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The way in which emotion is represented and processed in the human brain
is an expanding area of research and has key implications for how we
understand and potentially treat affective disorders such as depression.
Characterizing the effects of pharmacological manipulations of key neuro-
transmitter systems can also help reveal the neurochemical underpinnings of
emotional processing and how common antidepressant drugs may work in
the treatment of depression and anxiety. This approach has revealed that
depression is associated with both neural and behavioural biases towards
negative over positive stimuli. Evidence from pharmacological challenge
studies suggests that antidepressant treatment acts to normalize these biases
early on in treatment, resulting in patients experiencing the world in a more
positive way, improving their mood over time. This model is supported by
evidence from both pharmacological and non-pharmacological interventions.
The unique perspective on antidepressant treatment offered by this approach
provides some insights into individual response to treatment, as well as novel
approaches to drug development.

1. Introduction

The field of affective neuroscience considers how the brain represents and pro-
cesses emotion. This usually involves employing tasks designed to tap into the
processing of emotional information, including aspects of cognition such as
memory, attention and perception, as well as more elaborative processes. These
tasks will often be paired with neuroimaging methods, such as functional mag-
netic resonance imaging (fMRI), in order to ascertain how regions and networks
of the brain represent this information.

In the absence of any intervention, these studies can be valuable in under-
standing how the brain processes emotional information. However, interfering
with neural functioning through the use of pharmacological interventions can
provide additional insight. Researchers can examine the effects of drugs that
are known to generate or reduce a given emotion and relate these to behaviour-
al and neural changes. For example, the increased amygdala response to fearful
faces after administration of anxiogenic drugs like amphetamines [1] and
decreased response after anxiolytic drugs like benzodiazepines [2] reinforce
the central role of this structure for attending to negative, particularly
fear-related, information.

With an increased understanding of how pharmacological interventions affect
the behavioural and neural processing of emotional information, we can also gain
a unique perspective into how clinically useful drugs might exert their effects.
Rather than being secondary to the clinical effects of these drugs, the neuro-
psychological changes may in fact produce these clinical effects. To take the
example above, perhaps the reduction of amygdala response to fearful faces
after benzodiazepine administration is in fact instrumental in decreasing anxiety.
This is the basis for the neurocognitive model for understanding treatment action
in depression.

Models of treatment action in depression have generally focused on the
molecular and cellular changes thought to underlie the clinical response.
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Because improvement in depressive symptoms is traditionally
thought to take several weeks to emerge [3], these models often
concern slow, adaptive processes in the brain. One of the more
common forms of antidepressant, the selective serotonin
reuptake inhibitor (SSRI), works by blocking the serotonin
reuptake transporter, increasing availability of serotonin in
the synapse. However, one popular theory is that clinical
effects are not seen immediately owing to the existence of nega-
tive feedback from autoreceptors, and it is not until these are
desensitized after chronic treatment that improvements in
mood emerge [4]. More recently, hippocampal neurogenesis
has been suggested to be fundamental to the clinical effects
of antidepressant drugs. In animal models, neurogenesis is
stimulated by antidepressant treatment, and some of the be-
havioural effects of these treatments are blocked by ablating
neurogenesis [5]. The maturation of new cells takes several
weeks, in line with the delay in treatment response [6].

One of the challenges for these models is to explain exactly
how molecular- and cellular-level changes produce improve-
ments in mood. The neurocognitive model provides an
alternative approach to understanding treatment action,
which places more of an emphasis on how clinical effects
emerge. There is growing evidence that antidepressant inter-
ventions produce relatively immediate neural and
behavioural changes in relation to emotional processing.
Specifically, antidepressants appear to bias emotional proces-
sing in favour of more positive stimuli and away from
negative stimuli [7,8].

Patients suffering from depression display baseline nega-
tive biases in emotional processing, which may serve to
produce and maintain lowered mood [9]. The effects of anti-
depressants on emotional processing thus serve to remediate
these biases. After commencing antidepressant treatment, a
patient begins to see the world around them in a more positive
way, for example attending less to negative information, or
becoming better at remembering positive events. With more
and more experience of their environment in this new, more
positive way, the patient feels increasingly better. Thus cogni-
tive responses to affective situations and experiences will be
altered straightaway and will culminate in symptomatic
improvement that becomes evident over time, consistent with
recent studies into the time course of clinical effects [10].

