generates a 

depressive phenotype is not yet clear.  It is also highly unlikely that a decrease in 

signaling mediated by the TA pathway of the hippocampus alone could account for the 

complex pathology of depression or the antidepressant efficacy of SSRIs.  To address 

these concerns, the 2013 Cai et al. paper identified an increase in phosphorylated CaMK 

and phosphorylated S831 on GluA1 in the nucleus accumbens (NAc) following treatment 

with anpirtoline which signifies a likelihood that serotonin-mediated potentiation occurs 

in multiple regions of the brain16..  In corroboration with this finding, Lim et al. 

discovered that chronic restraint stress caused a selective reduction in AMPAR-mediated 

excitation in medium spiny stellate cells in the NAc19,20.  In this paper Lim et al. showed 

that the decrease in AMPAR-mediated excitation was accompanied by anhedonia as 

measured by sucrose preference testing19.  Finally, Yan et al. (2012) showed that 

excitatory synapses in the medial prefrontal cortex (mPFC) undergoes a similar stress-

induced decrease in excitatory synaptic strength21.  Both the hippocampus and mPFC are 

                                                           
19Thompson SM, Kallarackal AJ, Kvarta MD, Van Dyke A & Cai X. An excitatory synapse hypothesis of 

depression. Currently unpublished. 
20Lim BK, Huang, KW, Grueter, BA, Rothwell, PE, & Malenka, RC (2012). Anhedonia requires MC4R-

mediated synaptic adaptations in nucleus accumbens. Nature 487: 183-89. 
21Yuen EY, Wei J, Liu W, Zhong P, Li X & Zhen Y (2012). Repeated stress causes cognitive impairment 

by suppressing glutamate receptor expression and function in prefrontal Cortex. Neuron 73:962–77. 

http://www.cell.com/neuron/issue?pii=S0896-6273%2812%29X0006-0
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known to have excitatory projections onto the NAc which, in turn, through inhibition of 

inhibitory signals, promotes activation of dopaminergic neurons in the ventral tegmental 

area (VTA).  Therefore, decreased activity in the hippocampus, mPFC and NAc is likely 

to result in a deficiency in the release of dopamine, which could account for the loss of 

rewarding properties associated with depression. 
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Chapter 5: The excitatory synapse hypothesis of depression 

 In combination, the discovery of serotonin-mediated potentiation, the effects of 

chronic stress on excitatory synaptic strength, their reversal by antidepressant treatment, 

and the downstream projections of the hippocampus to the VTA through the NAc that 

drive dopaminergic reward signaling has led the Thompson lab to formulate the 

excitatory synapse hypothesis of depression (figure 5.1).  This theory introduces several 

proposals to the field of depression. First, that depression is caused, at least in part, by a 

decrease in excitatory synaptic strength in several areas of the brain, including the TA 

pathway of the hippocampus.  That this decrease in excitatory synaptic strength weakens 

the drive on the VTA, reducing the effectiveness of the dopaminergic reward pathway.  

And finally, that SSRIs, and other compounds that increase synaptic 5-HT concentration, 

exert their antidepressant efficacy by reversing that decrease in excitatory synaptic 

strength through a mechanism initiated by serotonin-induced potentiation. 

Figure 5.1 – The excitatory synapse hypothesis of depression.22 

                                                           
22Thompson, SM (2012). Excitatory synapses get the blues: a new way to think about depression . 
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Chapter 6: The role of glucocorticoids in depression 

 The excitatory synapse hypothesis of depression suggests a primary role for 

physical and molecular changes in synaptic connections in key neurological circuits 

within the brains reward regions in the etiology of depression.  However, the mechanisms 

by which that decrease in excitatory synaptic strength occurs, underlying the etiology 

depression, have not been delineated.  The next two sections will discuss the roles of 

glucocorticoids and neurotrophins in depression.  Both glucocorticoids and neurotrophins 

are likely to have a substantial impacts on the development of depression, both are altered 

by chronic stress, and in both cases alterations caused by chronic stress result a 

pathological impairment excitatory synaptic strength in the hippocampus and cortex.   

 Glucocorticoids (GCs) (cortisol in humans and corticosterone in most laboratory 

rodents) are secreted by the adrenal gland in response to stress23.  GCs play many critical 

roles in the regulation of brain function including the modulation of mood and emotional 

behavioral states as well as influencing cognitive functions such as learning and 

memory23.  Hypercortisolism is associated with depression in humans and the relief of 

depressive symptoms by antidepressant treatments is usually accompanied by 

normalization of cortisol levels23.  Further evidence supporting the role of increased GC 

mediated signaling in the etiology of depression has been found through genetic 

manipulations of components of the regulatory system governing GC production and 

secretion.  Generally speaking, manipulations that impair GC production in response to 

stress result in resilience to stress induced depressive behaviors in rodents; while rodents 

                                                           
23Yu S, Holsboer F, Almeida OFX (2008). Neuonal actions of glucocorticoids: Focus on depression. 

Journal of Steroid Biochemistry & Molecular Biology 108:300–9. 
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subjected to manipulations that result in an increase GC production display increased 

depressive behaviors23.  

   

The secretion of GCs under normal physiological conditions is mediated by the 

production of corticotrophin-releasing hormone (CRH) by the hypothalamus (figure 6.1).  

CRH acts on CRH receptors in the pituitary to promote the production and release of 

adrenocorticotrophic hormone (ACTH).  ACTH then stimulates the production of GCs by 

the adrenals.  In addition to their many other regulatory functions, GC actions on 

glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) predominantly in 

the hippocampus and cortex provides negative feedback onto the hypothalamus to 

Adrenal 

GC 

CRH 

ACTH 

AVP Pituitary 

Hypothalamus 

MR and GR on 

Hippocampus 

and PFC 

neurons 

Negative 

Feedback 

Stress 
Normal 

physiological 

conditions 

Highly stressful 

conditions 

Figure 6.1 – Mechanism of stress-induced hypercortisolism.  Under normal conditions 

stress causes CRH release from the hypothalamus that stimulates ACTH production In the 

pituitary, finally resulting in GC release in the adrenal.  MR and GR activation by GCs 

negatively feed back onto this pathway which maintains normal GC levels.  However, 

under highly stressful conditions a second pathway induced by AVP release is also 

recruited and also causes in ACTH release and subsequently GC release.  This AVP 

mediated pathway is not subject to the normal negative feedback and therefore resulting in 

unregulated GC release and, thus, hypercortisolism 
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attenuate further GC production23.  However, under conditions of chronic and/or extreme 

stress, secretion of arginine vasopressin (AVP) by the hypothalamus amplifies CRH-

induced secretion of ACTH and therefore GC23.  As this mechanism of enhancing GC 

production is not strongly regulated by the negative feedback from the hippocampus and 

cortical regions it is thought to be the pathway largely responsible for the overproduction 

of GC in response to extreme stress23.  While under the control of negative feedback, GC 

production does not reach levels high enough to result in neurotoxicity and GCs act to 

increase hippocampal function.  However, over-secretion of GCs in response to extreme 

stress has been shown to be associated neuronal atrophy and neuronal death resulting in 

decreased volumes of the prefrontal cortex and hippocampus23.  Imaging studies that 

have identified similar volume reductions in the brains of subjects suffering from major 

depressive disorder provide a substantial link between stress-induced hypercortisolism 

and depression23. 

