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Abstract

Major depression is a prevalent and debilitating disorder and a substantial proportion of patients 

fail to reach remission following standard antidepressant pharmacological treatment. Limited 

efficacy with currently available antidepressant drugs highlights the need to develop more 

effective medications for treatment resistant patients and emphasizes the importance of developing 

better preclinical models that focus on treatment resistant populations. This review discusses 

methods to adapt and refine rodent behavioral models that are predictive of antidepressant efficacy 

to identify populations that show reduced responsiveness or are resistant to traditional 

antidepressants. Methods include separating antidepressant responders from non-responders, 

administering treatments that render animals resistant to traditional pharmacological treatments, 

and identifying genetic models that show antidepressant resistance. This review also examines 

pharmacological and non-pharmacological treatments regimes that have been effective in 

refractory patients and how some of these approaches have been used to validate animal models of 

treatment-resistant depression. The goals in developing rodent models of treatment-resistant 

depression are to understand the neurobiological mechanisms involved in antidepressant resistance 

and to develop valid models to test novel therapies that would be effective in patients that do not 

respond to traditional monoaminergic antidepressants.
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1. Introduction

Major depressive disorder is a considerable public health problem affecting approximately 

16% of adults in the United States (Kessler et al., 2003) and is the fourth leading cause of 

disease burden worldwide (Ustun et al., 2004). The current standard of care for major 
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depressive disorder is pharmacological treatments that modulate monoamines. First 

generation antidepressants, including monoamine oxidase inhibitors and tricyclic 

antidepressants (TCAs), were effective in treating depression but caused a wide range of 

side effects. Second generation antidepressants, including selective serotonin reuptake 

inhibitors (SSRIs), selective norepinephrine reuptake inhibitors, serotonin/norepinephrine 

reuptake inhibitors, and dopamine/norepinephrine reuptake inhibitors (Table 1), improved 

the side effect profile, but are still sub-optimal due to two major limitations. First, there is a 

delayed response between the start of treatment and the onset of beneficial effects, a lag that 

can often take several weeks; second, there is often an inadequate response to the 

pharmacological treatment, referred to as treatment resistance, with only approximately one 

third of patients achieving remission after treatment with a standard SSRI (Trivedi et al., 

2006).

Treatment-resistant depression is generally defined as a failure to respond to two or more 

courses of antidepressant treatment (Souery et al., 2006). Treatment-resistant depression has 

been estimated to present an annual added societal cost $29–$48 billion, making the total 

societal costs of major depression in the United States $106–$118 billion per year (Mrazek 

et al., 2014). The largest study on treatment-resistant depression to date was the landmark 

STAR*D study (Sequenced Treatment Alternatives to Relieve Depression) which 

investigated over 4000 patients with major depressive disorder in four phases of treatment. 

The first stage was treatment with citalopram and patients that were non-responders in stage 

1 were assigned to treatments in stages 2–4 that included various monotherapies, 

combinations, or augmentations. Results indicated that only ~30% of patients showed 

remission after stage 1 treatment with citalopram (Trivedi et al., 2006) and remission rates 

were only 7–14% in patients still in the trial at the fourth stage (McGrath et al., 2006).

Most current rodent models of depression focus on antidepressant efficacy using behavioral 

tests that show robust responses to clinically prescribed antidepressant drugs. Ideally, an 

animal model of treatment-resistant depression should be validated by demonstrating that 

populations resistant to traditional antidepressants would respond to treatments shown to be 

effective in patients with treatment-resistant depression. One goal of developing rodent 

models of treatment-resistant depression is to better understand the neurobiological 

mechanisms that underlie refractory depression in humans. A second goal is to provide a 

framework for improved translation between preclinical research and clinical trials. For 

example, several compounds with novel mechanisms of action (e.g. neurokinin (NK) 

receptor NK1, NK2, NK3 antagonists, corticotrophin releasing factor receptor 1 (CRF1) 

antagonists, vasopressin receptor 1b (V1b) antagonists) showed promise in traditional animal 

antidepressant models but failed to show consistent efficacy in the clinic (Belzung, 2014). It 

is unclear whether the clinical trials failed to detect the effect seen in animals, or if the 

animal models lacked appropriate validity. Preclinical models, with face, construct and 

predictive validity will allow a better understanding of the genetics and underlying 

neurobiology of treatment resistant depression and provide a translationally valid model for 

the development and testing of novel antidepressant therapeutics.
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2. Traditional models of antidepressant efficacy

Most current behavioral models of antidepressant efficacy test mice after acute or chronic 

administration of traditional antidepressants (for an extensive discussion of rodent models 

used in depression research (see O’Leary and Cryan, 2013). The most popular models 

include the forced swim test (FST) (Lucki, 1997; Porsolt et al., 1977) and the tail suspension 

test (TST) (Steru et al., 1985) in which behavioral responses are seen following single or 

subchronic dosing. Acute effects of a wide range of antidepressants are also seen with the 

differential-reinforcement-of-low-rate (DRL-72) operant model (see O’Donnell et al., 2005 

for a review). Models that more closely mimic the delay in antidepressant efficacy seen in 

humans are those in which rodents do not respond to acute or subchronic treatment, but 

respond only after chronic (several weeks) drug administration. Chronic behavioral models 

include novelty-suppressed feeding (Bodnoff et al., 1988), novelty-induced hypophagia 

(Dulawa and Hen, 2005), olfactory bulbectomy (Breuer et al., 2007), chronic mild stress 

(Willner, 1997, 2005), and chronic social defeat stress (Berton et al., 2006). Acute, chronic 

and subchronic antidepressant treatment have been reported to be effective in other models 

such as learned helplessness (see Pryce et al., 2012; Pryce et al., 2011 for a review).

Although the chronic treatment models more closely represent the delayed antidepressant 

response seen in humans, these tests do not adequately address antidepressant responses in 

treatment-resistant populations. More recently, issues regarding the predictive validity of 

traditional animal models for depression have called into question how well these models 

can translate to clinical efficacy (Belzung, 2014). Ideally, in an animal model of treatment-

resistant depression, the resistant population would not respond to traditional treatments, but 

would show antidepressant-like responses to treatments effective in resistant patients.

3. Identifying treatment-resistance in rodents

Recently, investigators have started to focus on developing and understanding the 

mechanisms of antidepressant responsiveness and resistance in animal models (Levinstein 

and Samuels, 2014). Animal models of antidepressant resistance have used three basic 

approaches: (1) Separation of rodents into bimodal subpopulations that respond to or are 

resistant to traditional antidepressant treatments, which is often used following a behavioral 

stressor such as chronic mild stress (Jayatissa et al., 2006) or chronic social defeat (Der-

Avakian et al., 2014); (2) Treatments that render rodents resistant to antidepressants (e.g. 

adrenocorticotropic hormone Kitamura et al., 2002 or inflammation Sukoff Rizzo et al., 

2012); (3) Genetic models that show resistance to traditional antidepressant treatment (e.g. 

use of genetically modified mice Cryan and Mombereau, 2004). These models are discussed 

in detail below and are summarized in Table 2.

This review focuses on pharmacological antidepressant responsiveness in rodent models. 

Alterations in baseline behavior in the absence of antidepressant treatment will be discussed 

only in the context of interpreting antidepressant responses. In addition, pharmacological 

resistance will be discussed in the context of both general and antidepressant class-specific 

resistance (e.g. TCAs and SSRIs).
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3.1. Separation into antidepressant responders and non-responders

3.1.1. Chronic mild stress—During chronic mild stress (also referred to as chronic 

unpredictable stress), rodents are exposed to a series of different stressors such as light and 

temperature changes, mild food or water deprivation, changes in cage mates, or exposure to 

soiled or tilted cages over a period of several weeks. The prolonged exposure to stressors 

produces changes in behavior such as reduced saccharin or sucrose intake, a proposed 

measure of anhedonia (Willner, 1997, 2005). Outbred Wistar rats exposed to chronic mild 

stress for 2 weeks showed reductions in sucrose preference compared to non-stressed 

controls. The rats were then administered escitalopram (5 mg/kg/day) for 4 weeks and a 

bimodal distribution of sucrose preference was observed. Half of the chronic mild stress-

exposed rats showed a return to baseline levels (responders), whereas the other 50% showed 

no change (Jayatissa et al., 2006). Similar findings were reported for sertraline (Christensen 

et al., 2011). Additional analyses for biomarkers associated with antidepressant resistance 

showed that chronic escitalopram reversed a decrease in ventral hippocampal cell 

proliferation induced by chronic mild stress, but only in the rats that showed recovery of 

sucrose preference (Jayatissa et al., 2006). These results suggest that antidepressant 

resistance may be related to antidepressant actions on cell proliferation in the ventral 

hippocampus. Additional markers for escitalopram resistance in this model are lack of 

antidepressant modulation of dihydropyrimidinase-related protein-2 in the ventral 

hippocampus (Bisgaard et al., 2007) and an up-regulation of apoptotic pathway components 

(Bergstrom et al., 2007) in the treatment-resistant animals.