In this review, we describe the neurocognitive model in
more detail, examining first the kind of changes in emotional
processing that antidepressant drugs cause, and then conver-
ging evidence from studies looking at antidepressant drugs
with atypical mechanisms of action, novel putative anti-
depressant treatments and directional effects in the model
following treatment with drugs that may cause lowering of
mood. We also examine the value of these early neuro-
cognitive changes in producing later improvements in
mood. Finally, we discuss the implications of the model for
understanding individual response to antidepressants and
for future drug development.

2. Cognitive biases in depression

The presence of emotional biases among patients suffering
from depression is well established [11]. Behaviourally,
depressed patients show increased processing of negative
versus positive emotional information. These biases are appar-
ent in a range of tasks measuring attention, perception and
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Figure 1. (a) Number of words correctly recalled for depressed patients and
healthy volunteers given a placebo. Depressed patients show significantly
reduced recall for positive words, p << 0.05; (b) Effect of an acute dose of
reboxetine on word recall. Patients given reboxetine remember more positive
words than those taking placebo, p << 0.01. Adapted from [9], with per-
mission from the American Journal of Psychiatry (Copyright © 2009
American Psychiatric Association). (Online version in colour.)

memory for emotional stimuli: for example, compared with
healthy controls, depressed patients are slower at categorizing
positive self-referent personality words, and later worse at
remembering these [9] (figure 1a). By contrast, they are better
at recalling negative words [12]. They are also worse at
recognizing happy facial expressions, and interpret ambiguous
expressions as more sad than healthy controls [9,13].

These differences are mirrored at the neural level. In func-
tional imaging studies, depressed patients show greater
blood oxygenation level-dependent (BOLD) response to nega-
tive stimuli in a network of areas thought to be involved in
detecting and responding to salient emotional information,
including the amygdala, insula and anterior cingulate cortex
(ACC) [14,15]. In parallel with this hyperactivity in limbic
areas, there is also reduced activity in dorsolateral prefrontal
cortex (DLPFC) to both positive and negative stimuli, as
well as lower resting blood flow [14,16]. Thus, the model to
emerge from neuroimaging literature involves a hyperactive
limbic system that biases emotional processing towards nega-
tive stimuli at an early stage, while a hypoactive DLPFC is in
turn less able to provide top—down regulation of the limbic
system [15,17].

These neuropsychological biases are thought to play a fun-
damental role in producing a depressed mood. Processing of
information about the self and the surrounding world in a
more negative fashion produces depressive symptoms, through
increased attention and memory for negative information, as
well as through more elaborative processes like rumination
and negative interpretations [15,18]. A number of studies pro-
vide evidence for an explicitly causative role of emotional
processing biases on depressed mood: heightened processing
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of negative facial expressions has been shown to predict relapse
among remitted depressed patients [19], while generating or
reducing bias with cognitive bias modification techniques can
affect responses to emotional information and markers of
depressive relapse [20,21]. Once established, the symptoms of
depression then reinforce the original negative biases, serving
to maintain the depressed mood [13].

3. Antidepressant drug treatment produces
changes in cognitive biases

The normalization of biases in emotional processing is
central to the neurocognitive model of antidepressant treat-
ment. By producing a more positive way of processing
emotional information, antidepressant treatments effectively
break this cycle and relieve symptoms of depression. The fol-
lowing sections examine evidence for such changes after
antidepressant treatment.

(a) Healthy volunteer studies

Healthy volunteer studies have been the most important in
establishing the neurocognitive effects of antidepressant
treatments. Examining the effects of these drugs in healthy
volunteers demonstrates that any neurocognitive changes
cannot be attributed to early improvements in depressive
symptoms. Unless specified, the results described below
(and throughout the rest of the review) compare drug effects
to a placebo control group. Further information about doses
given can be found in tables 1 and 2; these tended to be at
the lower end of the normal clinical range.

(i) Short-term administration

Short-term antidepressant treatment produces biases in the
processing of emotional facial expressions (see table 1 for a
summary of behavioural results). For example, in response
to 7 days’ administration of the noradrenaline reuptake
inhibitor (NRI) reboxetine, recognition of both fearful and
angry faces decreased [22]. Seven days of the SSRI citalopram
produced broader changes, reducing recognition of fearful
and angry faces but also disgusted and surprised faces (see
also [23]).