In accordance with the excitatory synapse hypothesis stress-induced neuronal 

atrophy and death in the hippocampus and PFC should weaken their drive on the 

dopaminergic reward pathway signaling and result in depression.  The actions of GCs on 

neuronal death can, at least partially, account for the stress-induced decrease in excitatory 

synaptic postulated by the excitatory synapse hypothesis to underlie the etiology of 

depression.  
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Chapter 7: The role of neurotrophins in depression 

 The effect of increased GCs on neuronal atrophy in the hippocampus and cortex is 

likely to not be the only mechanism by which increased stress results in decreased 

neuronal activity.  Neurotrophin signaling plays a key role in the regulation of 

neurogenesis, neuronal plasticity and function15,24.  Many studies have provided evidence 

that stress-induced impairment of the neurotrophin signaling, specifically brain-derived 

neurotrophic factor (BDNF) and its receptor tyrosine kinase tropomyosin-related kinase 

type B (trkB) are involved in the etiology of depression19.  Firstly, Duman et al. showed 

that the levels of BDNF mRNA in the hippocampus are rapidly decreased by acute 

restraint stress25.  While high levels of GC do not rapidly decrease levels of BDNF25, 

heterozygous mutation of the GR receptor (GR+/-) resulting in a reduction of the negative 

feedback onto the HPA axis in response to stress (i.e. higher corticosteroid levels), did 

result in a decrease in BDNF expression in a mouse model26.  While these results do not 

give conclusive evidence suggesting a direct link between hypercortisolism and a 

decrease in BDNF expression, they do suggest that stress, and mechanisms impacting the 

regulation of the brains response to stress, can impair BDNF signaling, thus suggesting a 

link between BDNF signaling and the etiology of depression.  Investigations into a 

deficiency of BDNF signaling in depression have provided further evidence supporting 

this idea.  Firstly, BDNF levels are decreased in depressed patients and recovered by 

                                                           
24Duman RS (2014).  Pathophysiology of depression and innovative treatments: remodling glutamatergic 

synaptic connections.  Dialogues Clin Neurosci 16:11-27. 
25Duman RS, Vaidya VA, Nibuya M, Morinobu S & Rydelek L (1995).  Review: stress, antidepressant 

treatments, and neurotrophic Factors: molecular mechanism.  Neuroscientist 1:351-60. 
26Ridder S, Chourbaji S, Hellweg R, Urani A, Zacher C, Schmid W, Hortanagl H, Flor H, Henn FA, Schutz 

G & Gass P (2005). Mice with genetically altered glucocorticoid receptor expression show altered 

sensitivity for stress induced depressive reactions. Journal of Neuroscience 25:6243-50. 
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antidepressant treatment27,28.  Additionally, increased BDNF expression in the PFC and 

hippocampus following antidepressant treatments is required for their efficacy in 

behavioral tests15.  The evidence supporting a role of BDNF signaling in the etiology of 

depression is accumulating and accordingly the mechanism by which this signaling 

influences depression is of great interest in the field.  As increased BDNF signaling is 

associated with the neurogenesis and synaptic development, stress-induced deficiency in 

BDNF signaling is predicted to impair these processes.  Together, these observations 

implicate an impairment of BDNF signaling in a loss of excitatory synaptic strength in 

the hippocampus and in the etiology of depression, a finding consistent with the 

excitatory synapse hypothesis. 

 

 

 

 

 

 

 

                                                           
27Karege F, Perret G, Bondolfi G, Schwald M, Bertschy G, & Aubry JM (2002). Decreased serum brain-

derived neurotrophic factor levels in major depressed patients. Psychiatry Res 109:143–8. 
28Shimizu E, Hashimoto K, Okuma N, Koike K, Komatsu N, Kumakiri C, Nakazato M, Wantanabe H, 

Shinoda N, Okada S, & Iyo M (2003). Alterations of serum levels of brain-derived neurotrophic factor 

(BDNF) in depressed patients with or without antidepressants. Biological Psychiatry 54:70–5. 
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Chapter 8: Fast-acting antidepressant efficacy and potential molecular mechanism 

of NMDAR antagonist, ketamine 

 The increasing body of knowledge regarding the involvement of glutamatergic 

signaling in the etiology of depression led the Thompson lab to suggest that drugs that act 

to increase excitatory neurotransmission would potentially act as antidepressants by 

evoking multiple, endogenous forms of activity-dependent synaptic plasticity and thereby 

strengthening pathologically weakened synapses.  Indeed, Ketamine, the first 

antidepressant shown to have rapidly acting properties in humans, may work through this 

mechanism.  In 2000, Berman et al. were the first group to report findings of the rapidly 

acting antidepressant properties of ketamine in human subjects29.  Berman et al. found 

that a sub-anesthetic dose of ketamine caused relief of depressive symptoms as early 40 

minutes after treatment while placebo treatment did not29.  Further clinical studies 

investigating the rapidly acting antidepressant effects of ketamine resulted in significant 

reductions in depressive symptoms as early as 40 minutes post treatment and lasting at 

least 3 days, as measured by the Hamilton Depression Rating Scale (HDRS) and 

Montgomery-Asberg Depression Rating Scale (MADRS) and Beck Depression Inventory 

(figure 8.1)30,31.  Interestingly, fast-acting relief of depressive symptoms by ketamine in 

many cases occurred in patients resistant to traditional treatment30.  The rapid 

antidepressant efficacy of ketamine is further supported in a rodent model of depression.  

                                                           
29Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, & Krystal JH. Antidepressant 

effects of ketamine in depressed patients(2000). Biol. Psychiatry 47:351–54. 
30Niciu MJ, Henter ID, Luckenbaugh DA, Zarate Jr. CA, & Charney DS (2014). Glutamate receptor 

antagonists as fast-acting therapeutic alternatives for the treatment of depression: ketamine and other 

compounds. Annual Review of Pharmacology and Toxicology 54:119–39. 
31Zarate Jr CA, Brutsche NE, Ibrahim L, Fanco Chaves J, Diazgranados N, Cravchik A, Selter J, Marquardt 

CA, Liberty V, & Luckenbaugh DA (2012). Replication of ketamines antidepressant efficacy in bipolar 

depression: A randomized controlled add-on trial. Journal of Biological Psychiatry 71:939–46. 
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The Duman lab, demonstrated that one injection of ketamine reverses CUS-induced 

depressive behaviors in sucrose preference (SPT) and novelty suppressed feeding (NSFT) 

metrics 24 hours post injection (figure 8.2)32. 

 

 

The discovery of ketamine’s rapidly antidepressant efficacy evoked a 

considerable interest in the field as to its mechanism of action.  Ketamine, as a NMDAR 

                                                           
32Li N, Liu RJ, Dwyer JM, Banasr M, Lee B, Son H, Li XY, Aghanjanian G, & Duman RS (2011). 

Glutamate N-methyl-D-aspartate receptor antagonists rapidly reverse behavioral and synaptic deficits 

caused by chronic stress exposure. Journal of Biological Psychiatry 69:754-61. 

Figure 8.1 – Effect of single ketamine treatment 

depressed human subjects on MADRS, HDRS and 

BDI.  A single of injection causes a relief of 

depression symptoms measured by MADRS, HDRS 

and BDI questionnaires in depressed humans.  This 

effect occurs even 40 minutes after treatment and 

persists for 3-7 days depending on the test.  No 

effect is seen in subjects given a placebo injection. 

Figure 8.2 – Ketamine reverses a CUS-induced decrease in sucrose preference 

and CUS-induced increase in latency to feed in SPT and NSFT testing32 
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antagonist, would be expected to decrease neuronal activity.  Although its actions as an 

anesthetic and animal tranquilizer are likely to be mediated by decreased transmission, it 

has been shown that lower doses of ketamine increase oscillatory activity in the 

hippocampus33.  The mechanism by which this occurs is not clear, however, it is 

hypothesized that ketamine may preferentially antagonize a subset of NMDA receptors 

on gamma-aminobutyric acid (GABA) releasing interneurons resulting in a disinhibition 

of glutamatergic signaling of pyramidal neurons in the hippocampus34.  The excitatory 

synapse hypothesis implicates a decrease in excitatory synaptic strength of these 

pyramidal neurons in the etiology of depression, and accordingly the reversal of strength 

in the effectiveness of antidepressant treatment.  Thus, a potential of mechanism for 

ketamine’s antidepressant effect involves increasing excitatory neurotransmission in the 

hippocampus through inhibition of GABAergic inhibitory interneurons (figure 8.3).  

While this hypothesis only speaks to effects in the hippocampus it is likely that this 

mechanism could occur in other brain regions including the mPFC.  Unfortunately, the 

ability of ketamine to increase excitatory neurotransmission through the mechanism of 

disinhibition only indicates a transient increase in signaling which, alone, is unlikely to 

be responsible for ketamine’s prolonged antidepressant efficacy.  However, a transient 

increase in signaling could provide a means for the induction of long-lasting changes is 

synaptic plasticity which increase excitatory synaptic strength thus reversing the deficit 

                                                           
33Caixeta FV, Cornelio AM, Scheffer-Teixeira R, Ribeiro S & Tort ABL (2013). Ketamine alters 

oscillatory coupling in the hippocampus. Nature Scientific Reports 3:2348. 
34Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G & Duman RS (2010). mTOR-

dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Science 

329:959-64. 
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thought to underlie the etiology of depression. 