3.1.2. Chronic social defeat—Another stress procedure that has proven useful for 

identifying antidepressant non-responders is chronic social defeat in rodents. In this 

paradigm, intruders are forced into the territory of an aggressive resident which leads to 

aggressive interactions resulting in the intruder displaying defensive, subordinate behaviors. 

Repeated social defeat produces increased anhedonia, increased anxiety, and reduced social 

interaction and these behaviors present in a bimodal distribution of stress-susceptible and 

stress-resistant animals (Berton et al., 2006; Der-Avakian et al., 2014; Krishnan et al., 2007). 

In rats, chronic social defeat elevated brain reward thresholds as measured by intracranial 

self stimulation. Elevated intracranial self stimulation thresholds, reflecting decreased brain 

reward function, were sustained only in a subset of stress-susceptible rats. Of the susceptible 

cohort, approximately half returned to baseline intracranial self-stimulation levels following 

antidepressant treatment with fluoxetine or desipramine (Der-Avakian et al., 2014). In 

addition, the stress-susceptible rats with the highest intracranial self-stimulation thresholds 

showed the poorest antidepressant outcome, similar to clinical populations in which more 

severe anhedonia is a predictor of poorer antidepressant response (McMakin et al., 2012).

3.1.3. Chronic corticosterone treatment—Treatment-resistant depression can also be 

modeled in rodents by inducing depressive-like states with chronic corticosterone 

administration and then separating antidepressant-resistant populations. Chronic 

administration of corticosterone increased anxietylike behavior in the majority of C57BL/6 

mice in the novelty suppressed feeding, a conflict-based test in which food-restricted 

animals have the choice of consuming food in the center of a brightly lit arena or avoiding 

the center of the anxiogenic environment. Overall, chronic fluoxetine produced an 
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antidepressant-like response decreasing latency to feed. However, closer analyses revealed 

the corticosterone-treated mice show a bimodal response to chronic fluoxetine, with some 

not responding (Samuels et al., 2011). Comparisons of antidepressant responders and non-

responders may identify genetic factors that mediate antidepressant resistance (Samuels et 

al., 2014).

One limitation to the approach of utilizing antidepressant non-responders is that the 

antidepressant resistant populations must identified by initial behavioral testing with 

traditional pharmacological treatments, prior to pharmacological validation with medications 

that are effective in treating treatment-resistant depression. This approach would require 

repeat testing in the behavioral models, some of which could be confounded by re-testing. 

However the dependent measures of sucrose preference in the chronic mild stress procedure 

and intracranial self-stimulation thresholds in the chronic social defeat, which involved 

repeated, within-subject testing, are both conducive to assessing antidepressant add-on or 

switch strategies.

3.2. Treatments that render rodents resistant to antidepressants

3.2.1. Adrenocorticotropic hormone (ACTH) model—Patients with major depressive 

disorder often exhibit a neuroendocrine dysfunction that is characterized by overactivity of 

the hypothalamic–pituitary–adrenal (HPA) axis. A high proportion of patients with 

depression have elevated levels of cortisol and show an exaggerated release of 

adrenocorticotropic hormone (ACTH) and cortisol in response to combined dexamethasone 

and corticotropin-releasing hormone treatment (dexamethasone/corticotropin-releasing 

hormone test) (Holsboer, 2000). HPA axis overactivity is often normalized after effective 

antidepressant treatment and some studies have suggested that failure of antidepressants to 

normalize the HPA axis may be a predictor of treatment resistance. For example, one study 

found that patients who still showed elevated cortisol in response to the dexamethasone/

corticotropin-releasing hormone test after 2–3 weeks of antidepressant treatment showed 

poor clinical outcome at 5 weeks (Ising et al., 2007). Additional evidence that HPA axis 

dysregulation may be involved in some types of antidepressant resistance comes from 

studies in patients with Cushing’s disease, a disorder characterized by chronic cortisol over 

production. Approximately 50% of patients with Cushing’s disease have major depressive 

disorder and are poor responders to traditional antidepressant treatment (Pereira et al., 2010; 

Sonino et al., 1986).

Treatment-resistant depression has been successfully modeled in rodents by altering the 

HPA axis with chronic ACTH treatment. As initially described by Kitamura and colleagues 

(Kitamura et al., 2002), chronic administration of ACTH(1–24) for 3, 7, or 14 days (100 μg/

day) in rats blocked the antidepressant-like effects of imipramine and desipramine, whereas 

rats that received chronic vehicle treatment showed the expected antidepressant-induced 

reduction in immobility in the FST. These findings have been replicated using imipramine in 

rats (Walker et al., 2013a) and mice (Caldarone and Brunner, 2009; Iwai et al., 2013). It is 

unclear if chronic ACTH produces resistance to SSRIs, but these results provide support for 

chronic ACTH treatment as a model of TCA resistance.
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3.2.2. Induction of inflammation—There is increasing evidence that treatment-resistant 

depression may be linked to an increased immune response and over activation of the 

inflammatory system. Higher levels of pro-inflammatory cytokines such as interleukin 1 and 

interleukin 6 have been reported in the plasma of patients with treatment-resistant 

depression (Carvalho et al., 2013; Maes et al., 1997; O’Brien et al., 2007). Animal models 

demonstrate a connection between inflammatory response and antidepressant resistance. 

Fluoxetine was ineffective in the TST after central administration of interleukin 6 compared 

to vehicle-treated mice (Sukoff Rizzo et al., 2012). Furthermore, mice with endogenous 

overexpression of brain interleukin 6 ((MRL/MpJ-FasLPR/LPR (LPR mice)) showed both 

increased depressive-like behavior and antidepressant resistance (a reduced response to 

acute fluoxetine treatment in the TST and FST) when compared to the MRL control line 

(Sukoff Rizzo et al., 2012). In a rat model, lipopolysaccharide (LPS) was administered to 

mimic inflammation. LPS produces neuroinflammation and secretion of pro-inflammatory 

cytokines such as interleukin-1 beta, interleukin 6, and tumor necrosis factor alpha (Dantzer, 

2009). Rats receiving LPS each day prior to receiving chronic mild stress showed an 

attenuated response to fluoxetine in the FST and novelty-suppressed feeding tests (Wang et 

al., 2011). Other studies, however, have not observed antidepressant resistance following 

LPS treatment. C57BL/6 mice treated chronically with LPS showed depressive-like 

behaviors as measured by decreased sucrose preference which was reversed following 3 

weeks of fluoxetine treatment (Kubera et al., 2013). Antidepressant-like effects of fluoxetine 

and paroxetine have been reported in the TST following LPS in mice (Ohgi et al., 2013) and 

prenatal LPS increased depressive-like behavior in the FST in rats that was reversed by 

chronic fluoxetine (Lin and Wang, 2014). Further studies are needed to determine the 

specific conditions by which inflammation produces antidepressant-resistance in animal 

models.

3.2.3. Stress, diet, and environmental factors—Cardiovascular risk factors, such as 

diabetes, hypercholesterolemia, and hypertension predict a poor response to fluoxetine in 

depressed patients (Iosifescu et al., 2005). In mice, chronic mild stress treatment has been 

combined with administration of a high fat diet, known to induce hypercholesterolemia, to 

produce ant-idepressant-resistance. Mice were given either a regular or a high fat diet (45% 

fat), subjected chronic mild stress, and were treated with either vehicle or chronic fluoxetine 

(10 mg/kg, i.p.). Chronic mild stress induced depressive-like behaviors including coat state 

degradation, disturbances in grooming motivation, and decreased in motivation to obtain a 

palatable food reward. Fluoxetine reversed the depressive-like behaviors in mice fed the 

normal diet but had no effect on mice fed the high fat diet (Isingrini et al., 2010). In another 

study, after exposure to chronic stress, mice were administered fluoxetine in either a 

stressful environment, or an enriched environment. Mice administered fluoxetine in a 

stressful environment showed resistance to its antidepressant effects, displaying decreased 

saccharin preference in comparison to mice treated in the enriched environment (Branchi et 

al., 2013). These studies highlight the importance of environmental factors such as diet and 

enrichment on antidepressant responsiveness.
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3.3. Genetic models

3.3.1. Mouse strain differences—Mouse inbred strains (which are ~99% genetically 

identical after 20 generations of brother–sister matings) could be utilized as tools to identify 

novel treatments to overcome antidepressant resistance. This approach involves identifying 

strains that show reduced sensitivity to traditional antidepressants and then determining 

whether treatments that are effective in treatment-resistant patients in the clinic would 

produce antidepressant-like responses in the rodent models. These inbred mouse strains 

could then be used to test novel treatments for treatment-resistant depression and also to 

map genes that mediate antidepressant resistance. Quantitative trait loci mapping, using 

recombinant inbred strains, F2 intercrosses, or backcrosses, could correlate associations 

between genetic markers and antidepressant sensitivity (Jacobson and Cryan, 2007).