These effects are reflected in changes in neural processing.
Seven days’ administration of both citalopram [23] and rebox-
etine [36] reduced BOLD response in the amygdala in response
to fearful faces. Increases in neural response to happy faces
have also been seen, both in the amygdala [35] and the right
fusiform [36] (see table 2 for a summary of neural effects relat-
ing to face processing). These patterns of neural activity,
restricted to areas involved in relatively low-level processing
of emotional stimuli, suggest that early effects of antidepress-
ants may be working in a ‘bottom-up’ fashion, affecting the
automatic evaluation of emotional stimuli [45]. Indeed, a
recent meta-analysis found that across a range of different
cognitive tasks, short-term antidepressant treatment increased
activation to positive emotional information, and decreased
activation to negative information, across a network including
the amygdala, putamen, ACC, parahippocampal gyrus and
medial prefrontal cortex [46]. These limbic and paralimbic
structures are involved in detecting and responding to salient
emotional information, supporting this ‘bottom-up’ interpretation
of early antidepressant effects.

Seven days’ administration of antidepressants also affects
processing of self-referent words and subsequent memory for
these. Seven days of reboxetine reduced the reaction time to
classify positive self-referent words, and both reboxetine
and citalopram increased later recall of positive versus nega-
tive words [22]. At the neural level, 7 days of reboxetine
increased activity to positive relative to negative words in
the inferior frontal gyrus and precuneus during categoriz-
ation, while decreasing activity in medial frontal gyrus and
precuneus during correct recognition of positive words [47].
Increased activity to positive words during categorization
may reflect heightened attentional processing of these
words. Conversely, reduced activity during the subsequent
memory task may be attributed to decreased retrieval effort
for positive words.

It should be noted here that doubts have been raised
about the antidepressant efficacy of reboxetine in recent
meta-analyses [48]. However, it has been shown that these
meta-analyses have produced biased accounts of the drug’s
efficacy, by classing participants who dropped out as non-
responders or by using an individual’s earlier data in place
of later missing data [49]. This is a problem as reboxetine is
less well tolerated than many other antidepressants, and so
tends to result in more drop-outs. However, when non-
adherence is factored into the analysis, there is no difference
between the efficacy of reboxetine and citalopram. Therefore,
the neurocognitive effects discussed here appear consistent
with the drug’s clinical profile.

Finally, citalopram but not reboxetine reduced attentional
vigilance to fearful faces [24] and reduced the eyeblink startle
response to a short, loud burst of sound when viewing nega-
tive pictures [22]. These effects may be related specifically to
citalopram’s anxiolytic effects, and both heightened startle
response and negative attentional biases have been related
more consistently to anxiety than depression [50,51] (see
§4b for more details on distinguishing between the anxiolytic
and antidepressant effects of SSRIs).

(i) Acute effects

Acute doses of antidepressants also alter the processing of
emotional facial expressions. After acute doses of citalopram
[7,30], reboxetine [8,9] and duloxetine [33], healthy participants
were better at recognizing happy faces. The noradrenergic
and specific serotonergic antidepressant (NaSSA) mirtazapine
has also been shown to decrease recognition of fearful faces
[34]. Interestingly, SSRIs such as citalopram have sometimes
been found to increase fear recognition at acute doses [7,31].
However, SSRIs are known to produce anxiety early on in treat-
ment, which resolves over time [52], and so this effect may
reflect the acute anxiogenic potential of these drugs. Conver-
sely, reboxetine, which does not have the same acute
anxiogenic effect as the SSRIs, does not produce early increases
in fear recognition [53].

These early effects of antidepressants on facial expression
processing are related to neural changes in fMRI studies
(table 2). Again, a network of limbic and paralimbic structures
shows altered activation after acute doses, with a key role for
the amygdala. For example, participants who took a dose of
mirtazapine showed decreased response in the amygdala to
fearful faces presented for 100 ms, and an increased amygdala
response to happy faces [44]. Contrary to the behaviou-
ral results, several studies of acute SSRI administration
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Table 2. Effects of acute and short-term antidepressant administration on BOLD response while viewing emotional facial expressions. Arrows indicate increases “
or decreases in BOLD response for participants given drug compared with placebo. ACC, anterior cingulate cortex; OFC, orbitofrontal cortex; PFC, prefrontal cortex.

