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Two separate neural pathways,
lateral and medial, for sensory
decisions in mammals: switching
of attention between the outer
and inner cognitive worlds
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1RIKEN Center for Brain Science, Wako, Saitama, Japan, 2Department of Brain Function, School of

Medical Sciences, University of Fukui, Matsuoka, Fukui, Japan, 3Department of Animal Behaviors,

School of Veterinary Medicine, University of Tokyo, Bunkyo-ku, Tokyo, Japan

Mammalian sensory cortices detect changes both inside and outside of the

body. They identify sensory information from the surrounding world, evaluate

the current situation, and generate top-down signals to induce emotional and

behavioral outputs. The cortices also detect physiological changes inside of the

body, such as internal pain, thirst, fever, and retronasal odors. Thus, the cortical

attention is directed to either the outside or inside of the body. As consciousness

seems to be generated by sensory stimuli together with the recollected memory

scene, self-cognition may be divided into two categories: one for the outside

world and the other for the inside world. We have previously proposed that

in the mammalian olfactory system, orthonasal and retronasal odor signals are

separately detected in the inhalation and exhalation phases during respiration

by the lateral and medial parts of the olfactory bulb, respectively. We further

speculated that orthonasal and retronasal olfactory information are transmitted

to the higher-order cognitive areas by the lateral pathway for outer-world

information andmedial pathway for inner-world information, respectively. In the

present article, we propose that the late exhalation phase provides the time frame

for generating internal attention and internal signals for behavioral and emotional

outputs. We will discuss how the recognition of external objects is combined

with internal emotion to generate associative memory of object-feeling, namely

emotional episodic memory. It will also be discussed how the two types of

attention directed toward the outer and inner worlds are switched from one to

the other to reset self-cognition and consciousness.

KEYWORDS

cortical domain, attentional switching, outer-world cognition, inner-world cognition,

somatic and emotional motor outputs

Introduction

When animals are awake, they pay attention to the surrounding world to seek food,

to avoid dangers, and to find mating partners for the survival of individuals and species.

Sensory stimuli activate associated memory with its valence to evaluate the current

situation and to make appropriate output decisions. Sensory systems detect subtle changes

not only in the outside environment, but also in the inner body. When we are relaxed

and do not have to focus on the outer world, attention is directed to the inner world to

find whether the current situation is satisfactory or not (Chun et al., 2011). It is assumed
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that consciousness is formed based on the sensory inputs from

both outside and inside of the body (Craig, 2002; Azzalini et al.,

2019). Our consciousness is also generated by spontaneous firing

of memory engrams in the self-cognitive world longing for the

past (Gallagher, 2000). Thus, our attention is frequently switched

from the outer world to the inner world, or vice versa, moving our

consciousness back and forth between the two cognitive worlds.

How is it, then, that these two sets of sensory information,

one from the outer world and the other from the inner world,

are processed in the sensory cortices for decision making? In the

mammalian olfactory system, orthonasal and retronasal odorants

are separately detected in the inhalation and exhalation phases

of the respiratory cycle, respectively (Mori and Sakano, 2011,

2022a). Each olfactory bulb (OB), right and left, has two mirror-

symmetrical glomerular maps, lateral and medial that may possess

different functions. It has been a long-standing question why

the olfactory maps are duplicated in each OB. Do they possess

different functions, or are they just spares? One possibility is

that the lateral map detects orthonasal odor signals and the

medial map detects retronasal odor signals. We speculated that

the orthonasal and retronasal odor information is separately

transmitted to the higher-order cognitive regions through the

lateral pathway for outer-world and the medial pathway for inner-

world, respectively (Figure 1; Mori and Sakano, 2022a,b). In this

perspective article, we will discuss how these two sets of sensory

information, lateral and medial, are processed and combined

in the cerebral cortices for generating the object images and

internal emotion.

We also proposed that olfactory detection, perception,

and decision making are closely related to the respiratory

cycle (Narikiyo et al., 2018; Mori and Sakano, 2021, 2022a,

2024a,b, 2025). It appears that informational processing in

other sensory systems also coordinates with the olfactory system

to integrate all sensory inputs from the target object (Mori

and Sakano, 2025). Although detection and transmission of

orthonasal and retronasal odor information are correlated with

the inhalation and exhalation phases, respectively, it is not

clear yet whether the processing of olfactory information in

the higher cognitive areas is correlated with the respiratory

cycle. It will be interesting to study how the consciousness is

switched between the outer world and inner world during the

respiratory cycle.

