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The ventromedial prefrontal cortex (vmPFC) is consistently impli-
cated in the cognitive and emotional symptoms of many psychiatric
disorders, but the causal mechanisms of its involvement remain
unknown. In part, this is because of the poor characterization of the
disorders and their symptoms, and the focus of experimental
studies in animals on subcortical (rather than cortical) dysregulation.
Moreover, even in those experimental studies that have focused on
the vmPFC, the preferred animal model for such research has been
the rodent, in which there are marked differences in the organiza-
tion of this region to that seen in humans, and thus the extent
of functional homology is unclear. There is also a paucity of well-
defined behavioral paradigms suitable for translating disorder-
relevant findings across species. With these considerations in
mind, we discuss the value of nonhuman primates (NHPs) in bridging
the translational gap between human and rodent studies. We focus
on recent investigations into the involvement in reward and threat
processing of 2 major regions of the vmPFC, areas 25 and 32 in NHPs
and their anatomical homologs, the infralimbic and prelimbic cortex,
in rodents. We highlight potential similarities, but also differences
between species, and consider them in light of the extent to which
anatomical homology reflects functional homology, the expansion
of the PFC in human and NHPs, and most importantly how they can
guide future studies to improve the translatability of findings from
preclinical animal studies into the clinic.
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he human brain, and in particular the expanded neocortex
that is considered the seat of our intellectual and emotional
competence, has long been considered the evolutionary feather
in humanity’s enlarged cap. Since humans separated from the
rodent line the neocortex has expanded to occupy 80% of the
human brain, compared to just 28% in the rat. However, with
this expansion has come added complexity and the potential for
subtle and pervasive disruptions in function. Thus, the benefits
endowed by our neocortex are tempered by the neurodegenerative
and psychiatric disorders that are a consequence of its dysfunction
and represent a considerable economic and individual burden.
The majority of the neocortical increase is composed of as-
sociation cortices: those regions responsible for the complex
mental processing that occurs outside the primary sensory and
motoric areas. This expansion occurs in a way that is unique to
humans and other primates who display different and additional
sources of embryonic neurons, altered developmental and tem-
poral trajectories of neuronal migration, differentiation of neu-
ronal cell types not seen in rodents (particularly interneurons),
and a complex fully developed neocortex comprising over 50
distinguishable areas, many of which are unknown in rodents (1).
These anatomical distinctions are mirrored at the genetic and
molecular level, with strong evidence that transcriptional and
regulatory differences between distinct brain regions—particularly
between the prefrontal and nonfrontal cortices—are an important
driver of primate-specific neocortical evolution (2). As the largest
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area of association cortex, the prefrontal cortex (PFC) positioned
in the anterior portion of the frontal lobes exemplifies many of
these evolutionary differences, and crucially, is one of the regions
that is most heavily implicated in the cognitive and emotional
symptoms of many neuropsychiatric disorders. Consequently, this
raises the question as to how appropriate it is for pharmacological
research to use rodents as their preferred models when seeking to
understand and develop therapeutics for these disorders. This
question is particularly pertinent now since there has been little
recent progress in the development of new treatments for com-
mon psychiatric disorders, such as depression and anxiety (3), and
the failure rate for experimental CNS drugs is high (4).

There are many possible reasons for this impasse in treatments.
First, there is the poor psychological and neurobiological charac-
terization of both the disorders and their component symptoms
(such as anxiety or anhedonia), and the recognition that the un-
derlying neurobiological and psychological mechanisms responsi-
ble for them may differ between patients. Second, there is the
focus, until recently, on subcortical mechanisms and structures,
such as the amygdala, bed nucleus of the stria terminalis, and
hypothalamus to investigate emotion and stress rather than corti-
cal and—in particular—prefrontal mechanisms. Third, there is a
paucity of behavioral paradigms suitable for translating findings
from animals into the clinic. Fourth, there is an almost total reli-
ance on findings from experimental studies of brain mechanisms of
emotional-like symptoms in rodents, in which the organization of
the PFC is markedly different from that seen in humans.