Comparisons of antidepressant responsiveness have shown some mouse strains to be 

responsive to range of antidepressants across different tests, whereas the responses of other 

strains are less consistent (see Jacobson and Cryan, 2007 for a review). Variability in the 

data could be attributed to genetic differences between substrains or procedural variations. 

That some common strains show reduced sensitivity to some classes of antidepressants, in a 

reproducible manner across laboratories, highlights these strains as useful models to study 

genetic contributions to treatment-resistant depression.

The C57 mouse strain, one of the most commonly used strains for behavioral research, has 

shown reduced sensitivity to SSRIs in some behavioral assays for antidepressant efficacy: 

C57BL/6J mice were not responsive to acute (Castagne et al., 2009; Lucki et al., 2001) or 

chronic fluoxetine in the FST (Dulawa et al., 2004) or novelty-induced hypophagia test 

(Balu et al., 2009); acute fluvoxamine had no effect in C57BL/6Cr mice in the FST 

(Sugimoto et al., 2008); acute paroxetine had only moderate sensitivity in C57BL/6Cr mice 

in the FST compared to other strains (Sugimoto et al., 2011); and acute paroxetine was not 

effective in C57BL/6JRj in the FST at doses that did not affect locomotor activity (David et 

al., 2003). Although these studies suggest that C57BL/6 mice may show some resistance to 

SSRIs, other studies have reported sensitivity in C57BL/6J mice to citalopram in the TST 

(Crowley et al., 2005) and FST (Cervo et al., 2005). In addition, C57BL/6JRj mice were 

responsive to both paroxetine and citalopram in the TST (Ripoll et al., 2003).

The responses of C57 mice to TCAs have also been variable: C57BL/6JRj mice were not 

responsive to acute desipramine or imipramine in the FST (David et al., 2003); C57BL/6J 

mice did not respond to acute imipramine in the TST (Liu and Gershenfeld, 2001); chronic 

administration of desipramine and amitriptyline in C57BL/6J mice was ineffective in the LH 

assay (Shanks and Anisman, 1989); and chronic desipramine was inactive in the novelty-

induced hypophagia test (Balu et al., 2009). In contrast, acute imipramine was effective in 

C57BL/6OlaHsd mice in the TST and FST (Bai et al., 2001); acute desipramine was active 

in C57BL/6J mice in the FST (Lucki et al., 2001); imipramine and desipramine were 

efficacious in C57BL/6JRj mice in the TST (Ripoll et al., 2003); and chronic amitriptyline, 

administered via drinking water, in were active in C57BL/6J mice in TST, FST, and learned 

helplessness (Caldarone et al., 2003).
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Other inbred strains have variable responses to antidepressants. For example, BALB/

cOLaHsd exhibit reduced sensitivity to the behavioral effects of chronic desipramine in the 

novelty-induced hypophagia test (O’Leary et al., 2013). The DBA/2 strain has shown 

variability in responses to SSRIs with several studies showing reductions in immobility in 

the TST with paroxetine and citalopram (Crowley et al., 2005; Ripoll et al., 2003) and 

fluoxetine in FST (Lucki et al., 2001; Lucki et al., 2001), while other studies reported no 

response with citalopram in the TST (Cervo et al., 2005) or FST (David et al., 2003) or 

paroxetine in the FST (David et al., 2003). Desipramine also produced varied responses in 

DBA mice with reports of both sensitivity in the FST (Lucki et al., 2001) and insensitivity in 

TST (Ripoll et al., 2003) and FST (David et al., 2003).

Some outbred lines have also shown reduced sensitivity to antidepressants. CD-1 mice were 

insensitive to acute administration of imipramine, amitriptyline and fluvoxamine in the TST 

(van der Heyden et al., 1987), and fluoxetine, fluvoxamine, and citalopram in the FST 

(Kobayashi et al., 2008; Lucki et al., 2001). Interestingly, CD-1 mice exhibited a strong 

reduction in marble burying behavior in response to fluvoxamine, fluoxetine, and citalopram 

(Kobayashi et al., 2008), demonstrating that the mice do not show a general insensitivity to 

SSRIs, but an insensitivity that is selective to antidepressant-efficacy tests. In addition, ICR 

mice did not respond to fluvoxamine in the FST (Sugimoto et al., 2008) and showed reduced 

sensitivity to paroxetine when compared to other strains (Sugimoto et al., 2011). ICR mice, 

however, did respond to desipramine in the FST (Sugimoto et al., 2008).

Use of recombinant inbred strains such as the BXD (derived from C57BL/6J and DBA/2J 

strains) would be useful to map genetic regions associated with antidepressant 

responsiveness. The BXD mice have been used to identify a cluster of genes associated with 

the serotonin transporter mRNA levels (Ye et al., 2014), a finding which could utilized to 

further examine antidepressant resistance in behavioral models of antidepressant sensitivity. 

A quantitative trait loci analysis on an F2 intercross of BALB/cJ and A/J inbred mice 

mapped three loci on chromosomes 7, 12, and 19 related to citalopram response in the TST 

(Crowley et al., 2006). An F2 intercross between the NMRI and 129S6 inbred strains 

identified quantitative trait loci on chromosomes 1, 4, and 5 for responsiveness to 

imipramine in the TST (Liu et al., 2007). Another quantitative trait loci analysis between an 

F2 cross of FVB/NJ and C57BL/6J (fluoxetine sensitive and insensitive strains, 

respectively) mice revealed a single nucleotide polymorphism of the mouse Zfp326 

(rs6215396) gene that was associated with fluoxetine sensitivity in the mouse as well as in 

treatment response in patients with major depressive disorder (Liou et al., 2012).

These studies demonstrate that inbred mouse strains provide a valuable tool for beginning to 

identify genes that mediate antidepressant responsiveness. Use of both inbred and outbred 

antid-epressant-resistant mouse lines can also be useful to screen drugs with novel 

antidepressant mechanisms, but these tests should always be accompanied by an 

antidepressant responsive strain as a positive control to assure that assay conditions are 

optimized.

3.3.2. Selectively bred lines—Selectively bred lines are derived from selective breeding 

for a specific trait over several generations using genetically diverse/outbred rats or mice. 

Caldarone et al. Page 8

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The hypothesis is that selection pressure will lead to an enrichment of genetic alleles that 

promote or prevent the behavior of interest, thereby allowing identification of the alleles that 

modulate the behavior. Often rodents may be selectively bred for one trait, such as high 

anxiety (Schmuckermair et al., 2013) or cholinergic sensitivity (Overstreet et al., 2005) but 

display clusters of symptoms or other disorders such as depressive-like characteristics. The 

effects of environmental manipulations can also be tested in selectively bred lines, providing 

an excellent tool to study gene/environment interactions.

A mouse line selectively bred for high anxiety-related behavior (HAB) also shows 

depressive-like behaviors including enhanced immobility behavior in the FST compared to a 

normal anxiety control line (NAB) (Schmuckermair et al., 2013). Male HAB mice are also 

insensitive to chronic administration of SSRIs in the FST. However, male HAB mice do 

respond to reboxetine and desipramine (Schmuckermair et al., 2013) and chronic fluoxetine 

decreased immobility in the FST in female HAB mice (Sah et al., 2012). These results 

suggest that male HAB mice may be a model of SSRI resistance.