 

A val66met polymorphism in the human BDNF gene is associated with a 

reduction in activity dependent-BDNF release.  Mice harboring a val66met knockin are 

resistant to the synaptic and behavioral antidepressant actions of ketamine35, suggesting 

that ketamine-induced BDNF release is an important mediator of its antidepressant 

effects.  The necessity of activity-dependent release of BDNF suggests that transiently 

increased excitatory neurotransmission increases activity-dependent release of BDNF 

which may contribute to the long-term changes in synaptic plasticity.  BDNF is thought 

to exert its effects on synaptic plasticity, at least in part, through activation of the mTOR 

Depressed Ketamine Treatment 

Dopamine Reward 

Pathway 

Hippo and mPFC Hippo and mPFC 

Dopamine Reward 

Pathway 

GABA glutamate 

Reversal of 

depression 

Ketamine 

Figure 8.3 –Preferential antagonism of excitatory projections onto GABAergic interneurons by 

ketamine.  This preferential antagonism by ketamine would result in a reduction in activation of 

inhibitory interneurons that project to excitatory neurons while not effecting the activation of 

excitatory projections onto those neurons.  This, theoretically would result in an increase of 

activity in those excitatory neurons which could cause an increase in activity-dependent 

processes that increase excitatory synaptic strength and a reversal of depressive symptoms. 
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signaling pathway35.  Further evidence out of the Duman lab has shown that ketamine 

treatment transiently upregulates the activated forms of the mTOR signaling pathway 

proteins, ERK, AKT, mTOR, 4E-BP1 and p70S6K beginning 30 minutes post-treatment 

and ending by 2 hours-post treatment (figure 8.4a,b)34 in the prefrontal cortex (but see 

Monteggia, 201136).  Following mTOR pathway activation, Li et al. observed an increase 

in expression of synaptic proteins associated with the formation, maturation and function 

of new synaptic spines including PSD-95, synapsin, GluR1 and ARC (figure 8.4c)34.  The 

effect on these synaptic proteins occurred approximately 2 hours after the injection of 

ketamine and remained high even 72 hours later. 

                                                           
35Duman RS & Voleti B (2012).  Signaling pathways underlying the pathophysiology and treatment of 

depression: novel mechanisms for rapid-acting agents.  Trends in Neuroscience 35:47–56. 

36Autry AE, Nosyreva E, Na ES, Los MF, Cheng PF, Kavalali ET, & Monteggia LM (2011).  NMDA 

receptor blockade at rest triggers rapid behavioral antidepressant responses.  Nature 475:91-5. 
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Furthermore, the increase in phosphorylated AKT, ERK, mTOR, p70S6K, and 

p4E-BP1 was prevented by AMPAR antagonist, NBQX treatment34. This fact provides 

strong support for the mechanism of ketamine-induced activity-dependent release of 

BDNF in activating the mTOR signaling pathway. 

The involvement of increased mTOR pathway signaling in the antidepressant 

efficacy of ketamine is highlighted by the ability of mTOR inhibitor, rapamycin to 

prevent ketamine-induced changes in depressive behaviors.  Ketamine decreases 

immobility in the forced swim test FST, decreases latency to feed in NSFT and reverses 

an increase in failures to escape in a learned helplessness test (LH).  All of these 

a b 

c 

Figure 8.4 – Effect of ketamine on mTOR signaling pathway proteins and target synaptic 

proteins a, Western blot analysis indicates a significant, transient, increase in pmTOR, 

pp70S6K and p4E-BP1 30 minutes and 1 hour after injection.  b, Western blotting for pERK 

and pAKT also identifies a significant, transient increase in these proteins 30 minutes and 1 

hour after injection. c, Expression levels of the synaptic proteins synapsin I, PSD 95 and 

GluR1 are all significant increased 2 hours after a single injection of ketamine and remain 

elevated even 72 hours post-injection.  ARC expression levels are  transiently increased 1-2 

hours after the injection. 36 
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behavioral responses were prevented by treatment with rapamycin (figure 8.5)34.  

Unfortunately, however, these experiments were all performed with nonstressed naïve 

rats.  It remains to be determined whether the ‘therapeutic’ response of stressed rats to 

ketamine would respond similarly to rapamycin treatment. 

 

These findings support the following potential mechanism by which increased 

excitation of pyramidal neurons by ketamine could act to enhance synaptic plasticity and 

induce lasting changes in excitatory synaptic strength (figure 8.6).  Enhanced excitatory 

transmission by ketamine induces activity-dependent BDNF activation resulting in the 

downstream activation of the mTOR signaling pathway through its action on P13K/akt.  

Increased mTOR signaling activates transcription factors p70S6K and 4E-BP1 which 

subsequently upregulate genes responsible for enhancing the formation maturation and 

function of excitatory synaptic spines including PSD95, synapsin and GluR1.  This may 

result in a long-term increase excitatory synaptic strength and the reversal of the 

symptoms of depression through an increased drive on the dopaminergic reward pathway. 

Figure 8.5 – Effect of mTOR inhibitor on ketamine induced alteration of depressive behaviors. 

a, Ketamine reduces immobility in the FST, the effect is blocked by the mTOR inhibitor 

rapamycin.  b, Ketamine reduces latency to feed in the NSFT, this effect is blocked by 

rapamycin.  c, Pre-training with inescapable shocks increases failures to escape in LH testing.  

Ketamine reverses this deficit.  Treatment with rapamycin prevents this effect of ketamine.36 
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Chapter 9: Theoretical clinical and mechanistic viability of GABA-A 

benzodiazepine site partial inverse agonist: L-655, 708 

The well-documented rapidly acting antidepressant efficacy of ketamine has 

provided insight into mechanisms of action antidepressant compounds that do not exert 

their efficacy through increasing 5-HT levels.  Unfortunately, ketamine, itself has limited 

clinical viability due to its highly addictive nature and dangerous side effects.  The 

discovery of the antidepressant efficacy of ketamine has motivated the Thompson lab to 

find compounds that could act through the same mechanism as ketamine without 

ketamine’s clinical limitations (figure 9.1).  L-655, 708 (L6) is one of such compounds.  

L6 is a partial inverse agonist at the benzodiazepine (BZD) site of GABAA receptors that 

shows ~100 fold selectivity for GABAA receptors containing the α5 subunit (figure 

9.2)37. GABAA receptors containing the α5 subunit are preferentially localized to cortical 

and hippocampal pyramidal cells suggesting a unique role in hippocampally-mediated 

functions37.   Because L6 displays ~100 fold selectivity for GABAA receptors containing 

the α5 subunit an adequately low dose of L6 should be able to activate GABAA receptors 

containing the α5 subunit while not being present in a concentration high enough to exert 

any effect on those containing α1, α2, or α3 subunits present elsewhere in the brain.  

Furthermore, as a relatively weak partial inverse agonist L6 has a lesser effect on 

GABAergic signaling than the full-inverse agonist DMCM or the stronger partial inverse 

agonist FG 7142 thus further diminishing its potential for off-target actions. 

                                                           
37Atack JR, Bayley PJ, Seabrook GR, Wafford KA, McKernan RM, & Dawson GR (2006).  L-655,708 

enhances cognition in rats but is not proconvulsant at a dose selective for α5-containing GABAA receptors. 

Neuropharmacology 51:1023-1029. 
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Figure 9.1 – Mechanistic comparison of L6 and ketamine action 

on excitatory transmission.  Reducing GABAergic inhibition of 

excitatory neurons should cause the same increase in excitatory 

neurotransimission as ketamine in the hippocampus and mPFC. 