dose amygdala other areas %
short-term dose (7—10 days) %
healthy volunteers §
citalopram 20 mg J fear amygdala—hippocampal area, medial frontal gyrus: | fear [23] %
citalopram 20 mg 1 happy [35] UE
reboxetine 4 mg J fear R fusiform gyrus: 1 happy [36] =
depressed patients =
escitalopram 10 mg J fear [37] g
high neurotics i
citalopram 20 mg 1 happy, fear, neutral PFC: 1 fear versus happy [38] §
acute dose =
healthy volunteers 5
citalopram 20 mg J fear [30] E
citalopram 7.5 mg (i.v.) J fear LACC: 1 happy [39] g
R posterior insula, R lateral OFC: | sad
citalopram 50 mg over J fear fusiform gyrus, posterior occipital cortex, R superior temporal [40]
approx. 3 h sulcus, ventral striatum, medial PFC: | fear faces
citalopram 7.5 mg (i.v.) J disqust, fear posterior insula: 1 disgust [41]
citalopram 7.5 mg (i.v.) 1 aversive (anger/disqust/ lateral OFC: | aversive [42]
fear) fusiform gyrus, thamlus: 4 aversive
citalopram 20 mg over 4 general emotional [43]
30 min (i.v.) (anger/fear/surprise)
mirtazapine 15mg J fear; 1 happy fusiform gyrus: | fear [44]

also found decreased amygdala response to fearful faces
[30,39,41,42]. However, other studies have found increased
amygdala response [43], and a recent meta-analysis showed
that the direction of effects in this network of structures
varies between studies [46]. Future work should attempt to
establish the reason behind these discrepancies, including
a focus on dose-response relationships and the basal
characteristics of the volunteers included in the studies.

At acute doses, noradrenergic drugs appear to have
particular effects on the categorization of personality character-
istic words, as well as later memory for these words.
Reboxetine decreased the time taken to categorize self-referent
personality words as positive [8,9], and also increased recog-
nition of positive words [32] and decreased recall of negative
words [8]. These effects are not as consistently seen in acute
SSRI treatment, although they are seen later, after short-term
SSRI treatment [22], so it may be that potentiation of nor-
adrenaline has earlier effects on memory than serotonin.
Indeed, while acute studies using citalopram have failed to
find acute effects on word categorization or memory [31],
duloxetine, a serotonin and norepinephrine reuptake inhibitor
(SNRI), increased the number of positive, but not negative,
words falsely recalled in a memory task [33].

At the neural level, an acute dose of reboxetine decreased
activation in a right fronto-parietal network including the
medial frontal gyrus when recognizing previously seen posi-
tive words [32]. This again appears consistent with reduced
retrieval effort for positive, but not negative, words.

(b) Depressed patient studies

One of the limitations of studying depressed populations is
that they display cognitive deficits such as impairment in
working memory, executive dysfunction and psychomotor
problems [54,55]. This makes it hard to separate the effects
of antidepressants on emotional processing per se from
these possible confounding factors. In addition, early effects
of the drugs on patients’ mood could influence the results.

Nevertheless, it is important to confirm that the findings
from healthy volunteer studies are replicated in depressed
populations. A number of studies have examined changes in
emotional processing after long-term treatment. After chronic
SSRI administration, depressed patients show reduced
response in the amygdala, ventral striatum and frontal-
parietal cortex to negative faces [56,57], as well as increased
response in extra-striate cortex to happy faces [58]. However,
because these changes were only examined after several
weeks of treatment, it is possible that they were the result,
rather than cause, of improvements in mood.

A number of studies have examined emotional processing
in patients after short-term or acute doses. These changes
occur in the absence of any significant effects on mood, and
so cannot be attributed to individuals feeling happier. One
study found that 7 days of citalopram treatment improved
recognition of happy facial expressions compared with base-
line, although the lack of a placebo control condition means
that this could be the result of practice effects [27]. However,
another study found that 7 days of escitalopram reduced



right amygdala response to fearful faces, compared with
those given a placebo [37].

After an acute dose of reboxetine, patients showed an
increase in ability to recognize happy facial expressions [9].
They also showed a decrease in time to categorize words as
positive, and increased memory for positive words at a
later recall test (figure 1b). The effect of acute antidepressant
treatment on neural activity in depressed participants
remains to be explored. In particular, it would be interesting
to see whether the neural correlates of the acute anxiogenic
effects of SSRIs might be seen more clearly in this population
than in healthy volunteers, as has been suggested [38].