When we are awake, we look at ourselves as an object and

evaluate the situation in the surrounding world. Our attention is

directed toward the self, not only in the outer world but also in

the inner cognitive world. We ask ourselves whether the current

situation is satisfactory to us. If not, we are motivated to improve

the situation by trying to achieve a more ideal state. In humans,

the internal language plays an important role in evaluating the

current status and constructing the strategy for behavioral outputs.

Language is a useful tool not only in communicating with other

individuals for smooth social interactions but also in thinking

about the object including ourselves in the inner world. We as

first-person, talk to the third-person self in the cognitive world

for thinking. In this perspective article, we would like to discuss

the language in the context of consciousness and self-cognition

in humans.

Outer-world lateral pathway and
inner-world medial pathway

The mammalian brain classifies pain information into two

different categories: one is external pain that induces reflexive-

defensive behaviors such as quick withdrawal of the paw when it

touches a hot plate, and the other is internal pain that induces

affective motivational behaviors such as licking an injured paw to

soothe the suffering (Price, 1999; Kulkarni et al., 2005; Bushnell

et al., 2013; Huang et al., 2019; De Ridder et al., 2022; Wang et al.,

2022). It has been demonstrated that external pain and internal pain

are detected by different nociceptors and conveyed to the cortex by

separate neural pathways (Huang et al., 2019; De Ridder et al., 2022;

Wang et al., 2022;Wercberger and Basbaum, 2019). The lateral pain

pathway (Figure 1, blue broken-line arrows), originating from the

Mrgprd-positive nociceptors, processes external pain information

that induces reflexive-defensive behaviors. The lateral pathway

transmits external pain to the somatosensory cortices (SSp and SSs)

via the ventral posterolateral nucleus (VPL) of the thalamus and

to the basal amygdala (BA) via the external lateral parabrachial

nucleus (PBel; Figure 1; Huang et al., 2019; De Ridder et al.,

2022).

The medial pain pathway (Figure 1, orange broken-line

arrows), originating from the TRPV1-positive nociceptors,

processes internal pain information that induces affective

motivational behaviors. The medial pathway transmits internal

pain information to the anterior insular cortex (aIC) and higher

inner-world cognitive areas, including the anterior cingulate area

(ACA) and prelimbic cortex (PrL), via the thalamic paraventricular

nucleus (PVT) and medial thalamic nuclei (MTh). In the human

cortex, the aIC is a hub area of the salience network encoding the

behavioral relevance (saliency) of sensory stimuli (Seeley et al.,

2007). In contrast, the ACA and PrL in the medial prefrontal cortex

are key stations in the default mode network (DMN; Raichle et al.,

2001; Greicius et al., 2003; Buckner et al., 2008) that is responsible

for generating negative emotional and autonomic responses to the

pain (De Ridder et al., 2022). Thus, external pain and internal pain

are separately processed by different cortical sensory areas and

different higher cognitive areas.

Figure 1 illustrates the spatial arrangement of cortical sensory

areas that process outer-world information (OBl, AONl, APC,

PPC, SSp, SSs, AUD, and VIS, shown in dark blue) and higher

multisensory cognitive areas possibly responsible for outer-world

cognition (ORBl, ORBvl, CoA, BA, ENTl, PRh, ECT, TeA, MPtA,

CA1, and SUB, shown in pale blue). In the human cortex,

these areas correspond to the exteroceptive sensory cortices and

frontoparietal central executive network (FPN; Vincent et al., 2008).

Figure 1 also illustrates the spatial arrangement of cortical sensory

areas that process inner-world information (OBm, AONm, GU,

VISC, SSrl∗, shown in magenta) and higher multisensory cognitive

areas responsible for inner-world cognition (aIC, ACAd, PrL, IL,

ORBm, and DP/TTd). It should be noted that in both rodents

and humans, the higher key areas for outer-world cognition (FPN

in humans) are assembled in the lateral, temporal, parietal, and

occipital regions of the cortex, whereas the higher key areas

for inner-world cognition gather together in the medial midline

regions (DMN in humans) or in the anterior insular cortex (SN
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FIGURE 1

An unfolded map of the left cerebral cortex in the mouse (dorsal view) showing the spatial arrangement of cortical areas for the outer-world

cognition (in blue) and those for the inner-world cognition (in magenta and orange). The lateral olfactory pathway (blue arrows) processes

orthonasal/exteroceptive odor information and transmits it form the lateral map of the olfactory bulb (OBl) to the anterior and posterior piriform

cortices (APC and PPC) via the lateral part of the anterior olfactory nucleus (AONl) and further to the higher outer-world cognitive areas. The medial

olfactory pathway (magenta arrows) processes retronasal interoceptive odor information and transmits it from the medial map of the olfactory bulb

