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The non-reward attractor theory of depression describes this mood disorder as originating from a neu-
ronal dysfunction that arises from increased vulnerability of a cortical network that detects failure to
receive an expected reward. From an evolutionary standpoint, the concept that the cerebral cortex
determines susceptibility to mood disorders is open to criticism. Instead, using the regulation of reward-
seeking, and aversive events-avoiding behaviours of the earliest vertebrates as a start point, the authors
have developed a theory of depression in which subcortical regulatory systems that involve the lateral

g?gfgsr:’iin and medial habenula, respectively, play a critical role in regulating these behaviours, and susceptibility to
Mechanism depressive symptoms. As these anatomical structures are well conserved through the evolution of early

vertebrates to humans, the authors propose that this subcortical system remains operative. Integrating
the evidence that supports the non-attractor theory of depression with this model of a subcortical regu-
lation of behaviour, could offer fresh clues as to how psychological and biological factors interact to cause
depression, as well as other mood and anxiety disorders.
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1. Introduction

In a recent paper, Edmund T. Rolls (2016) describes evidence to
support his non-reward attractor theory of mood disorders. Data
collected from neurophysiological experiments, neuroimaging, and
injury to the orbitofrontal cortex (OFC), have been used by Rolls
to propose the existence of an attractor network within the lat-
eral part of the OFC that becomes active when an expected reward
fails to materialize. In an evolutionary context, Rolls considers that
the development of this network, which enables rapid reversals
of stimulus-reward associations, provides for an increased sophis-
tication in the social interactions of primates, including those of
humans. Rolls extends his theory to a new hypothesis of depression
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which holds that the lateral orbitofrontal network has an essential
role in placing, and keeping, the cerebral cortex in a depressive
state.

Although the ideas presented in Rolls’ paper aptly describe cor-
tical dysfunction in depressive mood disorders, they neglect to
consider the extensive interactions of the cerebral cortex with sub-
cortical ganglia. Every part of the cerebral neocortex is connected
with the dorsal or ventral striatum (Heimer, 2003), with poste-
rior and anterior extrapyramidal circuits converging through direct
(activating), and indirect (inhibitory) pathways, at the same spot on
the frontal cerebral cortex (Loonen and Ivanova, 2013). The activ-
ities of these extrapyramidal circuits are regulated by midbrain
monoaminergic centres, with these, in turn, regulated by the ros-
tromedial tegmental (RMTg) and interpeduncular (IPN) nuclei. In all
human craniate ancestors, the activities of the latter nuclei are reg-
ulated by a small nuclear system localized within the epithalamus
termed the habenula.

In the present commentary we will attempt to integrate cur-
rent knowledge of the organization of reward-seeking and aversive
events-fleeing behaviour within the subcortical forebrain and
upper brainstem, with the ideas presented in Rolls’ paper. We
propose that it is highly likely that the lateral prefrontal cortical
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attractor network is activated as a target of a ventral cortico-
striatal-pallido-thalamo-cortical (CSTC) circuit that regulates the
motivation to express reward-seeking behaviour. However, first we
will briefly summarize the ideas presented in Rolls’ original article.

2. The model as outlined by Edmund T. Rolls

2.1. Evidence for a non-reward attractor network within the
lateral prefrontal cortex

Rolls describes an attractor network as a complex system of
pyramidal cells in which excitatory inputs to one neuron activates
other components of the network through collateral feed-forward
connections. Ultimately these collaterals will reactivate the first
pyramidal cell, which leads to continuous synchronous activity.
Inhibitory interneurons can also receive inputs from these pyrami-
dal cells, and are capable of controlling their activity via negative
feedback. The activity level of this network can switch between two
preferred energy states, separated by an unattractive energy bar-
rier. Its bi-stable condition makes this attractor network capable of
functioning as a flip-flop circuit, which can easily modify complex
behavioural patterns depending on the demands of the moment.

Rolls’ paper provides evidence that neurons of the lateral OFC
may comprise networks that respond to non-reward scenarios by
maintaining their firing for several seconds; sustained firing is then
used mechanistically to modify reward seeking behaviour. Data
collated from neurophysiological experiments with macaques that
respond to a visual stimulus in the expectation of receiving fruit
juice (the reward), but instead taste aversive saline, would support
this notion. A specific population of neurons in the OFC responds to
the visual stimulus with continued firing only after reward rever-
sal i.e. when the monkey’s behaviour should be changed. This
neuron-level evidence is also supported by findings in functional
neuroimaging in which the macaque lateral OFC was found to be
activated by non-reward during a similar task, with the focus of
this activation within the lateral OFC.