Figure 9.2 – L6 has roughly 100 fold higher affinity for 

GABAA receptors containing the α5 subunit compared to 

receptors containing the α1, α2, or α3 subunits.  L6 is a 

partial inverse agonist and causes a lower %modulation of 

GABA EC20 than the non-selective BZD site partial inverse 

agonist FG 7142 and the non-selective BZD full inverse 

agonist DMCM.37 
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As a partial inverse agonist of GABAA receptors at the benzodiazepine site, L6 

exerts the opposite effect as benzodiazepines when bound – decreasing the affinity of the 

receptor for GABA thus reducing GABAergic inhibition.  L6 inhibits GABAergic 

inhibitory interneurons that project to excitatory pyramidal cells in the hippocampus and 

mPFC and, theoretically, this disinhibition would cause the same transient increase in 

excitatory neurotransmission observed following ketamine treatment. Through the same 

mechanism as ketamine, L6 treatment should restore excitatory synaptic strength and 

rapidly reverse the symptoms of depression on the order of hours to days rather than the 

weeks to months seen with SSRIs.   

Initially, L6 and other GABAA inverse agonists were synthesized as potential 

cognitive enhancer, but their antidepressant efficacy has never been investigated.  A 

major concern in the clinical application of BZD site partial inverse agonists is their 

potential for anxiogenic effects, since their actions are opposite to anxiolytic 

benzodiazepine agonists.  The α5 efficacy-selective compound, α5IA, did not have 

anxiogenic properties37 suggesting that BZD inverse agonists that act selectively on α5 

containing GABAA receptors, such as L6, may also avoid anxiogensis.  Additionally, 

another α5-selective benzodiazepine inverse agonist, MRK-016, does not produce anxiety 

or other negative side effects in humans when given to young, male subjects at a dose of 

5mg or less38.  Furthermore, GABAA receptors containing the α5 subunit are largely 

                                                           
38Atack JR, Maubach KA, Wafford KA, O’Connor D, Rodrigues AD, Evans DC, Tattersall FD, Chambers 

MS, MacLeod AM, Eng WS, Ryan C, Hostetler E, Sanabria SM, Gibson RE, Krause S, Burns HD, 

Hargreaves RJ, Agrawal NGB, McKernan RM, MurphyMG, Gingrich K, Dawson GR, Musson DG & 

Petty KJ (2009).  In vitro and in vivo properties of   3-tert-Butyl-7-(5-methylisooxazol-3-yl)-2-(1-methyl-

1H-1,2,4-triazol-5-ylmethoxy)-pyrazolo[1,5-d]-[1,2,4] triazine (MRK-016), a GABAA Receptor α5 

subtype-selective inverse agonist.  The Journal of Pharmacology and Experimental Therapeutics 331:470-

84. 
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expressed extrasynaptically39.  This finding further suggests that α5 selective partial 

inverse agonists may avoid anxiogenic effects associated with non-α5-selective 

compounds.  Data from Atack et al. (2006) indicates that L6 is not epileptogenic, and 

does not induce dissociative hallucinations37.  Together these findings suggest that L6 

may be a safe and well-tolerated treatment in humans. 

 In conclusion, the mechanistic similarity between L6 and the known rapidly 

acting antidepressant, ketamine, and the viability of L6 in the clinical treatment of 

depression, makes L6 and other α5-selective partial inverse agonists of BZD site on 

GABAA receptors highly appealing, novel, targets for the next generation of 

antidepressant treatment. 

 

 

 

 

 

 

 

 

                                                           
39Crestani F, Keist R, Fritschy JM, Benke D, Prut L, Bluthmann H, Mohler H, & Rudolph U (2002).  Trace 

fear conditioning involves hippocampal alpha5 GABA(A) receptors.  PNAS 99:8980-5. 
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Hypothesis and predictions 

Hypotheses 

Pathological weakening of excitatory neurotransmission underlies the etiology of 

depression.  L-655, 708 will rapidly exert an antidepressant action that is mediated by a 

reversal of this deficit through selective attenuation of inhibitory inputs onto excitatory 

neurons at TA-CA1 synapses of the hippocampus.  The resulting disinhibition will evoke 

multiple, endogenous forms of activity-dependent synaptic plasticity which will restore 

excitatory synaptic strength at synapses pathologically weakened in depression. 

Predictions 

1. A single treatment of L-655, 708 will rapidly reverse stress-induced impairment 

of sucrose preference and social interaction behaviors in multiple stress-related 

models of depression in rats. 

2. A single treatment of L-655, 708 will restore stress-impaired AMPA receptor 

mediated transmission at TA-CA1 synapses of the hippocampus while not 

affecting NMDA receptor mediated transmission, which is unaltered in our stress 

models of depression. 

3. A single treatment of L-655, 708 will rapidly reverse the stress-induced alteration 

of 5-HT1B-mediated potentiation at TA-CA1 synapses of the hippocampus.  

4. A single treatment of L-655, 708 will rapidly increase a stress-induced reduction 

of GluA1 levels at TA-CA1 synapses of the hippocampus. 

 

 



 

44 
 

Materials and methods 

Chronic Unpredictable Stress (CUS): 

Male Sprague Dawley rats (3– 4 weeks old at start; Harlan Laboratories) were 

randomly divided into control and CUS groups.  Rats in the CUS group were individually 

housed.  CUS animals were treated with of two out of a pool of eight mild stressors every 

day for 5-7 weeks. The stressors used were differentially cycled over seven days to 

enhance unpredictability.  The eight mild stressors used were: 

 Forced swim: Rats were placed in a basin containing cold water for 5 minutes.  

rats were thoroughly dried afterwards. 

 Strobe light: Rats were subjected to a strobe light in otherwise total darkness for 

30 minutes. 

 Restraint: Rats were put into appropriately sized restraint tubes, highly restricting 

their movement for a period of 30 minutes. 

 Food Deprivation: Rats were not given access to food overnight (14 hours).  Food 

was given promptly after the 14 hour period. 

 Water Deprivation: Rats were not given access to water overnight (14 hours).  

Water was given promptly after the 14 hour period. 

 White Noise: Rats were subjected to moderately loud white noise for 30 minutes. 

Chronic Restraint Stress (CRS):  

Male Sprague Dawley rats (3– 4 weeks old at start; Harlan Laboratories) were 

placed in appropriately sized restraint tubes, highly restricting their movement for period 
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of four hours in a brightly lit lab.  This restraint treatment was repeated every day for ten 

days. 

Sucrose Preference Test (SPT): 

 Rats were given a choice between two bottles, one containing tap water, and the 

other containing a 1% sucrose solution. Testing was conducted overnight (16 hours) 

during the full duration of the dark cycle. Animals were first trained with both bottles 

while group-housed. For subsequent tests, including during the baseline period, animals 

were individually housed18.  Sucrose preference was calculated as amount of water 

containing 1% sucrose consumed divided by the total amount of liquid consumed.  For 

determining the effects of L-655, 708, only rats with a sucrose preference >75% at 

baseline and unstressed rats >75% were used.  Following chronic stress (CUS or CRS), 

only rats with a sucrose preference < 75%. 

Social Interaction Testing (SIT) 

Rats were placed in a plastic enclosure (82 x 82 cm) with a 5x5 grid of squares 

(16.4 x 16.4 cm) visible underneath the clear plastic flooring.  A small translucent 

perforated plastic box (20 x 16 cm) was placed against the center of one wall of the 

arena.  During the testing conditions white overhead fluorescent lighting is used to 

illuminate the arena.  A video camera positioned 170 cm above the floor of the arena is 

used to track the movements of the rats during the experiment. 

Each test consisted of a “target-absent” trial followed by a “target-present” trial.  

During testing, an individual test rat was placed in the center of the arena and, after 30s of 

adaptation to the arena, the rat’s movements were recorded with the video camera for 2.5 

minutes. After the “target-absent” trial, the test rat was removed from the arena and placed 
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back in its home cage. For the “target present” trial, a novel juvenile (2-6 weeks old; always 

younger than the rat being tested) rat was placed in the internal box at the end of the arena 

and, after three minutes, the test rat was returned to the center of the arena and video 

recorded for 2.5 minutes. Both rats were then removed from the arena and the testing arena 

and plastic cage were cleaned with 70% ethanol before the next test rat was tested. 

The results were quantified as the percentage of time spent in the “interaction zone” 

(the five squares surrounding the plastic cage) as measured for both the “target-absent” and 

“target-present” trials.   These percentages were then used to calculate an interaction ratio 

(IR), which is the percent time spent in the “interaction zone” in the “target-present” 

condition divided by that of the “target-absent”.  The quantification was performed blinded 

to the condition and treatment of the test rat.  For social interaction testing only rats with 

an IR < 150 following chronic stress (CUS or CRS) were used in further analysis. 