(OBm) via the medial part of the anterior olfactory nucleus (AONm) and tenia tecta (TTd and TTv) to the higher inner-world cognitive areas, i.e., the

medial prefrontal cortex (shown in pink). The lateral pain pathway (blue broken-line arrows) originates from the Mrgprd-positive nociceptors and

transmits exteroceptive pain information to the somatosensory cortex (SSp) via the ventral posterolateral nucleus (VPL) of the thalamus and to the

basal amygdala (BA) via the external lateral parabrachial nucleus (PBel). The medial pain pathway (orange broken-line arrows) originates from the

TPPV1-positive nociceptors and transmits interoceptive pain information to the anterior insular cortex (aIC) and to the higher inner-world cognitive

areas including the anterior cingulate area (ACA) and prelimbic cortex (PrL) via the thalamic paraventricular nucleus (PVT) and medial thalamic nuclei

(MTh). See glossary for abbreviations. Adopted from Mori and Sakano (2022a).

in humans). These considerations suggest that there may be three

distinct cognitive domains in the cortex: the first one is the cortical

domain for outer-world cognition (exteroceptive sensory areas

and higher cognitive areas for the outer world), the second one

is the cortical domain for inner-world cognition (interoceptive

sensory areas and higher cognitive areas for the inner world),

and the third one is the anterior insular domain which is a key

player in switching the attentional target from the outer world to

the inner world, or vice versa, as will be discussed in the next

section (Figure 2).

Switching of attention and
consciousness

Appropriate switching of attention between the outer and

inner worlds is needed to make adaptive behavioral responses

to constantly changing environmental and internal situations

(Chun et al., 2011; Katsuki and Constantinidis, 2014; Nani

et al., 2019). For example, when animals search for food, their

attention is directed toward the outer world. Once they find

food and put it in their mouth, attention is switched to the

inner world considering whether it should be swallowed or

not. What would be the neural circuit mechanisms for paying

attention to the outer and inner worlds and switching attention

between them?

We previously hypothesized that cognition of olfactory imagery

of an object depends not only upon the odor-induced firings of

pyramidal cells in the olfactory cortex but also subsequent replay-

firing of the same set of pyramidal cells by the top-down cognitive-

scene signals generated in higher cognitive areas (Mori and Sakano,

2025). We further hypothesized that during late exhalation, the

top-down signals are simultaneously transmitted back to all the

olfactory, visual, somatosensory, and auditory cortices to induce

replay-firing of pyramidal cells in each sensory cortex (Mori and

Sakano, 2025). Thus, we speculate that multisensory cognition

of an external object is mediated by not only the feedforward

activation of pyramidal cells but also generation and top-down

transmission of cognitive scene-signals from the higher cognitive

areas to each sensory cortex. In other words, the cognition
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FIGURE 2

Functional subdivision of the cortical areas into the outer-world cognitive domain and inner-world cognitive domain. The cortical domain for the

outer-world consists of the exteroceptive sensory cortices (visual, auditory, somatosensory, and orthonasal olfactory cortices) and the higher-order

multisensory cognitive areas (Amyg, ORBl, ENT, PRh, TeA, MPtA, and Hippo). The outer-world cognitive domain connects with motor cortices (MC)

to generate somatic motor output. The cortical domain for the inner-world consists of the interoceptive cortical areas (gustatory, visceral, intraoral

somatosensory, and retronasal olfactory cortices) and the higher-order emotion-generating cognitive areas (ACC, PrL, IL, ORBm, DP, and TT). The

inner-world cortical domain connects with the periaqueductal gray (PAG) in the midbrain to generate emotional motor output. The anterior insular

area (aIC) detects salience signals and may instruct switching of the two types of attention that are directed toward the outer and inner worlds. Solid

arrows indicate corticocortical connections. FF indicates feedforward transmission of sensory signals. TD indicates top-down transmission of

cognitive scene signals. See glossary for abbreviations.

process of external objects requires two temporal stages. The

first stage includes feedforward processing of sensory information

in each sensory cortex and transmission of processed signals to

higher multisensory cognitive areas. In the olfactory cortex for

the lateral pathway, the first stage occurs only during inhalation,

although it could occur at any time in the visual, auditory,

and somatosensory cortices. The second stage is the generation

of cognitive scene-signals by the higher cognitive areas and

simultaneous top-down transmission to each sensory cortex. We

hypothesize that the second stage may occur only during the late

exhalation phase.