This review will focus on the fourth of these reasons by consid-
ering the comparability of prefrontal function between rodents and
nonhuman primates (NHPs) as it relates to our understanding of the
symptoms of anxiety and anhedonia. Clinical anxiety is not just re-
stricted to the anxiety disorders but is also comorbid with many other
neuropsychiatric disorders, including depression. Similarly, anhedo-
nia, the loss of pleasure, is commonly reported in schizophrenia as
well as being a major symptom of depression. Consequently, the
focus of therapeutics has recently turned to the alleviation of a given
symptom irrespective of the specific disorder in which it occurs,
which depends on being able to link the underlying neurobiology to
the specific cognitive and emotional processes that are disrupted.
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A wealth of correlative human neuroimaging studies have
implicated regions of the ventromedial (vm)PFC in the etiology
and treatment of disorders of anxiety and depression (reviewed
in ref. 5), but recent metaanalyses have proved inconclusive
when attempting to identify the range of functions attributed to
this region, including those relevant to disorders of negative
emotion (6, 7). Similarly, patients with vmPFC damage display a
range of behavioral deficits, including social cognition, decision
making (including choosing between differently valued out-
comes), personality, emotion, and memory (expertly reviewed by
refs. 6 and 8); but the damage very often spans multiple different
brain regions that affect both cell bodies and underlying fibers of
passage (white matter) that hinder the allocation of structure to
function (9). Consequently, we still lack a fundamental under-
standing of how particular symptoms relate to dysfunction within
particular brain regions. A wealth of studies in rodents have also
highlighted the critical role played by regions of the vmPFC in
regulating responses to threat and reward (reviewed in refs. 10
and 11), of relevance to our understanding, respectively, of
anxiety and anhedonia. However, as we shall see in Anatomical
Considerations, below, it is unclear just how comparable regions
of the vmPFC in rodents and humans are, highlighting the need
for experimental studies in NHPs to bridge the gap. Only recently
have studies begun to dissect out this region in monkeys and it is
these studies that will be described here, focusing on areas 25 and
32, and their findings discussed in the context of how they com-
pare to and inform the rodent and human literatures.

Anatomical Considerations

The PFC of humans and NHPs contains 3 types of cytoarchi-
tectonically distinct cortices based on the presence or absence of
the granule cell-containing layer 4. The granular, homotypical,
neocortex, which is the most recent evolutionally, contains a
prominent layer 4, and is found in BA 8, 9, 10, 11, and 47/12. The
agranular cortex is the most ancient (posterior BA 13 and 14),
has no layer 4, and is considered a transitional zone between the
neocortex and more primitive allocortex, while the dysgranular
cortex (anterior BA 13 and 14) has a sparse layer 4 (12). These
regions are bordered by the anterior cingulate cortex (ACC),
which wraps around the genu of the corpus callosum at the
midline and comprises BA 24, 25, and 32 (13). Experimentally,
these prefrontal and cingulate areas are often grouped according
to their regional position. Hence, the dorsal and ventral regions
of the lateral surface are referred to as the dorsolateral PFC
(dIPFC; BA 8, 9, and 46) and ventrolateral PFC (VIPFC; BA 47/12
and 45), and those on the ventral surface, the orbitofrontal
cortex (OFC; primarily BA 11 and 13 and orbital parts of 47/12
and 14). Of particular relevance to this review are those lying on
the midline, ventral to the genu of the corpus callosum, which
are variably called the vmPFC (BA 10 and 14, as well as ACC
regions 25, 32, and ventral parts of 24a) or the subcallosal/
subgenual ACC (sc/sgACC), the latter containing only those
ventral regions caudal to the genu (Fig. 1). However, the vmPFC,
particularly in respect to human lesion studies (6), often refers to a
more extended region that includes areas lying on the medial or-
bital surface that variably include medial 11 and orbital 14, or 11m
and 13a/b according to the maps, respectively, of refs. 14 and 15.

These regional subdivisions are frequently used when com-
paring primate and rodent brains, as rodent frontal areas are also
subdivided into the dorsal, vmPFC, and OFC regions. However,
one key difference between species is that rodents and other
mammals only possess an agranular frontal cortex and lack both
granular and dysgranular cortices (16). Thus, whether the highly
granular and evolutionally recent regions of human and NHP
PFC, such as the dIPFC and vIPFC, have correlates in rodents is
unclear. In contrast, the OFC, appears more comparable across
species, although the granular and dysgranular architecture of
the human/NHP OFC (17, 18) still makes it difficult to compare
with the agranular ventral, medial, lateral, and dorsolateral
orbital regions (VO, MO, LO, and DLO, respectively) of the
rodent. One interpretation states that agranular rat regions are
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Fig. 1. Cytoarchitectonic parcellation of the vmPFC and scACC in humans,
monkeys, and rats. Mid sagittal views of the PFC and ACC in humans (i),
macaque (i), marmosets (iii), and rats (iv). (i, ii, and iv) Reprinted from ref.
12. Copyright (2008), with permission from Elsevier. Parcellation is based on
Ongr et al. (15) for human and macaque but Paxinos et al. for marmoset
(22) and rat (25, 104). There is general agreement regarding those regions
that are agranular (green) and those regions in primates, including humans,
which are homotypical granular cortex (dark blue). However, there is variation
as to whether monkey and human area 32 is considered dysgranular as de-
scribed by Paxinos et al. (25) and Zilles and colleagues (7) and depicted here in
pale blue, or agranular, as described by Ongur et al. (15) in humans and ma-
caques. It should also be noted that Ongur et al. suggest that 32/PL charac-
terized in macaques is only a very small sector of area 32 in humans, lying very
caudal in the subcallosal cortex, while the rest of area 32 (32/AC) they propose
is unique to humans.

