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ABSTRACT 

Cognitive dysfunctions are common in neuropsychiatric disorders including Major Depressive 

Disorder, but are difficult to normalize by antidepressant therapies and contribute to reduced 

functional improvement. Cognitive impairments include alterations of emotional memory 

processes that are early targeted by antidepressant therapies, including Selective Serotonin 

Reuptake Inhibitors (SSRIs). This thesis focused on serotonin neurotransmission in modulation of 

emotional and cognitive processes. A combination of neuropharmacological methods was used to 

study possible neurobiological mechanisms underlying alterations of memory function in normal 

rodent strains and two genetic models of depression, i.e. the multigenetic Flinders Sensitive Line 

(FSL) of rats and the p11 knockout (p11 KO) mice. Pharmacological treatments were used to 

evaluate responses to acute, chronic and intrahippocampal administration of antidepressants and 

serotonergic receptor (5-HTR) subtype-specific ligands. Emotional memory function was 

assessed in the Passive Avoidance task for aversive contextual learning and memory, which 

involves hippocampal mechanisms. Additional studies were made for Novel Object Recognition 

memory performance and autonomic measures with Auditory Fear Conditioning. Depression- and 

anxiety-like behaviors and sensorimotor function were studied in combination with biochemical 

and histological experiments, Magnetic Resonance Spectroscopy, enzyme-based Micro-Electrode 

Assay of L-glutamate kinetics and Adeno-Associated Viral vector-mediated gene transfer.   

Evaluation of the role of 5-HTR subtypes in emotional memory processes revealed interactions 

and opposing roles between the extensively characterized 5-HT1AR and the most recently 

discovered 5-HT7R subtype. Stimulation of 5-HT1ARs impaired memory performance, both after 

systemic and intrahippocampal application, indicating a specific involvement of hippocampal 5-

HT1ARs in acquisition of the Passive Avoidance task. In contrast, aversive learning was facilitated 

by stimulation of 5-HT7Rs through indirect agonist stimulation, endogenous 5-HT or elevated 5-

HT levels by an SSRI. Agonist stimulation of 5-HT1BRs impaired memory performance, whereas 

5-HT1BR antagonism improved memory function in control mice, via interactions with 

cholinergic and glutamatergic neurotransmission.  

Impairments of long-term emotional memory performance were found in two animal models with 

genetic predisposition for depression-like symptoms, the FSL rats and p11 KO mice. Memory 

dysfunctions in FSL rats were reversed by three types of treatments increasing Arc mRNA 

transcription: (1) chronic antidepressant food-administration of an SSRI, and acute (2) 5-HT1AR 

antagonist or (3) 5-HT4R agonist via the mitogen-activated protein kinase pathway. In contrast, a 

tricyclic antidepressant regimen, which increased brain-derived neurotrophic factor signaling, 

impaired memory function. In p11 KO mice, preserved short- but impaired long-term memory 

function was accompanied by reduced hippocampal inhibitory glutamine/gamma-aminobutyric 

acid (GABA) neurochemical concentrations and an atypical stimulatory 5-HT1BR agonist 

behavioral response, reversible by hippocampal p11 gene transfer. 5-HT1BR agonism also 

increased evoked L-glutamate release in the dentate gyrus and CA1 subregions and hippocampal 

glutamate receptor phosphorylation in p11 KO mice.  

In conclusion, these studies indicate pharmacological restorations of emotional memory deficits in 

genetic rat and mouse models of depression, suggesting potential relevance and validity for use as 

models for aspects of cognitive dysfunction endophenotypes. The identification of molecular 

nodal points for 5-HTR-mediated memory enhancement could provide targets for antidepressants 

and procognitive therapies improving neurotransmission in functional circuitries regulating 

emotional and cognitive processes.  
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1 INTRODUCTION  

 

1.1 MULTIPLE LEARNING AND MEMORY SYSTEMS 

The ability to learn from experience is of central importance for adaptations to the 

environment. The neuroanatomical basis for learning and memory comprises multiple 

neuronal pathways, each of which is engaged in different processes, with parallel, 

separate and interconnected memory systems in the brain. Functional disruption of 

neurotransmission in the neurocircuitries underlying cognitive functions can partially 

be compensated for by pharmacological and non-pharmacological therapies.  

 

 

1.1.1 Cognitive dysfunctions in human conditions 

A number of neurological and neuropsychiatric disorders are characterized by changes 

in cognitive functions. These alterations result in severe reduction in life quality for 

affected individuals in addition to being some of the most costly diseases for society 

(Bremner et al., 1993; Squire et al., 1995; Andlin-Sobocki et al., 2005; Wallace, 2011). 

Diverse types of cognitive impairments are seen in response to stress, with increasing 

age and in multiple pathological conditions such as different types of dementia, 

depression, schizophrenia and Parkinson’s disease (Grady et al., 1995; Geda, 2010; 

Sahakian and Morein-Zamir, 2011; Millan et al., 2012). Also, the cognitive domains 

and associated symptoms may converge for cognitive dysfunction in different disease 

states, with overlapping or distinct underlying mechanisms. The multiple levels of 

association between memory impairment and melancholia in depressed patients, 

however, provide limited evidence for establishing key cause and causal direction of 

cognitive dysfunction. The mechanisms underlying cognitive alterations in depression 

as well as the relationship between cognitive processing and regulation of mood are 

poorly defined. In turn, novel therapeutic strategies to improve cognition have 

important implications for functional normalization and improved quality of life in 

several disorders and conditions associated with cognitive dysfunction (Clark et al., 

2009; Barnett et al., 2010; Hofmann et al., 2011). 

  

 

1.1.2 Cognitive dysfunction as an endophenotype 

Memory processes are central for survival throughout evolution. Basic and translational 

neuropharmacological research in the last decades has contributed to an increased 

understanding of the molecular mechanisms underlying memory processes. Behavioral 

neuroscience has become an interdisciplinary research field relying on the use of 

multiple techniques to examine the mechanisms underlying complex behaviors like 

memory processes (Sandi, 2008). Rodent cognition can be defined as the conserved 

mechanisms involved in storage, consolidation and retrieval of memories and the 

generation of behavioral actions induced in response to environmental information. 

This definition includes multiple levels of information processing, depending on 

sensory perception and associative learning (Paul et al., 2005).  
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Cognitive dysfunctions can be divided into key psychopathological components, i.e. 

impaired executive cognitive function, emotional processing bias and impairments of 

learning and memory (Hasler et al., 2004; Kennedy et al., 2012). Recent attempts in 

basic research have aimed to study mechanisms involved in specific domains of 

physiological or pathophysiological functions. In this manner, memory impairment is a 

core endophenotype of major depressive disorder (Hasler et al., 2004; Millan et al., 

2012). Impairment of memory function is a construct indicative of abnormal 

transmission in neuronal circuitries. While certain neurobiological abnormalities may 

be shared across neuropsychiatric and neurological diseases, it is important to explore 

whether comorbidity is caused by separate dysfunctions with distinct origin. Thus, the 

mechanisms underlying the memory deficits may differ in specific disease states. 

Therefore, it is important to better characterize the pathways and neurochemical deficits 

behind cognitive dysfunctions and the therapeutic potential for normalizing or 

supporting these processes (Wallace et al., 2011; Millan et al., 2012). 

 

 

1.1.3 Information processing and executive functions 

Executive function refers to higher-level processes involved in working memory of 

initial information processing, cognitive flexibility, attention, planning, and inhibition 

of dominant and emotionally triggered responses (Hasselmo and Stern, 2006; Clark et 

al., 2009; Robbins and Arnsten 2009; Sotres-Bayon and Quirk, 2010). Subregions 

within the prefrontal cortices and interconnected brain regions play important roles in 

control of different cognitive functions and emotional regulation. Information about 

these mechanisms has been derived from functional imaging and lesion studies in 

healthy individuals and patients (see Haxby et al., 1994; Schacter et al., 1996; Haxby et 

al., 1996; Pittenger and Duman, 2008; Clark et al., 2009), from neuropathological 

alterations in post-mortem tissue (Rajkowska et al., 1999, 2007), as well as from 

experimental animals including primates and rodents (Goldman-Rakic, 1996; Pittenger 

and Duman, 2008). The dorsolateral prefrontal cortex is particularly associated with 

attention, concentration, information processing, planning and decision making (Tanji, 

2007; Price and Drevets, 2010). The medial prefrontal network is connected to the 

anterior and posterior parts of the cingulate cortex which has important roles in 

voluntary emotional suppression (Ohira et al., 2006). The dorsal anterior cingulate 

cortex has been implicated in attention, task-switching and conflict processing (Wager 

et al., 2004; Price and Drevets, 2010). The orbital prefrontal network is implicated in 

multimodal stimuli integration, reward value and affective impulse control (Rolls and 

Grabenhorst, 2008). Prefrontal-cortical areas are also implicated in top-down control, 

i.e. inhibitory regulation of emotional impulses in the limbic system (Cools et al., 2011; 

Homberg, 2011; Rogers, 2011). These processes primarily involve the orbito-frontal 

cortex, ventral striatum, and the dorso-lateral prefrontal cortex in conjunction with the 

amygdala (McClure et al., 2004; Bechara, 2005; Tanaka et al., 2007; Doya, 2008).  
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Higher-order cognitive processes are particularly difficult to measure in rodents 

(Öhman et al., 2000; Paul et al., 2005; Robbins and Arnsten, 2009). In the context of 

translational studies, the role of the rodent prefrontal cortex has been heavily debated 

regarding the function and homology with primate or human prefrontal cortical regions 

(Hajos et al., 1998; Heidbreder and Groenewegen, 2003; Gabbott et al., 2005; Keeler 

and Robbins, 2011). Prefrontal mediated inhibitory influence of emotional reactivity is 

comparably little developed in rodents. Precaution needs to be taken in design of 

appropriate models. Furthermore, animals commonly need to be trained extensively to 

perform the tasks. The function of prefrontal cortical regions of rats and mice is 

commonly assessed in tasks for information processing, working memory or 

impulsivity (Holmes and Cryan, 2005; Paul et al., 2005; Robbins and Arnsten, 2009; 

Fernando and Robbins, 2011). The efficiency of storing information processes depends 

on the motivational aspects of learning. All rodent learning tasks rely on different 

aspects and magnitudes of reinforcing stimuli, with more neutral or difficult learning 

tasks requiring extensive series of training.  

 

 

1.1.4 Neuronal control of long-term memory formation 

Findings in human subjects have shown that the medial temporal-lobe memory system 

is essential for declarative memory processes. Declarative or explicit memories are 

consciously recollected, underlying remembrance of facts and events as well as spatial 

navigation. Supports for a role of the medial temporal lobe in explicit, but not implicit, 

memory functions were based on observations after pathological or surgical damages in 

the nervous system, but have in later years been confirmed and extended by imaging 

studies in humans (Scoville and Milner, 1957; Squire et al., 1992; Grasby et al., 1993; 

Kapur, 1995; Maguire, 1995; Ghaem, 1997; Eichenbaum, 2001; Squire, 2004; Naya 

and Suzuki, 2011). 

 

Acquisition, consolidation and retrieval processes underlying declarative memories are 

thought to rely on a dialogue between prefrontal regions and the medial temporal lobe.  

The hippocampus plays a critical role in these processes (Nyberg, 1996; Schacter et al., 

1995; Dolan and Fletcher, 1997; Holland and Bouton, 1999; LeDoux, 2000; 

Eichenbaum, 2001; McGaugh et al., 2004; Paul et al., 2005; Tse et al., 2011). In 

addition, several other brain regions are involved modulating declarative memories and 

regulating implicit or non-declarative memories. For example, the basal ganglia are 

involved in emotional and autonomic functions as well as in motor learning. The 

amygdala is connected to the hippocampus and PFC and plays an important role in 

deciding whether memories are stored. Afferents from amygdala mediate enhancing or 

disruptive influence on neurotransmission in the hippocampus (Fendt and Fanselow, 

1999; LeDoux, 2000; Johansen et al., 2011). The reciprocal involvement of several 

brain regions in long-term memory processes is illustrated by the multiple 

consequences of neuronal alterations. As a consequence, decreased capacity of working 

memory and executive function involving prefrontal cortical subregions, directly and 

indirectly contribute to difficulties in long-term learning and memory (Zakzanis et al., 

1998; Riedel et al., 1999; Sweeney et al., 2000; Montgomery, 2006; Clark et al., 2009). 
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Comparably, the neurotransmission within the hippocampal circuitries has an important 

role in integration of multimodal memory processing also in animals, including rats and 

mice. Establishment of long-term (24 h) memory storage in contextual learning task 

relies on complex associations of multisensory cues, i.e. contextual representations, 

based on the motivation to store the memories (Cahill and McGaugh, 1998; Richter-

Levin and Akirav, 2003; Degroot and Nomikos, 2005; Ögren et al., 2008; Naya and 

Suzuki, 2011). As a consequence, hippocampal transmission is involved in encoding, 

early consolidation and retrieval of spatial and contextual memories. The cross-talk 

between the hippocampus and the prefrontal cortex is mediated by neuronal reciprocal 

pathways of the cortico-hippocampal circuitry, via the perirhinal, postrhinal, and 

entorhinal cortices. The contextual representations also include integration of 

multimodal information from the sensory systems and processed sensory information 

from thalamus (LeDoux and Muller, 1997; Cahill and McGaugh, 1998; Fendt and 

Fanselow, 1999; Holland and Bouton, 1999; LeDoux, 2000; Burwell et al., 2004; 

McGaugh et al., 2004; Ögren et al., 2008; Dickerson and Eichenbaum, 2010). Besides 

the principal input to the hippocampus, neurotransmission in the hippocampal circuit is 

also modulated by additional physiological functions such as fear, stress, pleasure and 

reward. These signals include inputs from the amygdala, stress hormones and 

catecholamines (see below, Muller, 1997; Cahill and McGaugh, 1998; Fendt and 

Fanselow, 1999; LeDoux, 2000; Burwell et al., 2004; McGaugh et al., 2004; Pessoa, 

2010; McEwen, 2012), medial septal cholinergic/GABAergic afferents, as well as 

serotonergic afferents from the raphe nuclei (see Hasselmo and Stern, 2006; Ögren et 

al., 2008; Dickerson and Eichenbaum, 2010; Redondo and Morris, 2011). The 

neurobiological mechanisms involved in learning and memories are believed to involve 

adaptive changes in neuronal communication, multiple neurotransmitters and 

intracellular pathways, reflected by experience-dependent behavioral adaptations (Day 

et al., 2001; Morris et al., 2003; Remondes and Schuman, 2004; Mosconi et al., 2005; 

Tse, 2007; Ögren, et al., 2008). 

 

 

1.1.5 The paradox of stress and emotional memory  

It is commonly recognized that learning is more efficient when emotions are involved. 

However, this enhancement may be either advantageous or detrimental depending on 

the situation (Roozendaal et al., 2009; Erk et al., 2010). Previous traumatic experiences 

can dramatically change the way potentially emotional stimuli are perceived and affect 

emotional state, defined as an altered or enhanced arousal. Following association, 

certain stimuli or contexts can trigger responses of fear or lead to positive feelings of 

pleasure. For example, following traumatic events in a war, some but not all individuals 

develop anxiety and post-traumatic stress disorder (PTSD) (Bremner et al., 1993; 

LeDoux et al., 2012). However, emotional involvement does not only facilitate 

memory storage. Thus, other soldiers may instead have no memories of the period prior 

to and shortly after the event, i.e. retrograde and anterograde amnesia, respectively. 

These contradictories illustrate that stress can contribute to both impairment and 

facilitation of memory formation (Cahill and McGaugh, 1998; Luethi et al., 2008; 

Roozendaal et al., 2009). 
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While attempts to directly measure rodent cognition are complicated, the assessment of 

ethologically based memory performance may provide a read-out for largely conserved 

types of cognitive processes (LeDoux, 2000; Paul et al., 2005; Ögren et al., 2008). In 

view of the larger homology of more basic brain functions, translational studies relying 

on limbic brain structures are especially useful in understanding the mechanisms 

underlying evolutionary conserved forms of emotional and contextual memory. 

Neuronal mechanisms underlying emotional and cognitive processes are closely 

interconnected and these processes interact in the generation of adaptive behavior (Paul 

et al., 2005; Kim et al., 2006). Emotional memory can be defined as the storage and 

recall of specific cues and events as a result of coupling these stimuli on the basis of 

expression of emotional responses (Ögren et al., 2008). 

 

Stress serves as an efficient motivation for memory encoding, but the effects of various 

separate or combined stressors are intensity and task-dependent and can induce both 

adaptive and maladaptive effects (Sandi and Pinelo-Nava, 2007; Koolhaas et al., 2011). 

The term “stress” is excessively used for a range of acute and chronic conditions 

ranging from mild challenges to traumatic experiences and is broadly defined as stimuli 

evoking neuroendocrine response and hypothalamic-pituitary axis activity. Stress 

hormones are important mediators of stress and include circulating glucocorticoids 

(corticosterone in the rat and cortisol in the human) and to some extent catecholamines. 

(Rodrigues et al., 2009; Koolhaas et al., 2011; Popoli et al., 2011). 

 

Despite the imprecise definitions of stressors, intermediate levels of stress tend to 

improve memory storage, but extreme or chronically elevated stress levels may instead 

block memory function (Cahill and McGaugh, 1998; Stiedl et al., 2005; Roozendaal et 

al., 2009; Conboy et al., 2010; McEwen et al., 2010; Salehi et al., 2010). Such 

enhancement (or disruption) of emotional memory storage occurs for both positive and 

negative information processing. The amygdala is critical in determining the emotional 

valence induced by stress, anxiety and fear (Diamond et al., 2004). Thus, an 

enhancement of memory storage initiated by the amygdala should under physiological 

conditions have adaptive value and contribute to survival and reproduction (Packard 

and White, 1990; Hamann et al., 1999; Sandi, 2011; McEwen et al., 2012). The best 

characterized neuronal circuits in rodents are highly preserved circuits involved in 

conditioned fear (Fendt and Fanselow 1999; LeDoux et al., 2000; Johansen et al., 

2011). 

 

Cross-talk between the hippocampus and prefrontal lobe is important for multitask 

processing or working memory of spatial and contextual information, as described 

above. This processing is strongly influenced by positive and negative motivational 

signaling and can be disrupted by high or chronic stress. The hippocampus is a brain 

region that is especially vulnerable to the negative effects of chronic stress and levels of 

circulating corticosteroids via glucocorticoids receptors (see Johansen et al., 2011; 

Popoli, 2011; McEwen et al., 2012). 
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1.1.6 Behavioral models for aversive learning   

Studies of aversive memory in rodent models are especially suitable, as the neuronal 

mechanisms underlying emotional and fear processes are heavily conserved. Aversive 

learning is ethologically relevant and has been refined based on natural selection. 

Learning to avoid potential threats is essential for survival across species from 

Drosophila to mammals. Rodents quickly learn to associate and avoid dangers. 

Therefore, the induction of emotional states has been most commonly used in the 

assessment of learning and memory processes in animal models (Ögren et al., 1985; 

Holland and Bouton, 1999; LeDoux, 2000; McGaugh et al., 2004; Paul et al., 2005). 

Another major advantage of aversive learning is that the quick acquisition enables the 

use of one-trial learning. This single occasion learning enables mechanistic 

investigations during the different phases of learning and memory, i.e. acquisition, 

consolidation, retrieval, re-consolidation or extinction. The effects of chronic 

administration of drugs may be compared to the effects of acute injections of drugs 

administered either pre- or posttraining, in order to influence different phases of 

acquisition and consolidation processes respectively. Alternatively, drugs may instead 

be administered prior or after the memory test to affect memory retrieval, re-

consolidation and extinction processes. By comparing the effects of pretraining and/or 

pretesting, it is possible to assess if the investigated agents mediate state-dependent 

learning, meaning that the animals perform most efficiently if the same drug condition 

is re-established (Lee et al., 2001; Arenas et al., 2006; Ögren et al., 2008; Johansen et 

al., 2011). 

 

Aversive learning and memory tasks can be designed to involve different intensities of 

negative reinforcement, ranging from comparatively milder forms of emotional arousal 

to higher levels of fear. The learned adaptive responses differ between rodents trained 

for learned avoidance compared to rodents trained to express fear by freezing (see 

Ögren et al., 2008).  

 

Aversive learning may be investigated in rodents using the following commonly used 

tests (presented with consecutive levels of complexity):  

 

 

A) Auditory Fear Conditioning  

Auditory Fear Conditioning is a classically used test for measuring implicit forms of 

reflex learning (see Fendt and Fanselow, 1999; LeDoux, 2000; Kim et al., 2006). 

During training (acquisition), a rat or a mouse explores a box and a tone is followed by 

an unconditioned stimulus (US), i.e. a constant current delivered through the floor grid 

in the fear conditioning box. The tone-dependent memory test is performed in a box 

that is different from the training context. When the CS tone is replayed, the amount of 

freezing is assessed, meaning that the rat or mouse is actively suppressing its ongoing 

behavior and is not moving besides respiration. During the memory test, the 

conditioned fear expression is measured by the level of freezing or suppressed mobility 

(Stiedl et al., 2000a; Youn et al., 2009) (Figure 1).  
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B) Contextual Fear Conditioning  

Contextual Fear Conditioning is more complex than Auditory Fear Conditioning, since 

the context-dependent memory expression of fear is assessed as the amount of freezing 

when the rat or mouse is re-exposed to the conditioned context (without any tone), 

which involves multimodal integration and is believed to time-limitedly dependent on 

the hippocampus. Lesioning of the hippocampus (see Fendt and Fanselow, 1999; 

LeDoux, 2000) or intracerebroventricular (i.c.v.) injections of the glutamatergic 

NMDAR antagonist APV impairs contextual fear conditioning in rats (see Fendt and 

Fanselow, 1999; Kim et al., 2006). Studies in C57BL/6J mice have indicated that 

Contextual Fear Conditioning, but not Auditory Fear Conditioning, depends on 

NMDAR transmission in the dorsal hippocampus and involves extrahippocampal 

NMDARs, as indicated by intrahippocampal and intracerebral injections of the 

NMDAR antagonist APV (Stiedl et al., 2000a). Serotonergic signaling is also 

important for Fear Conditioning, with pronounced impairments by intrahippocampal 

and extrahippocampal administration of the 5-HT1AR agonist 8-OH-DPAT on 

Contextual Fear Conditioning, and less clear-cut effects on Auditory Fear Conditioning 

(Stiedl et al., 2000b). 

 

In comparison, Auditory Fear Conditioning involves unisensory information 

processing, and is under certain conditions independent from hippocampal function 

(see Fendt and Fanselow, 1999; LeDoux, 2000; Kim et al., 2006; Johansen et al., 

2011). However, the hippocampus is involved in Auditory Fear Conditioning under 

some conditions, as in trace interval Fear Conditioning (Misane et al., 2005; Stiedl et 

al., 2000b). Both context- and tone-dependent fear conditioning is impaired in rats by 

APV injections into the basolateral amygdala (Holland and Bouton, 1999; LeDoux, 

2000; Kim et al., 2006; Johansen et al., 2011).  

 

Classical Fear Conditioning is a very robust form of aversive learning, since it requires 

the delivery of sufficiently high amounts of aversive shock stimuli to result in fear 

expression measured by freezing at the memory test (Youn et al., 2009; Johansen et al., 

2011). (Figure 1).In view of the technical difficulties to distinguish between an animal 

sitting still and suppressed mobility as in fear evoked freezing, it is particularly useful 

to combine behavioral testing of fear expression with physiological measures, e.g. 

recordings of autonomic regulation of fear expression by ECG radio-telemetry during 

fear conditioning. The implantation of ECG transmitters into mice enables the 

investigation of heart rate dynamics in real time combined with behavioral responses 

during the context-dependent memory test. The central neuroautonomic outflow 

reflects the sympathetic and parasympathetic projections to the sinus node of the heart 

(Stiedl et al., 2004; Stiedl et al., 2005). 
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C) Passive Avoidance task for Emotional Memory  

Passive Avoidance is a less robust form of aversive learning with several important 

differences compared to Contextual Fear Conditioning (see Ögren et al., 1985; Fendt 

and Fanselow, 1999; LeDoux, 2000; Ögren et al., 2008) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Passive Avoidance procedure is a one-trial associative learning paradigm based on 

contextual conditioning combined with the requirement of the animal to express an 

instrumental learning response. The animal needs to learn to suppress their natural 

response to avoid a brightly lit compartment that is innately threatening for rodents. 

However, since the naturally preferred dark context has been conditioned to an aversive 

stimulus, the objective measure of memory performance is an instrumental response, 

i.e. the passive avoidance to step-through to the dark context. Hence, Passive 

Avoidance has the advantage that an intermediate level of aversive training is 

sufficient, since it is not necessary to use a much higher aversive stimulus required to 

induce fear evoked freezing. The level of the aversive foot current can therefore be 

adjusted to flinch threshold, which induces an intermediate memory performance. 

Passive avoidance circumvents floor and ceiling effects and can be used for 

investigation of impairing or facilitating effects on contextual memory performance 

(Ögren et al., 2008). The Passive Avoidance task is sensitive to pharmacological 

treatments targeting several neurotransmission systems and receptor subtypes important 

for learning and memory, including glutamatergic, cholinergic and serotonergic 

agonists and antagonists with amnesic or procognitive effects (Ögren et al., 2008). 

Figure 1. Experimental setup for training and memory tests in Contextual and Auditory 

Fear Conditioning (A) and Passive Avoidance experiments (B). US = unconditioned 

stimulus, CS = conditioned stimulus, comp. =compartment, lat. = step-through latency. 

 

Reprinted with permission; Ögren, Eriksson et al.,  

Behavioural Brain Research (2008) 195(1): 54-77.   
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Functional neurotransmission in the dorsal hippocampus is required for acquisition of 

the Passive Avoidance task in C57Bl/6J mice. Memory retention performance is 

impaired by local hippocampal administration of APV, an antagonist of the 

glutamatergic NMDAR subtype (Baarendse et al., 2008). In this context, strain 

dependent effects related to differential learning strategies have also been shown for 

DBA/2J versus C57Bl/6J mice (Baarendse et al., 2008).  

 

Emotional memory performance in the Passive Avoidance task may also be examined 

in genetic animal models. The combination of step-through latencies with ethologically 

based measures can provide important information in studies of emotional memory 

functions. For example, the BALB/cByJ-Kv1.1 (mceph/mceph) is homozygous for a 

spontaneous mutation truncating the Shaker-like voltage gated potassium channel, 

Kv1.1 (Kcna1). This is an epileptic mouse model with potassium channelopathy, 

having spontaneous epileptic seizures and enlarged hippocampal volume. In view of 

the evidence for hippocampal dysfunction, mceph/mceph mice were assessed for 

hippocampal-dependent emotional memory function in the Passive Avoidance task 

(Holst et al., 2011). Due to the severe and progressive phenotypic appearance it is 

necessary to follow the onset of abnormalities prior to and during development of mice.   

In order to increase the interpretation of behavioral abnormalities and to determine the 

factors that most strongly correlate it is advantageous to use multivariate statistical 

analyses. Extensive behavioral characterization can be achieved by examining the mice 

during early development in the Novel Cage test and Passive Avoidance. The large data 

sets obtained may thereafter be analyzed with multivariate analyses Principal 

Component in order to determine the behavioral profiles for each genotype (Holst et 

al., 2011) (Figure 2). A detailed behavioral analysis was performed in the aversive 

context (Passive Avoidance) and in a neutral environment (Novel Cage Test). Whereas 

heterozygous mice displayed increased avoidance similar to memory performance to 

wild type mice, the mceph/mceph mice failed to acquire avoidance of the aversive 

context. The mceph/mceph mice also displayed low exploration and risk-assessment 

behaviors. The multivariate analysis indicated that alterations of exploration and risk-

assessment behaviors are important variables for analyzing deficits in memory 

processing.  