Acute slice electrophysiology 

Standard methods were used to prepare 400-μm-thick transverse hippocampal 

slices. Dissection and recording saline contained the following: 124 mM NaCl, 3 mM KCl, 

1.25 mM NaH2PO4, 1.5 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose, 

bubbled with 95% O2/5% CO2. Slices were then transferred to a submersion-type recording 

chamber and perfused at 20 –22°C.  Picrotoxin (100 μM) and CGP52432 (2 μM) were 

included to block GABAA and GABAB receptors, and the CA3 region were removed. 

Because TA-CA1 synapses are electrotonically remote from CA1 cell somata, we used 

extracellular recording of local field EPSPs (fEPSPs). Recording pipettes contained saline 

(3–5 MΩ) and were placed in stratum lacunosum-moleculare (SLM) to record TA-CA1 

responses.  fEPSPs were amplified 1000X, filtered at 3 kHz, and digitized at 10 kHz. 
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Concentric bipolar tungsten electrodes were placed >500 μm from the stimulating 

electrodes in SLM for TA afferents. Stimuli (100 μs) were delivered at 0.05 Hz.18 

For AMPA/NMDA ratios, Mg2+-free saline was used to produce a robust 

NMDAR-mediated component of the fEPSP. 3-5 consecutive responses were averaged 

and fEPSP slope was calculated over a 1–3 ms window. For AMPAR-mediated 

responses, the window was fixed in the initial rising phase of the response, 2–5 ms after 

its initiation. For NMDA responses, DNQX (50 μM) was applied for 15 min and the 

slope was calculated over a 3–5 ms window in the rising phase of the response, 5–10 ms 

after its initiation.  The traces used to analyze AMPA:NMDA, AMPA/FV and 

NMDA/FV ratios were chosen to have a fiber volley closest in amplitude to 0.2 mV in 

amplitude.18  All analyses of synaptic responses were done blinded to the condition of the 

tissue. 

For anpirtoline experiments, artificial cerebrospinal fluid (ACSF) as described 

above, including Mg2+ was used.  Following the acquisition of a stable baseline, 50μM of 

anpirtoline was bath applied.  fEPSPs were stimulated and recorded for 60 minutes 

during the treatment with anpirtoline.  Then the solution containing anpirtoline was 

washed out with the original ACSF solution over the course of 60 minutes.  For analysis, 

the fEPSP slope of each recording was normalized to the FV amplitude and averaged for 

each 5 minute interval. 

Western blotting 

SLM tissue punches (1 mm diameter) were dissected from area CA1 in 

hippocampal slices and pooled (3– 4). Membranes were probed with antibodies against 

GluA1 (Millipore Bioscience Research Reagents) or GluA1 containing phosphorylated 
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S831 (Abcam). Levels of proteins are expressed as the ratio of intensity normalized to β-

actin intensity.18 

L6 Solution Preparation and I.P. Injection 

Sterile Procedure 

Dissolve L6 in DMSO to create 5mM stock solution 

Dilute with sterile PBS (25% L6 in DMSO; 75% PBS) 

Transfer solution into new test tube using .2μm thick filters 

Final solution was injected 0.7mg/kg (I.P.) 

 

Vehicle solution contained 25% DMSO; 75% PBS only 
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Results 

Chapter 10: Model-independent rapid reversal of depressive behaviors following 

treatment with L6 

 The antidepressant efficacy of L-655, 708 (L6) and other GABAA partial inverse 

agonists has never been investigated.  Previous research in the Thompson lab employed 

the well-established model of chronic unpredictable stress (CUS) to generate a 

depressive-like behavioral state in rats, and most frequently used a reduction sucrose 

preference as a measure of anhedonia.  As such, I first sought to replicate this finding and 

to determine if treatment with L6 would rapidly reverse the stress-induced loss of sucrose 

preference.  

Furthermore, in order to enhance the predictive validity of L6, I used a second, 

well-established, measurement of depressive behavior, a social interaction test (SIT).  A 

decrease in social interactive behaviors is associated with a stress-induced depressive 

state and reflects the psychosocial symptoms of depression displayed in humans.   
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4-5 week old, Sprague Dawly (SD) rats were either unstressed, or subjected to 5-6 

weeks of CUS.  Sucrose preference and social interaction testing was conducted at three 

time points; before CUS (baseline), after 4 weeks of CUS and an injection of the vehicle 

solution (75% saline, 25% DMSO, i.p.), and finally, after 5 weeks of CUS and an 

injection of L6 (0.7mg/kg i.p.).   Both sucrose preference and social interaction ratio were 

significantly lower in CUS + vehicle condition compared to all other measurements, (p = 

0.016 and p = 0.005 respectively).  A single injection of L6, 24 hours before testing, 

reversed this reduction, increasing the values back to baseline and unstressed levels 

(figure 10.1). 

 In order to determine if rapid reversal of depressive behaviors by L6 was model-

independent, I conducted a similar experiment using the chronic restraint stress (CRS) 

model of depression.  Following baseline measurements of sucrose preference and social 

Figure 10.1 – L6 reverses CUS-induced impairment of sucrose preference and social interaction behaviors 

in a rat model of stress-induced depression. Measurements of depressive behaviors at three time points, 

before CUS, after 4 weeks of CUS and a vehicle injection, and after 5 weeks of CUS and an injection of L6 

(red). Unstressed controls (blue) were also given vehicle and subsequent L6 injections at the same time 

points.  a, Mean sucrose preference following 4 weeks of CUS + vehicle injection differed significantly 

from all other groups, (3x2 repeated-measures ANOVA group-time interaction F(2,18) = 7.318 , p = 0.016; 

*p<0.05 vs all other groups, LSD test) N = 5 CUS rats and N=6 unstressed rats. b, Mean social interaction 

ratio also differed in the CUS + vehicle group significantly, compared than all other groups, (3x2 repeated-

measures ANOVA group-time interaction F(2,50) = 4.25, p = 0.005; *p<0.05 vs all other groups, LSD test) 

N=18 CUS rats and N=9 unstressed rats.  
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interaction, 4-5 week old SD rats were subjected to 10 days of CRS.  At the culmination 

of CRS treatment, rats were either treated with a vehicle injection (75% saline, 25% 

DMSO, i.p.) or an L6 injection (0.7mg/kg, i.p.).  24 hours post-injection, sucrose 

preference and social interaction tests were repeated.   

 

 

 

Sucrose preference was significantly diminished in rats that received a vehicle 

injection following CRS, (p=0.019); while the mean sucrose preference of L6 treated rats 

was statistically indistinguishable from baseline measurements (figure 10.2a).  The 

decrease social interaction ratio following CRS + vehicle injection, compared to all other 

groups, trended strongly towards significance (p=0.082)(figure 10.2b). However, in 

comparison to their respective baseline measurements alone, rats treated with CRS and a 

vehicle injection displayed a significant decrease in social interaction ratio while rats 

given L6 did not (figure 10.2b). The reason for the lack of significance in social 

Figure 10.2 – L6 exerts rapidly-acting antidepressant efficacy in sucrose preference and social 

interaction behavioral testing in a CRS model of depression. All rats were subjected to 10 days CRS, 

following which, one group was given a vehicle injection (red) and the other an injection of L6 (blue) 

a, Mean sucrose preference following CRS + vehicle injection differed significantly compared with all 

other groups together (2x2 repeated-measures ANOVA group-time interaction F(1,11) = 7.514, p = 

0.019 *p < 0.05, LSD post-hoc test) N=7 CRS + vehicle, N = 6 CRS + L6.  b, Rats subjected to CRS 

and vehicle injection trended towards a significant reduction in mean interaction ratio compared to all 

other groups together (2x2 repeated-measures ANOVA group-time interaction F(1,11) = 3.129, p = 

0.082).    
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interaction testing following CRS can reasonably be attributed the low sample size and 

high variability between subjects.  Thus, it is likely that further testing would result in 

statistical significance, as it did in the animals subjected to CUS, which had a much 

larger sample size. 

