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Abstract

The Papez circuit, first proposed by James Papez in 1937, is a circuit believed to control memory and emotions, composed
of the cingulate cortex, entorhinal cortex, parahippocampal gyrus, hippocampus, hypothalamus, and thalamus. Pursuant to
James Papez, Paul Yakovlev and Paul MacLean incorporated the prefrontal/orbitofrontal cortex, septum, amygdalae, and
anterior temporal lobes into the limbic system. Over the past few years, diffusion-weighted tractography techniques revealed
additional limbic fiber connectivity, which incorporates multiple circuits to the already known complex limbic network. In the
current review, we aimed to comprehensively summarize the anatomy of the limbic system and elaborate on the anatomical
connectivity of the limbic circuits based on the published literature as an update to the original Papez circuit.
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Introduction

The word limbic (Latin word for border) first introduced
by Thomas Willis designating a cortical border structure
encircling the brainstem (Thomas Willis 1664). Broca
proposed olfactory structures to be the main components
of the limbic system in mammalian brains (Broca 1878).
Later, Christopher Jakob (Christopher Jakob 1906) and
James Papez (James Papez 1937) introduced the limbic
system as an integrated system of cortical and subcorti-
cal structures involved in linking actions and perceptions
to emotions. The Papez circuit, first proposed by James
Papez in 1937, is a major pathway of the limbic system
and is believed to be involved in controlling both memory
and emotion (Papez 1937; Roxo et al. 2011). Papez first
proposed the idea of a link between the hippocampus,
hypothalamus (mammillary bodies), thalamus, cingulate
gyrus, and parahippocampal gyrus (Papez 1937). Papez
further integrated the anatomical definition of limbic
models into a functional model. According to Papez, two
circuits are involved in the emotional process: one the
medial circuit via the hippocampus and cingulate cortex,
which are directly involved with the hypothalamus, the
other via the lateral cortex, which is involved in sensory
activities mediated by the dorsal thalamus (Papez 1937).
Paul Yakovlev introduced the basolateral circuit, including
the thalamo-amygdaloid connections and their connectiv-
ity with the orbitofrontal gyrus (Yakovlev 1948). Yakov-
lev associated this circuit with emotions and motivations
(Yakovlev 1948). Paul MacLean integrated the Papez and
Yakovlev models as part of the limbic system and further
modified and expanded the Papez circuit to include the
prefrontal cortex, septum, and amygdalae (MacLean 1949,
1952). MacLean’s model further emphasized that the lim-
bic cortex and the subcortical limbic structures were a
functionally integrated system interconnected by both
short and long-range fiber bundles (MacLean 1949, 1952).

The limbic system later extended to include the mid-
brain (Nauta and Domesick 1978; Nakano 1998). In 1982,
Mishkin demonstrated that stimulation of the higher-order
sensory areas of the cortex activates a cortico-limbo-
thalamo-cortical circuit involved in monkeys’ memory
function (Ungerleider et al. 1982). He proposed that this
circuit may consist of two parallel loops, one involving
the amygdala and the dorsomedial nucleus of the thala-
mus, and the other circuit may involve the hippocampus
and the anterior nuclei such as the amygdala, septal and
hypothalamic nuclei (Ungerleider et al. 1982). Some of
the known limbic system functions in the human brain
include learning, memory, olfaction, adjusting visceral
functions, emotional processing, attention, and cognition
(Nolte 2009).
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Studies demonstrated direct engagement of the prefron-
tal cortex with the limbic system in primates, including
the human brain (Robinson and Kolb 1997; Whalen et al.
1998; Barbas et al. 2003; Bryant et al. 2020; Rapan et al.
2021). The entire cerebral cortex is also indirectly con-
nected to the anterior limbic nuclei such as the amygdalae,
hypothalamic and septal nuclei mediated by the thalamus
via extensive cortico-thalamic connectivity (Haines 2007).