(c) Studies with high neurotic volunteers

An alternative approach is to select participants from the popu-
lation who score highly on a measure of neuroticism (high-Ns).
Neuroticism has long been considered a risk factor for
depression (e.g. [59,60]), and people with a high N score also
show similar cognitive and neural biases to depressed subjects
[61,62]. However, these participants typically do not display
the deficits in memory or executive functioning that may be
present in a clinical population, nor do they present with the
confounding factor of clinical levels of depressed mood.

Studies of short-term antidepressant administration in high-
Ns have supported the neurocognitive model of antidepressant
action. Seven days of citalopram treatment increased recognition
of positive facial expressions in a sample of high-Ns [29]. The
same study showed that those in the citalopram group main-
tained their gaze at facial expressions longer than those in
the placebo group, suggesting that the drug was reducing
avoidance of emotional expressions. Interestingly, other studies
have found that acute doses of citalopram reduce time fixated on
faces, particularly the eye region, which appears consistent with
acute anxiogenic effects of SSRIs [63].

Another study found that 7 days of citalopram increased
amygdala response to fearful faces, as well as to happy and
neutral faces, in high-Ns [38]. This increased amygdala
response to fearful faces is in contrast to both unselected
healthy populations [23] and depressed patients [37]. It may
reflect the reversal of the avoidance of emotional expressions
in high-N participants, but further research is needed to
compare short-term effects on amygdala activation between
these different populations.

Short-term antidepressant treatment in high-Ns also affects
neural activation to self-referent words: 7 days’ citalopram
treatment resulted in decreased activation in ventromedial pre-
frontal cortex while categorizing negative words [64]. Again,
this may reflect decreased allocation of attentional resources
to negative self-referent words.

4. Converging evidence for the neurocognitive
model

The above studies provide strong evidence that conventio-
nal antidepressants (mainly SSRIs and NRIs) produce early
neurocognitive changes. The neurocognitive model predicts
that early effects are common across effective antidepressant
treatments with diverse pharmacological (or non-pharmacologi-
cal) mechanisms of action. It is therefore necessary to show that
other antidepressant treatments produce similar effects—and
that these effects are not caused by drugs that do not act as

antidepressants. And perhaps most importantly, these early
changes must be associated with later improvements in depress-
ive symptoms. The following sections examine each of these lines
of evidence.

(a) Other antidepressant treatments produce similar
neurocognitive changes

An increasing body of research suggests that early neurocog-
nitive changes do occur as a result of other interventions
useful in depression. The serotonin precursor L-tryptophan
appears to have antidepressant effects, although it is not
widely used as there is limited data on the safety of the
drug [65]. However, 14 days of 3 gd ™' tryptophan induced
emotional processing changes in healthy female participants
similar to those of other antidepressants [25]. Participants
were worse at recognizing facial expressions of disgust,
and better at recognizing happy faces than those who took
a placebo, and also showed reduced attentional vigilance to
negative words on a dot-probe task.

Agomelatine is a novel antidepressant that acts on the mela-
tonin system, as an agonist at M1 and M2 receptors, and on the
serotonin system, as a 5-HT2C antagonist. The drug is thought
to exert antidepressant effects in part via the correction of disturb-
ances in circadian rhythms [66]. Despite these novel mechanisms,
the drug appears to have similar psychological effects to the
conventional antidepressants. Seven days of 25 mg d ' agomela-
tine reduced recognition of sad facial expressions and increased
recall of positive versus negative self-referent words [26]. It also
reduced the acoustic startle response when viewing negative
pictures, similar to the SSRIs [22].

In recent years, a number of non-pharmacological inter-
ventions for mood disorders have been examined. There is
preliminary evidence that high-density negative ion (HDNI)
treatment over several weeks could be an effective treatment
for seasonal affective disorder (SAD; [67]). Compared to a
sham condition, a single session of HDNI treatment increased
recognition of happy facial expressions and reduced recog-
nition of disgust, and also increased vigilance to positive
words in a dot-probe task, in both healthy volunteers
and patients suffering from SAD [68]. In the SAD group,
treatment also increased recognition of positive words.