homologous to the agranular primate OFC (12), while another
suggests that the MO/VO, VLO/LO, and DLO may be similar to
primate orbital areas 14, 13, and 47/12, respectively (19). How-
ever, the apparently greatest correspondence across species is
within the ACC, large parts of which lie within the area often
described as the vmPFC or scACC. Vogt et al. (13, 20), Rosa and
colleagues (21, 22), and Petrides and colleagues (22) identify
areas 25, 32, and 24 across humans, macaques, and marmosets,
with the basic organization between the macaque and the mar-
moset being very similar. Differences between NHPs and hu-
mans do emerge, particularly with respect to area 32, where,
according to Price and colleagues (15), a subsection of area 32
lying in front of the genu is not found in NHPs (Fig. 1). Similar
regions to areas 25, 32, and 24 have been identified in rodents,
which correspond roughly to infralimbic (IL), prelimbic (PL),
and cingulate regions (Cg) (23-25), respectively, an alternative
nomenclature frequently used to describe these regions in ro-
dents. However, it should be noted that even when the same
nomenclature is used across species, patterns of connectivity
don’t always correspond. There is generally good correspondence
between area 25/IL in rodents and area 25 in humans/NHPs on
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the basis of both cortical and subcortical connectivity patterns (13,
26, 27; but see exception in ref. 28). However, the areas homol-
ogous to area 32/PL and Cg/24 do show differences. For example,
areas 24/Cg in rats and 24 in humans/NHPs show distinct patterns
of striatal projections despite similar connections to the OFC and
area 25/IL (26). Indeed, Haber and colleagues have identified
portions of rodent PL that may be equivalent to rostral area 24 in
NHPs rather than area 32 (26), consistent with the revised rodent
atlas of Paxinos and Watson (29) that has renamed the anterior
PL as area 32, while the posterior PL has been renamed 24.
These uncertainties and inconsistencies in terminology make it
difficult to directly compare experimental findings across species
(30). Even in areas where comparable anatomies suggest puta-
tive homology between humans, NHPs, and rodents, the primate
PFC and ACC may have inherently different neurobiological
processes to those of rodents because of the differences in cor-
tical microstructure and the different networks of structures in
which distinct prefrontal and cingulate regions are embedded. For
example, although area 25/IL appears anatomically homologous
across species, this area is integrated into a network that includes
higher-order prefrontal areas, such as areas 9, 10, 46, and 47 in
NHPs and humans, which are likely to have had additional impact
on its function through primate evolution. Thus, for effective
translation it is not only important to highlight the similarities
between species but also to be aware of potential differences.

Regulation of Threat Processing in Areas 25/IL and 32/PL of
Rodents, Humans, and NHPs

A wide range of behavioral tests have been developed to study
the regulation of threat responses in animals that may ultimately
provide insight into the neurobiological underpinnings of symp-
toms of anxiety. Many of these are species-specific, such as the
elevated plus maze or open-field tests used to study anxiety-like
behavior, which do not have obvious counterparts in studies of
anxiety states in humans, as they focus on the natural tendencies
of rodents to explore their environment, a behavior affected by
many factors beyond those linked to anxiety per se (31, 32). One
test, however, that has been successfully translated from rodents
into NHPs and the clinic is Pavlovian threat conditioning, pro-
posed to be particularly relevant to anxiety disorders, such as
posttraumatic stress disorder (33). During conditioning, an ini-
tially neutral cue is repeatedly paired with a biologically relevant
event (typically a footshock in rodents and loud noise or wrist
shock in humans; unconditioned stimulus [US]), until it takes on
the affective properties of the US and becomes a conditioned
stimulus (CS). However, it should be noted that the measures
of conditioning differ across species. A freezing response is most
studied in rodents compared to an autonomic response (e.g., skin
conductance or heart rate) in humans. Subcortically, such asso-
ciative learning is known to depend on the CS and US in-
formation converging on the lateral nucleus of the amygdala
across species, with amygdala projections to the brainstem, hy-
pothalamus, and motor cortices mediating the relevant physio-
logical and behavioral responses, and projections from the
hippocampus providing contextual information (34, 35). These
conditioned threat responses are regulated by the vmPFC.
Typically, down-regulation of such responses is measured using
an extinction protocol in which the CS, after a number of pair-
ings with the US (acquisition), is presented in the absence of the
US (extinction) and the conditioned response declines as the
new association of CS and no US is learned. In rodents, early
lesion studies implicated the IL and not PL in the recall of ex-
tinction. Additional lesion, electrophysiological, and pharmaco-
logical studies have since demonstrated that IL neurons are
active during the recall of extinction, and lesions and temporary
inactivations of the IL enhance conditioned threat and inhibit
extinction recall (34, 36-38), leading to the hypothesis that the
IL is associated with the recall of extinction memory, and criti-
cally down-regulates structures such as the amygdala during ex-
tinction learning and retention (34, 39, 40). In contrast, activity
in the PL is associated with the expression of conditioned threat,
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as lesions and temporary inactivation of the PL facilitate ex-
tinction, while PL microstimulation increases the expression of
conditioned threat and prevents extinction (34, 37, 38, 41)
(Fig. 24).