The Flinders Sensitive Line of rats, selectively bred for increased cholinergic sensitivity, 

exhibits depressive-like behaviors, such as increased immobility in the FST, compared to the 

Flinders Resistant Line. Antidepressants responsiveness in the FST is more pronounced in 

Flinders Sensitive Line compared to Flinders Resistant Line rats, although this could be 

related to the lower baseline response in the Flinders Resistant Line rats (Overstreet et al., 

2005).

Adverse early-life events in childhood increase susceptibility to major depressive disorder in 

adulthood and modulate treatment outcome (Keers and Uher, 2012). Maternal separation, 

used in rodent studies to model early life stress in humans (Millstein and Holmes, 2007), has 

been used in the Flinders Sensitive Line and Flinders Resistant Line rats to study gene × 

environment interactions. Maternal separation stress blocked effects of chronic escitalopram 

and nortriptyline in both the antidepressant responsive Flinders Sensitive Line rats and the 

less responsive Flinders Resistant Line rats (Piubelli et al., 2011a, 2011b). Proteomic 

analyses demonstrated that in Flinders Sensitive Line rats, escitalopram and nortriptyline 

modulated cytoskeleton proteins and carbohydrate metabolism, whereas in Flinders 

Resistant Line rats the antidepressants influenced intracellular transport mechanisms 

(Piubelli et al., 2011a, 2011b). The Flinders Sensitive Line are an interesting example of a 

gene × environment interaction in which stress can induce antidepressant resistance in a line 

that is, under normal conditions, hypersensitive to antidepressants, thus providing a 

promising model for treatment-resistant depression.

3.3.3. Single gene effects

3.3.3.1. Serotonergic system genes: Most prescribed antidepressants increase serotonin (5-

HT) availability at the synapse through reuptake inhibition. Therefore, much focus has been 

placed on examining the neurobiology of serotonergic systems as a mechanism of treatment-

resistant depression (Coplan et al., 2014). Genetic studies have supported the role of 

serotonergic systems in antidepressant resistance. For example, polymorphisms in the 

serotonin transporter gene promoter 5-HTTLPR and a single nucleotide polymorphism in 

the 5-HT1A receptor (rs6295) in Asian populations were shown to predict antidepressant 
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response (Kato and Serretti, 2010). The 5-HT1A receptor is predominantly expressed on 

presynaptic terminals in the dorsal raphe where it acts as an autoreceptor, controlling 

serotonergic tone through feedback inhibition. However, 5-HT1A receptors are also 

expressed postsynaptically in several brain regions, including the hippocampus, where they 

act as heteroreceptors and are thought to be responsible for the therapeutic action of 

antidepressants (Savitz et al., 2009). The 5-HT1A autoreceptors, on the other hand, are 

thought to delay antidepressant responses by exerting negative feedback in response to 

increased serotonin via acute inhibition of the serotonin transporter, and thus reducing 

serotonin availability at the postsynaptic receptors. As the 5-HT1A autoreceptors desensitize 

following chronic antidepressant treatment, the inhibition is removed allowing greater 

activation of postsynaptic serotonin receptors (Celada et al., 2013).

3.3.3.1.1. Serotonin transporter: Knockout mice lacking the serotonin transporter showed 

no response to fluoxetine in the TST, but did respond to desipramine, which has a much 

higher affinity for the norepinephrine transporter. As might be expected, the response to 

imipramine, which has affinity for both the norepinephrine transporter and serotonin 

transporter, was partially attenuated (Holmes et al., 2002). Based on these findings, 

serotonin transporter knockout mice could be useful for screening novel antidepressants to 

treat SSRI-resistant populations.

3.3.3.1.2. Serotonin 5-HT1A receptor: Responses to antidepressants in 5-HT1A receptor 

knockout mice have been contradictory. In initial studies, 5-HT1A knockout mice 

(129SvEvTac background) did not respond to chronic fluoxetine in the novelty-suppressed 

feeding test, and did not exhibit the expected increase in hippocampal neurogenesis 

(Santarelli et al., 2003). Subsequently, when tested on a BALB/cJ background, 5-HT1A 

knockout mice did respond to chronic fluoxetine in the FST (Holick et al., 2008). The 

contribution of postsynaptic 5-HT1A receptors, versus presynaptic 5-HT1A autoreceptors, 

was investigated using conditional knockout mice in which just the presynaptic 5-HT1A 

autoreceptors were manipulated (Richardson-Jones et al., 2010). Mice with lower levels of 

5-HT1A autoreceptors responded to fluoxetine in the novelty-suppressed feeding test, 

whereas mice with higher levels of autoreceptors, showed no response. These results suggest 

that higher levels of 5-HT1A presynaptic autoreceptors could be an appropriate model for 

SSRI resistance. Similar findings have been observed in the clinic in which elevated density 

or activity of presynaptic 5-HT1A autoreceptors was associated with mood disorders and 

poor treatment outcome (Stockmeier et al., 1998).

3.3.3.1.3. Serotonin 5-HT1B receptor and p11: Serotonin 5-HT1B receptors are located 

throughout the brain on presynaptic serotonin terminals, where they function as inhibitory 

autoreceptors, and on postsynaptic terminal of non-serotonergic neurons, where they act as 

heteroreceptors to control the release of other neurotransmitters such as acetylcholine, 

glutamate, dopamine, norepinephrine, and γ-aminobutyric acid (GABA) (see Hoyer et al., 

2002). The antidepressant responses of 5-HT1B receptor knockout mice are mixed. Both 

increased sensitivity (fluoxetine and desipramine) (Mayorga et al., 2001) and resistance 

(Trillat et al., 1998) have been reported.

Caldarone et al. Page 10

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p11, a protein that binds to 5-HT1B receptors and regulates receptor cell surface localization 

and downstream G-protein regulated and extracellular signal-regulated kinases signaling, 

has been implicated in depression and the therapeutic response to antidepressants 

(Svenningsson et al., 2013). In mice, p11 and 5-HT1B receptors are co-localized in many 

cell types in the cortex, hippocampus and striatum (Egeland et al., 2011; Warner-Schmidt et 

al., 2009). Levels of p11 are reduced in neurons of the frontal cortex, nucleus accumbens 

and hippocampus of depressed individuals as well as in the H/Rouen mouse model of 

depression, which displays a helpless phenotype in the TST (Svenningsson et al., 2006). As 

expected, p11 levels are upregulated by antidepressant treatment in mice (Svenningsson et 

al., 2006).

p11 knockout mice exhibit reduced density of 5-HT1B receptors at the cell surface and 

reduced behavioral and neurogenic responses to antidepressants (Egeland et al., 2010; 

Svenningsson et al., 2006; Warner-Schmidt et al., 2010). In addition, mice with a cortical 

specific knockout of p11 showed a reduced response to fluoxetine in the novelty-suppressed 

feeding and TST (Schmidt et al., 2012) and knockout mice lacking SMARCA3, a signaling 

molecule downstream of p11, do not respond to fluoxetine (novelty-suppressed feeding and 

neurogenic response) or citalopram (sucrose preference test) (Oh et al., 2013). In contrast, 

mice with a knockout of p11 in specific cell types (cholinergic interneurons in the nucleus 

accumbens as well as dopamine D1, dopamine D2, and adenosine A2A striatal neurons) 

retain responsiveness to citalopram in the TST (Warner-Schmidt et al., 2012), demonstrating 

anatomical and cell type distinction in the effects of p11 on antidepressant responsiveness. 

p11 levels may be a predictor of antidepressant response in depressed patients. Early 

reduction in p11 levels in white blood cells was associated with a positive response to 

citalopram in patients with major depressive disorder (Svenningsson et al., 2014). Although 

a correlation between good antidepressant response and low levels of p11 would not be 

predicted by the animal studies, p11 knockout mice are a promising model to study 

antidepressant resistance resulting from dysregulated neurotransmission exerted via 5-HT1B 

receptors.

3.3.3.2. Noradrenergic system genes: TCA and norepinephrine reuptake inhibitor 

antidepressants act by binding to the norepinephrine transporter to increase norepinephrine 

in the synapse and activate noradrenergic receptors, and can also act by direct activation of 

noradrenergic receptors or via actions on ion channels (Cottingham and Wang, 2012; Su et 

al., 2007). Two common single nucleotide polymorphisms of the norepinephrine transporter 

gene have been studied in relation to antidepressant responsiveness. The T allele of the 

norepinephrine transporter T-182C polymorphism was associated with a better 

antidepressant response, whereas the A/A genotype of the norepinephrine transporter 

G1287A polymorphism was associated with a slower onset of therapeutic response to 

milnacipran (Yoshida et al., 2004). These finding were supported by another study that 

found the A/A and G/A genotypes of the norepinephrine transporter G1287A polymorphism 

were associated with poorer responsiveness to nortriptyline, but not fluoxetine (Kim et al., 

2006).