As stated above, recognition of olfactory objects requires

feedforward transmission of olfactory signals and top-down

transmission of cognitive scene signals in the circuits of the

olfactory cortex and higher cognitive areas for the outer world

(Figure 2). By the same token, recognition of visual objects may

require feedforward and top-down transmission in the circuits

of the visual cortex and higher cognitive areas. Recognition

of auditory objects may require feedforward and top-down

transmission in the circuits of auditory cortex and higher cognitive

areas. Thus, when animals engage in tasks that require object

recognition, feedforward sensory transmission and top-down

cognitive-scene transmission regularly occur in the cortical domain

for outer-world cognition (Figure 2).

In humans, the anterior insular cortex (aIC) is a key structure of

the salience network (SN) and acts as a switch for the default mode

network (DMN) and frontoparietal central executive network

(FPN; Sridharan et al., 2008; Menon and Uddin, 2010; Goulden

et al., 2014). FPN is active when a person engages in tasks that

require object recognition and interaction with the outer world.

In contrast, DMN is active when the person does not interact

with the outer world and attends to the inner cognitive world

(Fox et al., 2005; Menon, 2023). The human SN is assumed to

have a switching function between the outer-world attention and

inner-world attention (Menon and Uddin, 2010). In rodents, the

aIC consists of ventral agranular insular cortex (AIV) and dorsal

agranular insular cortex (AID; Figure 1). Optogenetic stimulation

of aIC neurons induces suppression of DMN activity (Menon

et al., 2023), suggesting a functional role of the rodent aIC in

switching attention.
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Roles of attention to the outer world
and inner world

During wakefulness, the mammalian brain receives a barrage

of multisensory information from both the outer and inner worlds

(Zaidel and Salmon, 2023). One of the key roles of attention

to the outer world is to filter the barrage of information and

selectively enhance the cortical cognition of external objects so

that behavioral decisions can be made quickly (Chun et al., 2011).

Neural circuit mechanisms to generate attention to the external

world are not well-understood. However, possible candidates may

be diffuse axonal projections of neurons in the basal forebrain or

claustrum/endopiriform nucleus to the cortical domain for outer-

world cognition (Figure 2; Behan and Haberly, 1999; Zingg et al.,

2012; Xu et al., 2015; Do et al., 2016; Villano et al., 2017; Narikiyo

et al., 2020; Wang et al., 2021). Diffuse projections suggest that

these neurons are involved in setting general levels of activation

of all neurons in the target domain. We speculate that these

diffuse axonal projections may control the levels of attention in

these cortical areas to facilitate processing of feedforward sensory

information and cognizing objects in the outer world.

Attention is directed not only to the entire outside world but

also to a particular object within it. When animals hear the voice

of a predator from a distance, they pay attention to the direction

of the voice and generate visual imagery of the predator based on

learned memory. Voice-induced generation of predator imagery in

the higher cognitive areas may play a key role in paying top-down

attention to the predator. Top-down transmission of the imagery

to the visual cortices may selectively depolarize the dendrites of

pyramidal cells that are tuned to the visual inputs of the predator

and, thus facilitate detection of visual signals from the predator. As

described above, cognition of an external object is generated based

on both feedforward sensory processing and top-down cognitive-

scene transmission. We hypothesize that top-down transmission of

cognitive scene-signals directs the top-down attention to the object.

We propose that when the animal pays attention to a particular

object, the cerebral cortex internally generates top-down cognitive

scene signals and transmits them back to the sensory cortices. Even

when the object is not cognized in the outer world, the cortex can

attend to the object by spontaneous recollection of multisensory

memory of object imagery in the higher cognitive areas. The self-

generated scene signals are transmitted back to the sensory cortices

to facilitate object cognition. We speculate that scene information

is internally generated during the late exhalation phase. In other

words, top-down internal attention to a specific object appears to

be generated during the late exhalation phase.

One of the key functions of attention to the inner world

may be to facilitate cortical processing of body-state information

so that the internal body-state cognition is promoted to induce

emotional responses. We speculate that attention to the inner

world is controlled by diffuse axonal projections of neurons in

the basal forebrain and claustrum/endopiriform nucleus to the

cortical domain for inner-world cognition (Zingg et al., 2012;

Do et al., 2016; Narikiyo et al., 2020; Wang et al., 2021; Aguilar

and McNally, 2022). We also speculate that top-down internal

scene-signals may be generated in the higher cognitive areas,

e.g., medial prefrontal cortex, for the inner world during the

late exhalation phase, and that they are transmitted back to the

interoceptive sensory areas via the top-down pathways (Figure 2).