Given the proposed homology between primate areas 25/IL
and 32/PL, it could be expected that the activity of areas 25 and 32
would correlate, respectively, with the recall of extinction and ex-
pression of conditioned threat in human neuroimaging studies, but
this is where the story becomes more complex. With respect to the
recall of extinction, similarities have been highlighted between ro-
dents and humans based on the finding that in both species it in-
volves the vmPFC. However, as described above, the vmPFC
encompasses a large area in humans, containing multiple
cytoarchitectonically defined regions and including areas in front of
the subcallosal cortex. Close inspection reveals that the extinction
recall-related area in humans does not map on to area 25, but in-
stead, a more anterior region (42-45) at, or in front of the genu of
the corpus callosum (Fig. 2 B, 7). Similarly, threat acquisition, and
threat expression during extinction recall in humans is more strongly
correlated with cortical thickness and activity of the dorsal ACC
(area 24), than with activity in area 32 (46, 47) (Fig. 2 B, ii), although
this apparent discrepancy may be explained by appealing to the
reclassification of these regions in the latest edition of the Paxinos
and Watson rat atlas (29), in which the posterior PL is renamed area
24. Whether the effects of PL manipulations on threat expression in
rodents can be attributed to altered activity in this posterior PL/area
24 region, however, remains to be determined.

These discrepancies between rodent and human studies con-
cerning the role of the vimPFC in threat regulation highlight the
importance of performing studies in NHPs in order to bridge the
translational gap. Indeed, already new insight has been gained by
manipulating the distinct regions of subcallosal cingulate in the
marmoset, a New World monkey, using a similar Pavlovian con-
ditioning paradigm to that used in both rodents and humans. These
studies used a mildly aversive loud noise instead of foot/wrist
shock, and to facilitate translation, cardiovascular indices were also
measured, since many human studies measure autonomic/cardio-
vascular indices of negative emotion. Marmosets were therefore
implanted with a wireless probe into the descending aorta in a single
surgical operation such that, alongside behavior, blood pressure
(BP) and heart rate (HR) could be measured remotely in freely
moving animals. This approach allowed the selective manipulation
of the NHP anatomical homologs (areas 25 and 32) of rodent IL
and PL that have been identified in rodents as being important for
threat extinction recall and threat expression, respectively. During
discriminative threat-conditioning, selective temporary inactivation
of area 25 with GABA s agonists abolished the expression of the
conditioned increases in HR and orienting behavior associated
with the CS period, while area 32 inactivation increased them
(48), indicating that area 25 activity promotes such conditioned
threat responses while area 32 activity inhibits them.

These results in marmosets are opposite to those expected
from the enhanced and blunted conditioned freezing responses
seen after IL and PL manipulations (lesions or inactivations),
respectively, in rodents. Moreover, when the investigations in
marmosets were extended to threat extinction and extinction
recall tests designed to be as comparable as possible to those
used in rodents, the effects remained opposite to those in rats.
Specifically, area 25 inactivation induced on the day of extinc-
tion, hastened extinction and had no effect on extinction recall
the following day (Fig. 2 C, i), while area 32 inactivations retarded
extinction and extinction recall, and promoted the expression of
threat responses (48) (Fig. 2 C, ii). Thus, these opposing func-
tional effects between rodents and marmosets following inactiva-
tion in putatively anatomically homologous regions further highlight
potential problems of cross-species translatability.

How comparable though are the findings in marmosets with
those in humans? Such comparisons are currently limited as
further studies in monkeys are required to investigate the causal
involvement of those areas identified in human neuroimaging
studies, namely the dACC and the more rostral subcallosal area
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A Rat

Fig. 2. Threat extinction and the PFC in rats, mar-
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PL hastened extinction (A, ii). Extinction, *P < 0.05;

Recall, *P = 0.08. Reprinted by permission from ref.

(Milad et al,, 34, Springer Nature: Neuropsychopharmacology,

2007) copyright (2010). (B) Human neuroimaging of threat
extinction and recall (B, i) has identified regions of
the scACC in which the deactivation induced by the
CS+ is blocked following successful extinction recall
(42, 43, 45). However, these regions of activity do
not include area 25. (Top) Reprinted from ref. 42.
Copyright (2004), with permission from Elsevier.
(Middle) Reprinted from ref. 43. Copyright (2007),
with permission from Elsevier. (Bottom) Reprinted
with permission from ref. 45. Threat expression (B, ii)
was associated with activity in the dorsal ACC high-
lighted in red (46, 47). (Top) Reprinted from ref. 46.