 

Ethological based studies have also illustrated that individual differences of mice on 

memory performance may be related to different-stress coping strategies to the aversive 

cue. Within groups of wild type and heterozygous mice that learned the Passive 

Avoidance task, individual mice with short step-through retention latency frequently 

displayed a high frequency of exploratory behaviors, suggesting a proactive coping 

style (Holst et al., 2011). Proactive coping strategies are associated with defensive 

behaviors including exploring, rearing and stretch-attend postures and aggressive 

behaviors (Koolhaas et al., 2007). In contrast, individual mice with long step-through 

latency displayed higher frequency of anxiety-related behaviors, suggesting a reactive 

coping style (Holst et al., 2011), which is associated with increased immobility and 

freezing in response to stress (Koolhaas et al., 2007). In this context it should be noted 

that different coping strategies in exposure to stress has implications for the adaptive 

and maladaptive response to stress and should be investigated in more detail in stress 

research (Koolhaas et al., 2011).  
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Figure 2. Principal Component Analysis (PCA) multivariate data analysis of behavioral results 

obtained in the Passive Avoidance. The PCA enables characterization of behavioral profile for each 

genotype, for detailed evaluation of the mceph/mceph mouse model for epilepsy with potassium 

channelopathy.  Upper: Score plot PCA illustrating the position of the individuals and the separation of 

the groups. Lower: Loading Plot PCA illustrating the position of the behavioral variables. Wild type 

and heterozygous mice corresponded with a high frequency of risk assessments behaviors, while 

positions of mceph/mceph mice corresponded with a low or lack of risk assessment behaviors 

suggestive of a decreased defensive response to the aversive cue. The two principal components 

explained 47% of the variance (R2X = 0.469; Q2X = –0.172 respectively) and values of explained 

variation and predicted variation were within an appropriate range. Abbreviations: TR = Training, RE 

= Retention, B = Bright, D = Dark,  C = Compartment, Pl = Place preference, Lat = Latency time to 

step-through, InAct = InActivity before the door is opened, Act Cue = Activity during aversive cue, 

Act delay = Activity delay, Act = Activity after the door is opened, Expl = Exploring, bef = before 

step-through, aft = after step-through, Re = rearings, SAP = stretch attend postures, Fe = feces, Gro = 

self groomings, Trans = transfers, wt = wild type, h = heterozygotes, m = mceph/mceph. 

 

Reprinted with permission; Holst, Åberg, Eriksson et al.,  

Journal of Behavioral and Brain Science (2011) 1(4): 210-228. 
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1.2 MAJOR DEPRESSIVE DISORDER  

 

1.2.1 Unipolar Depression in humans 

 

1.2.1.1 Symptoms and diagnosis 

Major depressive disorder (MDD) or unipolar depression is one of the leading causes of 

disability worldwide with an enormous burden for affected individuals, health care and 

the society (see Schlaepfer et al., 2012). Major depression is the predominant form of 

affective or mood disorders, and one of the most common neuropsychiatric disorders 

(Wang et al., 2003; Kessler et al., 2010; Wittchen et al., 2011).  

 

The symptoms and diagnostic criteria for depression are determined on the basis of 

clinical characteristics, using diagnostic classifications systems (International 

Classification of Diseases, ICD-10 and Diagnostic and Statistical Manual of Mental 

Disorders, DSM-IV) and limited predictive biomarkers are available. According to 

DSM-IV, the main criteria include depressed mood (melancholia), and diminished 

interest in pleasurable activities and the ability to experience pleasure (anhedonia). 

Sustained depressed mood is a necessary symptom of depression, and major depression 

encompasses a heterogeneous cluster of symptoms, which may largely differ between 

individuals suffering from MDD. Evaluation of the degree of treatment response is 

often performed on the Hamilton Depression Rating Scale (HAM-D) and the 

Montgomery–Åsberg Depression Rating Scale (MADRS) (Hamilton, 1960; 

Montgomery and Asberg, 1979). More recent assessment of treatment response directs 

increased emphasis on normalization of functioning in remission, which unfortunately 

is rarely evaluated in clinical trials of antidepressant efficacy (Schlaepfer et al., 2012).  

 

 

1.2.1.2 Multifactorial disease and comorbid conditions 

The etiology and underlying molecular mechanisms of depression still remain 

relatively poorly understood. Depression is believed to result from interaction of 

genetic, environmental and psychological social components (Rosenquist et al., 2011). 

The heterogeneous symptoms observed in depression may also reflect subgroups of 

disease with differential etiology and pathophysiology (Hasler et al., 2004). Multiple 

brain areas have been implicated in the pathophysiology of depression, especially 

higher corticolimbic brain regions including the dorsolateral and the medial prefrontal 

cortex (including the anterior cingulate and orbitofrontal cortex), the hippocampus, 

amygdala and striatum (Agid et al., 2007; Clark, 2009; McEwen et al., 2010). These 

regions are tightly interconnected and depression is considered to be a network disease 

involving several transmitter systems, intracellular cascades and genetic alterations 

(Nestler and Hyman, 2010; Sharp and Cowen 2011). 

 

Exposure to stress and, more specifically, the individual ability to cope with stressors 

appears to largely determine the risk for developing depression (Popoli et al., 2011). 

Negative effects of chronic stress are also implicated in the increased risk for new 

depressive episodes, being as high as 50% and 90%, after a depression history of one 
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versus two or more depressive episodes, respectively (Bremner et al., 2004). However, 

the causative events are largely unclear and chronic stress may induce neurochemical 

alterations in different brain regions. For example, stress may result in hippocampal 

dysfunction and depression, or vice versa, hippocampal dysfunction caused by stress 

may precede emotional dysregulation and cognitive disturbances seen in depression 

(Pittenger and Duman, 2008; MacQueen and Frodl, 2011; Popoli et al., 2011).  

 

Various socio-environmental factors also play a role in depression, including family 

functioning and child abuse. More recent studies also investigated social network 

determinants and spread among friends, family, co-workers and neighbors (Rosenquist 

et al., 2011). Sense of coherence is a human concept reflecting personal prospects in 

life and the capacity to respond to stressful situations (Antonovsky, 1987). Sense of 

coherence relies on higher cognitive functions underlying confidence with the ability to 

predict, handle and cope with environmental stimuli. High sense of coherence is 

associated with health and an ability to engage in and handle challenges, while low 

scores on sense of coherence are associated with poorer health and ability to cope with 

demands in depressed individuals (Skärsäter et al., 2009). Suboptimal coping strategies 

are also associated with personality traits with increased likelihood to develop 

depression, like neuroticism and excessive rumination.  

 

MDD is an affective disorder associated with high comorbidity and increased risks to 

develop several other severe conditions, including anxiety and panic disorders, 

dementia, addiction, cardiovascular disease, irritable bowel syndrome (IBS), and 

diabetes (Miller et al., 2009; Kennedy et al., 2012). In addition, emotional and effective 

components of pain are also of importance for the development of chronic pain 

(Gustafsson et al., 2000). Moreover, comorbidity of depression and anxiety with 

dementia is related to the severity of functional impairments in patients (Starkstein et 

al., 2005). A life history of depression and late-life depression also increase the risk for 

developing dementia (Ownby et al., 2006; Steffens et al., 2006). Despite important 

understanding on comorbidity of depression with other disorders, it is important to 

investigate whether associated disorders are the result of separate mechanisms. In 

particular, increased research is needed on the relation between depression and 

cognitive disorders (Steffens et al., 2006).  

 

 

1.2.1.3 Pharmacological antidepressant therapy 

The majority of current antidepressant drugs mediate their effect via elevation of 

monoamine signaling. The commonly used drugs block the uptake of serotonin and/or 

noradrenaline (the SNRIs) from the synapse, with the selective serotonin reuptake 

inhibitors (SSRIs) being the current primary therapy recommended for mild-to-

moderate unipolar depression. The clinical antidepressant efficacy is delayed for 

several weeks indicating that monoamine elevation acts upstream of necessary changes 

for elevation of mood (Agid et al., 2007). In view of the delayed onset of action and 

treatment resistance, it would be of major advantage to find early predictions of what 

medications are effective and, if necessary, to change treatment strategy. There is a 

large need to develop pharmacotherapies and/or alternative treatments with earlier 
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effects. It is also important that future drugs have fewer and less severe side-effects 

than current medications (Agid et al., 2007; Nestler and Hyman, 2010; Cryan and 

Markou, 2012). Also, many patients do not respond or recover to functional 

normalization by current antidepressants even after a long period of treatment. A 

particularly important goal is to find novel antidepressant treatment with efficacy in 

patients resistant to traditional types of antidepressants and the assessment of adjunctive 

therapy with antidepressants together with atypical treatment alternatives (Clarke et al., 

2009; Schlaepfer et al., 2012). An innovative example is the increased brain 

concentration of the antidepressant imipramine, when co-administered with the calcium 

channel blocker verapamil. Verapamil also inhibits the P-glycoprotein (Pgp) membrane 

transporter, which regulates transport over the blood brain barrier (Clarke et al., 2009). 

A deeper understanding of the signaling pathways that are targeted by current 

pharmacological and non-pharmacological therapies may enable the development of 

novel drugs with more rapid antidepressant effects. In this context it is important to not 

only base the definition of remission on severity of depressive symptoms, but to rather 

aim for normalization of wider aspects of functioning or full recovery (Schlaepfer et al., 

2012).  

 

A systematic review of published data (Taylor et al., 2006) suggested that selective 

serotonin reuptake inhibitors (SSRIs) start to have detectable beneficial clinical effects 

in alleviating depression already during the first week of treatment, indicating that the 

clinical response is gradual and cumulative (Clark, 2009). Despite their similar or 

limited antidepressant efficacy, the newer generations of antidepressants are associated 

with lower frequency and severity of side effects, larger safety margins and broadening 

of indications beyond major depression, including anxiety, phobias and PTSD. 

Although the efficacy is not higher, the larger tolerability of the new drugs was the 

major achievement and these advantages enabled an increased prescription of 

antidepressants for outpatient health care.  

 

Although the use of antidepressants has markedly increased, MDD is estimated to be 

underdiagnosed and not sufficiently treated (see Schlaepfer et al., 2012). While 

recommendations of increased use need to be balanced for potential benefits and risks, 

it is possible that a larger acceptance of neuropsychiatric disorders, pharmaceutical 

treatment and cognitive therapy could contribute to increased quality of life. However, 

in order to improve treatment of depression, there is an urgent need for better 

therapeutic alternatives. Continuous efforts have been made over the past half century 

in academia and pharmaceutical industry to develop novel types of more efficacious 

pharmacological interventions and non-pharmacological interventions (Nestler and 

Hyman, 2010; Schlaepfer et al., 2012). This has resulted in numerous suggestions for 

targets for drug development. Improved knowledge of convergence of common 

mechanisms underlying coping with stressors, adaptive neuroplasticity and 

development of depression could help to identify novel targets (Pittenger and Duman, 

2008; Cryan and Markou, 2012).  
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1.2.1.4 Psychotherapy including cognitive behavioral therapy 

The ability to break habits, routines and established patterns is known to be 

challenging. Current treatment options also include various forms of psychotherapies. 

For example cognitive behavioral therapy (CBT) can be of major help in identifying 

dysfunctional behavioral patterns and allowing new perspectives and development of 

thought processes, habits and strategies (Butler et al., 2006). Importantly, the 

combination of psychotherapy and pharmacotherapy can increase the antidepressant 

effects achieved by each strategy separately. A recent study could elucidate some 

neuronal mechanisms involved in increased efficacy of relearning by fluoxetine 

(Karpova et al., 2011). Functional magnetic resonance imaging has been used for 

monitoring alterations of emotional processing in response to CBT (Ritcthey et al., 

2011). An inexpensive candidate for prediction of remission prognosis is measurement 

of pupillary responses. Pupillary responses to emotional information is thought to 

reflect limbic reactivity and executive control, since it correlates with increased activity 

in dorsolateral prefrontal regions associated with executive control and emotion 

regulation (Siegle et al., 2011). 

 

 

1.2.2 Preclinical research models of affective disorders 

Studies conducted in animal models are critical both for increasing the understanding of 

mechanisms involved in neuropsychiatric disorders, and for the evaluation of beneficial 

and undesired effects involved in current and potential novel treatments. However, the 

use of rodent models to investigate mechanisms involved in depression and 

antidepressant agents is especially complicated (Hasler et al., 2004). Since the etiology 

and pathophysiology of this heterogeneous disorder are largely unknown, it is 

extremely challenging to develop translational and highly relevant animal models 

(Cryan and Mombereau, 2004). In addition, many of the diagnostic symptoms of 

depression are difficult to define, to operationalize in experimental animals and to 

objectively quantify (Cryan and Slattery, 2007). Moreover, antidepressant treatments 

have a delayed onset of action and many patients are resistant to available alternatives. 

Behavioral assessments in sufficiently relevant animal models are an important way to 

gain insight into the etiology, neurobiological mechanisms and, in the longer 

perspective, development of novel therapies for disorders like depression. The 

knowledge of how to conduct predictive modeling of human neuropsychiatric disorders 

in rodent models is still evolving (Nestler and Hyman, 2010). Recent attempts are made 

to limit the number of obligate behavioral dimensions required for determination of the 

validity of an animal model. In search for biomarkers of depression, findings may 

elucidate mechanisms involved in key components of depression. For example, 

anhedonia is an endophenotype related to impaired reward function, rather than general 

biological mechanisms underlying depression (Nestler and Hyman, 2010). 

Endophenotypes could be valuable in depression research by modeling key aspects of 

clinically comorbid symptoms, rather than attempting to cover the full spectra of major 

depression (Hasler et al., 2004; Lapiz-Bluhm et al., 2008). 
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1.2.2.1 Rodent models of antidepressants or aspects of depression  

Rodent models of depression cover certain aspects of depression. Whereas single 

phenotypes are insufficient, these models have certain relevance for defined 

endophenotypes such as anhedonic responses, learned helplessness and cognitive 

dysfunction. Many of the available models have already been useful, but it is widely 

accepted that continued work is needed for more detailed validation. Nonetheless, the 

knowledge of mechanisms involved in neurobiological functions and understanding of 

drug effects have increased drastically in the last decades (Gardier et al., 2009; Kas et 

al., 2011; Carr and Lucki, 2011; Cryan and Markou, 2012).  

 

Some of the most widely used approaches for assessing the antidepressant activity of 

known and potential novel therapeutic agents are based on stress-induced helplessness, 

with differential degrees of controlling for motor effects. This is tested by exposure to 

inescapable and uncontrollable stressors in the FST for rats or mice and the TST for 

mice. These tests are important since they have high predictive validity already for 

acute antidepressants, despite that the biological mechanisms are not clear. Additional 

behavioral experiments are performed with alternative models which are not 

responding to acute treatments, but which are sensitive to alterations of chronic 

treatment, to better correlate with gradual and delayed clinical antidepressant response 

(Cryan and Mombereau, 2004; Cryan and Slattery, 2007).  

 

Chronic unpredictable stress is a rodent model of aspects of depression in mice and 

rats, sensitive to chronic administration of antidepressants. Rats exposed to chronic 

unpredictable stress displayed a depressive-like phenotype in several tests, which can 

be reversed by chronic treatment with fluoxetine (Duric et al., 2010). Examples of 

broadening the perspectives beyond the brain in search for endophenotypes with 

implications for depression are increased understanding of cognitive aspects of 

peripheral syndromes like the gastrointestinal disorder irritable bowel syndrome and 

aspects of brain-gut axis dysfunction in stress (O'Mahony et al., 2011; Kennedy et al., 

2012). 

 

Lesioning or removal of the olfactory bulbs appears to induce neuronal reorganization 

and is considered to be one of the best characterized animal models of depression (van 

Riezen et al., 1977). These procedures appear to have high validity and relevance, 

especially when used in rats. Surprisingly the effects are not long lasting, presumably as 

a result of neuronal compensation mechanisms. Although the neurophysiological and 

neurochemical mechanisms underlying olfactory bulbectomy are unclear and the 

translational value to humans is debated, the targets of this neuronal reorganization are 

interesting since the basis is distinct from other models (Cryan and Mombereau, 2004).  

 

One of the more extensively characterized animal models of depression is the Flinders 

Sensitive Line (FSL) of rats (Overstreet et al., 2005; Neumann et al., 2011). FSL rats 

have several behavioral, biochemical and structural alterations associated with 

depression (Overstreet et al., 2005) (see below). FSL rats are used as animal models 

with predictive validity for effects of antidepressant agents. FSL rats have a cholinergic 

hypersensitivity, based on the paradoxical selective breeding strategy of FRL rats 
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(Flinders Resistant Line). These experiments aimed at developing a rat strain that was 

genetically resistant to the effects of the organophosphate anticholinesterase agent 

diisopropyl-fluorophosphate. These alterations of the cholinergic system are however 

not believed to be the main neurochemical mechanisms responsible for the depressive 

phenotype of FSL rats and the available data indicate that they have intact cognitive 

functions (Overstreet et al., 2005; Neumann et al., 2011). 

 

The helpless (H/Rouen) line of mice is based on selective breeding of mice displaying 

high immobility in TST. H/Rouen mice represent a multigenetic mouse model of 

learned helpless aspects of depression (El Yacoubi et al., 2003; 2007). Selectively bred 

male H/Rouen mice, displaying helpless behavior in the tail suspension test, have 

prolonged latency to escape shocks, already when exposed to the learned helplessness 

paradigm. At subsequent testing, male helpless H/Rouen mice displayed increased 

coping deficits to escape, compared to their baseline albeit less pronounced compared 

to the degree of coping deficit induced in NH/Rouen mice. Both H/Rouen and 

NH/Rouen groups of female mice developed learned helplessness after training, with 

no differences in the magnitude of induced escape deficits. This indicates increased 

helpless behavior in male H/Rouen mice already at baseline when exposed to shocks. 

In addition, the development of despair of male and female mice in another task is 

widening the behavioral endophenotypic dimensions of H/Rouen mice (Bougarel et al., 

2011). H/Rouen mice thus appear to learn the helplessness paradigm, although these 

mice also display lower basal locomotor activity. Other types of learning and memory 

functions are yet to be investigated (El Yacoubi and Vaugeois, 2007).  

 

The development of helpless behavior of H/Rouen mice in the learned helplessness 

paradigm is prevented by subchronic, but not acute fluoxetine in male mice and by 

either subchronic or acute fluoxetine in female mice. Control NH/Rouen mice on the 

other hand, developed learned helplessness which could not be blocked by fluoxetine 

treatment neither in male nor female mice (Bougarel et al., 2011). Helpless H/Rouen 

mice also have reduced levels of p11 mRNA and protein in the forebrain versus 

nonhelpless NH/Rouen mice (Svenningsson et al., 2006). 

 

Membrane levels of 5-HT1BR and 5-HT4Rs are regulated by the adaptor protein p11 

(S100A10) (Svenningsson et al., 2006; Warner-Schmidt et al., 2009). Coexpression of 

p11 with 5-HT1BR and 5-HT4Rs has been shown in several regions implicated in 

regulation of mood and cognitive function, including the pyramidal cell layer of CA1 

and granule cell layer of dentate gyrus in the hippocampus. Coexpression of p11 with 

5-HT1BR, but not 5-HT4R has also been found in the cingulate cortex, stratum 

radiatum/oriens of CA1, hilus of the dentate gyrus and in the cerebellar cortex (Egeland 

et al., 2011).  

 

P11 is located both in the brain and peripherally and it is an adaptor protein for diverse 

proteins like the Nav1.8, acid-sensing ion channel (Acid-sensing ion channel (ASIC)-

1), transient receptor potential vanilloid (TRPV)5/6 channels, and intracellular enzymes 

including phospholipase A2, PCTAIRE-1 and cathepsin B (Svenningsson and 

Greengard, 2007). Reductions of p11 mRNA transcription and p11 protein levels have 

been reported in post-mortem samples from depressed patients in the anterior cingulate 
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cortex (Svenningsson, et al., 2006). A decreased level of p11 protein has also been 

found in the nucleus accumbens of post-mortem tissue from patients that suffered from 

depression (Alexander et al., 2010). Reduction of p11 mRNA has also been reported in 

the hippocampus, frontopolar and orbitofrontal cortices, and in amygdala of depressed 

patients committing suicide (Anisman et al., 2008).  

 

P11 KO mice display a depressive-like phenotype, which was in the early studies 

observed in the TST and anhedonic responses to sucrose. P11 KO mice also show 

attenuated behavioral responses to the antidepressant imipramine (Svenningsson et al., 

2006). Several factors including the antidepressants imipramine (a tricyclic 

antidepressant) and tranylcypromine (a monoamine oxidase inhibitor), 

electroconvulsive treatment (ECT) and BDNF regulate the expression of p11, and in 

turn, the antidepressant-like effects of BDNF are modulated by p11 (Svenningsson et 

al., 2006; Svenningsson and Greengard, 2007; Warner-Schmidt et al., 2010). In 

addition, p11 mice exhibit increased turnover of neurogenesis and are resistant to the 

neurogenic and behavioral antidepressant-like effects of fluoxetine in the novelty 

suppressed feeding test (Egeland et al., 2010).  

 

 

1.2.2.2 Progress of disease models and exploration of novel targets  

Improved genetic and pharmacological tools have markedly contributed to a better 

understanding of molecular mechanisms of relevance for depression, but it is of major 

importance to increase the translational potential of animal models (Kas et al., 2011). 

There is a need for inclusion of relevant complementary models that take additional 

factors into account, which play important roles in subgroups of depressed patients 

(Nestler and Hyman, 2010). There is especially a shortage of relevant preclinical 

animal models being useful to study cognitive aspects of depressive symptomatology 

(Cryan and Holmes, 2005; Agid et al., 2007; Kennedy et al., 2012; Millan et al., 2012).  

 

Despite numerous findings of potential targets, the development of novel types of 

antidepressants has been low and few drugs succeeded to be approved for use in 

humans. Currently used test batteries are highly useful and with relatively good validity 

for the range of drugs with clinical antidepressant efficacy (Cryan and Mombereau, 

2004; Gardier et al., 2009). The available animal models of neuropsychiatric disorders 

have been extensively used in basic research and drug development and are believed to 

have importance for future development of improved treatments (Cryan and Slattery, 

2007; Nestler and Hyman, 2010).  

 

A potential caveat of restricting testing to the established tests alone is that they may 

limit the possibility to find alternative readouts and mechanisms that are distinct from 

the already established ones. Indeed, antidepressant drugs with novel mechanisms have 

been slow to emerge. Thus, in addition to the standard tests showing high predictive 

validity for existing drugs, there is a great need for finding alternative relevant tests for 

prediction of novel types of drugs (Kas, et al., 2011; Cryan and Markou, 2012).  
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The use of back-translational approaches may be an especially important tool in the 

design of innovative animal models. It is believed that a better alignment of the 

interactions between basic and clinical scientists is needed. A major criterion is that 

new tests should predict efficacy of new drugs in randomized controlled phase 2 and 3 

trials (see Dawson and Goodwin, 2005). It is possible that the use of tests measuring 

different aspects of neuronal processing relevant for depression may open new 

possibilities to develop drugs with separate mechanisms of action (Millan et al., 2012). 

Despite that cognitive alterations are common in depressed patients, current tests and 

animal models of depression generally lack assessment of validated forms of emotional 

memory processes.  



Serotonin in Emotional Memory Processes 

 

  19 

1.3 A KEY ROLE OF COGNITION IN DEPRESSION 

 

1.3.1 Alteration of cognitive processes in major depression  

1.3.1.1 Increasing attention on persistent cognitive dysfunction  

Cognitive impairment is a frequently overlooked symptom of depression, but 

increasing evidence points out that cognitive dysfunction may constitute a core feature 

in this disease (Hasler et al., 2004; MacQueen and Frodl, 2011). It is important to not 

only consider the influence of lowered mood on cognition, but also clarify 

consequences of decreased cognitive capacity on mood. It is increasingly appreciated 

that cognitive impairments prevent functional normalization and remission in 

depression. It has since long been recognized that a subset of depressed patients 

perform poorly in a variety of cognitive tasks, especially those involving concentration 

and memory, as well as a generalized reduced speed of mental processes. However, 

systematic research on the effects of MDD on cognitive functioning has remained 

relatively sparse and yielded varied results and many aspects remain unsettled. The 

range of cognitive alterations has not been the primary target in antidepressant 

treatment and has been difficult to treat with conventional antidepressant therapies 

(Montgomery, 2006; Millan et al., 2012).  

 

The DSM-IV criteria of depression involve cognitive symptoms; “diminished ability to 

think and concentrate or indecisiveness” and “psychomotor retardation”, which are core 

symptoms of major depression. These rather vague criteria span over wide aspects of 

cognitive processes. Also the core symptom of depression, depressed mood, involves 

cognitive components, that is emotional and memory biases (Hasler et al., 2004). 

Whether cognitive dysfunction results from global neuropsychological impairment or 

impairments of specific cognitive domains is poorly defined. The characterization of 

clusters of impairments has received more primary investigations in recent years. A 

substantial number of depressed patients frequently shows a slowing-down of mental 

processes and exhibits impairments in several cognitive domains (for overviews see 

Chepenik et al., 2007; Clark et al., 2009). Additional aspects of decreased cognitive 

capacity include thought distortions, slower thoughts and talking, indecisiveness, and 

difficulty to handle everyday tasks.  

 

Cognitive dysfunctions may also have implications for several of the non-cognitive 

DSM-IV criteria of depression, e.g. feelings of worthlessness or excessive guilt, 

recurrent thoughts of death or suicide and inability to retrieve positive feelings 

(MacQueen and Frodl, 2011). In turn, emotional processing biases may reinforce 

additional symptoms characterizing depression, by maintaining anhedonia and 

melancholia. Such alterations may also manifest rumination, decrease cognitive 

capacity and contribute to maintenance and difficulty to recover from depression 

(Harmer, 2008). Cognitive aspects of depression also have implications for coping with 

stress, immune system, irritable bowel syndrome, anxiety, sleep disturbances and 

affective components of pain (Gustafsson et al., 2000; Harmer, 2008; Clark, 2009; 

Kennedy et al., 2012).   
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The range of cognitive impairments in depressed patients is poorly defined, but some 

specificity appear to exist for the symptoms and underlying mechanisms compared to 

schizophrenia (Barch et al., 2003), dementia (Pfennig et al., 2007) and anxiety 

disorders (Merikangas et al., 2003). It should also be kept in mind that unipolar 

depression is a largely heterogeneous disorder with varying symptoms present in 

different individuals. Conflicting reports are presented concerning the links between 

cognitive impairment and depression, and it has been especially hard to show causal 

relationships between depression and subsequent dementia, while numerous studies 

indicate that these conditions are associated, have high comorbidity and overlapping 

risk factors (Geda, 2010). One possible reason for discrepancies is that studies failing to 

find associations between depression and cognitive impairment have predominantly 

been assessing cognitive impairments that are typically seen in dementia, but symptoms 

and underlying pathology are not analogous with cognitive impairments typically 

observed in depressed patients, especially not in early stages of these diseases (Geda, 

2010). On the contrary, studies of elderly demented patients selected for depression 

have partly confounded the characterization of depression-related cognitive 

impairments that result from a functionally depressed state from those resulting from 

underlying degenerative brain damage (Veiel, 1997). 

 

Thus, although the basis of cognitive alterations in depressive states is complex, 

alterations of information processing ultimately has important implications for 

sustained cognitive impairments and long-term memory. Cognitive dysfunctions in 

depression can be divided into two principal cognitive domains, i.e. altered executive 

capacity and alterations of memory, each domain including several sublevels. This 

broad division along a temporal axis is based on converging evidence of differential 

involvement of brain regions in cognition and memory processes, described above, and 

reports on abnormalities of brain function, described below.   

 

 

1.3.1.2 Information processing speed and working memory  

Widespread impairment of executive control has been documented using a variety of 

standardized neuropsychological assessments of executive functions in depressed 

subjects (Gualtieri et al., 2006). An important component in executive impairments 

appears to be a slower choice reaction time (Veiel, 1997). Measurement of inspection 

time is used as a task controlling for unspecific slowing of motor responses. Young 

unmedicated depressed patients displayed slowing of inspection time, indicating a 

reduced speed of information processing (Tsourtos et al., 2002). Indeed, depressed 

subjects showed impaired performance in an n-back task for updating, shifting and 

inhibition types of executive processes (Harvey et al., 2004). Reduced performance has 

also been reported in the Wisconsin Card Sorting Test (WCST) (Martin et al., 1991; 

Channon, 1996; Taylor Tavares et al., 2007; Clark et al., 2009). Distractibility and/or 

deficiency in processing resources have been reported in the Stroop Color Word Test 

(Lemelin et al., 1997; Paradiso et al., 1997), along with impaired concentration and 

sustained attention (Paradiso et al., 1997; Veiel, 1997; Chantiluke et al., 2011). 

Depressed patients also exhibit impairments in verbal fluency in Controlled Oral Word 

Association Test (Veiel, 1997), auditory verbal learning (Taylor Tavares et al., 2003; 
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Chamberlain and Sahakian, 2006), and immediate recall of verbal memory (Smith et 

al., 1994; Baker et al., 1997; Paradiso et al., 1997). Alterations have also been 

described for spatial working memory (Elliott et al., 1997; Sweeney et al., 2000; 

Murphy, 2003; Pfennig et al., 2007; Gould et al., 2007). Depressed patients with 

current suicidal ideation also appear to have more severe executive deficits, especially 

impairments of decision-making compared to depressed patients without thoughts of 

suicide and healthy controls (Marzuk et al., 2005; Westheide et al., 2008).  