These data also agree with human functional neuroimaging that
shows evidence of a cortical area in the lateral OFC (Brodmann
area (BA) 47/12) that is activated by unexpected, unpleasant, non-
rewarding stimuli. After damaging this area of the macaque OFC,
these animals were less able to avoid non-rewarding stimuli that
had been rewarded prior to reversal.

2.2. Dysfunction of the non-reward attractor network may
explain depression

It is well established that the omission or termination of a
reward can give rise to sadness when no action can be taken to
restore incentive, and to aggression as a possible defence against
reward loss. It is hypothesized by Rolls that in depression, the
lateral OFC non-reward/punishment attractor network system is
activated more frequently, and maintains its non-reward attractor
state for longer. This triggers negative cognitive states held on-line
in other cortical areas such as the dorsolateral prefrontal cortex.
In turn, these other cortical areas maintain the orbitofrontal non-
reward system in its active status in a top-down regulatory fashion.
According to Rolls, true depression may occur when the recollec-
tion of unpleasant memories prolongs negative expectations about
the outcome of arecent event, leading to a long-lasting activation of
the orbitofrontal non-reward system. This could be the outcome for
individuals faced with a major, negatively reinforcing life event that
provokes reactive depression. Alternatively, in some individuals,
a genetic predisposition could sensitize their lateral orbitofrontal
non-reward/punishment system. In his theory, an overly sensitive
or responsive short-term non-reward system in the lateral OFC can

produce long-lasting depression because of at least two scenarios.
The first involves activation of the dorsolateral prefrontal cortex
that re-excites the OFC following rumination over non-reward. A
second scenario involves repetitive activation of the OFC by the
recollection of sad memories.

This non-reward attractor theory of depression is supported
by substantial human neuroimaging evidence that confirms the
functional coupling of cortical areas with the lateral OFC and func-
tionally related areas, with specific symptoms of depression. Rolls
also describes the relationship between the lateral OFC with other
brain areas implicated in depression, particularly the medial OFC,
the supracallosal cingulate cortex, the amygdala, the subgenual
cingulate cortex, and the insula.

2.3. The non-reward attractor network and mania/bipolar
disorder

According to Rolls’ theory, the lateral OFC non-reward attractor
network may also be involved in bipolar disorder, causing symp-
toms of mania. Decreased sensitivity of the non-reward system
may result in diminished attention to the risks or consequences
that can arise from an exaggerated pursuit of reward. This scenario
would also result in the pervasive impulsivity that characterizes
mania. The activation of the medial and lateral OFC are reciprocally
related, with the medial part regulating reward-related affects and
inducing impulsivity. Other than these two, short-term attractor
systems within the medial and lateral portions of the OFC, a longer
loop through the language/planning cognitive system is also pur-
ported to exist, which can operate on a much longer time scale. This
long-loop attractor might calculate the long-term benefit of certain
actions and could also be more sensitive in mania. Rolls in addition
proposes that this long-loop attractor involving language cortical
areas contributes to ruminating thoughts in depression.