Copyright (2007), with permission from Elsevier.
(Bottom) Reprinted with permission from ref. 47 the
American Journal of Psychiatry (Copyright 2012).
American Psychiatric Association. All Rights Reserved.
Finally, in marmosets (C) inactivation of area 25 (muscimol
and baclofen, closed circles) during extinction hastened
the extinction of an aversive (rubber snake) Pavlov-
ian conditioned association (C, /), and area 32 in-
activation enhanced fear expression during both
extinction and recall (C, ii) (48), directly opposite to
the findings in rats. See text for discussion of these
apparent differences. Brain illustrations provide rep-
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(14/10/ventral 32), in emotion regulation, although a caudal region
of the dACC has been implicated in conditioned threat responses
in macaques (49). A role for area 25 in the expression of condi-
tioned threat responses, as suggested by the findings in marmosets,
has not so far been shown in human neuroimaging studies of
Pavlovian threat conditioning (see ref. 50 for recent critical review
of this literature). It should be noted, though, that comparison of
conditioning with extinction does reveal activation in the ventral
caudate and nucleus accumbens, which may well overlap into
caudal area 25 (Fig. 2) (50). Moreover, the findings in marmosets
are consistent with a recent neuroimaging metaanalysis of human
vmPFC function, which concluded that negative affect in general
is primarily associated with activity in the caudal scACC including
area 25, while positive affect is associated with activity in more
anterior regions that include area 32 (5). This is reinforced by the
finding that area 25 neurons in macaques appear to preferentially
signal negative outcomes (51, 52). In addition, area 25 over-
activation induced by blockade of the excitatory amino acid trans-
porter to reduce glutamate reuptake (using dihydrokainic acid;
DHK), heightens anxiety-like behavioral responses in marmosets
faced with an unknown human (53), the latter being a well-
validated test of uncertainty-based negative affect in monkeys and
children that has been successful at identifying those children with

4 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1902288116

extreme anxious temperament at risk for developing pathological
anxiety and depression in adolescence (54).

In addition to comparison between rodents, monkeys, and
humans, of vmPFC involvement in threatening situations, it is
also possible to compare this region’s involvement in the regu-
lation of cardiovascular activity in nontask-related situations that
are emotionally neutral. In a resting-like state, inactivation of
marmoset area 25 reduced both basal HR and BP and also in-
creased the parasympathetic component of heart rate variability
(HRV) (48), the component of HRV that is reduced in anxiety
and depression (55, 56). In contrast, corresponding manipula-
tions of either the IL and PL in rats have no cardiovascular ef-
fects in emotionally neutral resting conditions (57, 58). Findings
in humans are less clear. Although hypotensive responses are
seen after electrophysiological stimulation of area 25 in humans
(59) and macaques (60), the net effects of such stimulation
(excitation or inhibition) and whether the effects are due to
activation of adjacent fiber pathways are unclear.

Thus, in both threatening and emotionally neutral states there
are marked differences in how these rodent and NHP areas
contribute to threat conditioning and physiological processes. This
may have important translational implications for disorders in which
such emotional and physiological regulation is disrupted. Before

Roberts and Clarke


https://www.nature.com/npp/
https://www.pnas.org/cgi/doi/10.1073/pnas.1902288116

Downloaded by guest on May 10, 2021

considering potential explanations for these differences, we will
compare the involvement of these same regions in 2 other symptoms
of psychiatric disorders, namely anhedonia and deficits in cost—
benefit decision making across rodents, NHPs and humans.

Regulation of Reward Processing in Areas 25/IL and 32/PL of
Rodents, Humans, and NHPs

A loss of interest or pleasure in all or almost all activities char-
acterizes clinical anhedonia and is a key diagnostic symptom for
major depressive disorder. Indeed, anhedonia is not only a po-
tential trait marker related to vulnerability to depression but
is also a poor prognostic marker (61), often associated with
treatment-resistant depression. Based on many years of preclinical
studies on the brain circuits underlying the processing of reward, it
is recognized that anhedonia may arise from dysregulation at
multiple levels, including consummatory, anticipatory, and moti-
vational, as well as in decision making, with patients primarily
showing anticipatory, motivational, and decision-making deficits,
rather than consummatory (reviewed in ref. 62). The vmPFC has
been shown to encode internally elicited motivation processes
(63), and in the few neuroimaging studies investigating anhedonia,
anhedonia severity has been linked to enhanced activity in anterior
regions of the vmPFC (areas 32 and 10/24) (64, 65), and context-
specific deficits in connectivity in more caudal regions (66), al-
though these studies did not differentiate between the subtypes of
anhedonia, and whether changes were causal or compensatory is
unknown. Indirect evidence implicating the vmPFC—and in par-
ticular, caudal subcallosal cingulate (area 25) overactivity—in
symptoms of anhedonia, comes from studies of treatment-resistant
depression in which activity in this region is reduced following
successful treatment with deep brain stimulation (67).