It is possible that top-down transmission of emotional scene signals

mediates the content of attention, i.e., attention to a particular

emotional state of the self. Attention to a specific emotional

state can be triggered by interoceptive sensory signals such as

internal pain to induce emotional scene-signals in the higher inner-

world cognitive areas. In addition, attention to the emotional

state can be intrinsically generated by spontaneous recollection

of emotional scene-signals in higher inner-world cognitive areas

and top-down transmission of signals to the interoceptive sensory

cortices. Attention to a particular emotional state may occur during

the late exhalation phase.

External attention and internal attention are distinguished

by the types of information over which attention operates in

awareness (Chun et al., 2011; Zaidel and Salmon, 2023). External

attention focuses on the sensory information originating from

the external world. In the olfactory system, external attention

appears to be linked to the active inhalation phase (Mori and

Sakano, 2024a). Internal attention focuses on the interoceptive

sensory information generated in the self-body as well as on

the cognitive information internally generated within the self-

brain. In other words, the target of internal attention includes

top-down cognitive scene-information and emotional scene-

information. Internal attention appears to be associated with the

exhalation phase because processing of interoceptive/retronasal

odor information occurs during the exhalation phase, and top-

down processing of cognitive/emotional scene-information occurs

during the late exhalation phase (Mori and Sakano, 2024a,b, 2025).

Associative learning of external
objects with internal emotion

We previously proposed that the late exhalation phase provides

the temporal dimension for generating top-down cognitive scene-

signals in the outer-world cortical domain. We also proposed

that associative memory of external sensory inputs with the

multisensory object-scene is generated by interactions between the

burst firings of pyramidal cells induced by sensory inputs and

subsequent replay-firings of the same subset of pyramidal cells

induced by top-down cognitive scene-signals (Mori and Sakano,

2025). Here, we further propose that the late exhalation phase

provides the time frame for generating top-down emotional scene-

signals in the inner-world cortical domain. We also propose that

associative memory of internal sensory inputs with the emotional

scene is generated by interactions between the burst firings of

pyramidal cells induced by inner sensory inputs and subsequent

replay-firing of the same subset of pyramidal cells by top-down

emotional scene-signals. In accord with this idea, the higher

cognitive areas for the inner world, i.e., areas in the medial

prefrontal cortex, play a key role in controlling emotional and

autonomic outputs (Price, 1999; McKlveen et al., 2015; Skog et al.,

2024).

Then, what is the neural circuit mechanism for associative

learning of external objects with internal emotion? Let’s assume

that an animal finds food in the environment. During this period,
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the outer-world cortical domain may form cognitive imagery of

external food during the late exhalation phase. Let’s also assume

that the animal then eats food. During this period when food is in

the mouth, the inner-world cortical domain may form emotional

imagery of food, such as tastiness during the late exhalation phase.

Because replay firings of pyramidal cells in the outer-world cortical

domain may last even after the animal puts food into the mouth,

replay firings of pyramidal cells in the inner-world cortical domain

may simultaneously occur with replay-firings of pyramidal cells in

the outer-world cortical domain during the late exhalation phase.

In other words, the generation of emotional imagery of food in

the inner-world cortical domainmay simultaneously occur with the

generation of cognitive imagery of external food in the outer-world

cortical domain (Figure 2). Simultaneous burst firings of pyramidal

cells in the inner-world domain and in the outer-world domainmay

result in plastic changes in the synaptic connections between these

two populations of pyramidal cells, so that the animal can establish

associative learning of external object-cognition with internal

emotion-cognition. After associative learning is fully established,

the animal can recall the emotional scene of food just by looking

at food in the outer world.

As shown in Figure 2, higher cognitive areas in the outer-world

domain interact with higher cognitive areas in the inner-world

domain directly by cortico-cortical axonal connections or indirectly

via cortico-thalamo-cortical connections (Figure 2, pink double-

headed arrow). The amygdala and hippocampus in the outer-world

domain have direct and reciprocal connections with the areas in the

medial prefrontal cortex in the inner-world domain (Marek et al.,

2013; Griffin, 2015; Chao et al., 2020; Gangopadhyay et al., 2021).

Immobility in resetting consciousness

When we are awake, consciousness is constantly “ON.”