Transcranial direct current stimulation (tDCS) also has
antidepressant effects. tDCS is a form of non-invasive brain
stimulation that involves applying an electric current to the
head in order to increase or decrease neuronal excitability.
A recent meta-analysis found that anodal stimulation (that
is, positively charged stimulation that increases neuronal
excitability) of the DLPFC over the course of several days
was better than sham tDCS at treating depression [69].

Acute stimulation with tDCS affects emotional processing.
Active versus sham tDCS reduced reaction time to identify
emotional, but not neutral faces [70]. This was true for both
angry and happy faces, though the effect was stronger for the
happy faces. Importantly, similar stimulation had no effect
on participants’ mood. A single session of tDCS over the
DLPFC also reduced attentional vigilance to fearful faces
[71]. Similar results have been found in depressed populations:
depressed patients were slower to name the colours of negative
words than positive words in an emotional Stroop task; how-
ever, a single session of tDCS abolished this effect, reducing
response times to negative words [72]. Thus, participants
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appeared to be better able to suppress the emotional content of
negative words after stimulation.

Finally, deep brain stimulation (DBS) also has effects on
emotional processing. A recent study found that after one and
six months of DBS for 7 patients with treatment-resistant
depression, categorization of negative words as self-descriptive
was reduced compared with baseline [73]. After six months of
DBS, this change was strongly correlated with change in
depression severity. The authors also found that event-related
potential components, measured using EEG, were affected:
after one month, there was a reduced P1 amplitude, cor-
responding to reduced attentional bias to negative words, while
after six months, a reduced P3 component likely corresponded
to reduction in more elaborative processing of negative stimuli.

(b) Drugs that are not antidepressants do not produce
the same neurocognitive changes

It is also important to show that the production of positive
biases in emotional processing is limited to drugs that actu-
ally act as antidepressants. One of the most important
distinctions is that between anxiolytic and antidepressant
drugs. Comorbidity rates of depression and anxiety are
very high [74] and, as in the case of depression, cognitive
models suggest that anxiety disorders are underpinned by
negative biases in emotional processing. These biases tend
to be characterized by a narrower focus on threat-related
stimuli than in depression, and may particularly involve the
initial orienting towards these stimuli [53,75]. Nevertheless,
SSRIs, which are effective anxiolytics as well as antidepress-
ants, reduce these biases in anxiety disorders [76]. It is
therefore important to demonstrate that the antidepressant
effects of SSRIs per se can account for the changes they pro-
duce in emotional processing, and that these cannot simply
be attributed to the drugs’ anxiolytic effects.

This can be done by comparing the action of SSRIs with
that of solely anxiolytic drugs, which do not have an anti-
depressant effect. These show a different profile from the
antidepressants, suggesting that at least some of the early
cognitive changes produced by SSRIs must be specifically
related to their antidepressant mechanism. Acute benzo-
diazepine treatment reduces ability to recognize angry and
fearful faces [77,78] as well as amygdala activation to fearful
faces [2]. Yet, unlike antidepressants, a dose of a benzo-
diazepine does not reduce processing of other negative
facial expressions, such as sad faces, or increase processing
of positive faces, and there is no evidence for changes in
the processing of, or memory for, positive or negative self-
referent words [79]. Thus, the cognitive effects of anxiolytic
drugs appear to be restricted to threat processing.

It has also been possible to demonstrate that the model is
directionally sensitive. Rimonabant, an inverse agonist of the
cannabinoid receptor CB1, was originally marketed as an
antiobesity drug, but was withdrawn after being associated
with an increased incidence of mood disorders [80]. An acute
dose of rimonabant was found to impair the recall of positive
but not negative words [81], opposite to the effect seen in
antidepressants. A short-term dose of 7 days also affected
word recall, reducing the number of false recollections of posi-
tive words [82]. These studies raise the intriguing possibility
that healthy volunteer models of emotional processing may
be useful in detecting adverse psychiatric effects.

Moreover, neurocognitive changes following an interven- -

tion appear to differentiate between effective and non-effective
treatments. Memantine, an NMDA antagonist, has been pro-
posed as a novel antidepressant. While animal models and an
open-label trial held promise, randomized controlled trials
have failed to find antidepressant effects with the drug [83]. In
line with the lack of clinical effects, one study found that a
single dose of memantine had very limited effects on emotional
processing when compared with other antidepressants [84]. The
drug increased startle response and produced a non-significant
trend towards a reduction in false recollections of negative
words in a memory task. However, it had no effects on any
other measures of emotional memory, face recognition or
attentional vigilance to emotional words.