 

The core MDD symptom of depressed mood also involves cognitive aspects of 

attention and memory bias with preferential processing of affective information 

(Watkins et al., 1996; Murphy et al., 1999). For example, depressed patients show 

increased attention for negative verbal stimuli (Leppanen et al., 2006). Thus, besides 

impairments in attention, learning and information processing, there is also evidence 

highlighting that depressed individuals show signs of an increased emotional 

processing bias towards negative information, which may be of importance for 

symptoms and manifestation of depression (Bradley et al., 1995; Harmer et al., 2008; 

Clark et al., 2009; Harmer et al., 2011). These alterations involve tendencies to direct 

attention towards potentially threatening stimuli, or attribute negative emotional value 

to environmental stimuli that are considered to have neutral valance by healthy 

individuals. Emotional processing bias especially affects explicit memories (Harmer, 

2008; Clark et al., 2009; Harmer, 2011), with a lesser degree of implicit memory biases 

(Bradley et al., 1996; Zakzanis et al., 1998; Colombel, 2007; MacQueen and Frodl, 

2011).  

 

Emotional processing biases are observed across a range of cognitive tasks and are 

especially tested in behavioral paradigms of emotional facial recognition (assessing the 

interpretation of face expressions), emotional categorization (responses to personal 

evaluation), dot-probe task (processing reaction-time to stimuli), emotion potentiated 

startle (eye blink amplitude to noise, following an emotional cue) and emotional 

memory (verbal recall to test encoding of emotional stimuli) (see Clark et al., 2009; 

Harmer, 2011).  

 

Depressed patients also appear to have exaggerated responses to negative information, 

shown in several different types of tasks. For example, assessment of working memory 

in delayed matching to sample task and forward planning in the one-touch tower of 

London task showed that when a depressed individual made an incorrect response, their 

likelihood increased dramatically for additional failures on subsequent trials (Elliott et 

al., 1997). Alterations of negative feedback has also been observed in a probabilistic 

reversal learning task, where depressed subjects changed their responses if they were 

given misleading negative feedback, while healthy subjects are less likely to change to 

responses that will lead to an error on the next trial (Murphy et al., 2003). When 

learning to differentiate between a correct and an incorrect stimulus on the probabilistic 

reversal learning task, depressed subjects had increased probability to change their 

responses if they were given misleading false feedback, while their performance was 

not disrupted by accurate negative feedback. In order to learn the task and also relearn 

new rules when the task is reversed, the participants must be able to neglect misleading 

feedback, which is provided as a false response to their answers. However, depressed 
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subjects (Murphy et al., 2003) as well as unmedicated depressed subjects (Taylor 

Tavares et al., 2008) were less capable of ignoring the misleading information, as 

oppose to the performance of depressed bipolar patients (Taylor Tavares et al., 2008). 

Emotions and pessimism have large influences on information processing. Abnormal 

response to negative information in depressed subjects may have consequences for their 

interpretation of feedback and advice. Also, perceived failure and pessimism are likely 

to have important implications for exaggerated response to criticism and rumination in 

individuals with depression.   

 

 

1.3.1.3 Convergent effects of information processes on long-term memory  

Alteration of memory function is a common consequence of abnormal information 

processing on any level of the initial and/or later steps of learning and memory. As a 

result, memory function is determined by either direct and/or indirect modulation of 

encoding, acquisition, consolidation, retrieval, reconsolidation, extinction and 

forgetting. Consequently, impaired memory function is a subsequent result of altered 

executive function, information processing and working memory. These changes in 

turn determines how perceived information is processed which directly influence what 

information that is stored. Indeed, memory dysfunction is a core domain of the 

cognitive symptoms of depression, which is commonly observed during first and 

recurrent depressive episodes (Pittenger and Duman, 2008; Clark et al., 2009; 

MacQueen and Frodl, 2011). 

 

Severity of depression has been reported to correlate with the learning and memory 

performance in depressed but medication-free young adults. On the contrary, the same 

study found that while depressed subjects displayed widespread cognitive impairments 

of attention and executive function, no correlation was found for executive function 

with depression severity (Porter et al., 2003). Impairments of declarative recollection 

memory correlate with the severity of depression but is heterogeneously distributed 

among depressed patients (Burt et al., 1995; de Asis et al., 2001; Bremner et al., 2004; 

MacQueen and Frodl, 2011). In addition, meta-analytic analyses of effect size have 

indicated that the most prominent cognitive domain impaired in depressed patients has 

been reported for explicit or declarative memory functions. As described above, the 

hippocampus is important in these processes, involving neurotransmission between 

frontal regions and the medial temporal lobe (Zakzanis et al., 1998; Sweeney et al., 

2000; Squire, 2004; MacQueen and Frodl, 2011).  

 

Declarative types of memory functions can be assessed in a variety of paradigms 

including spatial navigation (Gould et al., 2007), recollection memory (Burt et al., 

1995) and long-term semantic memory for famous faces (Kapur et al.. 1995). 

Depressed subjects display impairments in hippocampal-based verbal declarative 

memory tasks including paragraph delayed recall and word list learning (see Burt et al., 

1995; Bremner et al., 2004). The delayed paragraph recall index from the Wechsler 

Memory Scale has been used for assessment of hippocampal function in a large group 

of outpatient participants (8229 patients) with major depression (Gorwood et al., 2008). 

The current severity of depression, assessed by current numbers of DSM-IV depressive 
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symptoms, was found to be the main determinant of impaired memory performance. 

Following clinical response, the number and duration of previous depressive episodes 

was the main determinant of memory impairments in agreement with a negative 

correlation between depressive episodes and brain function.  

 

Memory impairments are more pronounced in depressed individuals when using 

increasing delay for memory recall, or for comparison of memory for positive and 

negative stimuli compared to memory of neutral stimuli (Burt et al., 1995). Indeed, 

depressed subjects performed poorer than healthy controls on delayed memory and 

percent retention on recall of a paragraph, without detection of alterations of visual 

memory, attention, vigilance and distractibility (Vythilingam et al., 2004). In 

comparison, impairments of declarative forms of memory have also been observed in 

young individuals with increased familial risk for developing depression. Biological 

daughters (aged 16-20 years) to parents with major depression were asked to perform 

the Rey Auditory Verbal Learning Test. This test assesses verbal learning and memory 

of words. Assessment of memory recall is made for immediate or delayed recall, or 

memory recognition. Participants with family history of depression performed 

modestly although significantly poorer on immediate recall and recognition memory 

(Mannie et al., 2009).  

 

Emotional episodes (rewarding or aversive) are normally better remembered than 

neutral events. As described above for executive functions and short-term memory, 

depressed subjects appear to have a cognitive bias towards negative emotions. It is 

complex to interpret such an increased emotional reactivity combined with reduced 

executive cognitive function and impaired learning and memory processing since all 

these factors have impact on the storage of memories. Thus, the combination of an 

explicit emotional memory bias with impairments of explicit memory processing may 

result in both increased and reduced neuronal processing and memory performance in 

depressed subjects. Emotional memory bias may be a critical cognitive risk factor for 

development and maintenance of major depression (Hasler, 2004; Clark et al., 2009; 

Arnold et al., 2011). In the longer perspective, depressed patients also display an 

increased likelihood to recall negative memories, especially declarative types of 

autobiographical memories. Conversely, for recollection of positive memories, 

depressed patients tend to remember fewer specific details (Brittleback et al., 1993). 

Depressed patients also display impaired recognition of happy facial expressions 

(Rubinow and Post, 1992), in conjunction with profound deficits of particularly explicit 

forms of memory (Colombel, 2007; MacQueen and Frodl, 2011).  

 

Besides emotional value, additional neurophysiological factors in depressive states also 

contribute profoundly to memory processes, including blunting of the reward system, 

anhedonia, melancholia, neurovegetative symptoms, altered diurnal regulation, 

psychomotor effects and increased sensitivity to stress. The facilitatory influence of 

emotional stimuli on declarative memory processes appears to remain intact in 

depressed patients, as indicated by an enhanced recall performance for both positive 

and negative words, compared to recall performance for words with neutral valence, in 

healthy and depressed subjects (Danion et al., 2005). The consequences of depressive 

states on memory processes are consistent with alterations of executive control, 
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exaggerated responses to negative feedback, emotional processing bias and 

hyperactivity of the amygdala in depressive states. Indeed, hippocampus-dependent 

long-term declarative memory formation is especially susceptible to aroused fear 

responses as well as anhedonic conditions with reduced rewarding properties of 

positive stimuli. Hence, besides memory impairments, depression may also involve 

enhanced/excessive processing of negative information and establishment of 

emotionally loaded memories.  

 

Spatial memory alterations have been inconsistently reported in depression (see 

Sweeney et al., 2000; Gould et al., 2007; Geda, 2010). Spatial function in depressed 

subjects appears to be primarily associated with dysfunctions observed with increasing 

age and AD type of dementia. AD is frequently comorbid with both midlife as well as 

late-life onset of depression (Steffens et al., 2006; Pfennig et al., 2007; Geda, 2010). 

When using a novel virtual reality measure designed to be sensitive to hippocampus-

related spatial memory, depressed subjects showed lower navigation task performance. 

Performance did not differ between patients and healthy subjects on the spatial working 

memory test (Gould et al., 2007). In comparison, patients with amnestic mild cognitive 

impairment show poor performance in virtual reality task for assessment of spatial 

memory performance (Weniger et al., 2011).  

 

Occurrences of implicit memory impairments in depressive states have been largely 

debated. While formation of explicit forms of episodic and semantic memories demand 

conscious, strategic effort, and appear to be the most severely disrupted form of 

memory in depression, implicit learning, i.e. automatic forms of repetition priming, 

may predominantly be affected in neurodegenerative conditions like dementia or 

depression comorbid with dementia (Roy-Byrne, 1986; Danion et al., 1991; Bradley et 

al., 1996; Zakzanis et al., 1998; Colombel, 2007; Mulligan, 2011). 

 

Taken together, an increasing body of data points out an association between alterations 

in explicit memory processes and affective states (Hasler, 2004; Clark et al., 2009; 

Arnold et al., 2011). Longitudinal studies are needed to explore neural transmission 

involved in memory impairments associated with depressive states and whether certain 

aspects of impaired memory function may predispose, proceed or contribute to 

persistence and treatment resistance in major depression.  
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1.3.2 Cognitive dysfunction as an endophenotype in depression   

Cognitive dysfunctions are a core endophenotype of major depressive disorder, which 

can be divided into key psychopathological components, i.e. impaired executive 

cognitive function, emotional processing bias and impairments of learning and memory 

(Hasler et al., 2004). Despite increasing attempts to focus on clusters of cognitive 

alterations concurrent in models of aspects of depression or even across related 

neuropsychiatric disorders, it has been difficult to recapitulate and validate different 

domains of cognitive alterations in relevant animal models. Further studies are needed 

to back-translate clinical findings in depressed individuals into relevant animal models, 

to explore the time course of effects of emotional processing and memory function, and 

to investigate the relation to alterations of additional aspects of depression or 

depressive-like behaviors. 

 

Already the modeling of mandatory symptoms of human MDD in rodent models has 

proven to be particularly challenging. The extensive phenotyping and characterization 

in rodent models developed to mimic certain aspects implicated in the pathophysiology 

of depression has so far only begun to perform behavioral assessment of memory 

function. However, it is increasingly recognized clinically that cognitive dysfunctions 

are key components of depression. To increase the understanding of the 

neurobiological mechanisms underlying cognitive dysfunction it is crucial to 

investigate wider aspects of depressive-like syndrome (Cryan and Holmes, 2005) 

combined with relevant tasks for learning and memory performance. 

 

A description is provided below on different types of cognitive dysfunctions as an 

endophenotype observed in some of the most commonly used rodent models for 

aspects of depression. The order of presented models is based on the methodological 

origin. Only limited description of the specific aspects with resemblance for depression 

is given in this section. While a range of useful models for other depressive 

endophenotypes have been developed, it is also acknowledged that the majority of 

these available animal models needs continued studies to evaluate their relevance, 

validity and utility (Kas et al., 2011; Cryan and Markou, 2012) (see above for more 

detailed discussion on depression models and see below for discussion on the 

responsiveness to pharmacological treatment).   

 

 

1.3.2.1 Memory dysfunctions in models of acute or chronic stress  

A history of stress or trauma is a major predisposing risk factor for depression and the 

use of different stress protocols has been the most common approach to induce 

depression-like behaviors followed by assessment of cognitive alterations. In this 

context it should be emphasized that adaptive responses to stress are generally positive 

and the definition of stressors is wide-ranging. Nevertheless, predominantly negative 

consequences associated with impaired coping with stress are investigated in rodents 

using different time-windows for interference, i.e. prenatal, neonatal, adolescence or 

adult stress (Roozendaal et al., 2009; Sandi and Richter-Levin, 2009; Johansen et al., 

2011). No simple correlation can be formulated for the relation between high stress and 

induction of depressive-like symptoms and the effects on rodent cognition. 
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Determining factors include timing, duration and intensity of stress. Stress also 

differentially affects memory function depending on the involvement of brain regions 

with especially pronounced effects of stress on the prefrontal cortex, hippocampus and 

the amygdala (see Sandi and Pinelo-Nava, 2007; Roozendaal et al., 2009).  

 

For executive functions and spatial information processes, the available evidence 

indicates that high stress, including brief exposure to high stress, acute or chronic 

corticosterone treatment or chronic stress paradigms, generally impairs the performance 

of rodents in tasks for working memory, attention and cognitive flexibility (Diamond et 

al., 2004; Rocher et al., 2004; Sandi and Pinelo-Nava, 2007; Lapiz-Bluhm et al., 2008; 

Holmes and Wellman, 2009), although more moderate levels of acute stress may 

facilitate working memory (Yuen et al., 2009; 2011). Alterations of working memory 

and attention also result in consequences for the formation and retrieval of long-term 

memories. For example, brief exposure of rats to stress, immediately following training 

in a spatial short-term memory task, interfered with memory performance when the rats 

where returned to the radial maze with baited arms (Diamond et al., 1996).  

 

High stress-exposure of rodents trigger task-dependent alterations on explicit types of 

hippocampal-prefrontal memory functions, approximating an inverted U-shaped 

relationship, but the multifaceted correlation is evident in view of a range of variable 

observations in different tasks for spatial learning and memory (see Vasconcellos et al., 

2003; Diamond et al., 2004; Song et al., 2006; Sandi and Pinelo-Nava, 2007; Aisa, 

2007; Kennedy et al., 2012). 

 

In comparison, linear relationships with facilitatory effects of stress on acquisition and 

memory expression are often observed in tasks ranging from implicit eye blink 

conditioning and unisensory auditory conditioning to more complex contextual 

conditioning tasks, consistent with fear evoked potentiation by the amygdala (Conrad et 

al., 1999; Sandi and Pinelo-Nava, 2007; Roozendaal et al., 2009; Johansen et al., 2011; 

Kennedy et al., 2012). However, the regulatory influence by amygdala reactivity on 

hippocampal-prefrontal memory functions is determined by the intensity of the evoked 

fear but is also task-dependent and balanced by fronto-limbic control and by increased 

hippocampal involvement in more explicit types of contextual associations or trace 

conditioning (Stiedl et al., 2005; Misane et al., 2005; Baarendse et al., 2008; Ögren et 

al., 2008; Roozendaal et al., 2009). Furthermore, subsequent reconsolidation processes 

of fear memories and fear extinction responses are regulated by increasingly complex 

neurocircuitries. High stress thereby also contributes to impaired extinction, with 

particular relevance for post-traumatic stress disorder, phobias and anxiety disorders 

(Marsicano et al., 2002; Holmes and Wellman, 2009; Rao-Ruiz et al., 2011). 

 

Maternal separation stress is a widely used animal paradigm for evaluating early life 

stress. Besides a range of symptoms with relevance for depression and other diseases 

like irritable bowel syndrome, maternal stress induces brain alterations and behavioral 

changes leading predominantly to impairments of memory performance in several tasks 

(see Kim et al., 2006; O'Mahony et al., 2011; Kennedy et al., 2012). 
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It is important to also notice studies showing that mild stress often mediates facilitatory 

effects on cognition. Spatial learning and memory in a water maze task was improved 

in mice trained in cold compared to warm water (22°C versus 30°C) (Conboy and 

Sandi, 2010). Several studies have indicated that chronic stress protocols often have 

moderate impairing effects on spatial learning in the water maze (Sandi et al., 2003; 

Touyarot et al., 2004; Bisaz and Sandi, 2011), and on novel object recognition in mice 

(Elizalde et al., 2008). The biphasic effects of shorter periods of stress versus chronic 

stress are further illustrated by findings that one week of daily restraint stress may 

induce no effect on spatial memory performance, while intermediate periods of stress 

transiently enhanced spatial memory performance and 3 weeks of daily restraint stress 

impaired spatial memory performance (Luine et al., 1994; 1996). In comparison, more 

pronounced impairments have been reported for cognitive flexibility on spatial reversal 

learning (Bisaz and Sandi, 2011). Tasks demanding a higher cognitive load are 

especially affected by stress, in line with the notion that executive functions are quickly 

disrupted by stress. In comparison, spatial learning impairments have been observed at 

18 months of early aging in rats that were highly reactive to novelty at 4 months and 

thereafter underwent chronic stress (Sandi and Touyarot, 2006).  

 

Predator odor stress in rats during pre-pubertal period altered auditory and contextual 

fear conditioning. Male rats displayed increased auditory fear conditioning, transient 

during adolescence, together with impaired auditory extinction. Female rats displayed 

reduced contextual conditioning during adolescence (Toledo-Rodriguez, 2007). In adult 

rats, chronic mild stress and chronic restraint stress have been reported to enhance 

contextual fear conditioning (Conrad et al., 1999; Sandi et al., 2001; Henningsen et al., 

2009). In the early study by Conrad et al. (1999), the stress-induced increase of 

contextual fear conditioning was observed together with enhanced freezing also to the 

tone and decreased open-field exploration. In contrast, the observations of increased 

freezing in the contextual fear conditioning task by Henningsen et al. (2009) were 

accompanied by impaired working memory performance in a spontaneous alternation 

task, whereas no differences were found in auditory fear conditioning, step-down 

passive avoidance or step-through passive avoidance with active escape, with the 

passive avoidance task designed to measure implicit memory function (Cammarota, 

2005; Henningsen et al., 2009). Chronic social defeat stress in mice induced 

depression-like behaviors and task-specific alterations of learning and memory 

performance. Defeated mice displayed impairments of working memory in the T-maze 

continuous alternation task, intact spatial reference learning and memory in the Morris 

water maze test, and enhanced fear memory in the contextual and cued fear-

conditioning tests (Yu et al., 2011). The increase of fear memory was independent from 

alterations of pain sensitivity in the hot-plate test or sensitivity to foot-shock intensity 

thresholds (Yu et al., 2011).  

 

Chronic unpredictable stress of rats induces moderate depression-like symptoms. In 

alignment with human studies indicating emotional information processing bias, rats 

housed under unpredictable conditions showed signs of a pessimistic bias (Harding et 

al., 2004). Rats were trained in a go/no-go task of ambiguous-cue interpretation, with 

pressing a lever in response to a positive tone but to not press the lever for avoidance of 

a negative event (Harding et al., 2004). Chronic unpredictable stress of rats also impairs 
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active avoidance, which requires the induction of a behavioral escape. Failure to escape 

is interpreted as a measure of anhedonia and helplessness, but is also sensitive to 

impairments of learning to escape (Duric et al., 2010). Chronic unpredictable stress 

also impairs performance of rats in the attentional set-shifting task, a test for prefrontal 

executive control of cognitive flexibility (Lapiz et al., 2007; Bondi et al., 2008). 

 

Effects of comparably milder levels of chronic unpredictable stress are also of interest 

when assessments of responses to positive reward are performed on conditioned place 

preference. Unstressed rats normally show an increased preference for the context 

which has been associated with food, diluted or concentrated sucrose or amphetamine 

(Papp et al., 1991). Consistent with reduced response to reward, rats exposed to 4 

weeks of chronic unpredictable stress displayed abolished or blunted conditioned place 

preferences (Papp et al., 1991; Willner, 1997). Induction of stress-induced deficits in 

escaping foot-shock, in control Sprague-Dawley rats, is used for selection of the 

proportion of rats developing a learned helpless state. Escape deficits remain for days to 

weeks and are accompanied with additional depressive-like behaviors (Overmier and 

Seligman 1967; Vollmayr and Henn, 2001).  

 

 

1.3.2.2 Memory dysfunctions in models of altered neuroplasticity 

Olfactory bulbectomy in rats delay acquisition of spatial learning in the Morris Water 

Maze and impair step-through and step-down passive avoidance, but improve active 

avoidance learning. There is evidence for cognitive recovery after several weeks. Data 

indicate that the learning impairments are less clear-cut if animals are trained prior to 

surgery or that performance is intact for already established memories (van Riezen et 

al., 1977; Broekkamp et al., 1986; van Rijzingen, 1995). Assessment of rats 6 weeks 

after olfactory bulbectomy showed impairments of step-through passive avoidance, 

auditory and contextual fear conditioning. These effects were however accompanied by 

increased activity in the open-field (Jaako-Movits et al., 2005). For olfactory 

bulbectomy in mice, impairments of passive and active avoidance have been found in 

C57Bl/6J and ddY mice, with no evidence for memory dysfunction in DBA/2J mice 

(Otmakhova et al., 1992; Hozumi et al., 2003).  

 

The discovery of adult neurogenesis has reformed the view on adult plasticity in the 

brain. These processes also play important roles in aspects of therapeutic responses (see 

below). Whereas alteration of these processes has been shown to modulate several 

behaviors, it is still early to interpret the functional significance of endogenous 

regulation of adult neurogenesis as well as the specific role for different behavioral 

functions. A range of studies has been conducted to determine effects of physiological 

and pathophysiological adult neurogenesis. Stress is one of the most profound 

environmental factors regulating several aspects of neuronal plasticity including adult 

neurogenesis (Pittenger and Duman, 2008; McEwen, 2012). Several lines of evidence 

indicate an involvement of adult neurogenesis in stress resilience and anxiety (Snyder 

et al., 2011; Surget et al., 2011) and in sleep, exercise, aging and inflammation (see 

Lucassen et al., 2010; Mu and Gage, 2011). Studies aimed at elucidating the functional 

relevance for depression have indicated that reduction of adult neurogenesis does not 
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result in depressive-like behaviors in non-stressed animals, but appears to be more 

important in buffering stress (see Sahay and Hen, 2007; Snyder et al., 2011). Ablation 

or more fine-tuned alteration of adult neurogenesis has been reported to affect some 

hippocampal-dependent and hippocampal-independent memory functions, but 

conflicting findings have been reported making it too early to identify precise direct and 

indirect roles of baseline adult neurogenesis in certain forms of memory function (see 

Deng et al., 2010; McEwen et al., 2010; Conboy et al., 2011; Mu and Gage, 2011). 

Recent evidence has indicated that adult neurogenesis modulates pattern separation 

involved in encoding of spatial and contextual information (Clelland et al., 2009; Sahay 

et al., 2011). Several examples of memory dysfunction are described in separate 

sections. For example, see sections of models of stress exposure, olfactory bulbectomy, 

KO mice for macrophage migration inhibitory factor, p11 KO mice and FSL rats.  

 

 

1.3.2.3 Memory dysfunctions in genetically selected lines 

Selection of individual rodents based on their responsivity to stimuli or the continued 

selective breeding of those responsive individuals are used as models with increased 

susceptibility to depressive-like symptoms. The selective breeding approach has 

generated multigenetic inbred strains, which have been investigated as models to study 

genetic predisposition to major depression (Cryan and Mombereau, 2004). The genetic 

impact on the selected behavioral, biological or pharmacological response typically 

depends on multigenetic contribution, which is an especially important strategy for 

diseases like depression, known to be susceptible to impact by several different genes.    

 

Continued selective breeding of the proportion of rats displaying learned helplessness is 

used for creation of inbred helpless rats. Two different lines of rats have by these means 

been generated from Sprague-Dawley rats, i.e. 1) rats with an increased rate of 

developing learned helpless behavior if tested, and 2) a resistant line of rats displaying 

non-helpless behavior if tested for learned helplessness. Congenitally helpless rats 

show anhedonic responses to sucrose under a progressive ratio schedule (Vollmayr et 

al., 2004) and to sweetened condensed milk intake under baseline conditions (Enkel et 

al., 2010). Congenitally helpless rats also show potentiated freezing in auditory fear 

conditioning and impaired extinction of freezing to tone (Shumake et al., 2005). 

However, in view of the selective breeding of these rats based on their increased 

susceptibility to learned helplessness (escape deficits in active avoidance) it is 

important to combine memory tests based on freezing with tests based on instrumental 

responses and additional physiological measures. Helpless rats display similar 

performance as non-helpless rats in learning operant responding to sucrose, and for 

acquisition and spatial memory in the Morris water maze (Vollmayr et al., 2004). In 

addition, increased novel and open-field explorations as well as reduced anxiety-like 

behaviors are observed (Shumake et al., 2005). In contrast to this evidence for intact 

operant and spatial learning and memory, congenital helpless rats show augmented 

negative responses in a go/go-task for ambiguous-cue interpretation, developed for 

evaluation of potential mechanisms underlying negative cognitive bias (Enkel et al., 

2010). This task is modified from a go/no-go task (Harding et al., 2004). Rats were 

trained to press two different levers in response to two different tones, either positive 
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tone training to receive a food reward or negative tone training to avoid an electric 

punishment. Rats were then tested for their interpretation of an ambiguous tone with 

intermediate frequency by assessment of their responses on positive or negative lever. 

The responses were compared in order to distinguish between biased responses 

originating from reduced positive and/or increased negative responses. Helpless rats 

showed decreased positive and increased negative responses compared to non-helpless 

rats that showed no generalization of responses to negative or positive (Enkel et al., 

2010). Generation of mouse models of learned helplessness has been more 

complicated, for example in Swiss-Webster mice (Anisman et al., 1978; Anisman and 

Merali, 2001). A protocol for inbred lines of C57BL/6N, aiming to use the learned 

helplessness model in transgenic mice, induced helpless behavior in around one third of 

mice (Chourbaji et al., 2005). Recently, one additional protocol for C57BL/6N mice 

was developed, which may be useful in future studies of cognitive function in models 

of learned helplessness (Pryce et al., 2012).  

 

Roman high-avoidance rats are an inbred line of rats selected for high performance in 

two-way active avoidance with a proactive coping style, while Roman low-avoidance 

rats are selectively bred for poor avoidance in a task for two-way active avoidance, 

displaying a reactive coping style (Escorihuela et al., 1995; Giorgi et al., 2003). The 

low-avoidance rats display higher emotional reactivity, avoidance of bright central 

areas and exaggerated conditioned bradycardic responses, whereas increased handling 

and training enables them to partially overcome their genetic deficit (Escorihuela et al., 

1995).  

 

 

1.3.2.4 Memory dysfunctions in genetically modified mice models of depression 

Besides selective breeding strategies to model multigenetic predisposition to 

depression, various animal models are developed based on targeted genetic 

modifications (as described in more detail below). Particularly mice have been used for 

deletion and overexpression of genes, with even more sophisticated genetic models 

continuously being developed. Numerous genetically modified mice have been 

generated which display depressive or antidepressant-like phenotypes, or altered 

responses to antidepressants (Cryan and Mombereau, 2004). Further studies are needed 

to separate specific effects of those genetic alterations from developmental and strain-

specific effects. 

 

Mice with genetic deletion of macrophage migration inhibitory factor, a centrally 

expressed pro-inflammatory cytokine, display decreased hippocampal cell proliferation 

and neurogenesis, and lack induction of cell proliferation by chronic fluoxetine 

administration (Conboy et al., 2011). In addition to depression-like behaviors, the mice 

showed impairments in spatial learning and memory in the hippocampus-dependent 

water maze task. Indeed, a recall failure was seen on the first trial of training sessions. 

In comparison, mice displayed intact ability to learn and keep the memory within each 

training session. Intact spatial working and short-term memory was further confirmed 

in a Y-maze task. On the contrary, the macrophage migration inhibitory factor KO 

mice also showed intact acquisition of hippocampus-independent auditory fear 
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conditioning, with increased freezing to the tone compared to control mice. The 

facilitation of cued fear conditioning was unrelated to nociceptive sensitivity (pain 

perception in hot plate testing), but appeared to be related to their increased anxiety-like 

behaviors and/or increased immobility in the elevated plus maze (Conboy et al., 2011).  