However, when the self is recognized in a new situation, attention

is re-directed to a new object. Animals demonstrate freezing

when they encounter a potential danger such as predators. Upon

encountering a predator or enemy, rodents show two types of

behavioral responses: one is active coping behaviors, fight or flight,

and the other is passive coping behaviors such as freezing without

showing any movements to avoid the crisis (Behbeharni, 1995;

Tovote et al., 2016). Rodents attend to the outer world during

the active coping behavior, whereas they switch their attention to

the inner world during the passive coping behavior. Freezing is a

typical fear response to reset consciousness and allows the animal

to avoid danger. It has been thought that freezing is a strong

stress response in a dangerous situation. Interestingly, however,

freezing is not accompanied by an increase in stress hormones, e.g.,

adreno-corticotropic hormone (ACTH; Saito et al., 2017). Freezing

is “immobility” that is an active decision to reset the behavioral

strategy. This allows the rodents to have time for reconstructing a

behavioral strategy to escape from the crisis.

Fox odor, trimethyl-thiazoline (TMT), induces fear responses

in rodents. In the mouse, TMT activates more than 20 different

glomeruli in the dorsal region of the OB that contains two

subdomains DI and DII: DI is for avoidance and DII is for freezing

(Kobayakawa et al., 2007). We have identified a glomerulus for the

TMT-responsive olfactory receptor Olfr1019 in the DII subdomain

(Saito et al., 2017). Photo-activation of the knock-in (KI) mouse

of channel rhodopsin for the Olfr1019 gene induced freezing, but

not avoidance. Plasma concentrations of ACTH did not increase in

the photo-illuminated KI mice. Furthermore, the knock-out mouse

of Olfr1019 failed to induce freezing but demonstrated avoidance

behaviors toward TMT. These observations indicate that freezing

(immobility) in danger is not a stress response, but a decision not

to move. Moving mice frequently stop their movements, re-setting

their consciousness and re-directing their attention, to adapt to the

new situation. We assume that immobility is an active response

allowing animals to reset their behavioral strategy.

Language communication in the
outside world and inside world

Mammals demonstrate “vocal call” and “call back” behaviors

that are primitive social communication among the groupmembers

(Seyfarth and Cheney, 2010; Takahashi et al., 2013; Poliva, 2015).

When the vocal call is heard, an individual animal attends to the

outer world to facilitate making detections and processing auditory

information. In contrast, when the call back is generated, the animal

attends to the inner world to prepare the return message and

executes the vocal emission. Humans also show similar attentional

switching in their dialogue and language communication. During

the listening phase, the human brain attends to the outer world and

concentrates on receiving the vocal word message. After hearing it,

the human brain is switched to a word-producing mode, attending

to the inner world. In synchrony with this switching, the human

brain changes the respiration pattern from quiet respiration to the

intentional vocalization-supporting mode of exhalation increasing

the laryngeal pressure to produce vocalization (Demartsev et al.,

2022).

The anterior cingulate cortex, insular cortex, and orbitofrontal

cortex play a key role in instructing the circuitry of midbrain

periaqueductal gray (PAG) to generate vocalization and the

vocalization-supporting exhalation (Jürgens, 2002; Holstege, 2014;

Holstege and Subramanian, 2016; Zhang and Ghazanfar, 2020;

Mori and Sakano, 2024b). The cortical pathways to the PAG are

also critical in generating emotional behaviors and in controlling

the respiratory pattern as well as autonomic outputs. Thus, they are

known as the emotional motor system (Holstege and Subramanian,

2016).

It should be noted that attention to the inner world can be

divided into the initial “thinking period” and later “vocal word

producing period.” During the thinking period, the human brain

may internally recall relevant memory and prepare to generate

its own message. During the vocal word producing period, the

human cortex may exert top-down instruction to the brainstem

circuitry for voice production (Jürgens, 2002; Poliva, 2015; Zhang

and Ghazanfar, 2020). We speculate that the human brain has

evolved to use inner speech (Fernyhough and Borghi, 2023) during

the thinking period. The inner speech itself is often dialogic, i.e., it

speaks to the self within the brain without any voice production

(Alderson-Day et al., 2016). During the inner speech thinking

period, the brain continues its attention to the inner world because

of the processing of the internal voice.
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Vocal language communication relies on the human ability

to understand what the speaker is saying. Based on the auditory

input pattern of vocal words, the human brain can recognize the

meaning of words. If the vocal word is the name of an object, the

human brain can recollect the multisensory imagery of the object

simply by hearing the word. It is not clear yet how the cortical

network recognizes the meaning of the word. It should be noted

that recollection of multisensory imagery is possible only after the

human brain has established associative learning of the vocal word

with the multisensory cognitive imagery of an object.