In recent years, multiple additional limbic fiber connec-
tivity has been revealed using diffusion-weighted imaging
(DWI) techniques. The equivalent fiber connectivity of all
these pathways has been documented by dissection studies in
primates. Some of these fiber tracts include the amygdalofugal
tract (AFT), amygdalothalamic tract (ATT), stria terminalis
(ST), dorsal thalamo-hypothalamic tract (DTH), cerebello-
hypothalamic tracts, and the parieto-occipito-hypothalamic
tract (POHT) (Kamali et al. 2015; Kamali et al. 2016; Kamali
et al. 2018a, b; Kamali et al. 2018a, b; Kamali et al. 2020a, b).

These newly described fiber tracts incorporate multiple
additional limbic circuits to the already known complex
limbic network. The purpose of this review is to assess
the anatomy of the limbic structures and to elaborate on
the anatomical connectivity of the limbic circuits as an
update to the original Papez circuit. Please be advised that
investigating possible functions of the limbic structures
is beyond the scope and intent of this review. The acro-
nyms used in the current review only imply the connec-
tivity between the structures and do not imply any direc-
tionality to the neuronal impulse flow. For instance, the
parieto-occipito-hypothalamic tract may transfer the neu-
ronal impulse from the parieto-occipital cortices toward
the hypothalamus, carry one-way information from the
hypothalamus to the parieto-occipital lobes, or may be
bidirectional. Please be advised that the words inside the
parenthesis are the pathways connecting the structures in
the upcoming circuits of this manuscript.

The Papez circuit

The Papez circuit is composed of two parallel loops gener-
ated mainly by the cingulum bundle (CB) and fornix (FX)
as follow:

Prefrontal cingulate gyrus

< (CB) = Parahippocampal gyrus (temporal lobe)

< (FX) = Mammillary bodies

& (MTT) = Ventral thalamus

& (TC) = Prefrontal cingulate gyrus

The CB is the longest limbic pathway of the Papez
circuit generating a large loop connecting the prefrontal
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Fig. 1 A 3-D reconstruction of the major gray and white matter struc-
tures of the limbic system including the Papez circuit. Frontal (cyan),
parietal (red), and temporal (creamy color) cortices are shown in the
background. Major gray matter nuclei of the limbic system are also
shown, including the thalamus (TH in pink), hippocampus (brown),
and amygdala (Amyg in red). Please note that the hypothalamus
including the mammillary bodies is not shown, however, the mam-
millo-hypothalamic tract is shown by an arrowhead connecting the
hypothalamus to the ventral thalamus. Major white matter pathways of
the limbic system are shown, including the cingulum bundle (Cing in
green), fornix (FX in blue), and uncinate fasciculus (UF in yellow).
The Papez circuit is shown in yellow curved lines including the two
parallel loops of cingulum loop and forniceal loop (FX loop). The
two loops communicate with one another mediated by the thalamus
via the mammillothalamic tract (shown by yellow arrowhead) and the
thalamo-cortical fibers (TC). The Papez circuit consists of the fron-
toparietal connectivity with the parahippocampal gyrus/hippocampal
formations via the cingulum bundle, hippocampal formations to mam-
millary bodies via the fornix, mammillary bodies to the thalamus via
the mammillothalamic tract, and the thalamus to the frontoparietal
lobes and cingulum bundle via the thalamocortical fibers (TC)

projections of the cingulate gyrus to the hippocampus in
the parahippocampal gyrus of the temporal lobe (Fig. 1).
The hippocampus then connects to the mammillary bodies
via the fornix (FX). The mammillary bodies project to the
ventral thalamus via the mammillothalamic tract (MTT).
The ventral thalamus links back into the prefrontal cortex
and anterior cingulate gyrus via the thalamo-cingulate
projections (TC) to complete the Papez circuit (Fig. 1).