 

Genetically modified mice for specific 5-HTR-subtypes or the 5-HT transporter display 

behavioral alterations during baseline or in response to stressors, with major influence 

of whether the genetic alterations are made in constitutive knockout (KO) mice, tissue 

specific- or inducible KO mice, their genetic background and interactions with 

environmental factors (for overviews see Gardier et al., 2009; Carr and Lucki, 2011). 5-

HT transporter-deficient mice display increased anxiety-like behaviours that are 

associated with task-dependent alterations in memory function (Bengel et al., 1998; 

Lewejohann et al., 2010; Homberg and Lesch, 2011). Acquisition of auditory fear 

conditioning and extinction is similar to WT mice, but 5-HTT KO mice have a higher 

fear extinction recall (Wellman et al., 2007). 5-HTT–/– mice are also impaired in active 

escape avoidance (Lira et al., 2003), similar to impairments induced by transient 

inhibition of the 5-HTT by pharmacological administration of fluoxetine during early 

development in 5-HTT+/– or 5-HTT+/+ mice (Ansorge et al., 2004). Heterozygous 5-

HTT+/− mice develop anxiety-like behaviors after prenatal stress (Heiming et al., 

2009; Bartolomucci et al., 2011). Heterozygous 5-HTT mice, receiving low maternal 

care, display increased fear expression to a partially conditioned ambiguous cue but not 

a perfectly conditioned cue (Carola et al., 2008). 

 

In comparison, heterozygous BDNF +/− mice display behavioral abnormalities that 

often correlate with 5-HT dysfunction including decreased 5-HT reuptake capacity and 

increased basal extracellular 5-HT levels in the hippocampus (Guiard et al., 2008; 

Gardier et al., 2009). BDNF +/− mice display normal behaviors in FST, but increased 

immobility if exposed to stress or given a low dose of the MEK inhibitor PD184161. 

Acute administration of the MEK inhibitor also increases immobility in the FST and 

TST tests, increases locomotor activity and induces learned helplessness or active 

avoidance deficits in a subthreshold training protocol for induction of helplessness 

(Duman et al., 2007). Behavioral alterations similar to stress have been shown by 

overexpression of the mitogen-activated protein kinase (MAPK) phosphatase-1 (MKP-

1) in the DG of rats. These rats displayed depressive-like behaviors in the FST, novelty-

suppressed feeding and sucrose preference and increased escape failures in active 

avoidance test (Duric et al., 2010). Heterozygous mice for the vesicular glutamate 

transporter 1 (VGLUT1+/–) are impaired in working and social memory performance 

and show several behavioral alterations related to schizophrenia (Inta et al., 2012). 

Following chronic mild stress, VGLUT1+/– mice display impairments in novel object 

recognition memory (Garcia-Garcia et al., 2009).  
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1.3.3 Cognitive effects of antidepressants in human subjects   

 

1.3.3.1 Antidepressant and serotonergic effects on cognitive processes  

The cognitive impairments in depression have been particularly difficult to treat and 

often persist after mood elevation and clinical improvement in depression 

(Montgomery, 2006; Pittenger and Duman, 2008; Clark et al., 2009; MacQueen and 

Frodl, 2011). Even after improvement from unipolar depression, patients are at risk for 

cognitive impairment in the nonsymptomatic phase of their disease (Paradiso et al., 

1997; Wallace 2011; Millan et al., 2012). However, differential effects are increasingly 

documented with various drug therapies and the impact of emotional dysfunction on 

cognitive capacity starts to be more recognized in the clinic (Montgomery, 2006; Agid 

et al., 2007; Clark et al., 2009). Growing evidence suggests that improvement of 

cognitive processing and emotional memory function may be critical for the treatment 

outcome in depression and that emotional information processing is early targeted by 

established and novel types of antidepressants (Harmer, 2008; Clark et al., 2009; Sharp 

and Cowen 2011). 

 

Certain classes of antidepressants have since long been associated with negative effects 

on cognition, but these symptoms have been difficult to treat. As cognitive impairments 

are also common symptoms in depression it may sometimes be difficult to dissociate 

disease-related symptoms from drug-induced side effects especially during the gradual 

onset of antidepressant effects. It is however documented that older classes including 

TCA and MAOI are associated with more side effects than the newer types of 

antidepressants. In particular, the varying degrees of anticholinergic and 

antihistaminergic properties directly affect neurotransmission important for cognition 

and the level of arousal (Hindmarch et al., 2009). However, while SSRI and next SNRI 

are first hand antidepressant treatment options, many older antidepressants have higher 

efficacy and are preferably used to treat especially severe forms of depression. 

 

In a recent study, the clinical efficacies on three conventional depression-rating scales 

were similar for two different types of antidepressants, the SSRI escitalopram and the 

TCA nortriptyline. However, when additional assessments were conducted, the 

investigators could differentiate the two principally different agents by showing a larger 

improvement of cognitive symptoms by escitalopram, while nortriptyline improved 

neurovegetative symptoms in the depressed patients (Uher et al., 2009). Another group 

systematically calculated cognitive impairment ratios by antidepressants and 

anxiolytics (Hindmarch et al., 2009). When assessing the performance of patients on 

different psychometric tests for cognitive symptoms, the proportional impairment ratio 

was 3-9-fold higher for tricyclic antidepressants compared to SSRIs including 

escitalopram (Hindmarch et al., 2009).  

 

Reduction in brain 5-HT synthesis by restricted availability of dietary tryptophan has 

different results depending on the cognitive tasks used (for review see Mendelsohn et 

al., 2009; Crockett et al., 2011). Reduced central 5-HT may improve (Rogers et al., 

2003; Talbot et al., 2006) and/or impair (Rogers et al., 1999; Schmitt et al., 2006) 

decision-making and memory performance, probably related to altered processing and 
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discrimination of reward versus loss (Rogers et al., 2003). Effect of serotonin 

modulation by the 5-HT releasing agent d-fenfluramine has been studied in depressed 

patients on executive functioning in the Wisconsin Card Sorting Test (Degl'Innocenti et 

al., 1999). Oral administration of d-fenfluramine results in hypothalamic secretion of 

prolactin. This gives an index of central 5-HT responsivity and has indicated an 

attenuated response in depressed patients. Poor executive performance correlated with 

lower prolactin response, indicating lower levels of 5-HT. In contrast, the severity of 

depression in the HDRS was not related to 5-HT levels, executive function or age 

(Degl'Innocenti et al., 1999). 

 

Assessments of cognitive effects of antidepressants have shown mixed results. Both 

negative and positive effects have been reported in healthy and depressed subjects (see 

Harrson et al., 2004; Ögren et al., 2008; Clark et al., 2009). The effects of 

antidepressants vary in different cognitive tasks and following acute, subchronic of 

chronic treatments (Harrson et al., 2004; Pittenger and Duman, 2008). The 

neuropsychologic test profile of a group of depressed patients has been primarily 

associated with hippocampal deficits in the absence of global cognitive deficits in 

vigilance, distractibility, or attention. Patients responding successfully to a half-year 

treatment with fluoxetine also displayed an improved performance in immediate and 

delayed verbal memory recall (Vythilingam et al., 2004). Chronic SSRI antidepressant 

treatment with paroxetine improved declarative memory function in PTSD patients 

(Vermetten et al., 2003). Improved performance in tests for attention and memory has 

been reported in depressed patients without dementia in response to the SSRI fluoxetine 

or the SNRI reboxetine. Similarly, both the SSRI escitalopram and the SNRI duloxetine 

improved episodic memory. The improvements of working memory and speed of 

mental processing were less pronounced and the SNRI had a superior effect compared 

to the SSRI after 6 months of treatment (Herrera-Guzman et al., 2009) and after 

recovery without medication (Herrera-Guzman et al., 2010). Converging evidence also 

indicates that normalization of abnormal amygdala responses is an important 

mechanism involved in chronic treatment with SSRI (Sheline et al., 2001; Fu et al., 

2004; Fales et al., 2008) (see below).  

 

The cognitive neuropsychological model of antidepressant drug action suggests that 

delayed symptom remission may depend on earlier effects of treatment on modulation 

of the neural correlates of emotional processing (Harmer et al., 2009). Several aspects 

of emotional processing are commonly assessed, including emotional face 

interpretation, emotional categorization, emotional reaction time, emotion potentiated 

startle and emotional memory (see Harmer, 2011). Even acute or repeated 

administrations of antidepressants in healthy subjects mediate rapid effects on 

emotional processing (for reviews see Harmer et al., 2008; 2011). This model is 

supported by data from healthy volunteers showing early effects of citalopram on 

neural substrates involved in regulation of emotional information processing (Norbury, 

2009; Murphy et al., 2009; Rawlings et al., 2010), but has partly been extended to 

subjects at increased risk to develop depression and lately also to include similar 

findings in depressed subjects (Harmer et al., 2011). For example, acute 

administrations of citalopram exacerbate anxiety in fear-potentiated startle (Grillon et 

al., 2007). Acute administration of reboxetine to healthy volunteers increased prefrontal 
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cortical response to positive self-descriptors and reduced memory responses in the 

mPFC. In comparison, a single dose of reboxetine decreased response latency and 

improved memory for positive words in depressed patients without any acute 

improvement of mood (Harmer et al., 2009). Single doses of the SSRI citalopram (but 

not by atomoxetine) to healthy volunteers increased reversal of responding to 

misleading negative feedback (Chamberlain et al., 2006). These effects indicate that 

negative feedback processing is sensitive to serotonergic manipulation but are complex 

to interpret as similar alterations of negative feedback are observed in depressed 

individuals (Murphy et al., 2003). In addition, acute citalopram challenge also 

modulates response to viewing faces expressing emotion in remitted depressed patients, 

with state-dependent alteration in face emotion recognition in depressed individuals 

(Anderson et al., 2011). 

 

Early effects on emotional processing have important potential clinical value for 

prediction of treatment effects and potentially for the development of novel 

antidepressant agents. The effects induced by 5-HT modulation, and some other types 

of antidepressants on emotional processing, may involve signaling pathways also 

affected by chronic treatment. Such a correlation could be valuable for early indications 

of treatment resistance and could motivate a change of drugs used for prevention of 

relapse (Harmer et al., 2011). Moreover, the ability to detect a switch in emotional 

processing effects even by acute antidepressants suggests that immediate adjustments 

on emotional processing may constitute a platform to enable relearning of novel 

associations which may have an important role in the gradual conscious improvement 

of subjective mood in depression (Sharp and Cowen 2011). It should however be noted 

that the effects of different antidepressants have not yet been systematically compared 

over these batteries of tests and effects are inconsistently observed in some but not all 

tests. In particular, the time course of actions of antidepressants on different aspects of 

emotional processing needs to be further evaluated (Clark et al., 2009). A critical 

question is whether early effects on emotional information processing can be used as an 

early marker to predict success of treatment.  

 

The causal relationship between altered 5-HT function, effects on emotional 

processing, and prediction of later symptom improvements has recently been tested in 

depressed patients (Booij and Van der Does, 2011). A correlation was found between 

effects of acute tryptophan depletion on measurement of emotional processing after 5 h, 

and symptom alteration after 24 h. The correlation was found both for improvement 

and worsening of symptoms, supporting the idea that early effects on cognition by 

serotonergic manipulation may precede subsequent symptom changes in depressed 

patients (Booij and Van der Does, 2011). 

 

The effects of SSRI treatment can be increased by adjunctive therapy with S-adenosyl 

methionine (SAMe), a natural compound which is methyl donor in cellular metabolism. 

Resistant patients, which remained on their stable dose of SSRI, receiving 6 weeks of 

adjunctive treatment with SAMe had higher remission rates than placebo groups kept 

on only SSRI (Papakostas et al., 2010). Furthermore, the same research group showed 

that the antidepressant effects by adjunctive SSRI-SAMe treatment, in previously 

treatment resistant patients appeared to correlate with improvements of aspects of 
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cognition. In groups of combined SSRI-SAMe, patients had a more pronounced 

improvement of recall memory performance and tendencies for larger improvement in 

word-finding (Levkovitz et al., 2011).  

 

Despite cognitive improvements by antidepressant therapy, patients often fail to reach 

up to cognitive performance in age-matched controls without a history of depression. 

Impairments remain on executive control, which is especially pronounced for 

demanding tasks. Whereas reaction time is usually normal, the speed of information 

processing is frequently prolonged (Gualtieri et al., 2006). Especially elderly depressed 

patients remain impaired, particularly on memory and initiation speed, and have a high 

risk for dementia (Butters et al., 2000; Nebes et al., 2003). In this context it should be 

emphasized that more valuable evaluation can be made by assessment of normalized 

functioning. Non-responding patients that remain depressed after chronic SSRI 

treatment can be helped by adding on another type of treatment, while remaining on the 

initial treatment. In addition to better effects, this strategy is an advantage since the 

lower dose might be better tolerated and the patients do not need to gradually switch to 

another type of treatment (Schlaepfer et al., 2012).  

 

The development of cognitive enhancers has predominantly been assessed in tests 

designed for cognitive impairments seen in dementia. However, adjunctive treatment 

with novel procognitive agents needs further validation also in additional 

neuropsychiatric conditions including depression (Wallace, 2011). Notably, the ability 

of SSRIs, and to some extent other types of antidepressants, to normalize the emotional 

biases observed in depressed patients in psychological tests combined with facilitation 

of aspects of memory processing indicates possible convergence of effects for 

determining a successful outcome of antidepressant treatment (Sharp and Cowen 2011).   
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1.3.4 Antidepressant effects in rodent cognitive tasks  

 

1.3.4.1 Antidepressant effects on memory function in normal rodents 

The majority of data on cognitive effects of antidepressants is based on studies 

addressing the effects of acute or chronic administration on learning and memory in 

rats and mice under normal physiological conditions. The effects of antidepressants in 

normal rodents largely differ depending on the used strains of mice or rats, the drug and 

the type of learning and memory task used (see Monleón et al., 2008). Few studies 

have compared different dosing and administration schedules. Furthermore, it has been 

difficult to determine how to assess cognitive effects of antidepressants in experimental 

designs most relevant for human conditions (see Monleón et al., 2008).  

 

Impairing effects of cyclic antidepressants and monoamine oxidase inhibitors have 

been readily assessed. However, data on SSRIs and other more modern antidepressants 

have been mixed with many studies showing no effect or impairing effects (see 

Monleón et al., 2008; Montezinho et al., 2010). The low anticholinergic effects of 

newer antidepressants illustrate that impairments are also attributed to effects on other 

systems than the cholinergic, including actions via serotonergic receptor subtypes. 5-

HT has traditionally been associated with impairing effects on learning and memory. 

This is based on early observations of impairing effect of local administration of 5-HT 

into the hippocampus (Essman, 1973) and of treatments increasing 5-HT (Ögren, 

1982).  

 

Inconsistent results have been reported by antidepressants on spatial working memory 

and spatial discrimination in T maze. Administration of tianeptine in BALB/c mice 

prior to training and testing improved acquisition and facilitated retention performance 

(Jaffard et al., 1991). Similarly, daily pre-training administration of tianeptine 

improved acquisition and discrimination in a radial maze task, while fluoxetine had no 

effect or even transiently impaired discrimination performance (Jaffard et al., 1991). 

Single dose administration of the novel antidepressant agomelatine improved reference 

memory of mice in the T maze left–right spatial discrimination test (Jaffard et al., 

1993).  

 

Chronic administration of imipramine to Sprague-Dawley rats impaired radial-arm 

maze spatial working memory and impaired object temporal order memory 

discrimination both after 24 h and 28 days treatment (Naudon et al., 2007). Chronic 

paroxetine on the other hand did not affect spatial working memory performance, but 

impaired object memory discrimination after 24 h, but not 28 day treatment, and 

improved temporal order memory performance in a novel object task when using a 4 h 

delay for the test phase (Naudon et al., 2007).  

 

Radial arm maze impairments have also been reported in adult rats for a recently 

developed model of depression, assessing effects after neonatal treatment with the 

tricyclic antidepressant clomipramine. In addition to restoration of spatial learning and 

memory, chronic escitalopram also prevented the increased immobility in the FST, 

reduction of sucrose consumption, decrease of hippocampal long-term potentiation 



Serotonin in Emotional Memory Processes 

 

  37 

(LTP) in the Schaffer collateral-CA1 and restored levels of 5-HT and noradrenalin in 

several brain regions (Bhagya et al., 2011). In comparison, prenatal fluoxetine may 

result in a transient delay in motor development and limited evidence for postnatal 

behavioral alterations in adulthood (Bairy et al., 2007).  

 

Diverse results have also been reported for spatial learning and memory functions in 

the Morris water maze. Chronic administration of imipramine or tianeptine had no 

effect in the Morris water maze (Nowakowska et al., 2000; 2003). However, chronic 

amitriptyline could prevent age-induced impairments, which correlated with decreased 

levels of circulating corticosterone in the rats (Yau et al., 2002). While not always 

observed (Stewart and Reid, 2000; Valluzzi and Chan, 2007), improved performance 

has been found in response to chronic treatment with either the SSRI fluoxetine or the 

SNRI venlafaxine (Nowakowska et al., 2000; 2003; 2006).  

 

Serotonin modulates performance of rats in a probabilistic reversal learning task. 

Subchronic and chronic treatments with citalopram altered reward sensitivity, as 

indicated by increased frequency of win-stay behavior, with opposite effects observed 

after 5-HT depletion (Bari et al., 2010). 5-HT depleted rats are inflexible in their 

responses and favour alternatives with high punishment frequency (quinine pellets) and 

omission of reward. These behavioral responses suggest decreased sensitivity to the 

negative consequences following 5-HT depletion, which is consistent with a role for 

serotonin in reward sensitivity and perception of punishment and negative 

reinforcement (Hayes and Greenshaw, 2011).  

 

Acute administration of citalopram had a biphasic effect on negative feedback 

sensitivity (Bari et al., 2010). 5-HT reduction may enhance aversive processing and 

responses to punishment relevant for symptoms of affective and stress-related disorders 

(see Cools et al., 2008; 2011). At the same time, the available evidence indicates that 

reduced 5-HT may simultaneously impair association of stimuli resulting in reward or 

punishments (Cools et al., 2008; Branchi, 2011; Homberg, 2011; Koot et al., 2011). 

Rats depleted of 5-HT displayed poor learning of consequences of their choices, 

resulting in failure to adapt their behavioral responses to contingencies in reward versus 

punishment, which is consistent with a role of 5-HT in behavioral functions affecting 

memory processes (Branchi, 2011; Homberg, 2011; Koot et al., 2011). 

 

The antidepressant agomelatine facilitated novel object recognition memory when 

using a 24 h delay between training and testing. Under these conditions, vehicle treated 

animals no longer show object discrimination, which can be used for investigation of 

memory enhancing effects of ligands like the histamine H3 receptor antagonist 

thioperamide and acetylcholinesterase inhibitors such as donepezil (Bertaina-Anglade 

et al., 2011). Chronic fluoxetine in rats impaired novel object recognition and 

Pavlovian appetitive short-delay conditioning performance, probably involving 

decreased food intake by fluoxetine (Valluzzi and Chan, 2007). 
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An important distinction is the influence of antidepressants on memory functioning 

involving the hippocampal and prefrontal systems, compared to amygdala-dependent 

influence on evoked fear (Diamond et al., 2004). Facilitatory effects on hippocampal-

dependent memory tasks can involve alterations in sensory-motor systems of the 

perceived stimuli, disturbed prefrontal-hippocampal processing, increased fear-evoked 

amygdala activation, or enhancement of hippocampal-specific signaling.  

 

Amygdala-associated (hippocampus-independent) acquisition and expression of 

auditory fear conditioning is enhanced by acute administration of citalopram, whereas 

chronic administration impairs acquisition in Sprague-Dawley rats (Burghardt et al., 

2004; 2007). On the contrary, dietary tryptophan selectively impairs contextual fear 

memory performance in mice (Uchida et al., 2007). In comparison, tianeptine does not 

appear to mediate an initial increase of fear-processing with influence from the 

amygdala. This conclusion is based on the finding that acute injection of tianeptine 

does not influence auditory fear conditioning, while chronic tianeptine reduces 

acquisition (Burghardt et al., 2004). An extension of these studies was performed in 

rats that had been trained drug-free for acquisition of similar levels of auditory fear 

conditioning. Acute injection was administered prior testing of fear evoked freezing to 

the tone (Burghardt et al., 2007). Fear expression, assessed by freezing, was not 

affected by tianeptine or the norepinephrine reuptake inhibitor tomoxetine. In contrast, 

the SSRIs citalopram or fluoxetine enhanced fear expression. The citalopram induced 

enhancement was preventable by 5-HT2CR antagonism (Burghardt et al., 2007). 

Similarly, escitalopram, given acutely prior acquisition or posttraining, also increased 

freezing responses in contextual fear-conditioning in Sprague–Dawley rats. In contrast, 

escitalopram decreased freezing if given prior to the recall test. These effects were 

observed at a dose of 1-5 mg/kg without effects on locomotor activity or pain threshold 

(Montezinho et al., 2010). The selective noradrenaline reuptake inhibitor atomoxetine 

had no effects alone but blocked the effects of escitalopram (Montezinho et al., 2010). 

 

Extinction of fear memories is used as an animal model for human exposure therapies 

in posttraumatic stress disorder (PTSD) and may be facilitated by d-cycloserine and 

yohimbine (see Holmes and Quirk, 2010). Chronic administration of fluoxetine does 

not alter acquisition of fear conditioning in mice. However, fluoxetine enhances the 

extinction of fear in spontaneous fear recovery or renewal by CS presentations in 

extinction and conditioning contexts, and fluoxetine also increased extinction when 

given chronically after acquisition of the fear conditioning (Karpova et al., 2011).  

 

It is noticeable that results derived in the passive avoidance task tend to differ from 

contextual fear conditioning tasks, pointing out that these tasks for aversive learning 

depend on differential underlying neuronal mechanisms, particularly when step-through 

passive avoidance is used with moderate intensity of the aversive stimuli. Memory 

performance of Sprague-Dawley rats was not altered by acute or one week treatment 

with the three conventional antidepressants paroxetine, imipramine and desipramine, or 

hyperforin, hyperforin-free hypericum or hypericum extracts of St. John's wort (Misane 

and Ögren, 2001). In contrast, experimentally increased monoamine levels by the 5-

HT-releasing compound PCA (p-chloroamphetamine hydrochloride) impair passive 

avoidance memory performance (Ögren, 1985; Misane and Ögren, 2000).The effects of 
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antidepressants are also dose-dependent. Whereas citalopram had no effect at lower 

doses, 20 and 50 mg/kg impaired retention performance of rats in passive avoidance 

and in reference and working memory trials in the three-panel runway test (Mutlu et al., 

2011).  

 

Studies of mice in the passive avoidance task have illustrated marked differences in the 

effects of three antidepressants, with the differences being related to the mechanisms of 

action (Arenas et al., 2006). Amitriptyline, maprotiline and fluoxetine all affected 

acquisition and consolidation processes with no alterations of memory-retrieval or 

evidence for state-dependent learning. Amitriptyline is a tricyclic antidepressant with 

high affinity for muscarinic acetylcholine receptors. Amitriptyline decreased retention 

latencies if administered prior to training, which is in line with anticholinergic 

impairing effects on memory. Maprotiline is a tetracyclic antidepressant with 

predominant noradrenaline reuptake inhibition and moderate alpha-adrenergic blockade 

and anticholinergic effect, but pronounced antihistaminic actions. Maprotiline impaired 

memory performance and induced sensorimotor impairments. In contrast, the selective 

serotonin reuptake inhibitor fluoxetine has little affinity for muscarinic acetylcholine 

receptors and did not impair memory retention latencies. Significantly higher inhibitory 

responses were also seen for female mice given fluoxetine, although the design of the 

experiments had been adapted for detection of impairing effects (Arenas et al., 2006). 

In a follow-up study in mice, the combination of sub-threshold doses of amitriptyline 

and fluoxetine prior to training also impaired memory retention performance. These 

adjunctive effects have implications for the combination of SSRIs with TCAs (Parra et 

al., 2010). However, first-hand options are combinations of SSRIs with noradrenaline-

reuptake inhibitors.  

 

 

1.3.4.2  Antidepressant effects on cognition in stressed rodents 

In alignment with stress being one of the main predisposing factors for depression, the 

majority of studies on antidepressants on cognition in rodent models of aspects of 

depression have assessed the effects on stress-induced alterations of memory. Single 

dose or chronic administration of drugs in response to acute stress exposure have 

differential therapeutic potential compared to chronic antidepressant administration on 

prevention of effects of chronic stress and induction of depressive-related symptoms. 

Several studies have supported the idea that antidepressant treatments may be useful for 

the prevention of stress-induced cognitive deficits (for overviews see Pittenger and 

Duman, 2008; Roozendaal et al., 2009). 

 

Acute predator stress by cat exposure of Sprague–Dawley rats results in an impairment 

of spatial memory performance in a hippocampus-dependent radial arm water maze 

task. The stress-induced impairments can be prevented if tianeptine is acutely 

administered before the stress exposure. These effects were observed independently 

from alterations of stress-induced hypothalamic–pituitary–adrenal (HPA) axis 

activation and without protection against the stress induced impairments by the 

anxiolytic agent propranolol (Campbell et al., 2008). Stress-induced impairment of 

spatial memory in the radial-arm water maze has also been shown to be blocked by 
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chronic treatment with agomelatine, with the memory test being conducted after a 

short-term (30 min) delay in home cage or acute predator stress exposure. Also the 

protection against memory impairments of chronic agomelatine occurred independently 

from effects on hypothalamus–pituitary–adrenal axis or stress-induced increase in 

levels of serum corticosterone (Conboy et al., 2009).  

 

Induction of learned helplessness by unpredictable shock stress results in the 

development of escape deficits in active avoidance in some of the rats. This behavior is 

reversed by chronic administration of several antidepressants including fluoxetine, 

imipramine and agomelatine (melatonin receptors agonist and 5-HT2CR antagonist) 

(Vollmayr and Henn, 2001; Bertaina-Anglade et al., 2006; Duric et al., 2010). In 

comparison, active avoidance learning deficits induced by chronic unpredictable stress 

is reversible by the glutamate-modulating agent riluzole (Banasr et al., 2010), 

indicating that different protocols for unpredictable stress support the improvement of 

avoidance learning deficits accompanied by the reversal of depressive-related 

behaviors. In addition, whereas conditioned place preference primarily is used as a test 

for rewarding stimuli, the impairing effects of chronic unpredictable stress on 

conditioned place preference should be controlled for an involvement of deficits on 

contextual conditioning. Stress-induced impairments of conditioned place preference 

for rewarding stimuli can be reversed by several antidepressant treatments in rats and 

mice (see Willner, 1997).  

 

Chronic unpredictable stress impaired attentional set shifting in rats, effects prevented 

by chronic administration of the SNRI desipramine and the SSRI escitalopram (Bondi 

et al., 2008). Impairments of chronic mild stress on novel object recognition memory 

only appear to be partially reversible by chronic paroxetine treatment (Elizalde et al., 

2008). Comparatively milder chronic intermittent cold stress also impairs reversal 

learning in attentional set-shifting in rats, reversible by acute or chronic treatment with 

the SSRI citalopram, but not by acute or chronic treatment with the SNRI, desipramine 

(Danet et al., 2010). This is consistent with data indicating that central serotonin 

depletion with para-chlorophenylalanine impairs performance (Lapiz-Bluhm et al., 

2009). This task is attributed to prefrontal executive control and aspects of cognitive 

flexibility to suppress previous strategies and to allow the learning of new rules. The 

currently available data support involvement of the medial prefrontal cortex mPFC in 

cognitive flexibility aspects of set-shifting (Birrell and Brown, 2000), and the 

orbitofrontal cortex (OFC) in cognitive flexibility aspects of reversal learning 

(McAlonan and Brown, 2003; Furr et al., 2011).  

 

The aversive effects of early environmental stress may also be attenuated by certain 

antidepressants. Maternal separation of male Wistar rats increased depressive-like 

behaviours in adulthood, in alignment with previous protocols, and impaired memory 

retention in both the spatial Morris water maze and the novel object recognition test 

(Aisa et al., 2007). The glucocorticoid receptor antagonist mifepristone and the 

noradrenergic β-adrenergic receptor antagonist propranolol reduced forced-swim test 

immobility. In addition, these treatments improved 1 hour recognition memory 

performance in maternally separated rats in the novel object recognition test (Aisa et 

al., 2007). 
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However, while certain antidepressants may attenuate changes in memory processing 

induced by chronic stress, the beneficial effects appear to depend on the different 

memory tasks measured and may not directly correlate with mechanisms of plasticity in 

the neuronal circuitries involved in various types of memory. The antidepressant 

tianeptine has been shown to protect against a wide range of deleterious effects of 

stress, on behavior and multiple aspects of neuroplasticity (for reviews see Diamond et 

al., 2004; McEwen et al., 2010). Indeed it was shown in rats that impairments on Y 

maze spatial memory performance induced by chronic restraint stress could be 

prevented by tianeptine (Conrad et al., 1996). Notably, while tianeptine also blocked 

stress-induced CA3 dendritic atrophy, tianeptine did not block enhanced tone and 

contextual fear conditioning induced by chronic restraint stress, nor did tianeptine alter 

the decreased open-field exploration induced by stress (Conrad et al., 1999). As 

described above, chronic administration of tianeptine reduces fear conditioning in 

unstressed rats. No effect were however seen by acute tianeptine on acquisition 

(Burghardt et al., 2004) or expression of fear, as with the lack of effect by tomoxetine 

on fear expression (Burghardt et al., 2007). In comparison, chronic administration of 

citalopram also reduces acquisition of auditory fear conditioning. Acute citalopram 

enhances acquisition of auditory fear conditioning (Burghardt et al., 2004) and 

increases freezing to the tone if injected prior to testing (Burghardt et al., 2007), 

involving activation of the 5-HT2CR (Burghardt et al., 2007). Follow-up experiments 

indicated that chronic restraint stress induced potentiation of contextual aspects of fear 

conditioning. No additional potentiation of freezing to the tone was observed under 

conditions with high freezing to the tone also in unstressed rats. These effects occurred 

concurrently with increasing post-stress aggressiveness and anxiety-like behaviors in an 

elevated T maze (Wood et al., 2008). 