 Taken together, the results from sucrose preference and social interaction testing 

in the CUS model, and the sucrose preference testing in the CRS model, provide 

substantial evidence that L6 reverses depressive behaviors rapidly in a rat model of 

stress-induced depression; and that the reversal is model-independent. 
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Chapter 11: L6 restores a stress-induced deficit specific to AMPAR mediated 

neurotransmission at TA-CA1 synapses of the hippocampus 

The excitatory synapse hypothesis of depression postulates that a reduction in 

excitatory neurotransmission in brain regions including the TA-CA1 synapses of the 

hippocampus underlies the etiology of depression and that antidepressant efficacy 

requires the reversal this deficit.  Previous research described in the background section 

of thesis has identified an impairment AMPAR, but not NMDAR-mediated signaling at 

TA-CA1 synapses in response to chronic stress, and a reversal of that deficit by chronic 

SSRI treatment.  Therefore, I predicted that the behavioral antidepressant action of L6 

would be associated with a restoration of pathologically weakened AMPAR mediated 

synaptic transmission, while NMDAR mediated signaling would be unaltered by chronic 

stress or L6 treatment.   

To test this theory, I used acute slice electrophysiology to measure field excitatory 

post synaptic potentials (fEPSPs) in unstressed rats, rats subjected to ten days of CRS and 

given a vehicle injection, and rats subjected to ten days of CRS and given an injection of 

L6.  Field recording were measured in the SLM area of CA1 and evoked by stimulation 

at TA afferents.  First, the slope of the AMPAR component of the fEPSP vs. the 

amplitude of the fiber volley (FV) was measured at a range of stimulation intensities.  I 

observed a decrease in AMPA component but not the NMDA component of the fEPSP 

slope in slices from rats subjected to CRS and given a vehicle injection, compared to 
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slices from unstressed and CRS + L6 treated rats (figure 11.1a).  

 

AMPAR-mediated responses at a range of stimulation intensities (measured by FV 

amplitude) were lower in slices from CRS + vehicle rats than unstressed or CRS + L6 

rats even at considerably higher magnitudes of stimulation (figure 11.1b).  Further 

Figure 11.1 – L6 selectively restores a stress induced deficiency in AMPAR-mediated transmission 

in TA-CA1 synapses of the rat hippocampus.  a, Representative traces displaying the AMPAR and 

NMDAR components of the fEPSP in response to simulation in the TA region of the hippocampus. 

b, fEPSP slope of the AMPAR-mediated response at a range of stimulation intensities (measured by 

increased FV amplitude).  Slices from CRS + vehicle treated rats display smaller AMPAR responses 

(red) compared to slices from unstressed (blue) or CRS + L6 treated rats (green) even at considerably 

higher magnitudes of stimulation.  c, CRS significantly decreased the mean AMPA component of the 

fEPSP slope in slices from vehicle treated rats compared to unstressed rats. Slices from CRS + L6 

treated rats were not significantly different from slices from unstressed rats implying a reversal of 

AMPAR-mediated signaling. (1-Way ANOVA, F(2,17)= 3.675, p= 0.047, *p < 0.05, LSD post hoc 

test) This result is not seen in NMDAR-mediated signaling. (1-Way ANOVA, F(2,17)= 0.549,  p = 

0.588), N
Unstressed

= 5, N
CRS+Vehicle

= 8, N
CRS+L-655, 708

= 7. d, Mean AMPA:NMDA ratios are significantly 

decreased in slices from CRS + vehicle treated rats compared to slices from both unstressed and CRS 

+ L6 treated rats,  AMPA:NMDA ratios from unstressed and CRS + L6 rat slices are statistically 

indistinguishable (1-Way ANOVA F(2,17)= 4.345 p = 0.03, *p < 0.05, LSD post-hoc test). 

N
Unstressed

= 5, N
CRS+Vehicle

= 8, N
CRS+L-655, 708

= 7 e, AMPA:NMDA ratio and sucrose preference are 

positively correlated (R²=0.4985), CRS + vehicle treated rats contribute the lower values in both 

measurements than unstressed or CRS + L6 treated rats. 
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analysis uncovered a significant decrease in slope of the AMPA response normalized to 

the FV amplitude in slices CRS + vehicle treated rats compared to unstressed rats 

(p=0.023) but not in slices from CRS + L6 treated rats compared to unstressed rats 

(p=0.514) (figure 11.1c).  Subsequently, bath application of DNQX was applied to isolate 

the NMDAR component of the fEPSP.  No significant difference in NMDAR-mediated 

signaling was found between the three groups was observed (p=0.588) (figure 11.1c).  

Together, these results demonstrate that AMPAR-mediated signaling, but not NMDA-

mediated signaling is impaired by chronic stress and that this impairment is reversed 

rapidly by treatment with L6. 

 I then compared the mean AMPA:NMDA ratio of the three groups by dividing 

AMPAR component of the fEPSP slope by the NMDAR component of the fEPSP slope, 

both normalized to the fiber volley amplitude.  The AMPA:NMDA ratio was 

significantly diminished in CRS + vehicle treated rats compared to both unstressed rats 

and CRS + L6 treated rats (p=0.03) (figure 11.1d).  There was no statistical difference 

between unstressed and CRS + L6 treated rats (p=0.61).  AMPA:NMDA ratio analysis 

further emphasized the observation that L6 rapidly and significantly reversed the stress-

induced impairment AMPAR-mediated, but not NMDA-mediated excitatory 

transmission.  Comparison the AMPA:NMDA ratio and sucrose preference of individual 

rats revealed a positive correlation (R2 = .4985) between the two (figure 11.1e), a finding 

in agreement with previous research from the Thompson lab (figure 3.2).  Furthermore, 

CRS + Vehicle treated rats displayed lower AMPA:NMDA ratios and sucrose preference 

values then unstressed rats or CRS + L6 treated rats (figure 8.1e).  Taken together, 

analysis of AMPAR and NMDAR mediated signaling at TA-CA1 synapses of the 
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hippocampus provides strong evidence that the behavioral antidepressant efficacy of L6 

is associated with a restoration excitatory neurotransmission at TA-CA1 synapses of the 

hippocampus. 
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Chapter 12: L6 appears to reverse the stressed-induced alteration of 5-HT1B-

mediated potentiation induced by 5-HT1B agonist anpirtoline 

 Activation of 5-HT1B receptors with the selective agonist, anpirtoline, results in a 

potentiation of excitatory transmission at TA-CA1 synapses of the hippocampus16.   In 

slices from unstressed rats, this potentiation does not exceed a 2-fold change in 

magnitude and washes out entirely over the course of two hours upon removal of the 

agonist.  In contrast, anpirtoline-induced potentiation in slices from rats subjected to CUS 

is considerably more robust than in slices from unstressed rats, and does not washout 

even two hours after the removal of anpirtoline.  Finally, this alteration of potentiation by 

CUS is reversed in slices from rats treated with fluoxetine during the final 3 weeks of 

CUS (figure 8.1a)16. 