The Yakovlev model/circuit

Yakovlev introduced the basolateral circuit and included
the thalamo-amygdaloid connections and their connectivity

orbitofrontal gyrus temporal tip/amygdala

prefrontal cingulate gyrus

Z7

hippocampus o

Fig.2 Axial (A) and 3-D (B) views of the high spatial resolution dif-
fusion weighted imaging of brain parenchyma are shown. 2A shows
the axial view of the thalami (TH) demonstrating three major colors.
The anterior third of the thalamus contains the green fibers (green
arrow), which run in anterior—posterior or posterior-anterior orienta-
tion, named the anterior thalamic radiations (ATR), shown as green
fiber tracts in B. The ATR mostly project from the thalamus to the
prefrontal cortex. The middle third of the thalamus contains the blue
fibers (blue arrow), which are the cranio-caudally oriented fibers,
named the superior thalamic radiations (STR). The STR is shown as
blue projection fibers (B), projecting from the thalamus to the poste-
rior frontal and parietal cortices (B). The posterior third of the thala-
mus includes the red fibers (red arrow) which course in latero-lateral
direction, called the posterior thalamic radiations (PTR). The PTR
fibers are shown in red (B) and are mostly projecting from the thala-
mus to the occipital cortex

with the orbitofrontal gyrus into the limbic system. Yakovlev
associated the basolateral circuit with emotions (Yakovlev
1948). Orbitofrontal and cingulate gyri <=> temporal tip
<=> amygdala => mediodorsal thalamus <=> orbitofron-
tal and cingulate gyri

The MacLean’s model

Paul MacLean integrated the Papez and Yakovlev models
as part of the limbic system and further modified and
expanded the Papez circuit to include the prefrontal cor-
tex, septum, and amygdalae as part of the limbic system.
This model has been accepted and almost unchanged ever
since (MacLean 1949, 1952). MB = Mammillary bodies.

mediodorsal thalamus \
N g
orbitofrontal gyrus

o prefrontal cingulate gyrus

MB <=> ventral thalamus “
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1906 Christopher
Jakob introduced
the limbic system
as cortical and
subcortical
structures linking
actions and
emotions

1948 Paul Yakovlev
introduced the
basolateral circuit

adding the thalamo-

amygdaloid
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the orbitofrontal
cortex
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1937 James Papez
defined a circuit
controlling memory
and emotion
composed of the
cingulate cortex,
entorhinal cortex,

1949 Paul MaclLean
integrated the Papez
and Yakovlev models
as part of the limbic
system and expanded
the Papez circuit to
include the prefrontal
cortex, septum, and

1982 John Aggleton and
Mortimer Mishkin proposed
that the circuit consists of two
parallel loops, one involving
the amygdala and dorsomedial

2010-2021 -Arash Kamali et al. In recent
years, new limbic fiber connectivity has
been revealed using diffusion-weighted
imaging (DWI) techniques adding multiple
new loops to the known Papez circuit.
The pathways include the amygdalofugal
tract (AFT), prefronto-caudo-thalamic
tract (PFCT), amygdalothalamic tract
(ATT), dorsal thalamo-hypothalamic tract

parahippocampal
gyrus, hippocampus,
hypothalamus, and
thalamus

amygdalae

Fornix

Fig.3 A-D represents the 3-D fiber tract reconstructions of the for-
nix, cingulum bundle, amygdalothalamic, and dorsal thalamo-hypo-
thalamic tract. 3A. shows the relationship between the fornix (yellow)
and the amygdalothalamic tract (ATT in red). Forniceal arms, crura,
body, and columns are shown. 3B shows the relationship of the for-
nix (blue) and cingulum bundle (green). 3C illustrates the ATT (in
cyan), arising from the dorsomedial thalamus and inserting into the
amygdala. 3D illustrates the dorsal thalamo-hypothalamic tract (DTH
in yellow) arising from the dorsomedial thalamus and inserting into
the anterior hypothalamic nuclei. ATT, amygdalothalamic tract; Cing,
cingulum bundle; DTH, dorsal thalamo-hypothalamic tract; Third
vent, third ventricle; TH, thalamus
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thalamic nucleus, and the
other involving the
hippocampus and anterior
nuclei (amygdala, septal and
hypothalamic nuclei)

(DTH), cerebello-hypothalamic tracts, and
the parieto-occipito-hypothalamic tract
(POHT) connecting all cerebral and
cerebellar cortices with the central limbic
nuclei

The Cingulum Bundle (CB)