Alterations in activity in rodent IL and PL have been impli-
cated in the regulation of reward-elicited behaviors, and in many
cases a similar pattern of effects has been seen as for threat-
elicited behaviors, with the PL promoting and IL reducing the
expression of reward seeking. In many cases these effects are seen
on spontaneous recall and reinstatement of previously extinguished
Pavlovian and instrumental appetitive responses (68), implicating
these regions in the anticipatory and motivational aspects of
reward-elicited behaviors. It is less clear, though, whether IL and
PL manipulations impact upon appetitive responses during initial
acquisition and expression. Certainly, excitotoxic lesions of the IL
have no effect on acquisition of appetitive Pavlovian-conditioned
autoshaping (69) and NMDA antagonism of the IL has no effect
on expression of instrumental conditioned responses at the start of
extinction (70). Moreover, neither inactivation of the PL or IL
affect the break point of a progressive ratio schedule (71). How-
ever, DHK-induced activation of IL, but not PL, increased the
latency to approach, but had no effect on the consumption of,
sucrose. It also reduced the threshold for lever pressing for elec-
trical brain stimulation (72) (Fig. 3 4, i—ii). In contrast, there have
been reports that GLAST/GLT-1 knockdown-induced sustained
activation of the IL reduces overall sucrose consumption in a
novelty-suppressed feeding test (73) (Fig. 3 A4, iv). In summary, ac-
tivation of the IL often has broader effects on rewarded behaviors
than the effects of inactivation, and in general, activation tends to
dampen reward-elicited responses.

In contrast to the opposing effects of inactivation on threat
regulation between rodents and marmosets, there appears more
consistency with respect to the regulation of reward-elicited re-
sponses, in that overactivation of marmoset area 25, like the rat
IL, dampens such responses. Specifically, DHK-induced over-
activation of area 25, but not 32, blunted increases in behavioral
and cardiovascular conditioned arousal in anticipation of food
reward, and reduced the breakpoint on an instrumental pro-
gressive ratio paradigm (53), indicating reductions in the antic-
ipation of, and motivation to work for, reward (Fig. 3 B, i and if).
There were no accompanying effects on the behavioral and
cardiovascular indices of reward consumption, and increased
activation of area 25 had no effects on sucrose consumption in a
sucrose preference test (Fig. 3 B, iii). However, neither area 25
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nor 32 are necessary for the expression of CS-triggered antici-
patory appetitive arousal, as shown by the lack of effects of in-
activation of either area. Direct comparison of these effects with
rodent studies is currently difficult as appetitive Pavlovian studies
of the PL/IL in rodents often measure conditioned discriminative
approach responses to the US, rather than the CS-induced phys-
iological and behavioral arousal measured in marmosets. How-
ever, it is the latter that is highly relevant to our understanding of
the dysregulation of emotional arousal in human psychiatric dis-
orders, and it is important for future studies to determine
whether comparable effects are seen in rodents.

The finding that regionally specific increases in area 25 activity
in marmosets not only blunts anticipatory and motivational aspects
of reward-elicited behavior but also heightens threat-induced be-
haviors (on the human intruder test) is consistent with findings in
depression, whereby symptoms of anhedonia—in particular, mo-
tivational and anticipatory, but not consummatory aspects—can be
accompanied by comorbid anxiety. Such consistency of the mar-
moset studies with clinical observations is crucial to our ability to
leverage neurobiological understanding into the translational de-
velopment of new pharmacotherapeutics. Consequently, the strong
clinical relevance of the monkey as a model organism and the
validity of discriminative Pavlovian appetitive conditioning for
measuring anhedonia-like responses has also allowed the efficacy
of novel antidepressant drugs, such as ketamine, to be evaluated.
Acute ketamine but not citalopram treatment ameliorated the
blunted anticipatory arousal induced by increased activity of area
25 in marmosets, and also reversed the associated changes in ac-
tivity seen throughout the PFC, dACC, and brainstem, revealing
the network through which ketamine acts to ameliorate the
anhedonia-like symptoms of increased area 25 activity (53).

Using both Positive and Negative Affective Cues to Guide
Decision Making

The ability to weigh up learned costs and benefits is a crucial
component of decision making and is impaired after damage to
the vmPFC (74) and in psychiatric disorders in which vmPFC
dysfunction is implicated. For example, patients suffering from
anxiety make more decisions based on expected negative con-
sequences, and patients suffering from depression make fewer
decisions based on expected positive consequences (75, 76).
Thus, the role of particular brain regions, such as area 25, which
regulate both the positive and negative emotional information
required for such decisions, and whose dysfunction is strongly
associated with psychopathology, are of particular interest.