Because fluoxetine affects serotonergic transmission directly, it is possible that its 

reversal of the stress-induced alteration of 5HT1B-mediated potentiation could be specific 

antidepressant treatments that increase levels of 5-HT.  Alternatively, this effect could be 

mediated by an SSRI-induced restoration of excitatory synaptic strength, in which case it 

is likely to been seen following L6 treatment as well.  I tested these possibilities in slices 

from rats that underwent CUS and received an injection of L6 24 hours prior to 

experimentation.  I used field recording to measure the fEPSP slope at TA-CA1 synapses 

of the hippocampus.  After the acquisition of a stable baseline I washed in 50μM of 

anpirtoline and recorded fEPSPs for 60 minutes.  I then washed out anpirtoline with 

regular ACSF and recorded for an additional 60 minutes. 
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I conducted anpirtoline experiments in two slices and, in both cases, anpirtoline produced 

a potentiation that was similar in magnitude to that seen in slices from unstressed or CUS 

+ fluoxetine treated rats, rather than slices from untreated rats subjected to CUS (figure 

12.1).  Furthermore, in both cases, the potentiation washed out entirely over the course of 

one hour, which is also consistent with experiments from unstressed and CUS + 

fluoxetine treated rats but not experiments from rats subjected to CUS alone (figure 

12.1).   While the number of experiments conducted to investigate this prediction are too 

small to draw any significant conclusions, the results here suggest a likelihood that L6 

treatment may also reverse the stress-induced alteration of 5HT1B-mediated potentiation 

seen by fluoxetine treatment.  This finding would further implicate a role of enhancing 

excitatory synaptic transmission in the etiology of that reversal, implying an additional 

Figure 12.1- L6 appears to reverse a stress-induced alteration of 5HT
1B

-mediated potentiation 

measured by the fEPSP slope, normalized to the baseline, at TA-CA1 synapses.  a, Previous 

data from Cai et al. (2013).  Slices from rats subjected to CUS (red) display a greater 

magnitude of 5HT
1B

-mediated potentiation induced by 5HT
1B 

agonist, anpirtoline, than slices 

from unstressed (black) or CUS + fluoxetine treated rats (blue). The anpirtoline effect is not 

washed out 120 minutes after the removal of anpirtoline in slices from CUS rats but fully 

washes out in unstressed and CUS + fluoxetine treated rats. b, The profile of 5HT
1B

-mediated 

potentiation on slices from rats treated with CUS and L6 matches that of slices from 

unstressed and CUS + fluoxetine treated rats, not that of slices from rats treated with CUS 

alone. 
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association between the reversal of the profile of 5-HT1B-mediated potentiation and 

antidepressant efficacy. 
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Chapter 13: Western blot analysis of GluA1 and GluA1 containing pS831 

expression at TA-CA1 synapses following L6 treatment 

 Previous research has demonstrated that the restoration of AMPAR-mediated 

transmission by both chronic SSRI treatment (Kallarackal et al., 2013) and ketamine 

treatment (Li et al., 2011) is associated with an increase in GluA1 expression18,34.  

Additionally, Cai et al. demonstrated that 5HT1B-mediated potentiation resulted in 

enhancement of the AMPA receptor function through the phosphorylation of S831.  The 

ability of L6 to also restore AMPAR-mediated signaling, lead me to ask that if this effect 

was mediated by an increase in GluA1 expression and/or S831 phosphorylation.  To test 

this theory, I harvested SLM tissue in slices from unstressed rats, rats subjected to ten 

days of CRS and given a vehicle injection, and rats subjected to ten days of CRS and 

given an injection of L6 (0.7 mg/kg, i.p.).  

In collaboration with my labmate, Adam Van Dyke, we found that S831 

phosphorylation was significantly increased in samples from rats treated with CRS and 

given L6, compared to samples from unstressed or CRS + vehicle rats (p=0.007) (figure 

13.1a,b).  Phosphorylation of S831 on the GluA1 subunit of AMPA receptors increases 

their function and is thought to be the mechanism by which high-frequency stimulation 

induces long-term potentiation (LTP).  The finding that L6 increases S831 

phosphorylation suggests that the restoration of AMPAR-mediated signaling by L6 is 

likely to be mediated, at least in part, by enhancing AMPA receptor function by 
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increasing S831 phosphorylation. 

 

 

Our results regarding GluA1 expression were less conclusive.  The decrease in 

mean GluA1 expression we observed following CRS and vehicle treatment only trended 

towards significance (figure 13.1).  Although L6 did increase the mean GluA1 expression 

compared to CRS + vehicle treated animals, this observation also did not reach 

significance.  This finding was not consistent with Kallarackal et al. (2013) who found 

GluA1 expression was significantly reduced by CUS, and that that reduction was 

reversed by chronic treatment with fluoxetine18.  While it is possible that CRS may not 

cause the same decrease in total GluA1 expression that CUS causes, the consistency of 

our behavioral and electrophysiological findings using CRS to those found by 

Kallarackal et al. using CUS, suggest that CRS exerts the same effects as CUS on 

Figure 13.1 – L6 significantly increases S831 phosphorylation and may restore a CRS-induced 

reduction of GluA1 expression. a, Representative blot of GluA1, pS831 and β-actin expression in SLM 

samples from unstressed rats, CRS + vehicle rats , and CRS + L6 rats.  b,  Samples from animals treated 

with CRS + L6 displayed a significant increase in mean pS831 levels normalized to GluA1 and β-actin 

expression (pS831/GluA1)/β-actin compared to samples from unstressed and CRS + vehicle treated 

rats. (Kruskal-Wallis, Chi-Square= 9.845, p= 0.007), N
Unstressed

= 4, N
CRS+Vehicle

= 4, N
CRS+L-655, 708

= 4.  c, 

Samples from rats treated with CRS + vehicle trended towards a significant reduction in total GluA1 

expression normalized to β-actin expression, no reduction in GluA1 expression was observed in rats 

treated CRS and L6 (Kruskal-Wallis, Chi-Square= 3.231, p= 0.199), N
Unstressed

= 4, N
CRS+Vehicle

= 4, 

N
CRS+L-655, 708

= 4.  
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synaptic plasticity.  In this case, it is possible that our sample size (N= 4 for all groups) 

was too small to detect a significant reduction in GluA1 expression and that further 

experimentation may be required to make this determination, one way or another.  

Alternatively, we may have inadvertently sampled tissue from the stratum radiatum, 

where Kallarackal et al. showed there was no change in GluA1 expression after CUS.  

Finally, we found no difference in the mean GluA1 expression in samples from 

unstressed rats compared to samples from CRS + L6 rats.  This finding was consistent 

with our electrophysiological data which indicated that AMPAR mediated signaling was 

equally strong in unstressed and CRS + L6 rats. 
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Discussion 

 There is a strong correlation between the ability of SSRIs and ketamine to 

enhance excitatory synaptic transmission in regions of the brain known to drive 

dopaminergic reward pathway signaling and their ability to act as effective treatments of 

human depression, which suggests that the two processes are causally linked.  

Furthermore, this idea is strongly supported by the fact that at least two commonly 

hypothesized mechanisms thought to explain the etiology of depression, excessive 

glucocorticoids and insufficient neurotrophin signaling, both postulate that excitatory 

transmission in these regions is pathological impaired.  In this light, the formulation of 

the excitatory synapse hypothesis has provided a framework for my thesis project to 

identify a novel pharmacological treatments for depression.   

If depression is caused by the impairment of excitatory neurotransmission in the 

hippocampus and cortex, then the reversal of that deficit should be effective in the 

treatment of depression.  While SSRIs and ketamine are good examples of this, both have 

significant limitations that limit their therapeutic effectiveness.  Although SSRIs are safe, 

reasonably well tolerated and not addictive, there is a significant delay (weeks-to-months) 

before they offer effective relief of symptoms, and in many cases, they fail to relieve the 

symptoms.  Ketamine, on the other hand, exerts rapidly acting antidepressant 

effectiveness in the majority of cases, but its therapeutic viability is extremely limited to 
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its dissociative and anesthetic properties, as well as its potential for abuse and overdose.  

For these reason, the development of a pharmacological treatment for depression that is 

both safe and rapidly effective would be extremely beneficial for the millions people 

currently suffering from depression including those who are receiving suboptimal 

treatment, as well as and the countless millions more that will suffer from depression in 

the future. 

 In this thesis I have discovered that the partial inverse agonist at the 

benzodiazepine site of GABAA receptors containing α5 subunits, L-655, 708, reverses a 

deficiency in two depression-related behaviors using two models of stress-induced 

depression.  While the behavioral findings in this thesis are specific to an animal model 

of depression, the behaviors measured, anhedonia and interest in social interaction both 

reflect core symptoms of depression in humans and should thus generalize well to human 

depression.  The comparable efficacy of L6 in our animal models to previously published 

reports of SSRIs and ketamine in the recovery of sucrose preference, further highlights 

the potential effectiveness of L6 in the treatment of human depression.   

Because behavioral testing after L6 treatment was always conducted 24 hours 

post-injection in my experiments, the duration of L6’s antidepressant efficacy in 

behavioral models of depression has not yet been determined.  The antidepressant 

effectiveness of ketamine has been shown to last roughly three days, thus it is likely that 

L6 may exert its antidepressant efficacy for an extended period of time, further enhancing 

is viability as a fast acting anti-depressant.  Therefore, the duration of L6’s antidepressant 

efficacy should be determined by measuring sucrose preference and social interaction at 
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increasing lengths of time after the injection of L6 starting two days post-injection until 

L6 no longer exerts this reversal of depressive behaviors. 