3. But what about the sub-cortex?
3.1. Regulation of the reward-seeking behaviour of lamprey

The regulation of reward-seeking behaviour by the primate
non-reward attractor network is very similar to the regulation of
comparable behaviours by the lamprey habenula-projecting globus
pallidus (GPh) (Stephenson-Jones et al., 2013). Loonen and Ivanova
(2015) became interested in the evolution of the forebrain when
realizing that even the oldest free-dwelling animals living in the
oceans about 560 million years ago must have been capable of
obtaining food, warmth, and reproductive possibilities, in addi-
tion to having the ability to escape from threats and discomfort.
Consequently, their forebrains must have contained a machinery
to regulate these behaviours in order to achieve the desired out-
comes. The brain of the lamprey is believed to be comparable
to our earliest vertebrate ancestors (Loonen and Ivanova, 2015).
In lamprey, the part of the pallium (cortical structure) destined
to evolve into almost all of the cerebral neocortex, is small and
insignificant, as is the dorsal thalamus, which is the main input
ganglion of the human neocortex. The dorsal pallium is, unlike
the human neocortex, not involved in inducing locomotion. Lam-
prey have an extrapyramidal system with a similar organization to
the analogous system in humans (Robertson et al., 2014; Loonen
and Ivanova, 2013). It comprises similar nuclei and has direct and
indirect pathways, although with two important differences: the
absence of a circuit starting and ending in the dorsal pallium (fore-
runner of the neocortex), and direct regulation of motor output
by altering motor centres in the lower diencephalon and upper
brainstem. The degree of motor output is controlled by a dopamin-
ergic nucleus in the upper brainstem/lower diencephalon, called
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the nucleus of the posterior tuberculum, which is comparable to
the human ventral tegmental area/substantia nigra pars compacta
(VTA/SNc). The forebrain contains a GPh, which regulates the activ-
ity of this dopaminergic midbrain nucleus. Behaviours that fail to
deliver sufficient reward are inhibited in order to promote other,
more rewarding activities. Behaviours that yield positive results
are reinforced. The GPh regulates this via the habenula. The habe-
nular nuclei are paired structures that belong to the epithalamus,
and comprise the larger lateral (LHb) and smaller, medial (MHb)
devisions (Benarroch, 2015b; Klemm, 2004).

3.2. Role of the habenula in human behaviour

Studying the role of the habenula in humans is not a trivial exer-
cise given its small size and subdivision (LHb and MHb), together
with a complex circuitry and opposing functions (Batalla et al., in
preparation). The habenula cannot be studied with standard func-
tional MRI as its size is reported to be approximately 30 mm3 in
each hemisphere (LHb plus MHb) post-mortem (Ranft et al., 2010).
However, in vivo estimates report sizes around 18.5 mm3 per hemi-
sphere (Savitz et al., 2011), which means that in each hemisphere
the Hb may be even smaller than the standard functional MRI
voxel size (i.e. 27 mm3, with a resolution of 3 mm isotropic vox-
els) (Batalla et al.,, in preparation). Recently, several groups have
employed a high-resolution fMRI approach to examine resting state
(Ely et al., 2016; Hetu et al., 2016) and task-related (Furman and
Gotlib, 2016; Hennigan et al., 2015; Lawson et al., 2017; Lawson
et al., 2013) Hb activity with <2 mm isotropic voxel sizes, provid-
ing novel and more reliable information about the Hb network in
humans. Because this resolution is still coarse to study in the Hb
in detail, these studies do not distinguish between the lateral and
medial parts asin animal studies. Ranft et al. (2010) examined habe-
nular volumes in the post-mortem brains of patients with major
depression and with bipolar depression. Significantly, reduced
habenular volumes of the medial and lateral habenula were esti-
mated in depressive patients, with a reduction in neuronal cell
number and cell area; MRI studies were less conclusive (Carceller-
Sindreu etal.,2015; Schmidt et al., 2016). Fortunately, experiments
in monkeys have been more straightforward (Hikosaka, 2010).
Matsumoto and Hikosaka (2009) found that LHb neurons are inhib-
ited by pleasant events (i.e. rewards) and their predictors, but are
excited by reward omission and (predictors of) aversive stimuli.
Thereafter, these signals are transmitted to dopaminergic neurons
in and around the SNc (Matsumoto and Hikosaka, 2007). This neg-
ative reward sensitivity is, at least partly, provided by a distinct
group of neurons at the border of the globus pallidus (GPb) (Hong
and Hikosaka, 2008, 2013) and ventral pallidum (VPh) (Hong and
Hikosaka, 2013). The GPb is believed to be the primate version
of the lamprey’s GPh, at least within the extrapyramidal system
(Stephenson-Jones et al., 2013; Robertson et al., 2014).

The role of the primate MHb has not been studied extensively.
Although the MHb is, via the interpeduncular nucleus, more inten-
sively connected with midbrain serotonergic nuclei than the LHb
(Benarroch, 2015b; Bianco and Wilson, 2009), serotonergic effects
have been largely attributed to the LHb (Hikosaka et al., 2008),
although this may prove to be an oversimplification (Proulx et al.,
2014).