 

 

1.3.4.3 Antidepressant effects on cognition and neuroplasticity 

Early work showed that chronic administration of the tricyclic antidepressant 

amitriptyline and the tetracyclic antidepressant mianserin prevents the development of 

learning impairments in rats with olfactory bulbectomy (van Riezen et al., 1977). 

Similarly, impairments of passive and active avoidance by olfactory bulbectomy in 

C57Bl/6J and ddY mice, but not in DBA/2J mice, were attenuated by antidepressant 

treatment with amitriptyline, trazodone or imipramine (Otmakhova et al., 1992) or 

acute administration of the cholinesterase inhibitor physostigmine and the muscarinic 

agonists oxotremorine and McN-A-343 (Hozumi et al., 2003).  

 

Reduction of adult neurogenesis does not appear to directly modulate depressive-like 

behaviors in rodents, but stimulation of adult neurogenesis is an important mechanism 

involved in effects of chronic antidepressant therapies like SSRIs and in non-

pharmacological based therapies like ECT (for overviews see Lucassen et al., 2010; 

Samuels and Hen, 2011; Mu and Gage, 2011). However, whereas antidepressants 

stimulate hippocampal neurogenesis, the functional importance of these effects on 

normalization of cognitive symptoms of depression is unclear (Lucassen et al., 2010; 

Snyder et al., 2011; Samuels and Hen, 2011).  
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1.3.4.4  Antidepressant effects on cognition in genetic models of depression   

Limited studies have so far been conducted on cognitive effects of antidepressants in 

non-stress based models of depression. For example, genetic models of depression 

include genetically selected lines of rodents and genetically modified mice. As 

described above, alterations of memory functions have been reported in rodent models 

of depression based on genetic alterations but so far little data is available on 

reversibility of cognitive deficits by pharmacological agents. Genetically modified mice 

for specific 5-HTR-subtypes or the 5-HT transporter are useful models to learn more 

about the mechanisms of action of antidepressants and interactions between genetic 

alterations and environmental factors (for overviews see Gardier et al., 2009; Carr and 

Lucki, 2011; Homberg and Lesch, 2011).  

 

Blunted neurochemical and behavioral responses to antidepressants have been found in 

a number of genetically modified mice, including mice with serotonergic 

manipulations, BDNF +/− mice, null mutation or pharmacological blockade of MEK-

ERK signaling. These results indicate that these mechanisms appear to be important in 

regulation of several functions related to depression and illustrate potential targets for 

novel treatments. In particular, these animal models are especially valuable as models 

of drug resistance rather than model of depression (Cryan and Mombereau, 2004; 

Gardier et al., 2009; Carr and Lucki, 2011; Cryan and Markou, 2012; Duman and 

Voleti, 2012). For example, heterozygote mice for brain-derived neurotrophic factor 

(BDNF +/-) display normal acquisition in contextual fear conditioning. However, 

whereas chronic fluoxetine improved fear extinction memories in C57Bl/6J mice, this 

effect of fluoxetine was absent in BDNF +/- mice (Karpova et al., 2011). BDNF +/- 

mice are also treatment-resistant to antidepressant-like effects of fluoxetine (Castrén 

and Rantamäki, 2010).  

 

VGLUT1+/– mice show no basal alterations of novel object recognition memory, but 

impairments induced by chronic mild stress are attenuated by repeated imipramine 

(Garcia-Garcia et al., 2009). The cognitive alterations reported in KO mice for the 

proinflammatory cytokine macrophage migration inhibitory factor require further 

investigation with regard to responsivity to pharmacological and non-pharmacological 

treatments. These mice display impaired spatial learning and memory, intact working 

and short-term memory performance, increased auditory contextual freezing, increased 

immobility and increased anxiety-like behaviors (Conboy et al., 2011). Also, the ability 

to therapeutically reverse cognitive alterations should be examined in rodents with 

genetic predisposure for developing depressive-like behaviors. It would be important to 

assess, validate and differentiate between effects of pharmacological treatments on the 

cognitive alterations reported in congenitally helpless rats. Future studies should 

examine effects of treatment on the potentiated freezing in auditory fear conditioning, 

impaired extinction of freezing to the tone and the increased negative bias in the 

ambiguous-cue interpretation task (Shumake et al., 2005; Enkel et al., 2010).  
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1.3.5 Future studies of antidepressants on memory processes 

Understanding the neurobiological mechanisms underlying alterations and restoration 

of memory processes in depression could provide new approaches for therapeutic 

intervention. Combined translational studies are needed on: (1) effects of 

antidepressants (2) effects of cognitive enhancers (3) validated rodent models of 

depression (4) memory dysfunctions which are therapeutically possible to restore.   

 

 

1.3.5.1 Relevance of models of depression versus normal rodents 

Studies in normal rodents are suitable for the evaluation of impairing effects of 

antidepressants (see Monleón et al.. 2008). The majority of antidepressants represents 

refinements of older drugs and therefore essentially shares mechanisms of action with 

the original drugs discovered centuries ago. However, besides certain efficacy on 

alleviating melancholia, different antidepressant agents largely differ in their effects on 

cognitive processing. It has been difficult to develop antidepressants through clinical 

phases and there is a need to find novel targets (Cryan and Slattery, 2007). 

Enhancement of serotonin transmission represents the first line-treatment of depression. 

However, the role of this system still remains elusive and the precise contribution of 

serotonin to emotional and cognitive regulation is not well understood.  

 

It has been especially challenging to determine actions of antidepressants which 

support cognition. In order to enable detection of facilitatory effects, learning and 

memory performance need to be decreased by pharmacological agents like muscarinic 

acetylcholine receptor antagonists, acute or chronic stress or olfactory bulbectomy. 

Antidepressants have under certain conditions been reported to restore memory 

impairments induced by various interventions (see above) (Monleón et al., 2008). As it 

is obvious for the assessment of antidepressants in healthy volunteers, the assessment 

of antidepressants in healthy animal models may be less relevant (Cryan and 

Mombereau, 2004). Thus, in order to better understand the neurobiological mechanisms 

of cognitive and emotional dysfunction in depression, it is necessary to employ 

pharmacological treatment on relevant cognitive alterations in animal models with 

endophenotypes relevant for depression.  

 

1.3.5.2 Cognitive effects of antidepressants in models of depression  

Besides non-stressed normal rodents, most studies of antidepressants on cognition have 

been performed in normal rodents exposed to stress. This approach is very important 

and concurrent with emerging data on stress and antidepressant-induced alterations of 

other forms of depressive-like behavior and multiple forms of plasticity (see Diamond 

et al., 2004; Pittenger and Duman, 2008; Roozendaal et al., 2009; Markou and Cryan, 

2012).  

 

While alterations of memory performance have been documented in several genetic 

animal models for aspects of depression, only limited studies have so far assessed the 

ability of antidepressants or procognitive agents to restore these memory dysfunctions. 

Despite an advanced understanding of the importance of experience-dependent learning 

in depression, the evaluation of antidepressant treatments in various rodent models of 
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depression typically does not include the investigation of their potential effects on 

memory processes. When learning and memory is assessed, the tests are often designed 

in a way to assess whether the antidepressants mediate impairing effects on memory 

processes.  

 

Several genetic mouse models have been developed which are resistant to 

antidepressant therapies (Gardier et al., 2009; Kas et al., 2011; Carr and Lucki, 2011). 

These genetic models have provided important information about neurobiological 

mechanisms in depressive states and key targets of antidepressant actions. However, 

there is also a need for models of depression which respond to antidepressant therapies 

(Cryan and Mombereau, 2004). It is of special interest to find relevant genetic models 

of depression with memory dysfunction, which are specifically reversed by 

antidepressants supporting memory processes. Basic research models that would 

recapitulate a cognitive endophenotype with therapeutically reversible memory 

dysfunction could be utilized for alternative measures of neuronal transmission, 

molecular alterations and signaling transduction underlying depression.  

 

1.3.5.3 Clinical findings and available translational tools 

In comparison to the improvements of symptoms of mood and anxiety in depression, 

the cognitive deficits are often not improved by current antidepressants. The advanced 

understanding of the role of cognition in depressive states should be used for creating a 

framework for the design of animal studies (see Harmer, 2008; Pittenger and Duman, 

2008; Clark et al., 2009; MacQueen and Frodl, 2011; Harmer, 2011; Millan et al., 

2012). Certain types of antidepressants improve aspects of human cognition, but the 

neuronal substrates underlying these procognitive effects in depressed patients remain 

elusive (Wallace, 2011). Memory deficits may persist after clinical recovery from 

depression, which thereby contribute to reduced functional normalization after 

depression. Observations in healthy volunteers, and to a lesser degree in depressed 

individuals, have suggested that important aspects of antidepressants are early changes 

of emotional processing (Harmer, 2008; Clark, 2009; Harmer, 2011; Sharp and Cowen 

2011). Limited data also indicate that early changes of emotional processing appear to 

predict clinical effects in depressed patients (Booij and Van der Does, 2011).  

 

Converging lines of evidence on neuropsychological level and preclinical data show an 

ability of certain antidepressants to switch disturbances of emotional processing and 

facilitate mechanisms of neural plasticity, which collectively indicate that regulation of 

emotional memory processes may have a pivotal role in the treatment and 

pathophysiology of mood disorders. The evolutionary conserved neuronal pathways 

controlling hippocampal-dependent emotional memory function may be especially 

suitable for ethologically relevant animal models and studies of possible mechanisms 

underlying these processes. Behavioral restoration of emotional memory dysfunction is 

a functional measure of normalization of transmission in neuronal circuitries 

controlling emotional memory processes.  
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1.4 NEUROCIRCUITRIES IN EMOTIONAL PROCESSES    

 

It is increasingly clear that depression involves imbalances in neurocircuitries 

regulating melancholia, but the cognitive deficits in depression have historically been 

viewed as secondary symptoms. The dysfunctional circuit model of depression suggests 

that dysregulations in the processing of negative and positive stimuli are important 

aspects of depression (Mayberg, 2009). Defining the neuroanatomical and functional 

bases of depression is critical for the development of treatments. The range of cognitive 

deficits observed in depression has been associated with abnormal signaling 

transmission in multiple brain regions important for regulation of mood and cognitive 

functions, and support the classification of depression as a network disorder.  

 

Progressive changes in hippocampal processing is believed to be an important factor 

underlying memory deficits in the subgroup of depressed patients displaying cognitive 

impairments (Burt et al., 1995; de Asis et al., 2001; Bremner et al., 2004; Campbell et 

al., 2004; Clark et al., 2009; MacQueen and Frodl, 2011). A large-scale comparative 

study has indicated that illness severity and depressive history are main determinants of 

hippocampal memory impairments during current depressive episodes or following 

clinical improvement, respectively (Gorwood et al., 2008). The impact of depression on 

memory function appears to be separate from influences by age, education and 

profession (Gorwood et al., 2008). Impairments of rewarded sustained attention 

contribute to motivation deficits and correlate with depressive symptoms and reduced 

activation in broad networks for fronto-striato-thalamic areas for attention and limbic 

hippocampus-anterior cingulate areas for reward processing (Chantiluke et al., 2011). 

 

 

1.4.1 Structural brain alterations in depression 

Structural abnormalities and volume changes have been reported in the ventromedial 

and prefrontal cortices, anterior cingulate, hippocampus and amygdala (Sheline, 2003; 

Pizzagalli et al., 2004; Drevets et al., 2008; Mayberg, 2009), supported by postmortem 

findings (Rajkowska and Miguel-Hidalgo, 2007). Decreased or increased volume and 

predominantly increased reactivity of the amygdala have been reported in patients with 

their first episode of depression (Frodl et al., 2002; Roozendaal et al., 2009; Price and 

Drevets, 2010).  

 

In comparison, atrophy and structural reductions of prefrontal cortical and striatal 

regions is associated with treatment resistant depression (Shah, 1998; 2002), which is 

consistent with antidepressant effects of deep brain stimulation in the anterior cingulate 

(Mayberg et al., 2005) and nucleus accumbens (Schlaepfer et al., 2008) in depressed 

patients that have been resistant to conventional antidepressant treatment.  

 

Although considerable variable, reduced volume of the hippocampus appears to be one 

of the most consistent neuropathological observations in depression. The intensity 

number of depressive episodes has been linked to a progressive shrinkage of the 

hippocampus (Shah et al., 1998; Sheline et al., 1999; MacQueen et al., 2002; 2003; 

MacQueen and Frodl, 2011). Structural alterations of the hippocampus have been 
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shown mainly by MRI volumetric measures in depressed patients and postmortem 

samples (MacQueen et al. 2003; Stockmeier et al., 2004; Videbech and Ravnkilde, 

2004; Gorwood et al., 2008; Clark et al., 2009; Rao et al., 2010). Impaired verbal 

memory performance has been linked to smaller gray matter hippocampal volumes in 

healthy individuals (see MacQueen and Frodl, 2011). Also spatial memory impairments 

correlate with bilateral reduced size of the hippocampus, right-sided precuneus and 

inferior parietal cortex. In the longer perspective, those patients that later converted 

from mild cognitive impairment to dementia had a smaller hippocampus than non-

converters (Weniger et al., 2011). Amygdala and hippocampus collectively regulate 

emotional processing. Left hippocampal volume has been reported to be inversely 

correlated with enhanced emotional memory in healthy middle-aged women (Matsuoka 

et al. 2007). It is noticeable that hippocampal volume has also been reported to 

correlate with executive functioning, which is primarily under prefrontal cortical 

control (Squire, 2004; Frodl et al., 2006).  

 

Hippocampal reductions are heterogeneously reported in depressed patients and are not 

found in all studies (Vythilingam et al., 2004). On the other hand, hippocampal 

structural alterations are not specific for depression and are also observed in several 

disorders associated with deficits in declarative or contextual memory performance. For 

example, reports on structural alterations also in patients with stress related disorders, 

schizophrenia, PTSD, epilepsy, dementia and aging have been presented (McEwen, 

1999; Sheline, 2003; Price and Drevets, 2010).  

 

The cellular components underlying significant reductions of hippocampal volumes are 

largely undetermined and appear to involve several aspects of neuronal plasticity. At 

present, depression appears to be a disorder of reduced neuroplasticity and cellular 

resilience, rather than a neurodegenerative disorder (see Czéh and Lucassen, 2007). 

Preclinical studies have demonstrated that stress markedly impairs multiple aspects of 

neuronal plasticity, by elevating levels of glucocorticoids e.g. reducing dendritic 

arborization, suppressing adult neurogenesis and contributing to cell death (see 

McEwen et al., 2012). In comparison, it has not been possible to show large neuronal 

loss or neuropathology in post mortem samples at levels that would correspond to 

volume reductions in the range of 5-15%. Also, suppression of adult hippocampal 

neurogenesis is an effect that appears too small to account for the reductions. The 

neuropil includes dendrites, axons and glial processes, with alterations in dendritic 

branching and reduced spine density. At present it seems that reduced neuropil, glia 

abnormalities and shift of fluid balances contribute to hippocampal shrinkage. Further 

examinations are needed in medicated and unmedicated depressed patients and 

improved tools are required for increased sensitivity in animal models of stress and/or 

depression (see Czéh and Lucassen, 2007). 
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1.4.2 Functional activity in neuronal networks  

Functional examination studies have extended data on neuroanatomical alterations in 

depression and highlighted that subtle changes in brain connectivity can have large 

impact on physiological function, even without detectable structural abnormalities 

(Price and Drevets, 2010). Techniques such as positron emission tomography (PET) 

and functional magnetic resonance imaging (fMRI) combined with neuropsychological 

testing have enabled studies of potential neurobiological substrates involved in 

cognitive control (Raichle and Mintun, 2006). Particularly useful tasks for cognitive 

processing are those that can be used together with physiological parameters of regional 

glucose metabolism or blood-oxygen level-dependent (BOLD) responses of cerebral 

blood flow. However, caution needs to be taken in the design of tests during resting 

conditions or engagement in task performance. The interpretations are influenced by a 

number of factors and many observations have not yet been understood (Coenen et al., 

2011). Several alterations have been reported for regions within the ventral and 

dorsomedial PFC and the medial temporal lobes. Altered function in these circuitries 

may be linked to the affective state and cognitive dysfunctions in depressed patients 

(see Pittenger and Duman, 2008; Mayberg, 2009; Price and Drevets, 2010). 

 

In agreement with cognitive impairments in executive control, there is evidence for 

global prefrontal hypofunction in depression (Price and Drevets, 2010). Data has been 

reported for both decreased and increased metabolic activity in different regions 

(Mayberg, 2003; Sheline, 2003; Price and Drevets, 2010). Depressed subjects have 

been assessed when they are keeping up with the same level of executive performance 

as healthy controls. Testing in the n-back task during fMRI scanning indicated a greater 

activation of the lateral prefrontal cortex and the anterior cingulate (Harvey et al., 

2005). These results suggest that depressed subjects need to recruit more prefrontal 

resources during a cognitive task (Harvey et al., 2005). Reduced top-down control and 

attenuated frontolimbic connectivity is also associated with excessive reactivity of the 

amygdala (Johnstone et al., 2007; Siegle et al., 2007; Chen et al., 2008; McEwen et al., 

2012). For example, depressed subjects show increased responses to negative 

emotional faces (Sheline et al., 2001; Fales et al., 2008). In turn, hyperresponses of the 

amygdala appear to be closely associated with impairments of hippocampal function 

and structure, and these responses may persist after remission (McEwen et al., 1992; 

Siegle et al., 2002; McEwen et al., 2012). Positron emission tomography imaging 

studies have indicated differential brain activity of depressed and healthy subjects 

during performance in a verbal memory encoding task. A correlation was found in 

healthy subject, for prefrontal and hippocampal activation during memory encoding. In 

comparison, depressed patients appeared to fail to activate the anterior cingulate and 

hippocampus (Bremner et al., 2004). Decreased functioning has also been reported in 

depressed patients in the left or bilateral dorsolateral prefrontal cortex and anterior 

cingulate (subgenual cortical and orbitofrontal cortical regions) (Bremner et al., 2004). 

Bilateral defects have been observed in the dorsal anterior cingulate gyrus and 

hippocampus of elderly depressed subjects in comparison to age-matched controls. The 

memory deficits of patients correlated with decreased basal and stimulation activity in 

the hippocampus (de Asis et al., 2001).  
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Abnormal neuronal processing of positive and negative information might be a trait 

marker of depression (Mayberg, 2009; Arnold et al., 2011; Coenen et al., 2011). 

Neuronal control of emotionally arousing stimuli involves a limbic-cortical-striato-

pallido-thalamic circuit (Phan et al., 2002; Mayberg, 2003; Phillips et al., 2003). 

Dysregulated transmission in this circuit may alter the response to emotional and 

motivational information (Ochsner et al., 2005; Rolls et al., 2008). Functional magnetic 

resonance imaging during performance in an emotional go/no-go task indicated that 

depressed patients showed altered neuronal responses in the medial and ventral 

prefrontal cortices compared to healthy controls (Elliot et al., 2002). Depressed patients 

showed decreased activation of ventral cingulate and posterior orbitofrontal cortices, 

increased activation of the rostral anterior cingulate and anterior medial prefrontal 

cortex. Altered orbitofrontal cortex responses were observed in response to irrelevant 

emotional distractors (Elliot et al., 2002).  

 

A recent study aimed to map the functional connectivity of emotional processing in 

depressed patients during an emotional recognition task with sad and angry facial 

expressions. The study investigated activation of connections between amygdala, 

orbitofrontal cortex, anterior cingulate cortex and prefrontal cortex during perception of 

emotional faces. By using fMRI data and statistical parametric mapping coupled to 

structural equation modeling, a circuit model was generated based on altered frontal-

amygdala connections in depression. Alterations in connectivity coefficient pathways in 

depressed versus healthy subjects indicated a functional disconnection between the 

amygdala and orbitofrontal cortices, between the amygdala and the anterior cingulate 

cortex, as well as between the anterior cingulate cortex and the prefrontal cortex during 

emotional processing in depressed patients (Carballedo et al., 2011). 

 

Disturbances of declarative memory functions appear to be the cognitive domain most 

severely affected in depression (Zakzanis et al., 1998; Sweeney et al., 2000). The 

contribution of the hippocampus to explicit memory processes and recollection 

memory has been studied in various neuropsychiatric conditions. Hippocampal 

functional MRI data has supported hippocampal dysfunction during memory encoding 

in depressed patients (Bremner et al., 2004; Campbell et al., 2004; Videbech and 

Ravnkilde, 2004; Deckersbach et al., 2006; Clark et al., 2009). Verbal memory 

retrieval combined with positron emission tomographic (PET) measurement of brain 

blood flow showed no differences in performance between men and women in retrieval 

of emotional versus neutral words. However, women had a larger bilateral activation of 

the posterior hippocampus and the cerebellum and a reduced activity in the medial 

prefrontal cortex (Bremner et al., 2001). Altered or exaggerated emotional reactivity 

and chronic stress may independently induce neurochemical alterations resulting in 

hippocampal dysfunction and depression. In turn, hippocampal dysfunction caused by 

stress may precede emotional dysregulation and cognitive disturbances seen in 

depression (McEwen et al., 1992; McEwen et al., 2012). It is noticeable that 

impairments of hippocampus-associated cognitive functions have been reported in the 

absence of structural differences of the hippocampus (Vythilingam et al., 2004; Clark et 

al., 2009; MacQueen and Frodl, 2011). These findings illustrate that hippocampal 

function may be compromised without or prior to the possible onset of detectable 

anatomical changes. 
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1.4.3 Neuronal effects of pharmacological antidepressants 

Structural alterations in depression appear to be partially reversible by antidepressants 

but the mechanisms underlying structural and functional restoration are largely 

unknown (Czéh and Lucassen, 2007). On the cellular level, it is more established that 

permanent alteration and loss of cells occur in response to stress, but there is also 

evidence for some degree of therapeutically reversible atrophy (MacQueen and Frodl, 

2011; McEwen, 2012).  

 

Functional improvement of cognition by successful antidepressant therapy may occur 

without detectable structural effects on the brain and can partially compensate for the 

reduced function. The directionality of effects by chronic antidepressant treatment on 

functional measures is evidently complex and both increase and decrease have been 

reported. Pronounced effects of antidepressants have been reported in prefrontal 

regions, which can be interpreted as normalization of overactivity or underactivity 

(Mayberg, 2000; Kennedy et al., 2001). Treatment-induced changes in limbic and 

subcortical regions are usually in the direction of reduced activity by chronic 

antidepressants e.g. the subgenual cingulate, posterior cingulate cortex, insula, 

hippocampus and amygdala, (Mayberg et al., 2000; Sheline et al., 2001; Fu et al., 

2004; Anand et al., 2005). A recent meta-analysis of fMRI and PET studies assessed 

regional effects associated with clinical improvement. Following antidepressant 

treatment, an increased activation towards emotional stimuli was reported in the 

ventrolateral, dorsolateral and dorsomedial prefrontal cortices. Decreased activation 

was observed in the ventral anterior cingulate cortex, anterior and posterior cingulate 

cortices, inferior parietal lobe, orbitofrontal cortex, insula, parahippocampal region, 

hippocampus and amygdala (Delaveau et al., 2011). Fluoxetine treatment in depressed 

patients increased functional coupling in the cortico-limbic systems observed by fMRI. 

Treatment-related increased coupling was larger for the left compared to the right 

amygdala with the frontal and cingulate cortex, striatum and thalamus (Chen et al., 

2008).  

 

Brain activation patterns may also be useful as biomarkers to predict treatment 

response. The increased reactivity of the amygdala observed in depression is sustained 

(Siegle et al., 2002), but may be attenuated by chronic SSRI treatment (Sheline et al., 

2001; Fu et al., 2004). In alignment, paroxetine treatment for 12 weeks in depressed 

patients resulted in increased activity in the dorsal cingulate gyrus and dorsolateral 

prefrontal areas, irrespectively of whether they had a detectable antidepressant effect 

induced by the treatment or not. A lower reactivity of the amygdala to negative face 

processing was found in responders than in non-responders, as well as a correlation of 

left amygdala activation with depression severity on HDRS (Ruhé et al., 2011). A 

functional MRI study indicated that depressed patients show a larger activation of the 

right dorsolateral prefrontal cortex compared to healthy controls. Assessment was 

performed before treatment during resting condition and negative emotional stimuli. 

Patients with subsequent clinical response, as opposed to non-responders, showed a 

widespread high activity in the dorsomedial PFC, posterior cingulate cortex and 

superior frontal gyrus, caudate nucleus and insula activations (Samson et al., 2011).  
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In comparison, healthy individuals with high neuroticism have increased risk for 

developing depression and anxiety disorder. Highly neurotic subjects were given one 

week of treatment with citalopram that, as expected, induced no alterations of mood. 

The SSRI decreased negative self-referential processing in a word categorization task 

compared to placebo treatment in groups with high neuroticism (Di Simplicio et al., 

2011). Neurotic subjects receiving citalopram also had increased activation of medial 

prefrontal regions, including the dorsal anterior cingulate and right orbitofrontal cortex. 

Although preliminary, these effects of citalopram were interpreted as normalization of 

neuronal processing in line with early effects of serotonergic modulation on emotional 

processes. It will however be important to follow-up on these findings by comparing 

healthy controls with depressed subjects, as well as by evaluating if effects on 

emotional processing are correlated with later symptom improvements in depressed 

subjects (Di Simplicio et al., 2011).  

 

Treatment with fluoxetine for half a year improved symptoms of depression and 

improved immediate and delayed verbal memory performance. The effects were 

neither related to alterations in the urinary excretion of free cortisol or in plasma 

cortisol levels, nor to accompanying alterations in hippocampal volume (Vythilingam 

et al., 2004). In comparison, antidepressant treatment with the SSRI paroxetine has 

been reported to reverse reductions of hippocampal volume in PTSD patients and 

improve declarative memory function (Vermetten et al., 2003). A 5 year longitudinal 

study indicated that small hippocampal volume is a vulnerability marker for depression 

(Rao et al., 2010). Even if a smaller hippocampus is linked to an increased vulnerability 

for depression, it is not clear whether a small hippocampal volume precedes depression 

or is a consequence thereof. Cumulative effects of genetic risk factors, environmental 

stressors and a history of depression appear to contribute to reduction of the 

hippocampus (Sheline et al., 1999; MacQueen et al., 2003; Rao et al., 2010).  

 

Enduring neuronal alteration after remission from depression may contribute to an 

increased risk for relapse in depression and lasting effects on cognitive functions. A 

recent study compared healthy women to those remitted from depression and without 

medication when assessed in an fMRI scan. During assessment at an equal level of 

memory performance for positive, negative and neutral words, remitted patients had a 

larger activation in the cingulate gyrus, right inferior and left medial-frontal gyrus and 

the right anterior hippocampus/amygdala (Arnold et al., 2011). In comparison, acute 

depletion of plasma tryptophan may induce depressive relapse in patients with 

increased vulnerability following remission of depression (Bremner, 1997). The 

neuronal correlates were investigated by single photon emission computed tomography, 

and the results implicated an involvement of the dorsolateral prefrontal cortex, 

orbitofrontal cortex, thalamus, and caudate nucleus in tryptophan depletion-induced 

depressive effects (Bremner, 1997). Serotonin is an important neurotransmitter for 

prefrontal inhibition and low levels of 5-HT are associated with indecisiveness and 

poor impulse control (Owens and Nemeroff, 1994; Baldwin and Rudge, 1995; Lucki, 

1998; Tanaka et al., 2007; Doya, 2008; Homberg et al., 2008). Serotonergic 

dysfunction also contributes to noradrenergic and dopaminergic control of gambling 

proneness, which involves loss of impulse control (Koot et al., 2011). 
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1.4.4 Brain stimulation and functional connectivity 

Antidepressant effects can be achieved by several non-pharmacological strategies for 

direct or indirect stimulation of brain function, by electrical or magnetic methods 

(Schlaepfer et al., 2012). The most efficiently used treatment available for a larger 

number of depressed patients is brain stimulation by electroconvulsive therapy (ECT) 

(Geddes, 2003). This treatment option is available for severely depressed individuals, 

and often has antidepressant effect also in patients that have been resistant to 

conventional pharmacological types of antidepressant therapy. ECT is associated with 

anterograde amnesia, but also more long-lasting retrograde amnesia or impairments of 

cognition have been reported (Sackeim et al., 2007). Ongoing studies are investigating 

more targeted stimulation methods with increased efficacy and lower risk of cognitive 

side effects (Shelton et al., 2010).  