Mouse studies have confirmed the role of the norepinephrine transporter, as well as other 

noradrenergic-related genes, in the behavioral responses to antidepressants. Knockout mice 
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lacking the norepinephrine transporter do not respond to acute treatment to the 

norepinephrine reuptake inhibitor antidepressants desipramine and reboxetine in the TST. 

Although the norepinephrine transporter knockout mice show a reduced immobility time in 

the FST and TST compared to wild type mice, it is unlikely that the norepinephrine reuptake 

inhibitor insensitivity can be attributed to the altered baseline because citalopram, which 

does not have affinity for norepinephrine transporter, reduced immobility in the 

norepinephrine transporter knockout mice (Dziedzicka-Wasylewska et al., 2006). The 

enzyme dopamine beta hydroxylase is required for the synthesis of norepinephrine and mice 

that lack dopamine beta hydroxylase do not respond to a wide range of antidepressants 

including monoamine oxidase inhibitors, norepinephrine reuptake inhibitors, TCAs, and 

several SSRIS (fluoxetine, paroxetine, and sertraline (but not citalopram)) (Cryan et al., 

2004).

Organic cation transporter 2 is a member of the polyspecific organic cation transporter 

family that is involved in monoamine clearance. Knockout mice with genetic deletion of 

organic cation transporter 2 show reduced brain concentrations of norepinephrine and 

serotonin under basal conditions and reduced clearance after treatment with venlafaxine. 

Although organic cation transporter 2 knockout mice showed enhanced sensitivity to acute 

antidepressant treatment, organic cation transporter 2 knockout mice were insensitive to 

chronic venlafaxine treatment after induction of a depressive-like state with chronic 

corticosterone treatment (Bacq et al., 2012). As venlafaxine inhibits both norepinephrine and 

serotonin reuptake, these results suggest that that organic cation transporter 2 deficiency 

could model insensitivity to noradrenergic and/or serotonergic antidepressants.

Dysregulation of adrenergic α2 receptors has been associated with depressive disorders 

(Cottingham and Wang, 2012). Adrenergic α2A receptor knockout mice show reduced 

immobility in the FST and insensitivity to imipramine, although the decreased imipramine 

sensitivity could be related to the alterations in baseline immobility (Schramm et al., 2001).

There are limitations in utilizing mice with single gene alterations in monoaminergic 

systems, because these single gene effects may not fully model the complexity of treatment-

resistant depression in depressed patients. However, the noradrenergic and serotonergic 

mutant mice are useful models to identify antidepressant drugs that work via novel 

mechanisms that bypass the serotonergic and noradrenergic pathways.

3.3.3.3. Cholinergic system genes: The cholinergic hypothesis of depression postulates that 

depression may be due to an overactivity or hypersensitivity of the cholinergic system over 

the adrenergic system (Janowsky et al., 1972; van Enkhuizen et al., 2014). Several 

investigators have suggested decreasing acetylcholine neurotransmission, through 

muscarinic or nicotinic acetylcholine receptor blockade, may be an effective novel treatment 

for depression and that traditional antidepressants may act in part via acetylcholine receptor 

antagonism (Drevets et al., 2013; Jaffe et al., 2013; Mineur and Picciotto, 2010; Shytle et al., 

2002). Clinical support for this hypothesis comes from studies showing that the muscarinic 

antagonist scopolamine produced rapid antidepressant responses in depressed patients 

(Drevets and Furey, 2010; Furey and Drevets, 2006) as well as treatment-resistant patients 

(Ellis et al., 2014). Similarly, the nicotinic acetylcholine receptor antagonist 
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dexmecamylamine (TC-5214) showed promise in early clinical trials as an effective add-on 

to traditional antidepressants in treatment-resistant patients, but failed to show efficacy in a 

large Phase III trial (Vieta et al., 2014).

Mouse models support a role for nicotinic acetylcholine receptors in antidepressant 

responsiveness. Nicotinic acetylcholine receptors are ligand-gated ion channels composed of 

five subunits. In the mammalian brain, homomeric receptors are comprised of α7 subunits 

and heteromeric receptors generally contain two α (α2–α6) and three β (β2–β4) subunits. 

Receptors that contain the β2 subunit are widely distributed throughout the brain, with very 

high levels in the thalamus, whereas those containing the β4 subunit are more restricted with 

high levels in the interpeduncular nucleus and medial habenula. (α7 receptors are also 

widely distributed with high levels in the cortex and hippocampus (see Picciotto et al., 

2000). Knockout mice lacking the β2 subunit of the nicotinic acetylcholine receptor are 

resistant to the antidepressant behavioral (FST, TST, and learned helplessness) and 

neurogenic effects of amitriptyline seen in wild type mice (Caldarone et al, 2004). β2 and α7 

nicotinic acetylcholine receptor knockout mice also do not show the antidepressant-like 

effects of the nicotinic acetylcholine receptor antagonist mecamylamine (Rabenstein et al, 

2006). β2 nicotinic acetylcholine receptor knockout mice are insensitive to the 

antidepressant-like effects of the nicotinic acetylcholine receptor partial agonist/desensitizer 

sazetidine-A (Caldarone et al, 2011). Knockout mice lacking the β4 subunit of the nicotinic 

acetylcholine receptor showed the expected antidepressant-like response to acute bupropion 

(Radhakrishnan et al, 2013), an antidepressant that has been proposed to work via nicotinic 

acetylcholine receptor antagonism as well dopamine transporter/norepinephrine transporter 

inhibition (Shytle et al, 2002). However, the chronic antidepressant-like effects of bupropion 

in the FST, which were seen in female wild type mice, were blunted in the β4 knockouts 

(Radhakrishnan et al, 2013). Muscarinic receptor knockout mice (M1–M5) did not show 

reduced responsiveness to imipramine, in the FST, although only one dose of imipramine 

was tested (Witkin et al, 2014).

3.3.3.4. Brain derived neurotrophic factor: The “neurotrophic hypothesis of depression” 

states that stress decreases expression of brain derived neurotrophic factor (BDNF) in brain 

structures that regulate mood and depression and the decreased levels of BDNF are thought 

to contribute to hippocampal atrophy seen in depressed patients. Chronic antidepressants are 

hypothesized to exert therapeutic actions by reversing the hippocampal neuronal atrophy and 

cell loss (Duman and Monteggia, 2006). Chronic antidepressant treatment can increase adult 

neurogenesis in the hippocampus in rodents (Malberg et al, 2000) and postmortem studies in 

humans demonstrated that depressed patients on medication at the time of death show 

elevated levels of cell birth in the hippocampus (Boldrini et al, 2012). Decreased BDNF 

mRNA levels have been associated with treatment-resistant depression (Hong et al, 2014) 

and high serum BDNF levels were associated with improved treatment outcomes in 

depressed patients (Mikoteit et al, 2014).

In agreement with the clinical studies, alterations in BDNF levels change behavioral 

responses to antidepressants in mice. Heterozygous BDNF null mice showed resistance to 

chronic imipramine in the TST and resident intruder test and following chronic mild stress 

(Ibarguen-Vargas et al, 2009) and to acute imipramine in the FST (Saarelainen et al, 2003). 
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BDNF conditional knockouts, with loss of BDNF restricted to the hippocampus and cortex, 

showed no response to desipramine in the FST (Monteggia et al, 2004, 2007). Furthermore, 

viral-mediated gene knockdown of BDNF in the dentate gyrus of the hippocampus was 

sufficient to block the actions of desipramine and citalopram in the FST (Adachi et al, 

2008). Thus both clinical data and mouse models suggest reduced hippocampal BDNF is a 

promising model of treatment-resistant depression.