One informative and translational approach to investigating
such affective decision making in rats, monkeys, and humans is
the use of instrumental approach-avoidance paradigms that si-
multaneously pit rewards and punishments against each other to
influence decisions (77-80). However, even within such para-
digms, there is significant task variation, which makes compari-
son both between- and within-species difficult (reviewed in ref.
81). Human neuroimaging studies typically study actions asso-
ciated with learned reward and punishment and implicate activity
within the hippocampus, OFC, dIPFC, and ACC (areas 24 and 32,
but not 25), in decision-making conflict (82-84). In contrast,
rodent studies typically use unlearned, innate cues to measure
approach-avoidance behaviors in ethological situations in which
there is no explicit reward or punishment, or use Pavlovian cues to
guide responding that are often absent from human decision-
making processes (85, 86), and have primarily focused on the role
of the hippocampus, not the IL or PL. Furthermore, those studies
that have investigated lesions or inactivations of the IL or PL have
reported inconsistent results, with both anxiolytic and anxiogenic
effects seen in a variety of paradigms (reviewed in ref. 81).

Consequently, because of the uncertainty over the roles of
areas 25/IL and 32/PL in decision making, and the knowledge
that they modulate threat conditioning differently across species,
clarification of their role in decision making has been sought
from monkeys. On a learned, action-based approach-avoidance
task developed specifically for marmosets, area 25 inactivation
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tion test (A, iii and B, iii). In contrast to the similari-
ties in reward-elicited responses in rats and marmosets,
effects of DHK differed in threatening situations.
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while increased area 25 activity heightened anxiety-
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like responses to the threat of a human intruder in marmosets (B, iv). *P < 0.05. A, iiii reprinted by permission from ref. 72, Springer Nature: Neuropsychopharmacology,
copyright (2012); A, iv reprinted from ref. 73, which is licensed under CC BY 4.0; B data from ref. 53.

rendered animals insensitive to punishment, and increased respond-
ing overall, while increased activation heightened punishment
avoidance (87). This is consistent with the bidirectional effects of
area 25 manipulation on the regulation of threat- and reward-
elicited behaviors described above. Moreover, this increase in
punishment sensitivity after area 25 activation can be compared to
humans as it is similar to the increased sensitivity to negative
feedback associated with depression, and by extension, scACC
overactivity (82, 88). A similar punishment avoidance response has
been induced by stimulation of a subset of negative encoding cells
within area 32/24 in a macaque approach—-avoidance paradigm
(77), although the latter is difficult to compare to regional activations
that impact both positive and negative coding cells. In the mar-
moset, inactivation of area 32 had no effect (87), while activation
caused punishment insensitivity. Thus, the opposing roles of areas
25 and 32 demonstrated in the regulation of threat-elicited behaviors
that were consistent with evidence from neuroimaging extend to
the regulation of cost-benefit decision making, a finding that is
difficult to reconcile with the increased punishment sensitivity seen
after IL and PL excitotoxic lesions in rodent gambling (89, 90).

Reconciling the Differences

This review has highlighted both similarities and differences with
respect to manipulations of area 25/IL and area 32/PL in mar-
mosets and rats. Without using the exact same behavioral tests,
the same pharmacological manipulations, and the same physio-
logical measures, interpretation of differences between species
will always be problematic. Despite such experimental differ-
ences, there was some correspondence between rats and mar-
mosets with respect to reward processing. When area 25/IL
activation did impact on Pavlovian and instrumental appetitive
behaviors, it tended to reduce responding in both species. In
contrast, inactivation of both areas 25 and 32 in marmosets, re-
spectively, had opposing effects on threat-induced responding to the
effects of IL and PL inactivation in rats. In the case of marmoset
area 25, the fact that inactivation decreased threat behavior across
multiple paradigms and different physiological indices reinforces
the apparently marked differences between manipulations of
area 25/IL in NHPs and rodents. The involvement of marmoset
area 25 in negative processing did appear consistent, however,
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with the general consensus that activity in area 25 in humans is
associated with negative affective states (see ref. 91 for review of
area 25 function across species).

There are primarily 2 possible explanations for the discrep-
ancies between rats and marmosets. The first is that despite their
anatomical and cytoarchitectonic similarities, 25/IL and 32/PL
are not functionally homologous in primates and rats. This may
be a consequence of alterations in downstream connectivity, or a
result of the different cognitive frameworks in which they reside,
the latter a consequence of the more highly evolved PFC in
which areas 25/IL and 32/PL are embedded within the primate as
compared to the rodent brain. Alternatively, or perhaps in ad-
dition, there may be some functional homology between pri-
mates and rats but the nature of the regulation of threat-induced
behaviors (i.e., whether responses are dampened or heightened)
depends upon the context in which these behaviors take place
(92), and these contextual associations may differ between the
experimental studies undertaken. Given the varied effects that
manipulations of the IL and PL in rats have on a wide range of
behaviors—including habits and goal-directed actions (11, 93),
attentional control of competing environmental cues (10, 94),
and contextual processing (71)—it is likely these regions are in-
volved in higher-order cognitive processes that, when dysregu-
lated, result in complex phenotypes that don’t conform to a simple
down- or up- regulation of affective responses.