 

Transcranial magnetic stimulation (TMS) is a more recent method aiming to induce 

alterations primarily in cortical regions through rapid alternations of magnetic field 

pulses over the scalp (Pascual-Leone et al., 1996; Gershon et al., 2003). The 

noninvasive and targeted use of TMS requires further investigation and TMS may have 

effects in medication-resistant cases of depression (Avery et al., 2006). Repetitive 

transcranial magnetic stimulation is also investigated for the use in anxiety disorders 

(Machado et al., 2011). Different methods for stimulation of the vagus nerve represent 

other treatment alternatives, but further studies are needed to refine the range of optimal 

stimulation and to determine the value of vagus nerve stimulation therapy in depressed 

and treatment-resistant depressed patients (Schlaepfer et al., 2012). In addition, brain 

stimulation using optogenetic techniques may be used for experimental studies of 

normal and pathological brain functions and for development of novel treatment (Han 

et al., 2011). 

 

A proof of principle for the neurocircuit disease model of depression was the first deep 

brain stimulation (DBS) in the cingulate gyrus. These studies were based on converging 

data on subcallosal cingulate dysfunction derived primarily from PET scan measures of 

glucose metabolism and regional blood flow (Mayberg, 2005; 2009). DBS represents a 

novel experimental strategy for targeted neuromodulatory treatments. The first DBS 

electrodes to be implanted in depressed patients targeted the white matter tracts of 

subgenual cingulate region cg25 (Brodmann Area 25), the ventral-most segment of the 

cingulate gyrus. This intervention results in fast onset of antidepressant effects in some 

patients with refractory major depressive disorder, which have been resistant to other 

forms of antidepressant treatments (Mayberg et al., 2005). Intriguingly, antidepressant 

effects of DBS have also been achieved by MRI-guided stereotaxic placement of 

unilateral or bilateral electrodes for permanent neurostimulation of other target brain 

regions. To date, the most extensively studied regions with antidepressant effect from 

DBS are the subcallosal cingulate white matter, the ventral caudate/ventral striatum and 

the nucleus accumbens (Schlaepfer et al., 2008; Moreines et al., 2011). Surprisingly 

similar effects have been reported by targeting these different regions in patients and 

seemingly limited side-effects on cognition (Moreines et al., 2011). These findings 

have added to views that depression involves dysfunction in brain networks, which are 

involved in reward and emotional signals i.e. cortical–limbic–thalamic–striatal regions 



Therese M. Eriksson, 2012 

 

52 

(Mayberg, 2003; Johansen-Berg et al., 2008; Coenen et al., 2011). It also appears that 

the patients that are responding to DBS also continue to have improvements of mood. 

Follow-up studies on sustainability are ongoing and a recent 2 year evaluation of 

patients supported long-term safety and efficacy of DBS (Holtzheimer et al., 2012). 

DBS has been used for longer time in other patients, since it was initially developed for 

treatment of Parkinson’s disease (see Limousin et al., 1998; Holtzheimer et al., 2012). 

The currently used invasive treatment is likely to remain an option only for a limited 

number of patients that are not responding to conventional drug therapy and MST/ECT 

(Fins et al., 2011).  

 

Limited information is so far available on the molecular mechanisms underlying 

diverse types of brain stimulation techniques. It is important to determine the potential 

of targeting the mechanisms involved by pharmaceutical treatments, in order to enable 

a larger number of individuals to be treated. More knowledge is expected to be gained 

in the upcoming years by continued studies in patients and in basic research using back-

translational studies in rodent models. ECT for 10 days increased p11 mRNA and p11 

protein in the cortex of rats (Svenningsson et al., 2006). Studies on deep-brain 

stimulation in rats have been promising albeit confusing in terms of specificity of 

effects and optimal location for interference in the intralimbic cortex, prelimbic cortex 

and/or the cingulate gyrus (Hamani et al., 2010a; Hamani et al., 2010b; Lim et al., 

2011). Studies are also performed on the role of the anterior cingulate cortex in pain 

processes in humans (Rainville et al., 1997; Corradi-Dell'Acqua et al., 2011) and rats 

(Gustafsson et al., 2000; Yan et al., 2012), with implications for the affective 

components of certain pain conditions, such as affective and emotional aspects of 

neuropathic pain.  

 

From a potential therapeutic perspective, it is important to pinpoint areas of interference 

within neurocircuitries controlling emotional processes. Important aspects of 

antidepressant response are related to normalized functional connectivity. 

Neurocircuitry-based models of mood disorders may aid to facilitate translational 

studies of antidepressant therapies (Price and Drevets, 2010; Millan et al., 2012).  
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1.5  GENETICS AND GENE REGULATION  

 

1.5.1 Brain region alterations of gene expression   

Altered levels of transcription and translation are early steps in regulation of protein 

synthesis. Therefore, mapping of mRNA can be used to quantify cellular functional 

activity in specific brain-regions. For example, certain behavioral stimuli or induction 

of long-term potentiation (LTP) induce transcription of many genes. Specific 

immediate early genes or inducible transcription factors can be divided into regulatory 

transcription factors, including c-fos and zif268, and effector genes such as the activity-

regulated cytoskeleton-associated protein (Arc/Arg 3.1) (see Bramham et al., 2010).  

 

Quantification of c-fos mRNA has been performed in brain regions of stressed mice 

that display a depressive-like phenotype and task-specific alterations on cognitive tests. 

Social defeat stress of mice impaired performance in a T-maze continuous alternation 

task for working memory and increased fear memory expression in cued and contextual 

fear-conditioning, but did not alter Morris water maze performance of spatial learning 

and memory (Yu et al., 2011). Analyses of the brains of defeated versus nonstressed 

mice showed increased c-fos mRNA levels in the prefrontal cortex, cingulate cortex, 

primary motor cortex and somatosensory cortex. In the amygdaloid complex, elevation 

of c-fos mRNA was higher in the medial amygdala than in the central amygdala, with 

no effect in the basolateral amygdala. In the hippocampal formation, highest levels of 

c-fos mRNA were found in the CA1, with moderate levels in CA2 and dentate gyrus of 

the hippocampus and the lateral septum, paraventricular thalamic nucleus, dorsomedial 

hypothalamus, and dorsal and median raphe nuclei. In contrast, social defeat-induced 

weaker signals for c-fos mRNA in the nucleus accumbens and a small increase was 

seen in the ventral tegmental area (Yu et al., 2011).  

 

Induction of transcription of the gene encoding brain-derived neurotrophic factor 

(BDNF) generally requires enduring stimuli or chronic administration of 

antidepressants. In addition, increase of BDNF mRNA does often not correspond to 

increase of protein levels, which is probably related to lack of subregional measures 

and distinction of intracellular versus extracellular BDNF protein and 

retrograde/anterograde transport of protein (Pittenger and Duman, 2008; Castrén and 

Rantamäki, 2010). BDNF mediates its effects mainly via TrkB receptors and, thus, 

BDNF signaling can be measured by examining the levels of phosphorylation at 

specific sites of TrkB receptors (Castrén and Rantamäki, 2010). Learned helplessness 

and chronic mild stress both result in prolonged escape latency and decreased memory 

probe test performance. These effects correlated with increased plasma levels of 

corticosterone and decreased hippocampal mRNA levels of BDNF and CREB and were 

normalized by imipramine and fluoxetine (Song et al., 2006). Intra-cerebroventricular 

(i.c.v.) administration of 4-methylcatechol, a stimulator of BDNF mRNA production, 

has been reported to enhance spatial learning and memory in rats. This treatment also 

induced an antidepressant effect and could be prevented by co-administration of an 

anti-BDNF antibody (Sun and Alkon, 2008). Social isolation of mice has been 

associated with impaired learning, indicated by an increased number of training 

sessions necessary to reach criterion in repeated step-through passive avoidance (Manni 
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et al., 2009). Isolated mice given low-frequency stimulation of the cutaneous branch of 

the saphenous nerve and the peroneal nerve displayed normalized passive avoidance 

acquisition, accompanied by decreased amounts of hippocampal levels of BDNF 

protein (Manni et al., 2009).  

 

Expression of Arc is activated by several signaling cascades involved in antidepressant 

actions and synaptic and behavioral memory consolidation. Arc is also regulated by 

mitogen-activated protein kinase (MAPK) and protein kinase A (PKA) pathways 

(Waltereit et al., 2001; Plath et al., 2006). Consistently, a 5-HT1AR antagonist in 

combination with acute administration of the SSRI paroxetine increased Arc mRNA 

levels (Tordera et al., 2003). Arc mRNA production is also induced by long-term 

potentiation (LTP) and BDNF signaling (Steward and Worley, 2001; Bramham et al., 

2010). LTP induces multiple effects on neuronal signaling, including increased levels 

of proinflammatory cytokines such as interleukin (IL)-1β. Overexpression of the human 

soluble interleukin-1 receptor antagonist (hsIL-1ra) in mice resulted in a decrease of 

basal and novelty-induced upregulation of Arc expression patterns in the dentate gyrus 

and protein levels of Arc in hippocampal homogenates. In addition, mice displayed 

impairments of long-term memory performance in a water T-maze, with intact short-

term memory performance (Spulber et al., 2009).  

 

Reductions of immediate early gene expression has been reported in post mortem 

prefrontal samples from depressed patients as well as from mice subjected to chronic 

social defeat stress (Covington et al., 2010). Specifically, qPCR indicated reductions of 

mRNA levels of zif268 and Arc in tissue collected from ventral-medial anterior 

cingulate cortex of unmedicated depressed individuals. Levels of zif268 mRNA were 

also significantly reduced in medicated depressed patients that had remained 

symptomatic, while reductions of c-fos mRNA were not significant in unmedicated or 

medicated samples from depressed individuals. In socially defeated susceptible mice, 

mRNA reductions were seen for zif268 and Arc in the mPFC, but not for c-fos. In 

contrast, no alterations were seen in comparison of nonstressed mice with socially 

defeated unsusceptible mice. Optogenetic stimulation of mice, which had received 

mPFC injections of viral vectors encoding the light-activated cation channel ChR2-

mCherry, reversed depression-like symptoms induced by chronic social defeat stress on 

social interaction and sucrose preference. Laser stimulation in the mPFC also increased 

expression of c-fos and zif268, but not Arc (Covington et al., 2010). A central question 

in understanding the mechanisms underlying establishment and maintenance of 

memories is how experience-induced changes in synaptic signaling are converted into 

long-term neuroadaptations. Many mRNAs for synaptically relevant proteins have 

recently been identified in the hippocampal CA1 neuropil. Arc is one of the most 

studied examples of proteins with dendritic protein synthesis and is implicated in 

mechanisms regulating memory storage and long-term synaptic plasticity (see 

Bramham et al., 2010; Cajigas et al., 2010; Tai and Schuman, 2010). Improvement of 

tools and novel technologies have enabled a more detailed analysis and understanding 

of the role of brain circuits and mechanisms involved in molecular and cellular 

mechanisms underlying information storage and synaptic plasticity in neuronal 

networks (see Tai and Schuman, 2010).  
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1.5.2 Genetically modified mice 

Major depression involves multiple genetic components and interactions between 

genetic vulnerability factors and environmental factors, which also appear to determine 

the risk for developing disease (Caspi et al., 2003; Lohoff, 2010). Genetic vulnerability 

in multifactorial diseases may be considered to be the weakest link in the chain, but 

numerous genes can complement each other with overlapping functions. Despite the 

large amount of genetic findings, we are only beginning to translate the knowledge 

about these genetic components into in vivo function. In order to elucidate mechanisms, 

behavioral neuroscience is required for the interpretation of the role of proteins 

involved in complex physiological functions. Genes contribute to behavioral 

endophenotypes, such as emotional bias, impaired learning and memory and impaired 

executive function, play roles in biological phenotypes like serotonergic dysfunction, or 

functional and structural brain changes (Hasler et al., 2004; Gardier et al., 2009; Carr 

and Lucki, 2011; Kas et al., 2011). 

 

Few scientific developments have led to comparably large sets of new information as 

the continuous development of tools for genetic modifications. In particular, the 

continuous development of genetically modified mice has provided numerous models 

to study the influence of genetic vulnerability on development of multifaceted behavior, 

biological phenotypes and molecular mechanisms involved in antidepressant responses. 

It is an ongoing challenge to refine the models and interpret the information in order to 

increase the understanding of neurobiological mechanisms and in search for potential 

novel drug targets (Cryan and Mombereau, 2004). Despite the powerful genetic tools, 

no satisfactory animal models are available for depression (Cryan and Slattery, 2007; 

Kas et al., 2011).  

 

A major complication of analyses in genetically modified mice is that congenital gene 

modification can result in a number of unexpected developmental compensations and 

adaptive changes, which may or may not be relevant for the molecular mechanisms 

underlying pathophysiological vulnerability to develop disease (Cryan and Mombereau, 

2004). Another complication is that the ability to induce a phenotype may depend on 

the background strain of mice (Jacobson and Cryan, 2007). Without refinement of 

tools, the interpretation of the investigated protein is often limited to an involvement of 

the gene in signaling cascades and circuits which are influencing depression-related 

behavior. It is therefore important to run a broad battery of tests on behavioral, genetic, 

physiological, neurochemical and pharmacological levels. Behavioral tests should be 

conducted both for depressive-like behaviors and associated types of behaviors (Cryan 

and Slattery, 2007) 

  

One important strategy for confirmation of the relevance of phenotypes in genetically 

modified animals is to investigate pharmacological restoration. However, distinctions 

are made for phenotypic restoration with (1) requirement of chronic, but not acute, 

administration of established antidepressant drugs to mediate antidepressant actions (in 

view of the delayed clinical antidepressant response) (2) acute or chronic treatment 

with antidepressants/procognitive agents (in view of differential therapeutic potential of 
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post-exposure treatment and facilitation based extinction psychotherapy and exposure 

based training).  

 

A recent study aimed at assessing whether converging alterations could be detected in 

four different genetic mouse models of depression. The models were (1) 5-HT 

transporter knockout mice (2) antisense-induced knock down mouse model of impaired 

glucocorticoid receptor (GR) function (3) heterozygous mice for vesicular glutamate 

transporter 1 (VGLUT1+/–) (4) cannabinoid 1 receptor KO mice. These genetically 

modified mice have previously been shown to display helpless behavior and in some 

examples also anhedonic behavior and alterations of anxiety-like behavior. Frontal 

cortical mRNA levels were examined by microarrays to identify up- and down-

regulated genes. The genes that were altered across the different models were most 

often implicated in adaptation and post-synaptic remodeling. Three genes implicated in 

modulation of synaptic plasticity were altered more than 20% in all four models; the 

gene encoding Arc, and the two genes coding for Egr2 and Egr4 (early growth response 

2 and 4) (Hoyle et al., 2011).  

 

 

1.5.3 Focal gene therapy 

Alterations of gene expression in selected regions is a growing research avenue offering 

advanced tools for targeted in vivo experimental manipulation. Techniques include 

gene silencing for prevention of endogenous transcription and viral-mediated gene 

transfer of modified DNA via a viral vector in order to produce a modified protein 

(O'Connor et al., 2011; Han and Friedman, 2012). Gene therapy has a potential 

importance especially for the treatment of monogenic diseases, but initial trials of 

retrovirus-mediated gene transfer into bone marrow cells in humans turned out to be a 

failure. Severe immune responses and leukemia-like conditions were induced in two 

patients almost 3 years after gene therapy (Hacein-Bey-Abina et al., 2003). Following 

this, improvements have been made on the safety of gene therapy (see Auman, 2010; 

O'Connor et al., 2011).  

 

Utilization of in vivo virogenetic approaches in experimental models is also a tool to 

elucidate roles of neuronal transmission in defined brain regions. This strategy 

increases the understanding of basal molecular mechanisms underlying neuronal 

functions and defines potential therapeutic targets (Han and Friedman, 2012). Focal 

gene therapy is also an important approach to understand regional dysfunctions and 

linking structure to function in circuitry disorders. The combination of different rabies 

viral vectors, each expressing a different useful neuroscience tool, can be used for 

transduction of a protein encoding gene into the cytoplasm of selected cell populations 

(Osakada et al., 2011). In this context, gene modulation in targeted brain regions 

coupled to behavioral experiments of memory function constitutes a read-out of 

functional connectivity.  
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Adeno-associated viral (AAV) vectors are derived from nonpathogenic parvoviruses 

and have been extensively used over the last two decades. AAV vectors allow for stable 

and robust expression of desired transgenes in vitro and in vivo with efficient and stable 

transduction predominantly into neurons (Morgenstern et al., 2011). As for the use of 

DBS in targeted brain regions, the ethical and safety aspects of invasive brain treatment 

are likely to limit the use of gene therapy within the nearest future. Nevertheless, recent 

advances have been presented on the use of adeno-associated viral vector AAV2-GAD 

gene therapy in patients with advanced Parkinson's disease. The AAV2 vector was used 

for delivery of glutamic acid decarboxylase (GAD) to the subthalamic nucleus in order 

to restore local GABA transmission and to reduce excessive excitatory glutamate 

output. The results of this study were promising, in particular in view of that no serious 

side effects were detected during 6 months evaluation of the patients (LeWitt et al., 

2011).  

 

As described above, p11 protein levels were reduced in the nucleus accumbens in post 

mortem samples from depressed compared to matched healthy controls and p11 KO 

mice display depression-like behaviors (Svenningsson et al., 2006; Alexander et al., 

2010). This depressive-like phenotype was rescued by AAV–mediated overexpression 

of p11 (Figure 3). Focal restoration of p11 levels in the nucleus accumbens, via AAV 

gene therapy, reversed the increased immobility in the TST and FST of p11 knockout 

mice and increased their preference for sucrose. In addition, AAV–mediated RNA 

interference in the nucleus accumbens of normal mice increased immobility in the TST 

and FST, similar to p11 KO mice, without alterations of open-field activity. In contrast, 

AAV mediated p11 RNAi virus administered in the anterior cingulate increased 

immobility in the TST (Alexander et al. 2010). These results indicate that if the clinical, 

ethical and regulatory issues associated with gene therapy can be controlled, restoration 

of p11 in the NAcc will potentially provide a new treatment approach for depression 

(Chen et al., 2010).  
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Figure 3. (A) Focal restoration of p11 in the nucleus accumbens of p11 KO mice, by adeno-

associated virus (AAV2)–mediated vector containing a p11 complementary DNA (cDNA) or 

yellow fluorescent protein (YFP). (B-C) Overexpression of p11 in the nucleus accumbens 

potentiates 5-HT1BR agonist binding. [
125

I]cyanopindolol autoradiography binding in the 

pallidum terminal regions of the accumbens neurons, in the hemisphere overexpressing p11 

(right) compared with the control hemisphere expressing the YFP marker gene (left) **P < 

0.01, two-tailed t test. (D) AAV-mediated overexpression of p11 increased 5-HT1BR 

signaling, as observed by treatment of primary striatal neurons with 10 μM of the 5-HT1BR 

agonist anpirtoline, which resulted in increased area under the curve fluorescence with the 

calcium-sensitive dye Fluor4. Black bars, exposure to anpirtoline; green bar, exposure to 

glutamate as a positive control. (E) The effects of anpirtoline (25 μM; black bars) were fully 

blocked by the 5-HT1BR antagonist GR127935 (10 μM; red bar). (F) AAV-mediated 

overexpression of p11 (black bars) in ventral striatal neurons increased calcium fluorescence 

compared with control RFP (gray bars) to 10, 25, and 50 μM anpirtoline. ****P < 0.0001.  

 

Reprinted with permission; Alexander, Warner-Schmidt, Eriksson et al.,  

Science Translational Medicine (2010) 2(54): 54ra76. 
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1.6 NEUROTRANSMISSION AND SIGNALING PATHWAYS 

Mechanistic studies in the field of depression research have predominantly focused on 

elucidating neurotransmission involved in regulation of motivational processes and 

effects of antidepressants. In comparison, low attention is put on the determination of 

neurobiological mechanisms underlying cognitive deficits in depression, evaluation of 

pharmacological effects and identification of novel targets (Hasler et al., 2004; 

Pittenger and Duman, 2008; Millan et al., 2012). The cellular and molecular 

mechanisms underlying the pathophysiology of depression have not been identified but 

the effects of antidepressants on signaling transduction are increasingly understood (see 

Licinio and Wong, 2011; Nestler and Hyman, 2010; Markou and Cryan, 2012; Sharp 

and Cowen 2011).  

 

Dysfunction of serotonin, noradrenalin and to a lesser degree dopamine 

neurotransmission has long been implicated in the pathophysiology of depression 

(Ågren, 1980; Sharp and Cowen 2011). This is mainly based on indirect evidence, e.g. 

that antidepressants modulate monoamine systems and experimental depletion of 

catecholamines or serotonin can induce depressive symptoms in remitted depressed 

subjects (see Bremner, 1997; Ögren et al., 2008; Sharp and Cowen 2011) and findings 

that 5-HT depletion induce affective memory bias in both healthy and depressed 

individuals (Klaassen et al., 2002). The awareness of the role of monoamine 

neurotransmitters in the first antidepressants were based on serendipitous observations 

that substances used for other indications had antidepressant effects, e.g. imipramine 

and iproniazid (Slattery et al., 2004). Understanding of the monoaminergic action of 

classical antidepressants gave rise to more targeted research developments in order to 

reduce side-effects. The first developed selective serotonin reuptake inhibitors (SSRIs) 

were zimelidine, followed by fluoxetine (see Ögren et al., 2008) (Figure 4).  

Figure 4. Structural formulas of serotonin (5-HT) and some of the pharmacological tools that have 

been commonly used to study the role of serotonin receptors (5-HT1A-7R) in learning and memory. 

Reprinted with permission; Ögren, Eriksson et al., Behavioural Brain Research (2008) 195(1): 54-77.   
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The development of SSRI antidepressants resulted in larger tolerability and enabled a 

safer use in a larger group of patients. Thereafter the research on antidepressants has 

predominantly focused on modulation of serotonin, with additional attention on 

modulation of noradrenaline and dopamine (Slattery et al., 2004; Nutt et al., 2007).  

 

Serotonergic mechanisms are especially implicated in aspects involving negative 

symptoms in depression, like anxiety, fear, guilt, rumination, irritability and aggression, 

impulsivity and appetite, but also in emotional and cognitive aspects of reward. 

Noradrenaline has partly overlapping roles but has been suggested to modulate the loss 

of positive feelings like anhedonia, melancholia, low energy and interest, whereas 

dopamine also plays an important role in motivation and drive (Nutt et al., 2007; Kranz 

et al., 2010).  

 

In view of the delayed onset of antidepressant clinical effects, the effects of 

monoaminergic drugs are attributed to the modulation of neurotransmission in 

secondary systems such as glutamatergic, GABAergic, glucocorticoid, and peptidergic 

function (Agid et al., 2007; Nestler and Hyman, 2010; Sanacora et al., 2011). 

Moreover, the downstream targets of modulatory monoamines and non-monoaminergic 

antidepressants in signaling pathways and gene regulation have been increasingly 

documented in recent years, providing numerous potential targets for development of 

novel drugs (see Nestler and Hyman, 2010; Licinio and Wong, 2011; Cryan and 

Markou, 2012).  

 

 

1.6.1 Glutamate transmission 

Glutamate is the major excitatory neurotransmitter system and is involved in most 

aspects of normal brain function, including learning and memory. Alterations in 

glutamate transmission results in prominent disturbances of neuronal function and both 

depression and cognitive dysfunction are associated with abnormal glutamate 

regulation of neuronal plasticity. Glutamate transmission is also directly and indirectly 

targeted by several antidepressants. Certain actions of the antidepressants fluoxetine 

and tianeptine involve stimulation of excitatory synapses in a manner dependent on 

phosphorylation of the amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) 

receptor. Glutamatergic transmission via AMPARs mediates rapid excitatory 

transmission and is positively regulated by phosphorylation at Ser
831

-GluR1, a 

CaMKII/PKC site, and at Ser
845

-GluR1, a PKA site (Svenningsson et al., 2007).  

 

Rapid antidepressant effects can be achieved by certain types of glutamate regulation 

involving antagonist action on the N-methyl-D-aspartate (NMDA) receptors. These 

effects have been shown for ketamine and to some extent also for other agents with 

mixed results (Zarate et al., 2006a; Preskorn et al., 2008; aan het Rot et al., 2010; 

Philip et al., 2010).These discoveries have resulted in an intensive research to 

determine if antidepressant effects can be achieved by refined pharmacological tools 

that would be more suitable to use. Especially, the signaling pathways which may 

mediate the rapid antidepressant effects of ketamine are increasingly understood (Li et 

al., 2010; Duman et al., 2012; Sanacora et al., 2012).  
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The excitatory neurons in the mammalian hippocampus are the best characterized 

model systems of learning-related plasticity (Ho et al., 2011). AMPARs and NMDARs 

have long been implicated in behavioral and synaptic correlates of memory formation. 

Deficits of declarative or contextual memory processes are attributed to dysfunction in 

cholinergic, glutamatergic and serotonergic neurotransmitter systems, in hippocampal 

and interconnected cortico-limbic circuits (Decker and McGaugh, 1991; Garcia-Alloza 

et al., 2006). In these processes, the glutamatergic NMDAR may serve as a gating-

switch in encoding of new information. Changes in circuitry and synaptic plasticity in 

hippocampal networks or subfields may contribute to the development of novel 

associations of importance for mood disorders (Morris et al., 2003). Pretraining 

administration of the NMDAR antagonist MK-801 disrupts acquisition in several types 

of learning in rats and mice (see Ögren et al., 2008). In support of a critical role of the 

dorsal hippocampus in aversive contextual learning, administration of the NMDAR 

antagonist AP5 in the dorsal hippocampus of mice prior to training in the Passive 

Avoidance task blocks learning and results in an impaired memory performance 

(Baarendse et al., 2008).  

 

Electrophysiological investigations of the physiological basis of memory formation 

have studied NMDAR-dependent long-term potentiation (LTP) and long-term 

depression, which are neuronal correlates of increased functional connectivity in 

response to stimuli. Phosphorylation of the GluR1 subunits of AMPARs is necessary 

for LTP and LTD and consistently, phospho-mutant mice show deficits in LTD and 

LTP and have spatial learning and memory defects (Lee et al., 2003). 

Electrophysiological recordings in anesthetized FSL rats showed impairments of LTP 

in the CA1 region of the hippocampus (Ryan et al., 2009). In accordance, decreased 

levels of the core NR1 subunit were also detected by immunoblotting in hippocampal 

synaptosomes (Ryan et al., 2009).  

 

The stimulatory properties of glutamate transmission are associated with difficulties to 

pharmacologically control an optimal level of glutamate transmission in the brain and 

technical difficulties in measuring rapid glutamate signaling with classical methods like 

in vivo microdialysis. Enzyme-based microelectrode array has recently been developed 

for second-by-second measurement of L-Glutamate kinetics with low detection limits 

for Glu (Hascup et al., 2008). Glutamate levels during resting levels and rapid 

glutamate transients have been examined in FSL and FRL rats, implanted with 

microelectrodes prepared for glutamate measures into the prefrontal cortex. 

Microelectrode array measurements of resting glutamate levels in awaken rats showed 

abnormal fluctuations in aged but not adult FSL rats, compared to FRL rats, indicating 

disturbed glutamate neurotransmission in this genetic rat model of depression (Hascup 

et al., 2011).  

 

Chronic stress paradigms mediate particularly harmful effects on hippocampal structure 

and function, and the molecular mechanisms regulating these adaptive responses to 

stress are increasingly demonstrated (Popoli et al., 2011; McEwen, 2012).On the other 

hand, acute stress may facilitate memory function by noradrenaline regulated AMPAR 

trafficking (Hu et al., 2007a; Conboy, 2010). An aging study on chronic social stress 

during adolescence in male mice showed that adult mice tested one year later displayed 
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selective spatial memory impairments. Old mice that had been stressed also had 

impaired LTP induction in CA1 neurons, decreased hippocampal BDNF mRNA levels 

and synaptophysin immunoreactivity, and expression changes of the NMDAR subunit 

NR2B, compared to non-stressed mice, indicating structural and functional alterations 

in formerly stressed mice (Sterlemann et al., 2010). Heterozygous vesicular glutamate 

transporter 1 (VGLUT1+/–) mice display basal impairments in working and social 

memory and alterations in behavioral tests for schizophrenia (Inta et al., 2012). On the 

other hand, VGLUT1+/– mice perform similar to WT mice in the novel object 

recognition task. Chronic mild stress impaired object recognition memory, both in WT 

and VGLUT1+/– mice, and the effects were attenuated by repeated imipramine in 

VGLUT1+/– mice (Garcia-Garcia et al., 2009).  