The cingulum, a Latin word for encircling structure, is the
longest C-shaped limbic pathway which serves as the core
of the Papez circuit by connecting prefrontal and parietal
projections of the cingulate gyrus to the hippocampus in
the parahippocampal gyrus of the temporal lobe (green
fibers in Figs. 1, 3B). The cingulum bundle connects the
anterior cingulate, dorsolateral and medial prefrontal,
orbitofrontal cortices to the posterior cingulate, parietal,
insular and parahippocampal, cortices and to the amygdala
ventrally (Crosby 1963; Nieuwenhuys et al. 1988; Wakana
et al. 2004; Schmahmann et al. 2007; Lawes et al. 2008).
The CB is composed of a dorsal segment and a parahip-
pocampal segment which are contiguous. The dorsal seg-
ment runs around the corpus callosum from the subgenual
area and courses above the splenium of the corpus callo-
sum alongside the superior longitudinal fasciculus I (Jang
and Hong 2012; Kamali et al. 2014; Wang et al. 2016).
The parahippocampal segment continues ventrally after a
turn just posterior to the splenium of the corpus callosum,
runs toward the anterior temporal lobe along the ventral
aspect of the hippocampus and terminates in the temporal
lobe (Catani et al. 2013; Pascalau et al. 2018).
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Medial cortex
projections
of UF to VMPFC

Fig.4 represents the 3-D fiber reconstruction of the fornix (yellow),
stria terminalis (black), amygdalofugal tract (AFT in pink), and unci-
nate fasciculus (UF in green). The stria terminalis is shown connect-
ing the amygdala to the region of septal nuclei (Septal N). The amyg-
dalofugal tract is shown connecting the amygdala to the hypothalamic
nuclei (HN) and septal nuclei (Septal N). The uncinate fasciculus is
shown connecting the amygdala to the orbitofrontal cortex and ven-
tromedial prefrontal cortex (VMPFC). The white arrows demonstrate
the medial projections of the UF to the VMPFC. Diagonal band of
Broca (DBB) are shown as the mustache like yellow fibers arising
from the septal nuclei and course toward the Para olfactory regions
bilaterally

The Fornix (FX)

The fornix is a long C-shaped fiber tract connecting the hip-
pocampus and amygdala in the mesial temporal lobe to the
hypothalamic and septal nuclei at the central base of the
brain (Figs. 1, 2, 3A-B, 4).

The fornix connects the hippocampus to the mam-
millary body of the hypothalamus in the Papez circuit
(Fig. 4). After exiting the hippocampus, the forniceal
crura loops anteriorly alongside the lateral ventricles
and form the forniceal body (Fig. 3A). The forniceal
body is situated in the midline coursing anteriorly, and
finally splits into forniceal columns at the front end. The
forniceal columns course inferiorly and divide into the
precommissural and postcommissural fibers (Figs. 3A,
4). The precommissural fibers traverse anteriorly to the
anterior commissure, and the postcommissural fibers
pass behind the anterior commissure. The precommis-
sural fibers descend anterior to the lamina terminalis
and end in the anterior septal nuclei. The postcommis-
sural fibers take a C-shape course traversing through the
posterior septal nuclei into the bed nucleus of the stria
terminalis alongside the stria terminalis and continue
inferiorly to reach and terminate in the hypothalamic
nuclei (Fig. 4) (Lemaire et al. 2013; Kamali et al. 2015).
Two ventral forniceal arms exit from the junction of the
forniceal crura and fimbria away from the hippocampus
coursing medially along the lateral margin of the cerebral

peduncles toward the mammillary bodies and other hypo-
thalamic nuclei (Fig. 3A) where they end (Lemaire et al.
2013; Kamali et al. 2015).

The fornix is the only limbic pathway that generates
a complete loop on its own: a hypothalamo-septo-hip-
pocampo-hypothalamic loop via the forniceal columns,
body, crura, and ventral arms (Figs. 3A, 4).

hypothalamic/septal nuclei < (FX, body, crura)
= hippocampus < (FX, ventral arms)
= hypothalamic/septal nuclei

Diagonal Band of Broca (DBB)

The DBB fibers are horizontally oriented mustache-
like fibers coursing very close to the precommissural
fibers of the forniceal columns connecting the septal
nuclei with the para olfactory and hippocampal regions
(Fig. 4). The diagonal band of Broca are cholinergic
fibers in the basal forebrain (Nolte 2009). This fiber
tract may have a role as a direct connectivity between
the septal nuclei and hippocampal/amygdala complex
(Nolte 2009).