We speculate that before the word-object associative learning,

the vocal-word input activates a subset of pyramidal cells in the

auditory cortex (anterior primary auditory cortex and anterior

superior temporal gyrus) but cannot generate the multisensory

imagery of an object in the higher cognitive areas (middle temporal

gyrus and temporal pole gyrus) in the auditory ventral stream

(Hickok and Poepel, 2007; Poliva, 2016). We speculate that during

word-object associative learning, pyramidal-cell firings induced

by feedforward auditory input interact with firings caused by

subsequent top-down cognitive scene-signals of the object in

the auditory cortex and higher cognitive areas (Figure 2). This

interaction may cause a long-term enhancement in the synaptic

connections between the vocal-word responsive pyramidal cells in

the auditory cortex and pyramidal cells responsible for generating

cognitive scene signals in higher cognitive areas. These proposed

hypotheses are an extrapolation of our previous hypothesis

of odor-object associative learning, i.e., odor-object associative

learning occurs over the repeated respiratory cycles involving

both inhalation (processing of feedforward odor information) and

exhalation (incorporating top-down cognitive signals of objects) in

the network connecting the olfactory cortex and higher cognitive

areas (Mori and Sakano, 2025).

After establishing associative learning, feedforward

transmission of auditory signals of vocal words can generate

associated cognitive imagery of an object in the higher cognitive

areas, resulting in cognition of word meaning. Furthermore, after

establishing associative learning, recollection of cognitive imagery

of the object can induce recall of auditory imagery of the word.

Such internal recollection of words may help to produce vocal

words for speaking.

Discussion

Animals, including humans, live in both the outer and inner

worlds. In the outer world, they search for food, detect danger, and

find mating partners for their survival. Animals also pay attention

to the inner world. They detect physiological changes in the body

and evaluate the current status of themselves. They implement

corrective action to restore the system to its intended state when the

situation deviates in a negative direction. Thus, the animals have

two cognitive worlds, both outside and inside of the body. In this

article, we discussed how these two worlds are recognized, how the

two sets of sensory information are transmitted to the cognitive

areas, and how the current situation is evaluated for behavioral

decisions.We also discussed how attention is directed to the objects

in the outer and inner worlds. External attention is directed to

the exteroceptive sensory information of the outer world, whereas

internal attention is directed not only to the interoceptive sensory

information, but also to the top-down cognitive/emotional scene-

information generated internally by the cortical network (Chun

et al., 2011).

Our sensory systems detect the changes in the surrounding

world by the olfactory, taste, visual, auditory, and somatosensory

systems. In addition, animals possess the navigation system that

detects positional information of their location and movement

(Moser et al., 2008; Hartley et al., 2013; Flossmann and Rochefort,

2021). In the outer world, it can tell their movement and distance

from the object. In humans, this system tells us our present position

and distance from the goal in the inner world. When the first-

person self looks at the current status of the third-person self, we

ask whether the situation is satisfactory or not by measuring the

distance from the goal, i.e., the situation of what it should be.

Our attention directed at the difference between the real and ideal

worlds motivates us to take appropriate actions to improve the

situation, satisfy ourselves, or recover our physical condition.

Language in humans facilitates smooth social interactions

with other individuals and is quite useful in sharing beneficial

information within a community to get food and avoid danger.

Humans deliver speech by activating two separate motor

systems, i.e., the emotional motor system and somatic motor

system (Holstege and Subramanian, 2016). Mammals including

humans generate exhalation-coupled vocalization by activating the

emotional motor system containing the pathway-link of prefrontal

cortex→ PAG→ nucleus retroambiguus (NRA)→ motoneurons

that are involved in vocalization. The emotional motor system

includes autonomic and respiratory motor systems and is directly

controlled by the higher cognitive areas for the inner world

(Figure 2, a red box). In the same exhalation period, humans

vocalize a variety of words in the sentence by activating the somatic

motor system consisting of the motor and premotor cortices

(Figure 2, MC), and brainstem motor neurons that innervate

muscles for the mouth, oral, throat, and tongue movements. The

higher cognitive areas for the outer world (Figure 2, a blue box)may

exert direct control to the somatic motor system to articulate words

and generate speech content. Thus, in humans, speech generation

requires intimate interactions between the two cognitive worlds:

higher cognitive areas for the outer world and that of the inner

world (Figure 2, a pink double-headed arrow).

Language plays an important role not only in communicating

with others in the outside world, but also in talking to ourselves

in the cognitive world. This talking to the self by inner speech

is helpful in constructing behavioral strategies to respond to

the changes in the surrounding world. Animals, even without

language, are able to predict what is likely to happen based on

learned memory recollecting the associated scene in the previous

experience. However, humans are able to formulate various

possibilities by thinking. We as a first-person talk to the third-

person self to “think” what to do, evaluating the situation, solving

the problem, and aiming the goal to improve the current status.