 

Whole-genome expression profiling has shown increased expression of MKP-1 in 

hippocampal CA1 and DG in postmortem tissue from depressed subjects compared to 

controls. MKP-1 is the mitogen-activated protein kinase (MAPK) phosphatase-1 (Duric 

et al., 2010). MKP-1 (phosphatase-1 (DUSP1)), belongs to proteins dephosphorylating 

both threonine and tyrosine residues. Inhibition of ERK signaling by increased 

hippocampal expression of MKP-1 is consistent with decreased levels of phospho-ERK 

in the hippocampal postmortem tissue from depressed suicide subjects (Dwivedi, 2001; 

Hsiung et al., 2003).  

 

Chronic treatment with fluoxetine prevented stress-induced behavioral effects and 

hippocampal expression of the negative MAPK regulator MKP-1, while mice lacking 

MKP-1 are more resistant to the effects of stress (Duric et al., 2010). Extending the 

analyses with gene transfer confirmed that inhibition of ERK signaling by MKP-1 is 

important for the negative impact of chronic unpredictable stress. Non-stressed rats 

were treated with a viral vector (recombinant adeno-associated virus (rAAV)) for local 

overexpression of MKP-1 in hippocampal DG. This treatment induced similar effects 

as chronic stress, supporting the predicted role of the MAPK pathway in depression and 

antidepressant mechanisms (Duric et al., 2010). Rats given rAAV–MKP-1 displayed 

increased forced swim test immobility, increased latency to feed in the novelty-

suppressed feeding and anhedonic behavior (decreased sucrose preference). In addition, 

rats also showed more failures to escape in the active avoidance test indicating helpless 

behavior and/or learning deficits (Duric et al., 2010).  

 

 

1.6.2 GABA transmission 

Besides the developing field of fast excitatory transmission in neuropsychiatric 

diseases, the importance of inhibitory GABA transmission receives increasing 

attention. Growing preclinical and clinical evidence points towards a key role of GABA 

deficits in depression (Luscher et al., 2011). The main inhibitory neurotransmitter in the 

CNS is GABA, which regulates many physiological and psychological processes. 

Serotonin and noradrenaline reuptake inhibitors may mediate some of their effects via a 

potentiation of GABAergic neurotransmission (Luscher et al., 2011). Monoaminergic 

antidepressant treatment with the SSRIs fluoxetine or citalopram increases occipital 

GABA concentrations (Sanacora et al., 2002). Proton Magnetic Resonance 
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Spectroscopy has shown decreased relative GABA concentrations in the occipital 

cortex of depressed subjects compared to healthy controls (Sanacora et al., 2004). 

Spectroscopy has also shown reductions in the Glx peak in depressed individuals. The 

Glx peak includes predominantly the intracellular pools of glutamate, glutamine and 

GABA. These reductions are in line with reductions of glial cells, with perineuronal 

oligodendroglia and astroglia being important for glutamate–glutamine cycling (Price 

and Drevets, 2010). Predator odor-exposure of mice to 2,5-Dihydro-2,4,5 

trimethylthiazoline, a synthetic compound originally isolated from fox feces, 

specifically facilitated spatial memory performance, if given prior to retrieval but not if 

given during consolidation. Predator exposure increased peripheral corticosterone 

release in wild type mice. HPA-stress axis activation by predator exposure was absent 

in transgenic GAD67-GFP knock-in mice, while the facilitatory effects on memory 

retention by predator odor remained, thereby indicating an involvement of GABAergic 

mechanisms distinct of peripheral corticosterone release (Janitzky et al., 2011).  

 

The GABAAR is the most abundant inhibitory neurotransmitter receptor in the brain. 

GABAAR mediate fast synaptic and tonic inhibition in the mammalian brain and 

consist of five subunits building a chloride ion channel. The GABAAR is targeted by 

used drugs such as benzodiazepines, commonly used as sedating and anxiolytic agents. 

The types of benzodiazepines commonly used in the clinics are generally allosteric 

modulators of GABAA receptors without selectivity for different subtypes. 19 different 

subunit isoforms have been identified with the major GABAAR type in adult brain 

consisting of α1, β2, and γ2 subunits. More recently, the use of α2, α3 GABAAR 

subunit modulators have been proposed as effective, non-sedative anxiolytics. Also, the 

selective benzodiazepines alprazolam and adinazolam mediate antidepressant effects in 

humans (Amsterdam et al., 1986; Petty et al., 1995). In addition, α2, α3 GABAAR 

subunit modulators constitute novel types of antidepressants, mediating fast acting 

effects compared to monoaminergic antidepressants (Möhler, 2011). In addition, 

antihyperalgesic actions have been found for an α2-selective agonist, effects which 

could be valuable in studies of chronic pain associated with anxiety and depression 

(Möhler, 2011).  

 

In comparison, fewer studies have examined the GABABR system, due to the lack of 

selective pharmacological tools. Recent findings point out prominent interactions 

between GABAergic signaling with the 5-HT system and neurotrophic factors and 

antagonists for GABABR have potential antidepressant actions (Cryan and Slattery, 

2010). An innovative study recently demonstrated that chronic administration of 

Lactobacillus rhamnosus (JB-1) can alter brain GABAR expression in a subunit-

specific and regional-dependent manner in mice (Bravo et al., 2011). GABA(B1b) 

mRNA was increased in cingulate and prelimbic cortical regions, but expression was 

reduced in the hippocampus, amygdala, and locus coeruleus. On the other hand, mice 

given Lactobacillus rhamnosus were found to have reduced expression of GABA(Aα2) 

mRNA in the prefrontal cortex and amygdala, but increased GABA(Aα2) in the 

hippocampus. In addition, attenuation of stress-induced corticosterone, and reduced 

anxiety- and depression-related behavior was found in mice given Lactobacillus 

rhamnosus compared to control fed mice. The behavioral and neurochemical effects of 

bacteria exposed to the gut depend on communication via the vagus nerve (Bravo et al., 
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2011). In addition to providing information on the role of GABABR in depressive-like 

states, this study is interesting also from the perspective of understanding mechanisms 

underlying antidepressant effects of vagal nerve stimulation in treatment resistant 

depression (Schlaepfer et al., 2012).  

 

 

1.6.3 Serotonin transmission 

Serotonin (5-HT) has long been implicated in emotional and cognitive control 

processes and SSRIs are first line options for treatment of major depression and several 

additional neuropsychiatric conditions. Pharmacological and genetic studies have 

highlighted the serotonergic system in regulation of emotional and cognitive functions 

(Taylor et al., 2006; Clark et al., 2009; Sharp and Cowen 2011). The modulatory effect 

of 5-HT on multiple targets is increasingly understood and how monoamines interact 

with other brain systems (e.g. Galeotti and Ghelardini, 2012; Shishkina et al., 2012; 

Vines et al., 2012). The principal sources of 5-HT transmission in the brain are the 

neurons with cell bodies in the raphe nuclei along the brain stem (Ögren et al., 2008) 

(Figure 5). 5-HT is synthesized from L-tryptophan in two steps i.e. L-tryptophan 

hydroxylase TPH catalyses the first rate-limiting formation of the serotonin precursor 

L-5-hydroxytryptophan (5-HTP), which is then rapidly decarboxylated to 5-HT by the 

enzyme aromatic-L-amino-acid decarboxylase. TPH regulates central and peripheral 

levels of 5-HT and various polymorphisms of the second isoforms exists. TPH2 also 

influences central serotonergic functions, with implications for several mood disorders, 

emotional and cognitive function and the responses to environmental stressors and 

pharmacological treatment (see Waider et al., 2011).  

 

Functional polymorphism in the promoter region of the serotonin transporter (5-HTT) 

interacts with stressful life events to influence the risk to develop depression (Caspi et 

al., 2003). A large number of studies have been carried out to investigate effects of 

functional polymorphisms of the serotonin transporter (5-HTT). The short allelic 

variant of the serotonin transporter-linked polymorphic region (5-HTTLPR) leads to 

reduced serotonin transporter (5-HTT) availability and function. The short allelic 

variant results in increased levels of serotonin and is associated with increased anxiety 

neuroticism (Lesch et al., 1996). However, the short 5-HTTLPR variant of the 5-HTT 

gene appears to have been preserved because it also is evolutionary beneficial. Human 

and primate data have indicated that short 5-HTTLPR carriers perform better than 

carriers of the long allele in social cognition (Homberg and Lesch, 2011). The levels of 

the 5-HTT differ largely between individuals. Furthermore, the interpretation of the 

multiple reports on 5-HTT and regulation of anxiety and coping to stress is evidently 

complicated and several reports show contrasting results (Sharp and Cowen 2011).  
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Depressed patients which are short-variant carriers for 5-HTTLPR polymorphism have 

higher CSF metabolite concentrations of 5-hydroxyindoleacetic acid (5-HIAA) and 

homovanillic acid (HVA) (Kishida et al., 2007). The 5-HTTLPR short variant has also 

been linked to increased negative emotionality, due to either increased amygdala 

reactivity or increased baseline activation of the amygdala (Hariri et al., 2002). A 

possible mechanism in these differences may be dysfunctions in neurocircuitries 

connecting the PFC and amygdala. Short-variant carriers have reduced gray matter 

volume in the amygdala and subgenual anterior cingulate cortex, and a lowered 

functional connectivity between these regions, which is in line with disruptions in this 

neural circuit that is important in emotional reactivity and fear extinction (Pezawas et 

al., 2005). The serotonin-transporter genotype also modulates the inhibition of 

emotional conflicting information processing in the face-word Stroop task. Negative 

word distractors interfered with the valence identification of positive faces in carriers of 

two short alleles, whereas carriers of one or two long alleles were distracted by positive 

words (Koizumi et al., 2011). The short 5-HTT allele has also been associated with 

impaired delayed memory recall, lower hippocampal volume and higher waking 

cortisol levels, in non-dement older adults (O'Hara et al., 2007).  

 

 

 

 

Figure 5. Schematic illustration of ascending and descending serotonergic pathways in the 

rat brain. DRN: dorsal raphe nucleus, MRN: median raphe nucleus, RPN: nucleus raphe 

pontis, RM: nucleus raphe magnus, RO: nucleus raphe obscurus, RP: nucleus raphe 

pallidus, cx: cerebral cortex, hpc: hippocampus, ob: olfactory bulb, s: septum, th: thalamus, 

ht: hypothalamus, oc: optic chiasm, pit: pituitary, cb: cerebellum, sc: spinal cord. Reprinted 

with permission; Ögren, Eriksson et al., Behavioural Brain Research (2008) 195(1): 54-77.   
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5-HTT-deficient mice are used as models for allelic variation in 5-HTT function. 5-

HTT knockout mice showed increased anxiety-like behaviours and increased cognitive 

performance in some tests (Bengel et al., 1998; Lewejohann et al., 2010; Homberg and 

Lesch, 2011). Serotonin transporter knock-out mice display normal acquisition of 

auditory fear conditioning and extinction, but higher fear extinction recall (Wellman et 

al., 2007). 5-HTT–/– mice also display active escape deficits in shock avoidance (Lira 

et al., 2003), and such active escape deficits were also seen after transient inhibition of 

the 5-HTT by administration of fluoxetine during early development in 5-HTT+/– or 5-

HTT+/+ mice (Ansorge et al., 2004). Heterozygous 5-HTT+/− mice display no 

alterations at baseline, but develop anxiety-like behaviors as adult mice if exposed to 

prenatal stress (Heiming et al., 2009; Bartolomucci et al., 2011). The ambiguous cue 

fear conditioning test can be used for assessment of freezing response bias to a partially 

(tone) and perfectly (light) conditioned cue. Heterozygous 5-HTT mice, which had 

received low maternal care, displayed higher freezing to a partially conditioned cue but 

not a perfect cue (Carola et al., 2008). On the contrary, low anxiety is seen in 

transgenic mice overexpressing the 5-HTT, with a two- to threefold increase in 5-HTT 

binding sites in the raphe nuclei and in forebrain regions. The increase of 5-HTT 

reduced regional brain amounts and extracellular levels of 5-HT, in a SSRI-reversible 

manner (Jennings et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 5-HT1AR regulation of septohippocampal cholinergic/GABAergic neurons 

modulating emotional memory performance in the Passive Avoidance task. The 5-HT1AR 

was locally infused into the medial septum/diagonal band of Broca nuclei 10 min prior to 

Passive Avoidance training. Memory performance was assessed in rats by step-through 

retention latencies at the memory test performed 24 h after training. Intraseptal 8-OH-

DPAT dose-dependently impaired long-term memory performance of rats. *p < 0.05 

versus artificial cerebrospinal fluid (aCSF) control, #p < 0.05 1 µg versus 4 µg dose of 

(R)8-OH-DPAT. Reprinted with permission; Ögren, Eriksson et al., Behavioural Brain 

Research (2008) 195(1): 54-77.   
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Figure 7. Schematic illustration of the neuronal circuits (top) and proposed mechanisms 

by which 5-HT1AR or 5-HT2AR agents and cholinergic drugs can affect glutamatergic 

signaling in cortical pyramidal neurons (bottom). Serotonergic input to the cortex is 

derived from the dorsal raphe nucleus (DRN) which may directly and indirectly regulate 

functional control in cortical neuronal circuits. Cortical release of acetylcholine can be 

regulated by 5-HT1ARs on cholinergic cell bodies located in the nucleus basalis of 

Meynert (NBM) or via increased activity of excitatory glutamatergic cortical afferent 

fibers leading to the NBM. 5-HT1ARs are also located in the position to influence 

dopaminergic, noradrenergic activity in the locus coeruleus (LC) or in the ventral 

tegmental area (VTA) or substantia nigra (SN).  

 

Reprinted with permission; Ögren, Eriksson et al., Behavioural Brain Research (2008) 

195(1): 54-77.   
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Figure 8. Signaling cascades involved in 5-HT1AR regulation of phosphorylation states of 

glutamatergic AMPA and NMDAR and transcription factors in hippocampal neurons. 5-

HT1AR are coupled to inhibitory Go and/or Gi/o proteins. 5-HT1AR activation inhibits N-

type calcium channels and activates hyperpolarizing potassium channels, and reduces 

calcium-dependent adenylyl cyclase, which leads to reduced cAMP formation and 

decreased activity of protein kinase A (PKA). PKA directly phosphorylates NMDA and 

AMPA receptors as well as inhibitor-1 (Inh-1). Following phosphorylation by PKA, Inh-1 

becomes a potent inhibitor of protein phosphatase-1 (PP1), resulting in dephosphorylation 

of NMDA and AMPA receptors. PKA may also directly phosphorylate the transcription 

factor CREB and promote gene expression. PKA also indirectly regulates CREB 

phosphorylation via the MEK1/2/ERK1/2/p90RSK cascade. The PKA/MEK1/2/ERK1/2 

pathway also regulates the phosphorylation state of the transcription factor ELK-1. As a 

result of the ability to phosphorylate PP1, PKA indirectly regulates the PP1-dependent 

dephosphorylation of CaMKII, which in turn, regulates the phosphorylation states of 

NMDA and AMPA receptors and their regulation of Ca
2+

 and Na
+
 influxes. Red arrows 

indicate inhibition. Black arrows indicate stimulation. 

 

Reprinted with permission; Ögren, Eriksson et al., Behavioural Brain Research (2008) 

195(1): 54-77.   
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5-HTT overexpressing mice display reduced anxiety-like behaviour across a range of 

tests and increase of burrowing and marble burying (Line et al., 2011). The 5-HTT-

derived modulation of several aspects of emotional functions illustrates the complexity 

of the serotonergic transmitter system. In view of that SSRI treatment are mediating 

antidepressant effects, the simplified conclusion would be that the short 5-HTTLPR, 

which is associated with increased extracellular levels of 5-HT, would result in positive 

effects similar to SSRI treatments. However, the increased levels of 5-HT in short allele 

carries is instead associated with increased depressive, anxiety and fear related 

behaviors and some evidence for improved aspects of cognition. The differential levels 

of 5-HT signaling are associated with changes in 5-HTR subtypes (see below) (Hariri 

and Holmes, 2006; Homberg and Lesch, 2011).  

 

Given the different subtypes of 5-HT receptors, and their complex localization in 

multiple postsynaptic targets (Figure 6), it is of importance to identify the serotonergic 

receptor targets and the secondary effects initiated in target regions (Figure 7). For 

antidepressant-like effect in rodent tests of helplessness, effects in the same directions 

as SSRI has been reported by agonists stimulating the 5-HT1AR, 5-HT1BR, 5-HT2CR, 5-

HT4R, and 5-HT6R-subtypes. In comparison, similar effects as SSRI have been 

reported for antagonists at 5-HT2CR, 5-HT3R, 5-HT6R, and 5-HT7R (see Gardier et al., 

2009; Carr and Lucki, 2011). In addition, a large number of knockout and transgenic 

mice have been developed that display alterations in depressive-related behaviors or in 

response to SSRIs (see Gardier et al., 2009; Carr and Lucki, 2011) e.g. KO mice for 5-

HT1AR (Knobelman et al., 2001; Mayorga et al., 2001), 5-HT1BR (Knobelman et al., 

2001; Mayorga et al., 2001) and 5-HT7R (Guscott et al., 2005). Elucidation of the role 

of specific receptor subtypes and potential targeting by antidepressants is highly 

complex in view of the multiple points altering the receptors, for example due to the 

influence of genetic factors, alterations of expression levels, functional coupling, 

regulation of pharmacological effects and aspects of neuronal plasticity. Some 

explanations for the many perplexing findings are likely the specific localizations of the 

receptors, cell type expressions and their coupling to intracellular signaling cascades. 

Although 5-HT dysregulation affects several functions relevant for depression, 

emotional processing and cognition, some effects are also unspecific in terms of 

affecting numerous other functions, such as stimulating locomotor activity. 

 

The combination of receptor subtypes and targets involved in postsynaptic effects of 

antidepressants is only partly understood and the differential individual roles of the 

receptor subtypes remain to be elucidated (Carr and Lucki, 2011). Instead of increasing 

or decreasing levels of 5-HT transmission per se, the selective targeting of individual 5-

HTR-subtypes may provide opportunities for the development of a newer generation of 

antidepressants that may be more beneficial and effective than SSRIs (Carr and Lucki, 

2011). Biased agonists are compounds designed for selective targeting of specific 

receptor subpopulations or distinct signaling pathways. The development of biased 

agonists would be especially valuable for 5-HTR-subtypes in view of the complex pre- 

and postsynaptic receptor distribution and may enable advanced therapeutic efficacy 

and decreased side effects (Newman-Tancredi, 2011).  
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The 5-HT1AR is widely distributed in the brain and is the most extensively studied 

receptor subtype with a vast number of studies pointing out alterations of this receptor 

in patients with neuropsychiatric disorders. The 5-HT1AR is coupled to Gαi/o proteins, 

mediating inhibitory effects via somatodendritic receptors and multiple postsynaptic 

targets (Hannon and Hoyer, 2008; Carr and Lucki, 2011). Several genetic factors have 

been identified which regulate the transcription and expression of 5-HT1ARs (see Albert 

et al., 2011). A large number of imaging studies and post-mortem studies have further 

illustrated differences in levels of 5-HT1AR, and predominantly reductions have been 

reported in some groups of depressed patients (Drevets et al., 2007; Savitz et al., 2009; 

Shrestha et al., 2012) and in separate conditions like in panic disorder (Neumeister et 

al., 2004) and temporal lobe epilepsy (Toczek et al., 2003). Many of the studies 

showing alterations in 5-HT1AR levels have also pointed out associations of the 5-

HT1AR with depression-related personality traits, anxiety and the response to 

antidepressants (Strobel et al., 2003; Lesch and Gutknecht, 2004), and stress-related 

information processing (Mekli et al., 2011). The 5-HT1AR is also implicated to play a 

role in epigenetic regulation of plasticity in response to SSRI treatment (Covington et 

al., 2009; Maya Vetencourt et al., 2011). The 5-HT1AR regulates adaptations in neural 

circuitries and cellular plasticity in response to antidepressant treatments (Samuels and 

Hen, 2011) Serotonergic actions via the 5-HT1AR are also implicated to have a 

stimulatory role in the neurogenic effects of SSRIs on adult hippocampal neurogenesis 

(Santarelli et al., 2003; Samuels and Hen, 2011).   

 

Functional regulation of 5-HT1AR signaling has important consequences both for 

driving neurochemical mechanisms in neuronal networks and responses to drugs 

targeting serotonergic transmission (Ögren et al., 2008; Gardier et al., 2009; Carr and 

Lucki, 2011; Hahn et al., 2012) (Figure 8). The delayed onset of clinical antidepressant 

effect by antidepressants and SSRI treatment has long been attributed to functional 

somatodendritic desensitization of 5-HT1A autoreceptors (Gardier et al., 1996; Slattery 

et al., 2004). This is based on a negative feedback inhibition in the serotonergic system 

by the 5-HT1A and 5-HT1B autoreceptors. However, the serotonergic tone prior to the 

onset of treatment appears to be more important (Richardson-Jones et al., 2010).  

 

Despite that 5-HT1BRs are positioned on axon terminals to regulate synaptic release of 

both 5-HT and additional transmitters, the specific roles of this receptor subtype has 

only started to emerge. As the 5-HT1AR, the 5-HT1BR is coupled to Gαi/o but their 

differential localization and distribution patterns result in separate functions (Hjorth et 

al., 1995; Sari 2004; Gardier et al., 2009; Carr and Lucki, 2011).  

 

As described above, membrane levels and signaling of 5-HT1BRs are regulated by the 

adaptor protein p11 (Svenningsson et al., 2006). The levels of p11 are decreased in post 

mortem tissue from depressed patients and in the Helpless (H/Rouen) rodent models of 

depression and in p11 KO mice (Svenningsson et al., 2006; Alexander et al., 2010). 

Following these studies, recent examinations showed reduced 5-HT1BR binding 

potential in the ventral striatum/ventral pallidum of depressed individuals compared to 

healthy control participants (Murrough et al., 2011a). Patients with PTSD also have 

reductions in 5-HT1BR binding in the caudate, the amygdala, and the anterior cingulate 

cortex, compared to trauma-exposed control participants without PTSD. In addition, the 
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age of participants at the first trauma correlated with low binding potential, more severe 

PTSD and major depression comorbidity (Murrough et al., 2011b). Growing evidence 

suggests an important role of the 5-HT1BR in depression-related conditions and 

indicates a need for assessing 5-HT1BR agonists as antidepressants (Svenningsson et 

al., 2006; Ruf and Bhagwagar, 2009; Murrough and Neumeister, 2011). 

 

The amounts of serotonin and its major metabolite 5-hydroxyindoleacetic acid (5-

HIAA) have been measured in the serotonin projection areas striatum cortex and 

hippocampus of p11 KO mice. p11 KO mice have an increased serotonin turnover (5-

HIAA/5-HT ratio), in striatal tissue. These findings are consistent with p11 regulations 

of 5-HT1BR, resulting in a negative regulation of 5-HT turnover or metabolism in p11 

KO mice (Svenningsson et al., 2006). p11 KO mice are resistant to the neurogenic and 

behavioral effects of fluoxetine in novelty suppressed feeding, whereas imipramine 

attenuates the increased immobility of p11 KO mice in the TST (Svenningsson et al., 

2006).  

 

Viral vector-mediated transfection of 5-HT1BR into the septal area of rats increased the 

inhibitory effect of 5-HT1BR agonist stimulation on hippocampal acetylcholine, in line 

with a heteroreceptor role of 5-HT1BR on cholinergic terminals (Riegert et al., 2008). 

Manipulation of 5-HT1B autoreceptor function by targeting the viral-mediated gene 

transfer towards the caudal dorsal raphe nucleus reduced immobility and increased 

swimming in the forced swim test, thus indicating antidepressant-like effects of 5-HT1B 

autoreceptor overexpression. No alterations were observed for open field locomotion or 

thigmotaxis. Reduced freezing was again seen during the fear expression test in 

contextual fear conditioning. Additional experiments showed that reduced fear 

expression was only observed if the overexpression of 5-HT1B autoreceptor was 

induced prior to testing and not if 5-HT1BRs were increased prior to training. The 

earlier injection then resulted in that the receptor levels had normalized at the memory 

test due to inactivation of the herpes simplex virus immediate early 4/5 promoter and 

degradation of transgenic 5-HT1BR. In comparison, administration of the 5-HT1BR 

agonist CP-94253 in normal rats also reduced measures of conditioned fear if injected 

prior to the memory test (McDevitt et al., 2011).  

 

Overexpression of 5-HT1BRs in the midrostral DRN neurons reduced fear-potentiation 

of startle, an effect that could be prevented by the 5-HT1B antagonist SB224289 (Clark 

et al., 2004). In contrast, 5-HT1BR agonist challenge reduced prepulse inhibition, which 

can be blocked by chronic, but not subchronic, fluoxetine treatment. 5-HTT KO mice 

showed no such effect by 5-HT1BR agonist activation by RU24969, with intermediate 

effects in heterozygous mice. In addition, reductions of 5-HT1BR binding and 

functional receptor coupling are seen in the globus pallidus and substantia nigra of 5-

HTT KO mice (Shanahan et al., 2009). Decreased levels of 5-HT1BR mRNA 

expression have been observed in several forebrain regions in old rats, with inferior 

memory performance compared to young rats (Mitchell et al., 2009).  
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The 5-HT4R is at first glance a comparably simply regulated subtype in view of its 

coupling to stimulatory Gαs proteins and some additional targets. Positive effects have 

also been described for agonist stimulation on both rapid antidepressant and 

procognitive aspects. This receptor is one of the most characterized subtypes and 

appears to be a promising target for selective drugs in several therapeutic fields 

(Bockaert et al., 2011; Carr and Lucki, 2011). 5-HTT KO mice have generalized brain 

reductions of 5-HT4R binding, while heterozygous mice show no reductions. In 

contrast, increased 5-HT4R binding density across several brain regions, except of the 

amygdala has been reported in 5-HTT OE mice, with the amygdala binding reducing 

by fluoxetine indicating adaptive changes of the 5-HT4R in response to changes in 5-

HT availability (Jennings et al., 2011). Membrane levels of 5-HT4R are also regulated 

by p11, which is important for antidepressant-like behavioral effects (Warner-Schmidt 

et al., 2009).  

 

The most recently cloned serotonergic receptor-subtype, the 5-HT7R is also one of the 

least characterized (Carr and Lucki, 2011). Especially few agonists are available and 

the majority of studies on the role of the 5-HT7R has used KO mice or 5-HT7R 

antagonists. The effects of 5-HT7R is mediated primarily via coupling to stimulatory 

Gαs proteins, but additional signaling targets have been described. Furthermore, the 

functional output of activity over the receptors will ultimately depend on the type of 

target cells and subcellular localization (Hannon and Hoyer, 2008). Several clinically 

effective antidepressants have long been known to act at the 5-HT7R, which has 

suggested that this subtype should be investigated in more detail concerning its role in 

antidepressant effects. Recent preclinical data have supported that 5-HT7Rs alterations  

and specific antagonists have potential as novel therapy approaches with rapid onset of 

action or adjunctive therapy in treatment of major depression (Adell, 2010; Bang-

Andersen et al., 2011; Leopoldo et al., 2011; Mnie-Filali et al., 2011; Mork et al., 

2012). 
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2 AIMS 

 

The general aim of this thesis was to identify neurobiological mechanisms in emotional 

memory with focus on the serotonergic receptor system. Such information may be 

critical for improving treatments of cognitive dysfunction in neuropsychiatric disorders 

including major depression. To accomplish this goal, there is a need to develop 

improved translational animal models which can recapitulate the cognitive impairments 

seen in depressed patients.  

 

An integrative research strategy was utilized to investigate the role of specific 

serotonergic receptor subtypes in emotional memory processes. Additional experiments 

were performed to gain insight in neuronal mechanisms, aiming to identify key 

regulators under normal physiological conditions and in rodent models of depression. 

Multiple methodologies were undertaken based on a combination of behavioral, 

neuropharmacological, biochemical, histological, transgenic and gene modulation 

approaches. Particular emphasis was put on investigating whether changed 

transmission via specific 5-HTR subtypes would result in alterations in hippocampal 

neurocircuitries.  

 

Based on these general aims, the following specific aims of the thesis were formulated:  

 

 To investigate the utility of the rodent Passive Avoidance task for assessment of 

mechanisms underlying emotional memory processes. 

 To assess emotional memory function prior to treatment in a multigenetic rat 

model and a knockout mouse model for aspects of depression.  

 To increase understanding and explore therapeutic potential of cognitive 

improvement by 5-HT modulation under normal conditions and in depressive-

like states.  

 To evaluate 5-HTR subtype-specific interactions in regulation of emotional 

memory and the role of the hippocampus in genetic alterations and 

pharmacological responses.  