3.3. Role of the amygdala in humans

The amygdaloid complex can be neuroanatomically divided
into “deep nuclei”, “superficial nuclei” and “remaining nuclei”
(Benarroch, 2015a; Freese and Amaral, 2009). Both the superfi-
cial cortical amygdala nuclei, and the deep basolateral amygdalar
nuclear complex, comprise cortex-like cell types (McDonald and

Mott, 2016). In contrast, the so-called “extended amygdalar nuclei”

contains predominantly GABA-ergic spiny projection neurons, like
the striatum (McDonald and Mott, 2016). Each nucleus of the
amygdala has a characteristic set of interconnections with other
amygdalar nuclei and extrinsic brain regions (Pitkdnen, 2000;
Freese and Amaral, 2009). The extended amygdala comprises the
ganglionic nuclei, the bed nucleus of the stria terminalis (BST), and
their extended amygdala connections (Heimer and Van Hoesen,
2006), and is likely comparable to the complete striato-pallidum
of our earliest vertebrate ancestors (Loonen and Ivanova, 2016c).
The BST can be considered to be the amygdala-associated globus
pallidus (Gonzalez et al., 2014; Moreno et al., 2012) and contains
a section that projects to the lateral habenula (BSTh) (Dong and
Swanson, 2006a,b).

A substantial component of amygdaloid output is delivered
directly or, via the hippocampus, indirectly, to hypothalamic struc-
tures that regulate emotional responses such as sexual desire,
hunger, thirst, fear, and nurture, as well as sleep-need and power-
dominance drives (Sewards and Sewards, 2003; Loonen and
Ivanova, 2016a,b). The connectivity of the deep corticoid amyg-
daloid complex to and from the hippocampal complex is mediated
through parahippocampal regions (Witter, 2002). Via the fornix,
the hippocampus sends a GABAergic connection to the medial sep-
tum and a glutamatergic connection to the lateral septum (Khakpai
et al., 2013; Nieuwenhuys et al., 2008). The septum, particularly
the medial septum and the adjacent nucleus of the diagonal band
of Broca, is the main input to the MHb (Klemm, 2004; Viswanath
et al., 2014; Benarroch, 2015b). Hence, the amygdaloid complex
may deliver output to the MHb via the hippocampal complex and
septum, as well as to the LHb via the BSTh, which can be considered
to be the amygdaloid homologue of the GPh (Fig. 1).

An appropriate description of the functions of the amygdaloid
complex is that it analyses complex inputs related to daily life sit-
uations within the individual’s biotope (nature, flora, fauna, social
circumstances) and selects the sensory input most likely to improve
personal circumstances (i.e. aversive events-fleeing and reward-
seeking). This process refers to (attentive) salience attribution
(Loonen and Ivanova, 2016c¢). The output of the amygdala is modu-
lated by the ventromedial areas of the prefrontal cortex (Kim et al.,
2011; Roy et al., 2012; Loonen and Ivanova, 2016a,b). A significant
component of the output flows via the hippocampus and fornix, to
medial and lateral septal areas (Khakpai et al., 2013; Nieuwenhuys
et al., 2008). After comparison with memorized experiences in the
hippocampus, and processing within the septal area, this informa-
tion may reach the MHb. Although the MHb has been subject to
much less study than the LHb, experimental data would support the
notion that hyperactivity of the MHb is associated with depression,
anxiety, and fear (Viswanath et al., 2014).

3.4. The evolution of the amygdala

Studying the development of the human cerebral cortex during
subsequent steps of evolution makes clear that until and including
a human ancestor with turtle-like brain, animals did not possess
a human-like (dorsal) thalamus and cerebral neocortex (Loonen
and Ivanova, 2016d). In more recent jawed vertebrates, the input
to the dorsal thalamus largely increases, and this in turn leads to
a significant expansion of the dorsal pallium into cerebral cortex
(Butler, 1994a,b). However, this expansion occurs along different
lines in non-synapsid (reptiles, birds) and synapsid (mammals)
animals (Butler, 1994b; Montiel et al., 2016). In mammals a true
cerebral cortex develops (Butler, 1994b). The expansion of this
structure resulted in a total displacement of ventral, dorsal and
medial pallial fields of earlier vertebrates. The dorsal and medial
pallium became the hippocampus and the ventral pallium became
the most caudal edge of the frontal lobe (including olfactory tuber-
cle) and cortical regions of the amygdaloid complex (Loonen and
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Fig. 1. Scheme showing the putative connectivity of amygdalo-hippocampal system to the midbrain through the habenular complex.
BSTh = habenula-projecting part of bed nucleus of the stria terminalis; DR = dorsal raphe nucleus; DTg = dorsal tegmental nucleus; IPN = interpeduncular nucleus; LHb = lateral
habenula; MHb = medial habenula; PHC = parahippocampal cortex; RMTg =rostromedial tegmental nucleus; sCg=subgenual cingulate gyrus; VTA=ventral tegmental area.