Likewise, antagonists of the neurokinin 1 (NK1) receptor
have received attention as possible novel antidepressants, but
results from clinical trials have shown mixed success [85,86].
Consistent with this, the effects of these drugs on emotional
processing were more restricted than those typically seen
with antidepressant drug treatment [87-90]. For example,
the NK1 antagonist aprepitant increased ACC and amygdala
activity to happy faces, but unlike other antidepressant studies
had no effect on neural processing of fearful faces [87]. Simi-
larly, the drug increased recognition of happy faces and
vigilance towards emotional words, regardless of valence,
but had no effect on categorization or memory of emotional
words, nor on recognition of fearful or other negative faces [88].

These studies illustrate an important question that future
research will need to answer: what is the extent of change in
emotional processing that is needed to produce clinical effects?
Both memantine and aprepitant appeared to produce some
changes in emotional processing, but these clearly fell short
of the changes seen in the case of citalopram or reboxetine. It
will be vital to quantify the necessary changes in order to use
the neurocognitive model as a tool for measuring antidepress-
ant efficacy. However, it is clear that healthy volunteer models
of emotional processing can be useful assays of efficacy, and
may be more sensitive than conventional animal models.

(c) Early neurocognitive changes predict later treatment
response

One of the most important findings in support of the neuro-
cognitive model is that the early production of a more
positive bias in emotional processing is actually predictive
of ultimate improvement in symptoms in depressed patients.

In one study, a group of patients suffering from depres-
sion were assigned to either 20 mg d " citalopram or 4 mg d "
reboxetine for six weeks [28]. Both antidepressants increased
recognition of happy faces at two weeks compared with
baseline, as well as recognition of disgust and surprise.
But importantly, the increase in recognition of happy faces at
two weeks was significantly positively associated with improve-
ment in clinical outcomes (measured by the Clinical Outcomes
in Routine Evaluation; CORE) at six weeks (R* = 0.21; figure 2).

This finding is important, as it demonstrates that early
changes towards more positive emotional processing are
directly associated with later symptom improvement—a
fundamental assumption of the neurocognitive model. On
the other hand, given evidence that improvement in mood
occurs during the first weeks of antidepressant treatment
[10], changes in emotional processing after two weeks could
be the product of symptom change. Research has yet to
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Figure 2. Change in recognition of happy faces from baseline to two weeks of citalopram/reboxetine treatment against percentage improvement in clinical outcome
(CORE score) from baseline to six weeks of treatment. Adapted from with permission from Tranter et al. [28] (Copyright © 2009 Elsevier).

examine whether similar changes in emotional processing after
an acute dose predict clinical response. However, two recent
papers have examined changes in emotional processing at an
earlier time point during short-term administration.

In one study, 27 older patients suffering from depression
were given open-label citalopram treatment for eight weeks
[27]. Before beginning treatment and after 7 days of treat-
ment, participants were presented with neutral faces and
happy faces of different intensities and had to indicate
whether or not a face was happy. In line with the neurocog-
nitive model, recognition of happy faces improved between
baseline and day 7, and the extent of this improvement was
a predictor of improvement on depression scores on the
Hamilton Depression Rating Scale at eight weeks.

Early neural changes can also predict later treatment
response. A recent study found that the change from baseline
in neural activity in a network of brain regions following 7
days of escitalopram treatment can be used to differentiate
responders and non-responders to the treatment six weeks
later. Specifically, responders showed more of a reduction
than non-responders in BOLD activity to fearful versus
happy faces in a network that included the ACC, insula,
thalamus and amygdala [91].

5. Future directions

The neurocognitive model has a number of implications for our
approach to the treatment of depression. In particular, it may
be useful in understanding why participants do or do not
respond to a particular treatment, and could be a valuable
tool for drug discovery. However, there are also challenges to
the model that must be addressed in future research.