Such higher-order psychological mechanisms have already
been proposed to explain the involvement of the IL in rats in
both the regulation of threat and the balance between habitual
and goal-directed behaviors (10, 11). They suggest a role for the
IL in promoting the performance of those responses that best
reflect the animal’s experience with the current contingencies, be
it a fear response or a habitual one (10), or IL’s role in suppressing
established action—outcome relationships (11). Similarly, it has
been proposed that the PL contributes to the expression of con-
ditioned threat responses by virtue of its role in attentional control
mechanisms, including the flexible shifting of attentional sets (95,
96), that allow the rat to attend selectively to those elements of the
environment that best predict an outcome (10, 94). Support for the
latter comes from the finding that the effects of PL lesions on
conditioned threat responses are abolished if the rat is preexposed
to the test apparatus prior to the start of conditioning, so that
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competition between the punctate and contextual cues within the
apparatus at the time of conditioning is reduced. Whether dys-
regulation of such high-order processing could explain the
anxiety-like and anhedonia-like effects seen in studies of area 25
and 32 in marmosets remains to be determined, with new experi-
ments required to specifically address these hypotheses. However, it
should be noted that attentional set-shifting in both humans and
marmosets is associated with VIPFC function (97, 98), and specific
deficits in shifting attention have been proposed to underlie the
heightened anxiety-like (99) and avoidance responses (79) that ac-
company lesions or inactivation of the vVIPFC (79, 99) because of a
failure to shift attention away from highly salient aversive stimuli
(100). Indeed, because PL lesions in rats disrupt attentional shifting
in a task based on one originally developed in marmosets (95), it has
been suggested that the PL may be functionally homologous to the
VvIPFC in monkeys. This does raise the possibility that more gener-
alized processing modules reside in the rodent PL and IL, which, as
a consequence of the expansion of the association cortex in humans
and NHPs, have evolved into more specialized and regionally
localized, cognitive processing units. Such a hypothesis could
provide a more parsimonious explanation for the combination of
functional overlaps and inconsistencies that are seen when
comparing putative anatomical homologs of the PFC and ACC
between rodents and primates.

Future Directions

Effective translation between rats, marmosets, and humans is
especially important in the wake of emerging findings from studies
into the development of emotion regulation and the differential
onset of amygdala-vmPFC, vmPFC-amygdala, and vmPFC-
cortical interactions in humans and rats (reviewed in ref. 101).
Studies such as these will have important implications for our un-
derstanding of the etiology of emotion dysregulation in disorders,
such as anxiety and depression, which very often have their onset
during adolescence (102). They suggest that adversity, a known risk
factor for the onset of mental health disturbance, may induce dif-
ferent symptomatology depending on the stage of development in
which it occurs. Recently, structural MRI across development in
marmosets has revealed that the most marked heterogeneity of
developmental growth curves of all association cortices is within the
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PFC and ACC (103). Of particular relevance to the present dis-
cussion is the finding that area 25 and 32 showed a much earlier
onset of gray matter decline (thought to reflect changes in synaptic
pruning and myelination) compared to surrounding prefrontal
regions, which may indicate earlier functional recruitment of these
regions. However, that this decline was sustained across adoles-
cence, with the maximum rate of decline occurring toward the end
of adolescence, later than the maximum rate seen for all other
prefrontal regions, may reflect their subsequent functional in-
tegration into these late-developing prefrontal networks. Selective
intervention studies at distinct timepoints during the development
of monkeys should test these hypotheses and contrast effects with
similar studies in rodents.

Conclusion

To conclude, measuring behavioral and autonomic indices of
threat- and reward-elicited behaviors in monkeys during the
performance of comparable paradigms to those used in rodents
and humans makes monkeys a unique investigative resource to
bridge the gap between rodents and humans, facilitating forward
translation into the clinic and back translation to rodents. Cru-
cially, the ability to manipulate PFC/ACC regions that display
markedly similar organization to humans allows an assessment of
causality not possible in humans and allows translation to clinical
states that may not always be possible with rodents. Moreover, in
the case of putative anatomical homologs in the ACC of rodents
and NHPs, such as areas 25/IL and 32/PL considered here, ex-
perimental studies in NHPs can determine the extent to which
anatomical homology reflects functional homology. This will
depend upon a more critical approach to cross-species compar-
isons and a greater willingness to recognize differences as well as
similarities. Moreover, a concerted effort is required to develop
not only more translationally relevant behavioral tasks but also
translationally relevant physiological-behavioral outcomes for use
across rodents, NHPs and humans.
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