3.3.3.5. Regulator of G protein signaling 4: Downstream of modulating synaptic 

monoamine levels, alterations in signal transduction molecules may also result in treatment 

resistance. For example, Regulator of G protein Signaling 4 (RGS4) is a potent modulator of 

monoamine receptor function, which controls the signaling amplitude and termination of 

these receptors by modulating the time Gα and Gβγ subunits are available to their effectors 

(Stratinaki et al, 2013; Terzi et al, 2009). Specifically, RGS4 binds to activated Gα subunits 

and accelerates their GTPase activity, but may also influence signal transduction by 

preventing effector activation by Gα subunits. A recent study (Stratinaki et al, 2013) 

revealed that constitutive inactivation of RGS4, or conditional inactivation of RGS4 in the 

mouse nucleus accumbens, robustly reduced sensitivity to desipramine, fluoxetine and 

reboxetine in the FST. Prevention of RGS4 action also reduced responses to chronic 

desipramine in the novelty-suppressed feeding test. Notably, increasing RGS4 activity via 

viral-mediated overexpression of RGS4 in the nucleus accumbens, enhanced responses to 

desipramine. In post mortem human brain, RGS4 expression in the nucleus accumbens was 

not altered by major depressive disorder, but was increased threefold by chronic treatment 

with monoamine targeting antidepressants, although it is not know whether patients were 

responsive or resistant to antidepressant treatment. Interestingly, constitutive RGS4 

knockout mice, as well as mice with viral-mediated knockdown of RGS4 in the prefrontal 

cortex, show a facilitated response to ketamine and the delta opioid receptor agonist SNC80 

in the FST (Stratinaki et al, 2013), providing support for the idea that monoamine resistance 

can be bypassed with drugs acting via novel mechanisms. Although one study found no 

genetic associations between the RGS4 rs951436 polymorphism and risk of treatment 

resistant depression and ECT treatment outcome (Huuhka et al, 2008), some studies have 

reported associations between RGS4 polymorphisms and schizophrenia (Talkowski et al, 

2006) as well as treatment outcome in response to risperidone (Lane et al, 2008). 

Identification of loss of function RGS4 polymorphisms in humans could be used to predict 

treatment resistance in depressed patients and such polymorphisms may also increase 

responsiveness to atypical antidepressants.

3.4. Pharmacological treatments

One of the biggest challenges in modeling treatment-resistant depression in animals is 

validation to demonstrate that treatments shown to be effective in treatment-resistant 

patients can reverse depressive-like behaviors in animals that do not respond to classical 

antidepressants. Efforts to validate rodent models of treatment resistant depression have 

utilized both pharmacological and non-pharmacological approaches. The current therapies 

for treatment resistant depression, including both the United States Food and Drug 

Administration (FDA) approved and experimental treatments, are discussed below in 

relation to treatment-resistant depression animal models.

Caldarone et al. Page 14

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.4.1. Antipsychotic augmentation—Augmentation strategies for treatment-resistant 

depression refer to the addition of a drug, which is not a standard antidepressant, to ongoing 

antidepressant treatment. This strategy, which is commonly employed by clinicians treating 

patients with treatment-resistant depression, attempts to augment standard monoamine 

antidepressant treatment by adding drugs with additional pharmacological mechanisms. The 

FDA has approved several atypical antipsychotics as add-ons to ongoing antidepressant 

treatment for treatment-resistant depression. These include quetiapine, aripiprazole, 

olanzapine and a combination drug that contains olanzapine and fluoxetine (Symbyax). 

Overall, findings on augmentation with atypical antipsychotics have been positive (Carvalho 

et al, 2014; Kato and Chang, 2013).

Animal studies have confirmed the role of antipsychotics in augmenting antidepressant 

activity. The precise mechanism of quetiapine is unknown, but serotonin 5-HT2A and 

dopamine D2 receptor antagonism may contribute to its therapeutic actions (Saller and 

Salama, 1993). In addition, the active metabolite of quetiapine, N-desalkylquetiapine, is a 

potent inhibitor of the norepinephrine transporter and a partial agonist of the serotonin 5-

HT1A receptor (Jensen et al., 2008). One study that used chronic mild stress to induce 

depressive-like behaviors found that, in the 20–30% of the rats resistant to fluoxetine 

treatment across antidepressant tests, quetiapine add-on therapy improved responses (Wang 

et al., 2013).

Aripiprazole is partial agonist at dopamine D2 and D3 receptors, and serotonin 5-HT1A 

receptors and an antagonist at serotonin 5-HT2A receptors (Burris et al., 2002; Shapiro et al., 

2003). In Swiss mice, aripiprazole potentiated subthreshold doses of paroxetine, citalopram, 

venlafaxine and milnacipran in the FST but not desipramine and bupropion (Bourin et al., 

2009). In contrast in ICR mice, aripiprazole potentiated the effects of the fluoxetine in the 

TST (Kamei et al., 2008), thus highlighting the importance of mouse genetic background in 

antidepressant responsiveness.

Olanzapine has a broad binding profile acting as an antagonist at dopamine (D1–D5), 

serotonin (5-HT2A, 5-HT2C), adrenergic α1, histamine H1, and muscarinic M1–5 receptors 

(Bymaster et al., 1996a, 1996b; Schotte et al., 1996; Zhang and Bymaster, 1999). In rats, the 

combination of olanzapine and fluoxetine produced robust, sustained increases of 

extracellular levels of dopamine and norepinephrine in the prefrontal cortex that was greater 

than either drug given alone (Zhang et al., 2000). Combinations of olanzapine and fluoxetine 

in rats also produces changes related to energy metabolism (Agostinho et al., 2011a, 2009), 

increased brain levels of neurotrophin-3 (NT-3) (Agostinho et al., 2011b), and produced 

increases in intracellular survival pathways (Reus et al., 2012). However, it is not known 

whether these changes translate into improved efficacy of fluoxetine in treatment-resistant 

depression models.

3.4.2. Lithium augmentation—Adjunctive administration of lithium is a common 

strategy for treating treatment-resistant depression. A meta-analysis of more than 30 open-

label trials and 10 placebo controlled trials showed substantial efficacy of lithium 

augmentation (Bauer et al., 2014). The efficacy of lithium has also been confirmed in rodent 

models of treatment-resistant depression. The mouse strain BALB/cOLaHsd exhibits 
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reduced sensitivity to the behavioral effects of chronic desipramine in the novelty-induced 

hypophagia test, whereas chronic treatment with lithium plus desipramine, but neither drug 

alone, induced antidepressant-like behavior and hippocampal neurogenesis (O’Leary et al., 

2013). In addition, C57BL/6J and DBA2/strains, which show variable responses to 

traditional antidepressants (Jacobson and Cryan, 2007), exhibit an antidepressant-like 

response in the TST and FST to chronic (3 weeks) lithium (Can et al., 2011). In the ACTH 

rat model of treatment resistant depression, treatment with both lithium and imipramine, but 

neither drug alone, produced antidepressant-like effects in the FST (Kitamura et al., 2002). 

In addition, co-administration of imipramine and lithium for 14 days blocked the loss of 

hippocampal cell proliferation (but not cell survival) that resulted from chronic treatment 

with ACTH (Kitamura et al., 2011). These results support the use of BALB/cOLaHsd, 

C57BL/6J and DBA/2J mice, as well as ATCH-treated rats, as appropriate models for 

testing novel antidepressant therapeutic treatments.

3.4.3. Ketamine—Ketamine is a high-affinity non-competitive antagonist of the N-methyl-

D-aspartate (NMDA) receptor, an ionotropic glutamate receptor. Evidence from clinical and 

preclinical studies has implicated the glutamatergic system in the pathophysiology of major 

depressive disorder and the mechanism of action of antidepressant treatments (Sanacora et 

al., 2008; Skolnick et al., 2009). Berman and colleagues (Berman et al., 2000) initially 

reported that a single subanesthetic dose of ketamine had rapid antidepressant effects in 

patients with major depressive disorder. This finding has been replicated in several studies 

with both single and repeated ketamine administration, although patients generally relapsed 

within several weeks of the first infusion (reviewed in Naughton et al., 2014; Niciu et al., 

2014). A recent active placebo controlled trial demonstrated fast-acting, but transient effects 

of ketamine in treatment-resistant depression patients (Murrough et al., 2013).

Ketamine’s antidepressant properties have been demonstrated in several animal models of 

antidepressant efficacy (reviewed in Browne and Lucki, 2013) as well as in some treatment-

resistant depression models. In BDNF heterozygous null mice, where imipramine had no 

effect in the FST, ketamine produced a robust antidepressant-like response at 50 mg/kg 

(Lindholm et al., 2012). In contrast, conditional BDNF knockout mice (with loss specific to 

the hippocampus and cortex), did not respond to ketamine in the FST (Autry et al., 2011). 