Ivanova, 2016d). As the lamprey striato-pallidum went up into
the mammalian extended amygdala, it is justified to consider the
human amygdaloid complex to represent the (almost) entire telen-
cephalon of human’s non-mammalian ancestors. In our opinion, it
is very well possible that the regulation of aversive events-fleeing
and reward-seeking behavior is still largely confined within these
phylogenetically old structures.

anterior
cingulate
cortex

3.5. Circuits regulating the intensity of reward-seeking and
aversive events-fleeing behaviour

We have previously suggested, that two cortico-striato-pallido-
thalamo-cortical re-entry circuits including the nucleus accumbens
as a first relay station (Fig. 2), can be thought of as regulat-
ing the intensity of reward-seeking and aversive events-fleeing
behaviours: the first by the circuit that includes the core region
(nucleus accumbens core, NAcbC), and the second by the circuit

subgenual
cingulate
cortex

orbitofrontal
cortex

nucleus accumbens

© A.JM. Loonen

Fig. 2. Cortico-striatal-thalamo-cortical re-entry circuits including the core and shell parts of the nucleus accumbens (adapted from Dalley et al., 2008).
The activity of these re-entry circuits (motivating to reward-seeking and aversive event-fleeing behaviour) is regulated by midbrain monoaminergic centres, which are in

turn controlled by the output of the habenula.

Note: the existence of the re-entry circuit including the subgenual cingulate cortex is currently hypothetical.
LC=locus coeruleus; VTA =ventral tegmental area. Red arrows = glutamatergic, blue arrows = GABAergic; green arrows = adrenergic; grey arrows = dopaminergic.
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which comprises the shell (nucleus accumbens shell, NAcbS). The
NAcbC is part of a re-entry CSTC circuit that starts and ends within
the medial OFC (and (dorsal) anterior cingulate cortex, ACC). We
previously postulated the existence of a re-entry circuit that began
and ended within the (ventral) subgenual anterior cingulate gyrus
(sCg), running through the NAcbS (Loonen and Ivanova, 2016a). The
first circuit regulates the intensity of reward-seeking behaviour
and the second, of aversive events-fleeing. The activities of both
are regulated by the dopaminergic VTA/SNc, but only the NAcbS
is innervated by the adrenergic LC (stimulating (3 adrenoceptors,
3-AR) (Loonen and Ivanova, 2016a).

3.6. The role of the medial and lateral habenula

The MHb and LHb play significant roles in regulating the activ-
ities of reward-seeking and aversive events-fleeing behaviours by
altering the activity of ‘controlling’ midbrain monoaminergic nuclei
(VTA/SNC, DRN, LC). The LHb stimulates the RMTg, and this GABA-
ergic nucleus inhibits the VTA/SNc. The MHb stimulates the LHb
and the IPN. The IPN is a singular, unpaired structure located at the
ventral midline of the midbrain (Klemm, 2004; Morley, 1986). The
major efferent pathways originating in the IPN project to the dor-
sal tegmental nucleus (Morley, 1986), the VTA (Klemm, 2004) and
the raphe nuclei (Bianco and Wilson, 2009; Klemm, 2004). How-
ever, the IPN is well known for its widespread projections, both
ascending and descending (Klemm, 2004; Morley, 1986).

The cortical part of the amygdaloid cortex and the hippocam-
pal cortex initiate and activate complex emotional responses such
as the fear/flight and anger/fight as basic defence mechanisms
(Loonen and Ivanova, 2016a). These systems influence the MHb via
the septal and diagonal band of Broca nuclei. We would suggest that
a homologue of the GPh exists within this limbic system, probably
represented by BSTh (Fig. 1), which regulates decisions concerning
aversive events-fleeing behaviour.