 To measure 5-HT interactions with different aspects of glutamatergic, 

cholinergic and GABAergic mechanisms.   

 To compare and contrast antidepressant actions and 5-HT modulation on 

memory performance, receptor phosphorylation, intracellular signaling 

transduction and gene regulation. 

 To gain increased understanding of normal and disease network functions or 

treatment response, by studies of genetic and pharmacological modulation of 

behavioral and molecular measures of functional neurocircuitries.  
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3 MATERIALS AND METHODS 

 

This thesis work utilized a range of neuropharmacological methods, with a detailed 

description found in each paper referred to by the Roman numerals. Behavioral studies 

were complemented with mechanistic studies of neurochemistry, histology, molecular 

biological techniques and genetic models as summarized below:  

 

 

3.1 CELL CULTURE  

3.1.1 HeLa cells transfected with 5-HT7(a)R (II) 

 

 

3.2  MOUSE MODELS 

3.2.1 NMRI mice (IV)  

3.2.2 C57Bl/6 mice (I, II)  

3.2.3 S100A10 knockout (p11 KO) mice (V) 

 

 

3.3 RAT MODELS 

3.3.1 Flinder’s sensitive line (FSL) of rats and  

Flinder’s resistant line (FRL) of rats (III) 

 

 

3.4 PHARMACOLOGICAL TREATMENTS 

3.4.1 Acute and repeated systemic administration (I-V) 

3.4.2 Chronic antidepressant food administration (III)  

3.4.3 Local brain infusion (II, V) 

 

 

3.5 BEHAVIORAL METHODS 

3.5.1 Passive Avoidance emotional memory task (I-V) 

3.5.2 ECG recordings during fear conditioning (II) 

3.5.3 Novel Object Recognition memory task (V) 

3.5.4 Forced Swim Test (III) 

3.5.5 Open Field measures (III, V) 

3.5.6 Elevated Plus Maze (III) 
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3.6 BRAIN NEUROCHEMICAL DETERMINATION  

3.6.1 Magnetic Resonance Spectroscopy (V) 

 

 

3.7 STEREOTACTIC APPLICATIONS  

3.7.1 Chronic Cannulae implantation (II) 

3.7.2 Intrahippocampal drug injection (II, V) 

3.7.3 Methylene Blue intracranial infusion (II, V) 

3.7.4 Enzyme-based Micro-Electrode Assay (V) 

3.7.5 Adeno-Associated Viral vectors (V)  

 

 

3.8 HISTOLOGICAL MEASUREMENTS 

3.8.1 Riboprobe in situ hybridization (III, V)  

3.8.2 Quantitative receptor autoradiography (III, V) 

3.8.3 Nuclear Fast Red counterstaining (II, V) 

 

 

3.9 BIOCHEMICAL TECHNIQUES 

3.9.1 Radioligand binding assay (II) 

3.9.2 Immunoprecipitation (III) 

3.9.3 Immunoblotting (II, III, V) 

 

 

3.10 DATA MANAGEMENT  

3.10.1 Ethical applications and permissions (I-V) 

3.10.2 Biosafety and genetic modification (V)  

3.10.3 Analyses and statistics (I-V) 
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4 RESULTS AND DISCUSSION 

 

Some key aspects of the current thesis work are presented below. More comprehensive 

descriptions and unpublished figures are given in the full papers, referred to by the 

Roman numerals, which are found in the back of the printed thesis.  

 

 

4.1 EMOTIONAL MEMORY FUNCTION IN NORMAL RODENTS 

4.1.1 Involvement of 5-HT7R in 5-HT1AR attributed actions  

In the first series of experiments, pharmacological studies were performed in C57Bl/6 

mice (Paper I). This inbred strain of mice is commonly used as genetic background of 

mutant and transgenic mice. These studies extended data on the role of the 5-HT1AR 

in Passive Avoidance memory function performed in NMRI mice (Madjid et al., 

2006) and Sprague-Dawley rats (Misane and Ögren, 2000; 2003; Lüttgen et al., 2005) 

and using in vivo microdialysis (Kehr et al., 2010).  

 

The commonly used 5-HT1AR agonist 8-OH-DPAT has in recent years been recognized 

to also have actions via the 5-HT7R. In view of that both additive and opposite effects 

of 5-HT1AR and 5-HT7R have been reported on different physiological functions, the 

involvement of the 5-HT7R in effects attributed to the 5-HT1AR were investigated in the 

Passive Avoidance task for emotional memory processing.  

Figure 9. Vehicle treated mice acquired the 

Passive Avoidance task and showed a high 

avoidance to enter the dark context at the 

retention test. As reported previously, 

pretraining administration 8-OH-DPAT 

impaired emotional memory performance, 

as indicated by the shorter step-through 

latency to enter the conditioned context. 

The 5-HT7R antagonist SB-269970 

intensified the 8-OH-DPAT-induced 

impairments, suggesting that stimulation of 

5-HT7R by 8-OH-DPAT counteracts the 

impairing effects mediated primarily via 

stimulation of the 5-HT1AR.  

 

Reprinted with permission; Eriksson et al. 

European Journal of Pharmacology (2008) 

596(1-3): 107-10 (Paper I). 
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4.1.2 Crosstalk between 5-HT1AR and 5-HT7Rs  

In view of the opposite roles of the 5-HT7R and 5-HT1AR in regulation of emotional 

memory (Paper I), the second series of experiments investigated effects of direct and 

indirect agonist stimulation of the 5-HT7R and 5-HT1AR (Paper II). The studies of the 

5-HT7R have been held back due to the lack of selective agonists. Two novel and 

putatively selective 5-HT7R agonists were first examined in a limited in vitro 

pharmacological characterization, which showed high 5-HT7R binding and low 

efficacy of LP44 and AS19 to stimulate 5-HT7R-related phosphorylation, compared to 

5-HT and the mixed 5-HT1AR/5-HT7R agonist 8-OH-DPAT.    

 

Increased levels of 5-HT transmission by acute administration of the Selective 

Serotonin Reuptake Inhibitor fluoxetine, or shift of endogenous 5-HT by blockade of 5-

HT1AR targets, improved acquisition in the Passive Avoidance task, in a 5-HT7R-

dependent manner. Furthermore, whereas 8-OH-DPAT impaired emotional memory 

performance via 5-HT1AR stimulation, blockade of these 5-HT1AR effects revealed a 

dose-dependent facilitation of emotional memory via 5-HT7R agonist stimulation by 8-

OH-DPAT. In contrast, the putative 5-HT7R agonists LP-44 and AS19 did not induce 

such facilitation of memory performance (Paper II). 

 

 

4.1.3 Intrahippocampal 5-HT1AR/5-HT7R agonist administration  

Local dorsohippocampal infusion of 8-OH-DPAT induced memory impairments that 

were reversible by the 5-HT1AR antagonist NAD-299, indicating an important role of 

dorsohippocampal 5-HT1AR in modulation of emotional memory function in the 

Passive Avoidance task. In comparison, subcutaneous or bilateral pretraining 

administration of 8-OH-DPAT into the dorsal hippocampus of mice also results in an 

impaired acquisition of contextual fear conditioning, via 5-HT1AR-dependent effects 

mediated by both intrahippocampal and extrahippocampal 5-HT1AR (Stiedl et al., 

2000b). These data indicate that the dorsal hippocampus of mice is important for the 

impairing 5-HT1AR-mediated effects of systemic administration of 8-OH-DPAT, 

whereas the facilitatory 5-HT7R-mediated effects of 8-OH-DPAT appear to involve 

stimulation of memory processes in a broader network of interconnected cortico-limbic 

regions (Paper II). 
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4.1.4 5-HT1BR-modulation in Passive Avoidance  

The role of the 5-HT1BR in emotional memory was first investigated in NMRI mice. 

This traditional outbred strain of mice has been used for decades as an experimental 

animal in pharmacology. These studies extend examinations on the 5-HT1BR in rats 

(Åhlander-Lüttgen et al., 2003) and mice (de Groote et al., 2003a; 2003b).  

 

Figure 10. Pretraining administration 

of the 5-HT1BR agonist anpirtoline 

dose-dependently impaired avoidance 

behaviors of mice towards the 

conditioned context at the retention 

test performed 24 h after training (A).   

Posttraining administration of 5-

HT1BR ligands had no effects on 

memory performance, indicating 

effects of 5-HT1BR on acquisition of 

the aversive learning.   

 

 

Passive Avoidance retention 

performance after pretraining 

administration of the 5-HT1BR 

antagonist NAS-181. The reduction 

of endogenous 5-HT1BR transmission 

facilitated emotional memory 

performance, as indicated by the 

longer step-through latencies in 

NAS-181 treated groups (B). 

 

 

 

Effects of combined agonist and 

antagonist treatments on passive 

avoidance performance. NAS-181 

fully blocked the impairment induced 

by anpirtoline, indicating 5-HT1BR-

specific effect (C). 

 

 

Reprinted with permission; Eriksson 

et al. Neuropharmacology (2008) 

54(7): 1041-50 (Paper IV).  
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4.1.5 5-HT1BR interactions with cholinergic transmission  

Besides an autoreceptor role for the 5-HT1BR on 5-HT axon terminals, the 5-HT1BR is 

also located as heteroreceptor postsynaptically to serotonergic neurons.  The 5-HT1BRs 

are predominantly located on the level of axon terminals, which suggests that 5-HT1BR 

signaling may modulate the release of multiple neurotransmitters. Further support for 

an inhibitory role of the 5-HT1BR receptor on acetylcholine outflow was given by data 

showing that systemic administration of the 5-HT1BR antagonist NAS-181 increases 

acetylcholine levels in the hippocampus and frontal cortex of awaken Sprague-Dawley 

rats (Hu et al., 2007b). Cholinergic mechanisms in 5-HT1BR-mediated effects were 

assessed with scopolamine, which is a pharmacological model for induction of 

dementia-like memory impairments characterized by cholinergic deficits.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Effects of co-

administration of a subthreshold dose 

(0.03 mg/kg) of the muscarinic 

acetylcholine receptor antagonist 

scopolamine with the facilitatory 

dose of NAS-181. This combination 

fully prevented the enhancing effect 

of NAS-181 on emotional memory 

retention performance, at a dose of 

scopolamine that had no impairing 

effects when administered alone (A).  

 

 

 

Pretreatment of mice with the 5-

HT1BR antagonist NAS-181, before 

administration of an amnesic dose 

(0.1 mg/kg) of scopolamine. NAS-

181 dose-dependently blocked the 

impairing effects on passive 

avoidance induced by scopolamine 

(B).  

 

 

Reprinted with permission; Eriksson 

et al. Neuropharmacology (2008) 

54(7): 1041-50 (Paper IV).  
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4.1.6 5-HT1BR interactions with glutamate transmission 

Despite 5-HT1BRs being located on glutamatergic and GABAergic terminals, in 

position to potentially inhibit terminal release of these transmitters, no evidence for 

such regulation has been detected with in vivo microdialysis in rats (Hu et al., 2007b). 

However, the measurement of glutamate and GABA is technically difficult with 

microdialysis, partly due to the long sampling time (Timmerman and Westerink, 1997). 

Behavioral evidence for glutamatergic mechanisms in the effects of the 5-HT1BR 

antagonist NAS-181 was investigated on the Passive Avoidance emotional memory in 

mice (Paper IV).   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Effects of a subthreshold 

dose of the glutamatergic NMDA 

receptor antagonist MK-801 (0.03 

mg/kg) on the facilitatory effect of 

NAS-181. At the dose of MK-801 not 

affecting retention performance at the 

Passive Avoidance test, the 

facilitatory effects of NAS-181 were 

fully blocked (A).  

 

 

 

 

 

 

Pretreatment with NAS-181 

attenuated the emotional memory 

impairments caused by the amnesic 

dose of MK-801 (0.3 mg/kg) (B).  

 

Reprinted with permission; Eriksson 

et al. Neuropharmacology (2008) 

54(7): 1041-50 (Paper IV).  
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4.2 EMOTIONAL MEMORY IN THE FSL RAT MODEL 

4.2.1 Memory dysfunction in untreated FSL rats 

 

 

 

 

 

 

 

 

 

 

4.2.2 Memory restoration by SSRI antidepressant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.3 Memory facilitation by 5-HT1A/5-HT4R/MEK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Male and female FSL rats 

displayed impaired memory performance 

in the Passive Avoidance task, compared 

to FRL control groups (see Figure 20). 

Reprinted with permission; Eriksson et al.,  

Molecular Psychiatry (2012) 17: 173–184 

(Paper III) 

Figure 14. Chronic antidepressant treatment with the SSRI escitalopram, but not the TCA 

nortriptyline normalized the impairments of memory performance seen in untreated FSL rats. 

Nortriptyline impaired memory performance in control FRL rat, with no effects of escitalopram (see 

Figure 20). Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 

(Paper III). 

Figure 15. Pretraining administration of the 5-HT1AR antagonist NAD-299 enhanced memory 

retention performance in control FRL rats and normalized the memory dysfunction in FSL rats. The 

effects of acute NAD-299 treatment were replicated by the 5-HT4R agonist RS67333 and blocked by 

pretreatment with the 5-HT4R antagonist GR125487 or the MEK inhibitor PD184161 (see Figure 20). 

Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 
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4.3 EMOTIONAL MEMORY IN THE P11 KO MOUSE MODEL  

4.3.1 Long-term memory impairments in p11 KO mice 

In view of the modulation of the 5-HT1BR on emotional memory observed in the NMRI 

strain of mice (Paper IV), we extended the studies to genetically modified mice using 

p11 KO, with reduced 5-HT1BR membrane levels and function (Svenningsson et al., 

2006). P11 KO, p11 heterozygous and WT mice which had been backcrossed to 

C57Bl/6 genetic background were used in the studies. P11 KO mice, displayed poor 

memory performance if tested 24 h after training, but displayed normal levels of 

avoidance memory if instead tested after 5 min (Paper V).   

  

 

4.3.2 Abnormal 5-HT1BR agonist response 

The adaptor protein p11 regulates membrane function of several proteins including the 

5-HT1BR. Administration of the 5-HT1BR agonist CP94253 impaired memory 

performance in WT mice, similar to effects of the 5-HT1BR agonist anpirtoline in 

NMRI mice (Fig 10A, Paper IV). Unexpectedly, CP94253 restored the memory deficits 

observed in non-treated p11 KO mice, suggesting that the regulation of autoreceptor 

and heteroreceptor functioning of 5-HT1BRs is disturbed in p11 KO mice (Paper V).   

 

 

4.3.3 5-HT1BR regulation by hippocampal p11 

Hippocampal restoration of p11 was performed in p11 KO mice by adeno-associated 

virus (AAV)–mediated gene transfer of p11, using a vector containing a p11 

complementary DNA (as performed for nucleus accumbens in Figure 3) (Alexander et 

al., 2010). Hippocampal gene transfer of p11 reversed the abnormal pharmacological 

switch in response to the 5-HT1BR agonist CP94253 (Paper V).   
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4.4 ADDITIONAL BEHAVIORAL EXPERIMENTS 

Besides the studies of emotional memory function in the Passive Avoidance task, 

additional behavioral experiments were conducted in untreated mice or rats and in 

response to pharmacological treatments.  

 

4.4.1 ECG radio-telemetry and Fear Conditioning 

To determine if the 5-HT7R-mediated facilitation of emotional memory function (Paper 

II) was related to effects mediated via activation of autonomic function, ECG 

measurements were used during expression of fear conditioned to an auditory cue 

(Stiedl et al, 2005). However, the combination of 8-OH-DPAT and 5-HT1AR antagonist 

resulting in 5-HT7R activation did not affect heart rate responses suggesting that it is 

unlikely that an altered emotional state would contribute to the facilitatory effects of 5-

HT7R stimulation on encoding of emotional memory information.  

 

4.4.2 Anxiety- and depressive-like behaviors 

Anxiety like-behaviors were examined in the Elevated Plus Maze. Non-treated FSL rats 

displayed an anxiolytic-like phenotype, as indicated by increased exploration of the 

unprotected open arms of the maze compared to FRL rats. Both nortriptyline and 

escitalopram increased open-arm exploration in control FRL rats, indicating reduced 

anxiety-like behavior by both antidepressants. Escitalopram further increased open-arm 

exploration in FSL rats as well (Paper III). Depressive-like behaviors were assessed in 

the Forced Swim Test. FSL rats displayed an increased immobility, which was 

normalized by nortriptyline, similar to previous data on antidepressant-like effects by 

escitalopram (El Khoury et al., 2006). The effects of nortriptyline were not related to 

locomotor activity in the Open Field (Paper III).  

 

4.4.3 Novel Object Recognition and Open Field 

In addition to studies in the hippocampal-dependent Passive Avoidance task, 

examinations were made in the Novel Object Recognition for p11 KO mice and in 

response to pharmacological treatments. The Novel Object Recognition task involves 

learning of hippocampal and non-hippocampal components and does not involve 

aversive learning as the Passive Avoidance task. P11 KO mice displayed less 

pronounced alterations of Novel Object Recognition memory performance compared to 

their pronounced impairments in emotional memory function. However, the switched 

5-HT1BR agonist response to CP94253 seen in Passive Avoidance was also seen in the 

Novel Object Recognition task. Indeed, p11 KO mice displayed an improved memory 

performance if treated with CP94253. This abnormal response was reversed by 

intrahippocampal gene transfer of p11. This indicates that hippocampal-dependent 

emotional memory processes are especially altered in p11 KO mice, and that 

hippocampal levels of p11 regulates the directionality of 5-HT1BR stimulation, of 

importance for memory processes involving hippocampal components (Paper V).   
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4.5 PRESYNAPTIC GLUTAMATE MEASURES  

Converging lines of evidence indicate that 5-HT1BR signaling can modulate 

glutamatergic/GABAergic transmission, but there are methodological difficulties to 

assess neuronal release of these transmitters with microdialysis (Hu et al., 2007b; 

Timmerman and Westerink, 1997). In view of the potential glutamatergic mechanisms 

involved in the present 5-HT1BR-mediated regulation of hippocampal memory 

processes, a biosensor technique was used for enzyme-based microelectrode 

assessment of L-glutamate dynamics (Hascup et al., 2008). Recordings of evoked L-

glutamate release in the dorsal hippocampus showed a stimulatory effect of 5-HT1BR 

stimulation on evoked L-Glutamate release, in p11 KO but not WT mice (Paper V). 

 

 

4.6  POSTSYNAPTIC GLUTAMATE MEASURES  

To examine possible postsynaptic measures of the increased L-glutamate release, 

immunoblotting was performed for phosphorylation sites of glutamatergic AMPAR 

and NMDAR. These receptors are predominantly located postsynaptically to 

glutamatergic terminals. Increased phosphorylation states were seen in hippocampal 

samples from p11 KO mice treated with CP-94253, with no such stimulation of the 5-

HT1BR in WT mice (Fig. 3D) (Paper V). 

 

 

4.7 HIPPOCAMPAL NEUROCHEMICAL DETERMINATION  

Magnetic resonance spectroscopy (
1
H-MRS) was performed in the hippocampus of p11 

KO mice, in order to examine neurochemicals and abnormal metabolism, which may 

underlie the abnormal hippocampal glutamatergic signaling and memory processes in 

p11 KO mice. Decreased relative concentrations of glutamine and GABA were 

detected in the hippocampus of p11 KO mice compared to WT mice. Other 

neurochemicals, including glutamate, were not affected, suggesting that p11 KO mice 

may have a reduced level or functioning of inhibitory neurotransmission, which would 

have implications for the present increased glutamatergic responsivity and emotional 

memory disturbances, and which would be consistent with the high expression levels of 

p11 in several classes of GABAergic interneurons in the hippocampus (Egeland et al., 

2010).  
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4.8 PROTEIN AND PHOSPHORYLATION IN FSL RATS  

4.8.1 Membrane receptors and intracellular proteins  

 

 

Figure 16. FSL rats have reductions in total protein levels of NMDAR subunits (NR1, NR2A and 

NR2B) and serotonin 5-HT1AR in cortico-limbic regions, compared to FRL control rats (filled bars). 

For phosphorylated forms of proteins, MEK activity was decreased in FSL rats, and NMDA receptor 

phosphorylation was partly upregulated. No alterations were observed for additional proteins. 

Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 
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4.9 CORRELATES OF ANTIDEPRESSANT-LIKE EFFECTS  

4.9.1 Effects of the SSRI and TCA on BDNF  

In agreement with previous reports on chronic antidepressant regimens, both 

escitalopram and nortriptyline induced an increase of BDNF mRNA in the dentate 

gyrus subregion of the hippocampus of FSL rats, with no effects seen in the CA1 

region or on protein levels of proBDNF and mature BDNF.  

 

FSL rats had no alterations of mature BDNF, but protein levels of proBDNF were 

increased in the parahippocampal region, reduced in the hippocampus but normal in the 

prefrontal cortex of untreated FSL rats compared to FRL rats (Paper III).  

 

 

4.9.2 Effects of the antidepressants on BDNF/TrkB  

BDNF-mediated signaling can be studied by measurements of the phosphorylation state 

of the TrkB receptor. BDNF induces autophosphorylation at Tyr
705

 of TrkB, in turn 

regulating the phosphorylation state of other tyrosine residues including Tyr
515

-TrkB, a 

Shc-binding site, and Tyr
816

-TrkB, a phospholipase Cγ1-binding site (Rantamäki et al., 

2007).  

 

In alignment with the stimulation of BDNF mRNA transcription, both nortriptyline and 

escitalopram increased phosphorylation at Tyr
816

-TrkB, but not Tyr
515

-TrkB in the 

hippocampus, with no effects in the parahippocampal region. In addition, increased 

phosphorylation at the catalytic domain Tyr
705

-TrkB was detected for nortriptyline, but 

not escitalopram, at the studied time point (Paper III).  

 

 

4.9.3 Discrimination of TrkA/TrkB 

Despite that antibodies against phospho-TrkB may cross-react with phospho-TrkA, 

most data on Trk in brain samples is based on direct immunoblotting or 

immunoprecipitation with non-selective antibodies for total TrkA/B/C. An 

immunoprecipitation protocol was developed for comparative studies of the 

involvement of TrkA and TrkB in the effects of nortriptyline and escitalopram, since 

both these receptors are found in the hippocampus.  

 

Reciprocal immunoprecipitation experiments with antisera towards either total TrkB or 

Tyr
816

-TrkB indicated that both nortriptyline and escitalopram increased 

phosphorylation of Tyr
816

 specifically at TrkB, without regulating TrkA in the 

hippocampus of FSL rats (Paper III).  
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4.10 CORRELATES OF MEMORY RESTORING EFFECTS 

4.10.1 Arc mRNA reductions in FSL rats 

 

Figure 17. Besides emotional memory impairments (a; Figure 13-15), male and female FSL rats 

have reduced baseline transcription of the activity-related cytoskeletal-associated protein (Arc/Arg 

3.1) (d-m), an immediate early gene or synaptic effector regulatory gene implicated in synaptic 

memory consolidation (Bramham et al., 2010). In situ hybridization experiments against Arc mRNA 

indicated reduced expression specifically in brain regions implicated in cognitive processing (d-m). 

Atlas diagrams illustrating coronal sections of mPFC (b) and hippocampal regions (c). AMY, 

amygdaloid nuclei; CA1, cornu ammonis 1 of hippocampus; DG, dentate gyrus of hippocampus; 

mPFC, medial prefrontal cortex; PHR, parahippocampal region; SCX, primary sensory cortex; TH, 

thalamic nuclei. Data represent mean ±S.E.M. *P < 0.05; **P < 0.01; and ***P < 0.001 versus 

corresponding FRL control group (see Figure 20). 

 

 Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 
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4.10.2 Arc mRNA transcription by SSRI but not TCA antidepressant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.10.3 Arc mRNA transcription by 5-HT1AR/5-HT4R/MEK  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Chronic antidepressant treatment with escitalopram, but not nortriptyline, increased Arc 

mRNA transcription in the CA1 and DG hippocampal subregions in FSL rats (see Figure 20). 

Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 

Figure 19. Acute injections of either NAD-299 or RS67333 increased hippocampal CA1 and DG 

transcription of Arc mRNA in a MEK-dependent manner in FSL rats (see Figure 20). Reprinted 

with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 
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Figure 20. Schematic illustration of putative mechanisms involved in the pharmacological 

treatments that normalized emotional memory deficits observed in the non-treated FSL rat model 

of depression (Overstreet et al., 2005) (Figure 13-15). (a) Simplified representation of basal 

transmission in control FRL rats, illustrating signaling in a hippocampal neuron, with a 

serotonergic terminal expressing the 5-HT Transporter (SERT). (b) Alterations in non-treated FSL 

rats (based on findings presented in Figure 13, 16-17). (c) Restored disturbances of emotional 

memory and Arc levels in FSL rats in response to 5-HT therapy with either chronic escitalopram, 

acute 5-HT1AR disinhibition or 5-HT4R stimulation (Figure 14-15, 18-19). Pretreatment with the 

MEK inhibitor PD184161 blocked the restoring effects of pharmacological 5-HT therapy on 

memory performance and expression of Arc mRNA (d) (Figure 15, 19).  

 

The Selective Serotonin Reuptake Inhibitor escitalopram restored the emotional memory 

dysfunctions found in the FSL rat model of depression, whereas the tricyclic antidepressant 

nortriptyline mediated impairing effects. This discrepancy found between nortriptyline and 

escitalopram have certain correspondence with their differential effects on Arc mRNA 

transcription, which was increased by escitalopram but not nortriptyline. In comparison, both 

nortriptyline and escitalopram stimulated BDNF/TrkB signaling and induced anxiolytic-like 

effects, which appear to correlate better with the antidepressant actions of both nortriptyline and 

escitalopram.  

 

Reprinted with permission; Eriksson et al., Molecular Psychiatry (2012) 17: 173–184 (Paper III). 
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5 GENERAL CONCLUDING REMARKS 

 

In addition to the specific conclusions described for each individual paper, some 

general concluding remarks can be made from the results presented in this thesis.  

 

The Passive Avoidance task appears to be relevant and has certain validity for 

assessment of emotional memory processes and reversible memory dysfunctions using 

various types of chronic antidepressant administration and acute administration of 5-

HTR ligands. This memory task may be used for experiments under baseline conditions 

and in response to pharmacological agents in normal rodents and in genetic models of 

depression-like states in rats and mice. Temporal involvement, intracranial 

pharmacological and gene delivery approaches supported a critical role of hippocampal 

circuitries in this contextual learning and memory task.  

 

Two distinct genetic models of depression were found to be characterized by 

endophenotypes of cognitive dysfunction. Pharmacological treatments could restore the 

memory dysfunction in the genetic models of depression, while p11 gene therapy 

normalized the abnormal pharmacological response, indicating restored functional 

connectivity. The results obtained by combination of genetic and pharmacological 

approaches illustrate the importance of using relevant animal models of disease when 

evaluating therapeutic effects of pharmacological agents, as observed with the results of 

acute administration of a 5-HT1BR subtype-specific agent and chronic SSRI 

antidepressant treatment. 

 

These studies provide insights into the complex mechanisms underlying serotonergic 

signaling in cortico-limbic areas of the brain and the possible therapeutic potential of 

targeting specific 5-HTR subtypes for modulation of neuronal signaling underlying 

emotional memory processing. Several findings indicated 5-HTR-dependent 

modulation of cholinergic neurotransmission, excitatory glutamate transmission and 

inhibitory GABAergic neurotransmission in hippocampal neurocircuitries. Beyond 

membrane receptors, these studies also identified the MAPK pathway and Arc 

expression as molecular nodal points for intracellular signaling pathways and gene 

regulation of antidepressant and procognitive agents that are supporting memory 

function, whereas BDNF/TrkB signaling did not correlate with antidepressant-induced 

improvement of emotional memory function.    

 

Taken together, these results contribute to increased understanding of mechanisms 

underlying disturbances in emotional memory in depressive states. In addition, the 

results also open new avenues for improved understanding of mechanisms underlying 

antidepressants and procognitive agents and illustrate distinct effects of antidepressants 

which concurrently mediate actions that support memory processes. These findings 

have implications for the development of better pharmacological treatments and 

adjunctive therapies with potential importance for improved efficacy and functional 

improvements in patients resistant to currently available treatments.  
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“You cannot teach an old dog new tricks”  

 

Proverb adapted from “It is harde to make an olde dogge to stoupe” 

Mayster Fitzherbarde, The Boke of Husbandry, London, 1534. 

 

Scientific achievements in recent years have shed new light on this dogma. Learning 

from experience is of central importance to existence. The neuronal correlates of 

depression may involve deficits in experience-dependent neuroplasticity, manifesting 

depressive symptoms and reinforcing lowered mood. Appropriate support of memory 

processes may facilitate adaption of neuronal connectivity and increase the efficacy of 

antidepressant therapies. In other words, it might indeed be possible to teach an old 

dog new tricks, by appropriate training and enhanced ability to learn from experience.  
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