The ability of L6 to rapidly restore pathologically weakened AMPAR-mediated 

excitatory transmission at TA-CA1 synapses of the hippocampus suggests a likely 

mechanism by which L6 exerts its antidepressant efficacy in behavioral testing.  SSRIs, 

ketamine and L6 all enhance excitatory synaptic strength, thereby providing strong 

support of an association between the restoration excitatory synaptic strength and the 

reversal of depressive behavioral phenotypes.  Further investigation into this relationship 

could provide stronger evidence that the ability of L6 to restore of AMPAR-mediated 

signaling is, in fact, required for its antidepressant efficacy. 

The similarity in the electrophysiological and behavioral effects of CRS and CUS 

indicates that CRS, like CUS, should cause a reduction in GluA1 expression at TA-CA1 

synapses. Our finding that GluA1 expression was not reduced significantly in CRS + 

vehicle animals may be attributed to the small sample size used and additional 

experiments should be performed in order to permit a more definitive conclusion.  

Consequently, because a significant reduction in GluA1 expression following CRS and a 

vehicle injection was not identified, our observation that GluA1 expression is the same in 

CRS + L6 and unstressed animals provides only preliminary support for my hypothesis 

that a restoration of GluA1 expression is partially responsible for the restoration of 

AMPAR-mediated transmission by L6. 

Research into mechanistic actions of ketamine and SSRIs has identified two 

means by which antidepressants compounds can increase excitatory synaptic strength.  

One common feature of SSRIs and ketamine is that both cause a transient increase in 
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excitatory signaling which is thought to lead to and accompany more persistent 

alterations of in excitatory synaptic strength.  The molecular actions of ketamine have 

provided support for the theory that antidepressant treatment enhances AMPAR mediated 

signaling.  It has been shown that the transient increase in excitatory signaling produced 

by acute administration of ketamine results in more persistent activity-dependent increase 

in BDNF release and subsequent activation of mTOR signaling pathway proteins.  This 

activation is then said to be responsible for the up-regulation of synaptic proteins, 

including but not limited to, GluA1, finally resulting in persistent changes in excitatory 

synaptic plasticity.  

We have predicted that L6 exerts the same net excitatory activity in neural circuits 

in the hippocampus as ketamine.  Ketamine transiently increases excitatory transmission 

by preferentially antagonizing NMDA-mediated excitatory projections onto inhibitory 

interneurons, which normally inhibit excitatory pyramidal neurons.  L6’s actions on 

GABAA receptors containing the α5 subunit attenuates those inhibitory inputs onto the 

excitatory pyramidal cells and thus would achieve the same disinhibition.  This would 

result in the same transient increase of excitatory activity by decreasing inhibition.  A 

goal in further characterizing L6’s mechanism of action would be to verify that it exerts 

its antidepressant efficacy specifically through its actions as a partial inverse agonist at 

the benzodiazepine site of GABAA receptors.  To address this goal, after the induction of 

a depressive-like state using CRS, I will inject rats with the BZD site antagonist 

flumazenil in addition to the injection with L6.  If the antidepressant efficacy of L6 is 

mediated specifically by its partial inverse agonism at the BZD site, flumazenil should 
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prevent this action and thus prevent the reversal of behavioral correlates associated with a 

depressive-like state. 

Another future experiment that would support the prediction L6 exerts its 

effectiveness through the same mechanism as ketamine would be to administer sub-

effective-doses of both L6 and ketamine simultaneously.  If L6 and ketamine both exert 

their antidepressant efficacy by transiently increasing excitatory transmission, it is 

probable that the synergistic effect of the two compounds administered together should 

have antidepressant efficacy at doses too low for either treatment to exert this efficacy 

alone.   

The potential mechanistic similarity between ketamine and L6 on excitatory 

pyramidal neurons in the hippocampus, suggested to us that L6 would also cause an 

increase in activity-dependent BDNF release and the same subsequent changes in 

excitatory synaptic plasticity through mTOR signaling pathway activation.  Further 

investigation into L6 should include western blot analysis of mTOR signaling proteins 

and synaptic proteins following treatment with L6 in order to determine if L6 exerts its 

effects on excitatory synaptic transmission through this mechanism as ketamine is 

theorized to. 

5-HT1B-mediated potentiation by fluoxetine administration in vitro results in an 

increase in phosphorylated (i.e. activated) CaMKII and S831 phosphorylation but not a 

rapid increase in GluA1 expression.  This apparent difference between the actions of 

ketamine and acute SSRI administration in brain slices may reflect the delay in 

effectiveness in antidepressant treatment by SSRIs, although chronic treatment with 

SSRIs does increase GluA1 expression, potentially accounting for the increase in 
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AMPAR-mediated transmission at TA-CA1 synapses.  The phosphorylation of S831 by 

serotonin-mediated potentiation indicates a second mechanism by which antidepressant 

treatment results increased GluA1 expression.  S831 phosphorylation increases AMPAR 

function which results in greater depolarization of the post-synaptic terminal. NMDARs 

are normally blocked by Mg2+ and require sufficient depolarization in addition to the 

binding of glutamate to become activated.  Therefore the increase in depolarization of the 

post-synaptic terminal in potentiated synapses increases NMDAR activation resulting in 

increased Ca2+ influx into the post-synaptic neuron.  Ca2+ is known to modulate the 

activation of signaling pathways and an increase of Ca2+ eventually results in an increase 

in local GluA1 translation at synapses where AMPAR function was potentiated.  Our 

western blot analysis demonstrates that, like SSRIs, L6 significantly increases S831 

phosphorylation.  The increase in S831 phosphorylation by L6 is likely to play several 

roles resulting in restoration of AMPAR-mediated signaling.  First, the induction of 

activity-dependent long-term potentiation by L6 would provide a direct enhancement of 

AMPAR function thereby restoring of AMPAR-mediated signaling within minutes.  In 

addition, L6-mediated potentiation, like serotonin-mediated potentiation, would increase 

local translation of GluA1, thus resulting in a more persistent effect on excitatory 

synaptic plasticity.  While L6 would increase long-term GluA1 expression by inducing 

potentiation, this is unlikely to be the only mechanism by which L6 exerts its 

antidepressant efficacy.  The rapidly acting effects of L6 in behavioral and 

electrophysiological assays suggests that rapid changes in synaptic plasticity underlies 

this efficacy.  Thus the rapid enhancement of AMPAR function by S831 phosphorylation 

directly, as well as an increase activity dependent BDNF release and mTOR signaling 
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pathway activation provide likely explanations for the rapidly-acting effects seen 

following L6 treatment. 

The α5 selectivity of L6 is likely to be a crucial in its clinical viability, 

particularly the lack of side effects.  GABAA receptors containing α5 subunits are 

preferentially localized to brain regions thought to be responsible for the etiology of 

depression (primarily the hippocampus and cortex) and are preferentially expressed 

extrasynaptically.   The localization of GABAA receptors containing the α5 subunit 

suggests that L6 would selectively treat the symptoms of depression without having as 

many off target effects as a compound like ketamine, which acts at NDMARs throughout 

the brain.   The other α5 selective inverse agonist compounds, MRK-016 and α51A have 

been shown to be non-anxiogenic in humans.  While it is likely that L6 should have the 

same lack of effect, open-field measurement of anxiety should be conducted 1 hour after 

L6 injection and compared to a baseline measurement in order to determine if this is also 

the case with L6.  In humans, a high dose of MRK-016 (10mg) caused 

lightheaded/dizziness, tingling of fingers/lips, and nausea/vomiting, however a dose of 

5mg or less was determined to well-tolerated39.  These potential, adverse, effects should 

be investigated for L6, and the maximal tolerated dose should be determined. 

In conclusion, the ability of L6 to rapidly restore AMPAR-mediated excitatory 

synaptic strength, to rapidly reverse stress-induced depressive behaviors in a rat model of 

depression, and its lack of anxiogenesis indicates that L-655, 708 is likely to provide a 

novel, rapidly acting, effective, and clinically viable treatment for depression. 
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