Fig.5 Different views of 3-D reconstructions of the prefronto-caudo-
thalamic tract (PFCT in red) on T1 weighted backgrounds. 4A-D
shows the connectivity of the PFCT with multiple gray matter nuclei,
including the caudate head (CaudH), septal nuclei (SN), superior
hypothalamic nuclei (SHN), lentiform nuclei (LN), and the thalamus
(TH). The PECT projects to the medial prefrontal cortex (PreFr). 4C
shows the medial forebrain bundle (MFB in yellow), running side by
side along the lateral and superior aspect of the PFCT inserting into
the lateral prefrontal cortex (PreFr)
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Caudate

Fig.6 Four consecutive coronal T1 weighted anatomical views dem-
onstrating the trajectory of the PFCT (red) from posterior (A) to ante-
rior (D). The trajectory of the PFCT is shown arising from the dor-
somedial thalamus (TH), projecting laterally and anteriorly along the
lateral aspect of the third ventricle toward the caudate head (CauH,
white arrow in C). The PFCT passes through the bed nucleus of stria
terminalis (BNST), septal nuclei (SN), nucleus accumbens (NAC),
and caudate head before projecting into the medial prefrontal cor-
tex. Along the way, the PFCT receives projections from the superior
hypothalamic nuclei (SHN, arrowhead in A) and lentiform nuclei
(LN, arrowhead in B). Ag, amygdala; Pu, putamen; Th, thalamus

Fig.7 Different views of 3-D reconstructions of the prefronto-caudo-
thalamic tract (PFCT in red) and the medial forebrain bundle (MFB
in yellow) on T1 weighted imaging backgrounds. The MFB connects
the midbrain's periaqueductal gray matter (PAG) to the ventral teg-
mental areas and the prefrontal cortex (PreFr). The MFB projects
from the PAG anteriorly near the midline into the ventral tegmen-
tal area toward the interpeduncular cistern (marked by arrowhead
in 7A-C). The MFB then courses superiorly toward the genu of the
internal capsule (black arrow in 7D), where it enters the anterior
limb of the internal capsule (ALIC). Unlike the MFB which courses
through the ALIC into the prefrontal cortex, the PFCT courses out-
side the ALIC, more medially and through the caudate head before
projecting to the medial prefrontal cortex (7B-D)
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Fig.8 A-C trajectory of the amygdalofugal tract (orange) on T1
weighted backgrounds. 8D. 3-D reconstruction of the AFT is dem-
onstrated. The AFT originates from the amygdala and projects supe-
riorly and medially toward the midline. While projecting toward the
midline (8B), the AFT courses through the basal nucleus of Meynert
(BNM, arrowheads in 8B) along the inferior aspect of the anterior
commissure (AC). The AFT splits into three groups of fibers near the
midline (8D). Two groups of fibers project cranially toward the septal
nuclei (SN, superior anterior marked by white arrows in 8C-D) and
the bed nucleus of stria terminals (BNST, superior posterior marked
by black arrows in 8B-D). The third group of fibers projects caudally
into the hypothalamic nuclei (HN, yellow arrow in 8A) and ventral
tegmental area

The Mammillothalamic Tract (MTT)