Thus a partial reduction of BDNF (BDNF heterozygous knockout mice) is sufficient to 

disrupt the response to monoamine-based antidepressants but maintain responsiveness to 

glutamatergic antidepressants, whereas a more severe reduction in BDNF in certain brain 

regions will abolish the behavioral response to all types of antidepressants. In the 

inflammatory/LPS model of treatment resistant depression, a low dose of ketamine 

administered immediately before LPS in C57BL/6J mice abolished the development of LPS 

induced depressive-like behavior in the sucrose preference test and FST (Walker et al., 

2013b). In addition, RGS4 knockout mice, which exhibit reduced sensitivity to traditional 

antidepressants, show a facilitated response to ketamine in the FST (Stratinaki et al., 2013).

These studies provide excellent examples showing that reduced monamine sensitivity can be 

bypassed using a novel, fast acting antidepressant that has shown efficacy in treatment 

resistant patients. More selective NMDA antagonists that lack the dissociative side effects of 

ketamine are being pursued for treatment resistant depression. Antagonists to the NR2B 
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subunit of the NMDA receptor such as MK-0657 (Ibrahim et al., 2012) and CP-101,606 

(Preskorn et al., 2008) have shown promising results in treating treatment resistant 

depression patients.

3.4.4. Dopamine augmentation—Addition of a dopaminergic component to serotonin 

and noradrenergic reuptake inhibitors has been hypothesized to produce better efficacy and 

fewer side effects than SSRIs, serotonin/nor-epinephrine reuptake inhibitors, or 

norepinephrine reuptake inhibitors alone. A hypodopaminergic state is thought to produce 

anhedonia and drugs that increase dopaminergic activity in the mesolimbic dopamine system 

may reverse the anhedonia associated with depression (Dunlop and Nemeroff, 2007; Nestler 

and Carlezon, 2006). There is evidence to support the hypothesis that targeting 

dopaminergic system may be helpful in improving response rates in treatment-resistant 

patients; the combination of the dopamine/norepinephrine reuptake inhibitor bupropion and 

either an SSRI or a serotonin/norepinephrine reuptake inhibitor was shown to boost 

antidepressant response in the clinic (Zisook et al., 2006); the dopamine D2/D3 agonist 

pramipexole is a potentially efficacious treatment strategy in patients that do not respond to 

standard antidepressant therapies (Cusin et al., 2013); and the wake promoting agent 

modafinil has also shown some effectiveness in treatment resistant depression patients that 

report fatigue and sleepiness (Fava et al., 2007). The wake promoting effects of modafinil 

are thought to work via binding to the dopamine and norepinephrine transporters, thereby 

affecting dopaminergic and adrenergic signaling (Wisor, 2013). Support for this comes from 

a study showing modafinil behaves like bupropion, fully substituting for cocaine in a drug 

discrimination assay in rats (Paterson et al., 2010).

Animal studies suggest that dopaminergic modulation may be effective in treating treatment-

resistant depression. In the rat ACTH model of treatment-resistant depression, dopamine in 

the prefrontal cortex was significantly depleted (Walker et al., 2013a). Treatment with 

pramipexole (Kitagawa et al., 2009) or bupropion (Kitamura et al., 2010) produced 

antidepressant-like effect in the FST in ACTH treated rats. Serotonin, norepinephrine, and 

dopamine reuptake inhibitors, or triple reuptake inhibitors, are a new class of antidepressant 

in development for major depressive disorder. Amitifadine (DOV 21,947), and its racemate 

DOV 216,303 are the best studied triple reuptake inhibitors in both animal models and the 

clinic (Skolnick et al., 2006, 2003; Tran et al., 2012). DOV 216,303 has antidepressant-like 

effects in the FST and TST in mice (Caldarone et al., 2010; Skolnick et al., 2006) and the 

olfactory bulb-ectomy model of depression in rats (Breuer et al., 2008), although the 

antidepressant-like effects of DOV 216,303 in the olfactory bulbectomy rat model were not 

observed when drug levels in plasma and brain were not detectable (Prins et al., 2011). In 

mice as well as olfactory bulbectomized rats, DOV 216,303 increased levels of serotonin, 

norepinephrine and dopamine in the prefrontal cortex (Caldarone et al., 2010; Prins et al., 

2010). DOV 216, 303 also induced long-lasting enhancement of brain reward activity in the 

rats as measured by reduced intracranial self-stimulation reward thresholds (Prins et al., 

2012).

In the inflammatory treatment-resistant depression model, peripheral administration of LPS 

can produce anhedonia, as measured by increased intracranial self-stimulation thresholds 

(van Heesch et al., 2013). In mice, LPS increased extracellular levels of monoamine 
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metabolites (5-hydroxyindoleacetic acid (5-HIAA), 3,4-dihydroxyphenylacetic acid 

(DOPAC) and homovanillic acid (HVA)) in the nucleus accumbens and medial prefrontal 

cortex and pretreatment with DOV 216,303 prevented the LPS-induced DOPAC and HVA 

formation in the nucleus accumbens (van Heesch et al., 2014). These results suggest that 

LPS leads to increased dopamine transporter activity, removal of dopamine from the 

synaptic cleft, and increased dopamine metabolism in the nucleus accumbens, which may be 

responsible for the LPS-induced anhedonia.

Although drugs that facilitate dopamine neurotransmission may hold a promise as effective 

medications in the clinic to treat, results from a recent clinical call into question the potential 

efficacy of triple reuptake inhibitors as efficacious medications in resistant patients. The 

triple reuptake inhibitor amitifadine was found to be ineffective when tested a Phase IIb/IIIa 

trial (TRIADE) in patients who failed to respond to one course of first-line antidepressants 

(Euthymics, 2013). However, it is possible that higher doses of amitifadine, or other triple 

reuptake inhibitors that are currently in development (Quesseveur and Guiard, 2013), could 

be effective in future trials.

3.5. Non-pharmacological treatments

There are several non-pharmacological interventions for treatment-resistant depression 

including electroconvulsive therapy, vagus nerve stimulation, repetitive transcranial 

magnetic stimulation, and deep brain stimulation (see Cusin and Dougherty, 2012; Shelton 

et al., 2010 for reviews). Electroconvulsive therapy is widely used and clinical effects are 

well established in treatment-resistant depression. Vagus nerve stimulation was approved by 

the FDA in 1997 as adjunctive therapy after four prior treatment failures and repetitive 

transcranial magnetic stimulation was FDA approved in 2008 for major depressive disorder 

in patients who have not responded to a single antidepressant medication in the current 

episode. However, the efficacy of vagus nerve stimulation and repetitive transcranial 

magnetic stimulation are less well established than electroconvulsive therapy. Deep brain 

stimulation is an experimental treatment but has shown efficacy in small treatment-resistant 

patient trials. Deep brain stimulation in brain regions such as the subcallosal cingulate gyrus 

(Lozano et al., 2012; Mayberg et al., 2005) and ventral striatum/nucleus accumbens 

(Bewernick et al., 2010; Bewernick et al., 2012) offer promise for treatment in 

antidepressant resistant populations.

Electroconvulsive therapy has been studied in animal models of treatment-resistant 

depression. Electroconvulsive stimuli administered for 6 or 14 days produced 

antidepressant-like effects in the FST and increased BDNF protein levels in the 

hippocampus of ACTH treated-imipramine resistant rats (Li et al., 2006), effects that 

persisted 6–7 days following treatment (Li et al., 2007). Reduced hippocampal cell 

proliferation, induced by chronic ACTH, was also restored by electroconvulsive stimuli 

treatment (Kuwatsuka et al., 2013). These studies suggest that electroconvulsive stimuli may 

work by triggering hippocampal cell proliferation via increases in hippocampal BDNF.

Deep brain stimulation has also been studied in treatment-resistant depression mouse 

models. In one study, chronic mild stress exposed mice that were fluoxetine-resistant mice, 

were exposed to repeated deep brain stimulation of the cingulate cortex. Stimulation restored 
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several behaviors, including motivated behavior, anxiety-related behavior, and locomotor 

responses (Dournes et al., 2013). In another study, repeated, but not single, deep brain 

stimulation of the nucleus accumbens induced robust antidepressant and anxiolytic-like 

responses in SSRI-resistant HAB mice (FST, TST, novelty suppressed feeding) and 

enhanced hippocampal neurogenesis (Schmuckermair et al., 2013). These finding 

demonstrate that electroconvulsive stimuli and deep brain stimulation can produce 

antidepressant-like effects in treatment-resistant depression rodent models and provide 

framework for testing non-pharmacological treatments that are effective in treatment-

resistant patients in the clinic.