(a) Explaining individual differences in treatment
response

Given that more than half of patients suffering from depression
may not benefit from the first treatment they are prescribed
[92], it is important to understand the factors determining
whether people respond. The neurocognitive model provides

a unique tool with which to examine these individual
differences. If, as the above studies suggest, early changes in
emotional processing predict the extent to which a patient
will respond to treatment, then individual factors that influence
these early changes could help to explain why people respond
differently to antidepressant treatment. These individual
factors could take a range of forms, but one category that
has received recent attention is genetic polymorphisms.

For example, the polymorphism 5-HTTLPR occurs in the
gene SLC6A4 that codes for the serotonin transporter, and
there is some evidence that carriers of the long (I) allele are
more likely to respond to SSRI treatment than carriers of
the short (s) allele [93]. In a cohort of healthy female partici-
pants, those with more I alleles showed more of an increase in
left amygdala response after a single dose of escitalopram
when viewing positive or neutral pictures, and more of a
decrease in left amygdala response when viewing negative
pictures [94]. The effects of the polymorphism on response
to escitalopram treatment may therefore be mediated through
its effects on early neuropsychological changes.

The above study demonstrates that a gene known to influ-
ence response to SSRI treatment might act via its effects
on emotional processing. But equally, the neurocognitive
model could be used to identify individual factors that were pre-
viously unknown to affect clinical response to antidepressant
treatment. The ADRA2B gene encodes the a2b-adrenergic
receptor, and a deletion variant of this gene has been associated
with enhanced memory for emotional information [95]. A single
4 mg dose of reboxetine was found to reduce recall of negative
pictures in healthy male volunteers, but only for those who
did not have the deletion variant of this gene [96]. ADRA2B del-
etions may therefore decrease antidepressant efficacy, by
making patients resistant to early neuropsychological changes,
and further investigation into this is warranted.

In this way, the cognitive neuropsychological model
could be used to build up a picture of individual factors—
genetic or otherwise—which might influence response to
treatment. Because any differences will be seen at an early
stage after commencing treatment and will be detectable in
healthy volunteer populations, the model allows for rela-
tively fast identification of these factors that does not rely
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on the complexities of testing a patient population or several
weeks or months of drug administration.

(b) Drug development

The neurocognitive model may also be a useful human assay of
novel, putative treatments. A large proportion of patients fail to
respond to current antidepressant drugs, even after switching
treatments [97]. Moreover, drugs which show promise in
animal studies often fail to prove effective in patient samples.
If the production of early changes in emotional processing is
a marker of antidepressant efficacy, then investigating the
presence of these changes in novel substances could allow
quick identification of a potentially useful drug.

A series of studies has investigated the antidepressant
potential of Erythropoietin (Epo). Epo plays a key role in regu-
lating red blood cells, but also has neurotrophic effects [98].
Seven days after a single intravenous dose of Epo, healthy vol-
unteers showed reduced recognition of fearful faces, and
reduced BOLD response in the fusiform gyrus and visual—
parietal areas in response to fearful faces [99]. Another study
found that 3 days after infusion, Epo increased activation for
both happy and fearful faces in the amygdala [100], while a
patient study found decreased activation to negative scenes
in the hippocampus and ventral PFC, as well as increased
activation to positive scenes in the latter structure [101].

These studies suggest that Epo could be a useful anti-
depressant, as it appears to affect emotional processing in a
similar way to other antidepressants. Recently, the first phase
II trial of the drug has shown that weekly infusions of Epo
does indeed improve scores on a number of measures of
depression as well as cognitive function up to 14 weeks [102].

(c) Future challenges

This review has highlighted the strong evidence in support of
the neurocognitive model of antidepressant treatment. How-
ever, there are still some questions that future research will
need to address.

One issue emerging from recent research is that certain
drugs produce very fast-acting antidepressant effects. In par-
ticular, the NMDA antagonist ketamine can produce an
antidepressant effect after a single dose [103,104]. These fast
clinical actions are difficult to reconcile with the key hypothesis
of the model that changes in emotional processing need time
and interaction with the social environment to generate an
eventual improvement in mood. Nevertheless, neurocognitive
changes are seen both acutely and 24 h after a single infusion
of ketamine [105,106], and one possible solution comes from
suggestions that ketamine could produce greater shifts in
emotional bias than the traditional antidepressants, which
could result in faster relearning [53]. Another potential
answer comes from a recent rodent study demonstrating that
ketamine reduced the retrieval of negative affective memories,
suggesting that the psychological actions of the drug may not
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