The MTT is a small pathway serving as the primary route
for the thalamo-hypothalamic connectivity in the Papez
circuit (yellow arrow head in Fig. 1) (Yamada et al. 1998;
Haines 2007). The hypothalamic nuclei, specifically the
mammillary bodies, are involved in many limbic circuitry
and directly or indirectly connected to the amygdala, hip-
pocampus, and thalamus (Yamada et al. 1998; Kamali
et al. 2018a, b). The mammillothalamic is a projection
bundle that arises from the mammillary bodies, projects
dorsally, and cranially, toward the thalamus. Along this
course, the MTT ascends along the lateral aspect of the
third ventricle to reach the anterior inferior aspect of the
thalamus (Yamada et al. 1998). The MTT projects laterally
within the anterior thalamus, and terminates in the anterior
lateral thalamic nuclei (Yamada et al. 1998; Kamali et al.
2018a, b). The fornix and hippocampus are indirectly con-
nected to the ventral thalamus via the mammillary bodies
mediated by the MTT. Studies showed that the damage to
the fornix and hippocampus indirectly results in damage
to the ventral thalamus, likely by Wallerian degeneration
through the MTT (Sutherland and Rodriguez 1989; Nolte
2009).
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Fig.9 Schematic view of the major anterior neuronal circuits (fronto-
temporal connectivity) of the limbic system mostly connected to the
frontal and temporal cortices. The Papez circuit is shown by dotted
box. The Papez circuit consists of the frontoparietal connectivity with
the parahippocampal gyrus via the cingulum bundle, hippocampal
formations to mammillary bodies via the fornix, mammillary bodies

The Hippocampus

The hippocampus is the largest gray matter nucleus of the
limbic system residing in the mesial temporal lobe (Fig. 1)
(Nolte 2009). The hippocampus is part of the original Papez
circuit of the hippocampo-mammillo-thalamo-cingulate-
hippocampal loop (Fig. 1). The hippocampus is connected
to the anterior limbic nuclei, including the amygdala and
hypothalamic/septal nuclei via multiple pathways. The hip-
pocampus is connected to the hypothalamic nuclei via the
ventral arms of the fornix. Moreover, the hippocampus is
connected to the septal nuclei via the stria terminalis, for-
niceal fimbria, crura, and columns. The hippocampal head
anatomically approximates and nearly contacts the amygdala
(Nolte 2009) (Figss. 5, 6,7, 8).

The ventral forniceal arms unite the hippocampus with
the hypothalamic nuclei including the mammillary bodies
(Dillingham et al. 2015; Kamali et al. 2015, Dillingham et al.
2020). This connectivity along with the body and crura of the
fornix contribute to a loop including the hypothalamic/septal
nuclei (Fig. 9).

hippocampus < (FX, ventral arms)
= hypothalamus/septal nuclei < (FX, body, crura)
= hippocampus

to the thalamus via the mammillothalamic tract (MTT), thalamus to
the frontal lobe and cingulum bundle via the thalamocortical fibers
(TC). By considering other limbic pathways such as the PFCT, ST,
AFT, UF, ATT and DTH, several neuronal loops are added to the lim-
bic system which were detailed in the text

The Thalamus

The human thalamus is at the center of the hippocampo-
mammillo-thalamo-cingulate-hippocampal connectivity
of the Papez circuit (Fig. 1). The thalamus has reciprocal
connections with many structures including the cerebral
cortex, basal ganglia, cerebellum, brainstem, and spinal
cord (Lambert et al. 2017). The thalamus plays a critical
role in modulating limbic functions through many connec-
tions with major bodies of the limbic system including the
hippocampus, amygdala, hypothalamic and septal nuclei
(Robertson and Kaitz 1981)(Fig. 1). In high spatial resolu-
tion diffusion-weighted imaging, the thalamus is divided
into three segments by three major colors indicating dif-
ferent orientation of the thalamic fiber tracts (Fig. 2A).
The anterior third of the thalamus is mostly green, indi-
cating the anterior—posterior orientation of the anterior
thalamic pathways such as the anterior thalamic radiations
(ATR) (Fig. 2) (Aggleton et al. 2010; Kamali et al. 2010;
Wilkinson et al. 2017; Grodd et al. 2020). The ATR fib-
ers mostly project to the prefrontal cortex (Fig. 2A-B).
The middle third of the thalamus shows up in blue color,
which indicates the cranio-caudal orientation of the tha-
lamic projections called the superior thalamic radiations
(STR) (Fig. 2A-B). The STR consists of multiple pathways
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including the spinothalamic tract (Davidson et al. 2008,
Kamali et al. 2009, Al-Chalabi and Gupta 2018). The pos-
terior third of the thalamus is red in diffusion-weighted
imaging, which indicates the latero-laterally oriented fiber
tracts which are called the posterior thalamic radiations
(PTR) (Fig. 2A-B). The PTR fibers mostly project to the
occipital cortex and contain the optic radiations (Jellison
et al. 2004; Sherbondy et al. 2008; Kamali et al. 2014;
Nooij et al. 2015; Grodd et al. 2020).