This self-conversation in the cognitive world appears to be unique

to humans. Thinking facilitates our prediction of what is going to

happen in the near future in the surrounding world, both inside

and outside the body. This advanced ability of prediction makes
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us think “What are we, and where are we going?” as Paul Gauguin

asked. Talking to ourselves makes self-cognition clear, recognizing

ourselves as an object in both the outer and inner worlds. René

Descartes said, “I think, therefore, I am.” By thinking, we realize

the presence of ourselves in the cognitive world. Although other

animals have awareness when they are awake, they probably do not

possess clear cognition of the self without talking to themselves.

Thus, self-cognition may be unique to humans who have a talking

tool to “think.” Thus, thinking (inner speech) appears to be

essential for us to develop science, art and other cultural activities.

Language is also helpful in distributing useful information and

culture to other individuals in the community.

Recent advances in artificial intelligence (AI) are quite

remarkable. Although AI can process a large amount of

information quickly, it is still a high-speed computer commanded

by man-made programs. It has been discussed how AI can be

humanized (Hassabis et al., 2017). We may be able to answer

this question by asking what the difference between AI and

humans is, or what is missing in AI compared with humans.

Obvious differences are self-cognition and self-motivation in

making decisions. AI at present does not cognize the self nor

possess self-motivation. Then, how can one add these functions

to AI? In this perspective article, we have discussed cognition of

the self in both outer and inner worlds and considered possible

neural pathways to make self-motivated output decisions. These

studies will not only give new insights into our understanding of

neural networks for decision making but also shed light on the

humanization of AI.
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Glossary

ACA, anterior cingulate area

ACAd, dorsal part of the anterior cingulate area

ACAv, ventral part of the anterior cingulate area

AID, dorsal agranular insular cortex

AIV, ventral agranular insular cortex

AIP, posterior agranular insular cortex

AONdm, dorsomedial part of the anterior olfactory nucleus

AONl, lateral part of the anterior olfactory nucleus

AONm, medial part of the anterior olfactory nucleus

APC, anterior piriform cortex

AUD, auditory cortex

AUDp, primary auditory cortex

AUDs, secondary auditory cortex

Aud, auditory input

Amyg, amygdala

aIC, anterior insular cortex

BA, basal nucleus of amygdala

CA1, field CA1 of the hippocampus

CoA, cortical nucleus of amygdala

DP, dorsal peduncular cortex

ENT, entorhinal cortex

ENTl, lateral entorhinal cortex

ENTm, medial entorhinal cortex

Ect, ectorhinal cortex

FF, feedforward transmission of sensory signals

FrA, frontal association cortex

GU, gustatory cortex

Gus, gustatory input

Hippo, hippocampus

IL, infralimbic cortex

Lat Olf, lateral olfactory input

Lat Pain, lateral pain input

MC, motor cortex

Med Olf, medial olfactory input

Med Pain, medial pain input

MPtA, medial parietal association cortex

Mrgprd, MAS-related G-protein coupled receptor member D

MTh, medial thalamic nuclei

M1, primary motor cortex

M2, secondary motor cortex

OBl, lateral map of the olfactory bulb

OBm, medial map of the olfactory bulb

OE, olfactory epithelium

Oral SS, oral tactile input

ORBdl, dorsolateral orbitofrontal cortex

ORBl, lateral orbitofrontal cortex

ORBm, medial orbitofrontal cortex

ORBvl, ventrolateral orbitofrontal cortex

PAG, periaqueductal gray

PBel, external lateral nucleus of parabrachial nuclei

PBsl, superior lateral nucleus of the parabrachial nuclei

PRh, perirhinal cortex

PrL, prelimbic cortex

PVL, ventral posterolateral thalamic nucleus

PVT, paraventricular thalamic nucleus

RSA, retrosplenial agranular cortex

RSG, retrosplenial granular cortex

SC, spinal cord

SN, salience network

SS, somatosensory input

SSp, primary somatosensory cortex

SSrt∗, rostro-lateral part of the somatosensory cortex

SSs, secondary somatosensory cortex

SUB, subiculum

TRPV1, Transient receptor potential cation channel subfamily V

member 1

TeA, temporal association cortex

TT, tenia tecta

TTd, dorsal tenia tecta

TTv, ventral tenia tecta

VIS, visual cortex

VISp, primary visual cortex

VISs, secondary visual cortex

Vis, visual input

VISC, visceral cortex

Visc, visceral input
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