4. Conclusions and future directions

In the development of rodent models of depression, investigators have typically relied on 

pharmacological validation by determining if classical antidepressants can reverse a stress-

induced behavioral change in normal animals. This may have led to underreporting of 

models that do not respond to classical antidepressants. Utilizing animal models that do not 

respond to classical antidepressants, but are responsive to drugs that have shown efficacy in 

refractory patients in the clinic, may offer an improved framework to test new 

pharmacological therapies for treatment-resistant depression.

In this review, we discussed a diversity of models for treatment-resistant depression. These 

models included selecting populations of antidepressant non-responders; inducing treatment 

resistance through stress hormone treatment or induction of inflammation; and a range of 

genetic models including inbred strains, selectively bred lines, and single gene mutants of a 

variety of mechanisms. This diversity in animal models may be required to reflect the 

heterogeneity of depression in human populations and allow development of specific 

treatments for different subtypes of depression. Major depression symptom-based subtypes 

have been reported to predict depression persistence and severity (van Loo et al., 2014) and 

patients may require individualized care to adequately treat depressive symptoms. 

Understanding the biological mechanisms that underlie treatment resistance, will aid in the 

development of novel, non-monoamine based antidepressants that can be used to treat 

heterogeneous populations of treatment-resistant patients.
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Table 1

Antidepressants by drug class.

Drug Primary mechanism of action

Monoamine oxidase inhibitors (MAOIs)

Tranylcypramine MAOI (nonselective)

Phenelzine MAOI (nonselective)

Moclobemide MAOI (MAOA selective)

Tricyclic antidepressant (TCA)

Desipramine NRI

Nortriptyline NRI

Amitriptyline SRI+NRI

Imipramine SRI+NRI

Selective serotonin reuptake inhibitor (SSRI)

Fluoxetine SRI

Paroxetine SRI

Sertraline SRI

Fluvoxamine SRI

Citalopram SRI

Escitalopram SRI

Norepinephrine reuptake inhibitor (NRI)

Reboxetine NRI

Serotonin norepinephrine reuptake inhibitor (SNRIs)

Venlafaxine NRI+SRI

Milnacipran NRI+SRI

Duloxetine NRI+SRI

Norepinephrine dopamine reuptake inhibitor (NDRIs)

Bupropion NRI+DRI

Serotonin reuptake inhibitor (SRI)—prevents serotonin reuptake by inhibition of the serotonin transporter.

Norepinephrine reuptake inhibitor (NRI)—prevents norepinephrine reuptake by inhibition of the norepinephrine transporter.

Dopamine reuptake inhibitor (DRI)—prevents dopamine reuptake by inhibition of the dopamine transporter.
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Table 2

Rodent behavioral models of treatment-resistant depression.

Animal model Findings Validation with treatment 
active in antidepressant 

resistant patients

References

Separation into antidepressant responders and non responders

Chronic mild stress Chronic mild stress lowered sucrose 
preference. Escitalopram or sertraline 
restored sucrose preference to baseline 
in 50% of rats

Not tested Bergstrom et al. (2007), 
Bisgaard et al. (2007), 
Christensen et al. (2011), 
Jayatissa et al. (2006)

Chronic mild stress produced 
deterioration of coat state in mice. 
Fluoxetine restored coat state in 
approximately 50% of mice

Yes, deep brain stimulation Dournes et al. (2013)

Chronic social defeat Chronic social defeat elevated brain 
reward thresholds. Fluoxetine or 
desipramine returned brain reward 
threshold levels to baseline in 50% 
stress-susceptible rats

Not tested Der-Avakian et al. (2014)

Chronic corticosterone Chronic corticosterone increased 
latency to feed in novelty-suppressed 
feeding assay in majority of C57BL/6 
mice. Chronic fluoxetine produce 
antidepressant-like effect in subset of 
mice

Not tested Samuels et al. (2011)

Treatments that render rodents resistant to antidepressants

Chronic adrenocorticotropic hormone 
(ACTH)

Rats and mice administered chronic 
ACTH are insensitive to tricyclic 
antidepressants in the FST

Yes (ECS, lithium 
augmentation in rat model)

Caldarone and Brunner 
(2009), Iwai et al. (2013), 
Kitamura et al. (2002), Li 
et al. (2006), Walker et al. 
(2013a,b)

Induction of inflammation with 
interleukin 6

Central administration of interleukin 6 
in mice and mice with endogenous 
overexpression of brain interleukin 6 
(LPR mice) reduced response to acute 
fluoxetine in TST and FST

Yes lithium augmentation Sukoff Rizzo et al. (2012)

Chronic mild stress+induction of 
inflammation with lipopolysaccharide 
(LPS)

Rats that received LPS each day prior 
chronic mild stress showed an 
attenuated response to fluoxetine in 
the FST and novelty-suppressed 
feeding tests

Not tested Wang et al. (2011)

Chronic mild stress+high fat diet Fluoxetine reversed effects of chronic 
mild stress on coat state in mice fed 
normal, but not high fat diet

Not tested Isingrini et al. (2010)

Chronic mild stress+environmental 
stress during drug treatment

Fluoxetine reversed effects of chronic 
stress on anhedonia (sucrose 
preference) when administered in an 
enriched but not a stressful 
environment

Not tested Branchi et al. (2013)

Genetic models

Inbred strains

BALB/cOLaHsd mouse strain Reduced sensitivity to the behavioral 
effects of chronic desipramine in the 
novelty-induced hypophagia test

Yes, lithium augmentation O’Leary et al. (2013)

Selectively bred lines

HAB selectively bred line HAB male mice are also insensitive to 
chronic administration of three SSRIs 
(fluoxetine, paroxetine, and 
citalopram) in the FST

Yes, DBS Schmuckermair et al. 
(2013)
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Animal model Findings Validation with treatment 
active in antidepressant 

resistant patients

References

Flinders sensitive line rats+maternal 
separation stress

Maternal separation stress blocked 
effects of escitalopram and 
nortriptyline in FST

Not tested Piubelli et al. (2011a, 
2011b),

Single gene effects

Serotonin transporter knockout mice Resistant to fluoxetine in the TST Not tested Holmes et al. (2002)

Serotonin 5-HT1A receptor knockout 
mice

5HT1A knockout mice (129SvEvTac 
background), resistant to chronic 
fluoxetine (novelty-suppressed 
feeding and adult hippocampal 
neurogenesis)

Not tested Santarelli et al. (2003)

Serotonin 5HT1A autoreceptor mutant 
mice

Mice with higher levels of presynaptic 
autoreceptors resistant to fluoxetine in 
the NSF test

Not tested Richardson-Jones et al. 
(2010)

p11 knockout mice Reduced behavioral responses to 
imipramine in the TST; reduced 
neurogenic and behavioral response to 
fluoxetine in novelty-suppressed 
feeding

Not tested Egeland et al. (2010), 
Svenningsson et al. 
(2006), Warner-Schmidt 
et al. (2010)

p11 cortex specific knockout mice Reduced behavioral response to 
fluoxetine in NSF and TST

Not tested Schmidt et al. (2012)

Norepinephrine transporter knockout 
mice

Reduced sensitivity to desipramine 
and reboxetine in TST

Not tested Dziedzicka-Wasylewska 
et al. (2006)

Dopamine beta hydroxylase knockout 
mice

Resistant to a wide range of 
antidepressants

Not tested Cryan et al. (2004)

α2a Adrenergic receptor knockout 
mice

Resistant to imipramine in the FST Not tested Schramm et al. (2001)

β2 Subunit nicotinic acetylcholine 
receptor knockout mice

Insensitive to amitriptyline in TST, 
FST, and learned helplessness and no 
increased cell proliferation

Not tested Caldarone et al. (2004)

Brain derived neurotrophic factor 
(BDNF) heterozygous null mice

Resistant to chronic imipramine in the 
resident intruder and TST tests 
following chronic mild stress and to 
acute imipramine in the forced swim 
test

Yes, ketamine active in the 
FST

Ibarguen-Vargas et al. 
(2009), Lindholm et al. 
(2012), Saarelainen et al. 
(2003)

BDNF conditional (cortex and 
hippocampus) knockout mice

Attenuated antidepressant response to 
desipramine in the FST

No, ketamine inactive in FST Autry et al. (2011), 
Monteggia et al. (2004), 
Monteggia et al. (2007)

Regulator of G protein Signaling 4 
(RGS4) constitutive and nucleus 
accumbens knockout

Reduced sensitivity to desipramine, 
fluoxetine and reboxetine in the FST

Yes, increased sensitivity to 
ketamine in FST

Stratinaki et al. (2013)
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