Within the extrapyramidal system the human homologue of the
GPh is likely to alter behaviour by affecting the activities of specific
parts of these extrapyramidal CSTC circuits. The non-reward attrac-
tor network within the lateral OFC as described by Rolls (2016) may
be the target of such a CSTC circuit. This CSTC circuit activates the
non-reward attractor network within the lateral OFC. Finally, this
network activates dorsal prefrontal areas. At the same time, the
GPh inhibits the CSTC circuit which is activating the medial OFC.

4. Conclusion: synthesis of cortical and subcortical
regulation

We should emphasize how highly we value Edmund T. Rolls’
(2016) paper on the presence of a non-attractor network within
the lateral OFC and its possible role in depression and mania. The
existence of such a network would enable the individual to rapidly
modify reward-seeking behaviour when disappointment ensues.
This constitutes a major adaptive advance that allows rapid and
flexible changes of behaviour when reinforcement contingencies
change (Rolls, 2016). The cerebral cortex with its highly devel-
oped recurrent collateral connections which also include a long
loop involving language cortical areas may allow for a rule to be
looked up by a stimulus, to produce expected reward firing; a mech-
anism to detect a mismatch if an expected reward is not received;
and then continuing firing for at least several seconds to change
the behavior, and indeed to switch a rule attractor to indicate that
a different stimulus in now rewarded (Rolls and Deco, 2016). The
orbitofrontal and ventromedial prefrontal cortices are very suitable
to compute the expected value, reward outcome and experienced
pleasure for different stimuli (Grabenhorst and Rolls, 2011; Rolls
and Grabenhorst, 2008).

However, the change of the attractor state is not necessar-
ily induced by the network itself based upon input through its
intra-cortical (top-down) connections. In our opinion, it is perfectly
feasible that activation occurs based upon the inputs of a CSTC cir-
cuit, as part of a complex response induced by a structure similar
to that of our ancestor’s GPh, which may be retrieved in the BSTh,
the VPh and the GPb. This activation runs through the epithalamus,
monoaminergic midbrain nuclei, and probably also includes spe-
cificother prefrontal targets. The appropriate response is thereafter
computed, initiated, planned and executed by the frontal cortex.
However, evaluating the results of this endeavour could still be the
preserve of a human version of the GPh within the subcortex.

The lateral and medial habenula may receive input from the
amygdalo-hippocampal complex via the BSTh and septal area,
respectively (Fig. 1). In turn, the activity of amygdalo-hippocampal
complex is inhibited by ventromedial areas of the prefrontal cor-
tex (Kim et al, 2011; Roy et al, 2012). Cheng et al. (2016)
measured resting state functional connectivity in patients with
major depression and control subjects. They found reduced func-
tional connectivity in depression between medial orbitofrontal
cortex with memory systems in the parahippocampal gyrus and
medial temporal lobe, especially involving the perirhinal cortex and
entorhinal cortex. This may correspond to the finding that anticipa-
tion of monetary loss elicited activation in the hippocampus as well
as in the amygdala (Hahn et al., 2010). Whether or not the medial
or lateral orbitofrontal cortices also directly affect the functioning
of habenula remains to be determined.

The prime reason for proposing this adaptation of the non-
reward attractor theory of depression is that drugs such as selective
serotonin reuptake inhibitors (SSRIs) and N-Methyl-D-Aspartate
(NMDA) antagonists (i.e. ketamine) are unlikely to mediate their
effects at the cortical level. A subcortical site of action is much
more likely as psychotropic drugs in general lack the specificity
to influence specific cortical circuitry. In addition, neuroplasticity
is unlikely to occur in specific cortical targets. Altering the sensitiv-
ity of cortical-subcortical interactions is, we believe, a much more
likely mechanism of action.

Moreover, as described above, the functioning of specific cor-
tical circuits is controlled by subcortical systems. The latter may
lack specificity as a pay off to ensure that the organism adequately
responds to changes within its biosphere. Ultimately the response
can be far better computed by the cerebral cortex, and humans are
probably the best placed of all primates to achieve this due to their
well-developed cerebral cortex and profound language capabilities.
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