thalamus < (thalamo - cortical) = cerebral cortex

& (cortico - thalamic) = thalamus

The thalamus is directly connected to vast areas of the
cerebral cortex by many afferent and efferent projections
including the anterior, superior and posterior thalamic
radiations (ATR, STR and PTR). These include both recip-
rocal and non-reciprocal connections between the thala-
mus and cerebral cortex. The thalamocortical projections
may project or receive neurons from the same cortical area
or accept input from one cortical site and project to a dif-
ferent cortical area (Mandelbaum et al. 2019).

In addition to the ATR, the thalamus also links directly
with the prefrontal cortex via the prefronto-caudo-thalamic
tract (PFCT) (Kamali et al. 2010; Sun et al. 2018). The thala-
mus connects to the prefrontal cortex directly through the
anterior limb of the internal capsule via the ATR or indi-
rectly through the caudate nucleus and via the prefronto-
caudo-thalamic tract (Kamali et al. 2010; Sun et al. 2018).

The thalamo-cortical radiations (ATR, STR, and PTR)
and the PFCT play significant roles in many circuits
involving the thalamus and vast areas of the cerebral cor-
tices. Some of these circuits include the cortico-thalamo-
limbo-cortical and cortico-thalamo-striata-cortical.

cortex < (cortico - thalamic) = thalamus

<« (thalamo — limbic) = limbic nuclei

< (limbo - cortical) = cortex

cortex < (cortico - thalamic) = thalamus
&« (thalamo — striatum)

= striatum < (striata - cortical) = cortex

thalamus < (thalamo - striata) = striatum
& (Striata - thalamic) = thalamus

The thalamus also directly connects with multiple lim-
bic system nuclei, including the hypothalamic/septal nuclei,
hippocampus, and amygdala. The mammillothalamic tract
(MTT) connects the ventral thalamus to the mammillary bod-
ies of the hypothalamus (Otake et al. 1994; Aggleton et al.
2010; Kamali et al. 2018a, b; Grodd et al. 2020). The dorsal
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thalamo-hypothalamic (DTH) tract is another connectivity
between the dorsal thalamus and anterior hypothalamus. The
DTH connects the pulvinar, lateroposterior (LP) nucleus and
midline nuclei of the thalamus to the hippocampus and to the
ventral hypothalamic nuclei (Fama and Sullivan 2015; Kamali
et al. 2020a, b). The thalamus is also directly connected to the
amygdala via the amygdalothalamic tract (ATT) (Otake et al.
1994; Aggleton et al. 2010; Kamali et al. 2018a, b; Grodd et al.
2020). These pathways create multiple circuits involving the
thalamus as follows (Fig. 9).

thalamus < (DTH) = hippocampus < (DTH)
= hypothalamus < (MTT) = thalamus

thalamus < (DTH) = hippocampus < (DTH)
= hypothalamus < (FX) = amygdala
= (ATT) = thalamus

The Anterior Thalamic Radiations (ATR)

The anterior thalamic radiation (ATR) mainly connects the
thalamus to the prefrontal cortices and contains the afferent
and efferent projections from the anterior thalamus to the
prefrontal cortex. The ATR is composed of reciprocal fibers
that run between the thalamus and prefrontal cortex along the
most medial aspect of the anterior limbs of the internal cap-
sules (Kahle et al. 2002, Zhou et al. 2003; Kamali et al. 2010;
Mamah et al. 2010). More specifically, the ATR fibers con-
nect the thalamic midline and anterior nuclear groups with
the frontal lobe by traversing through the anterior limbs of
bilateral internal capsules (George and Das 2020) (Fig. 2B).
The ATR and medial forebrain bundle (MFB) are both major
fiber projections projecting through the anterior limb of the
internal capsule toward the prefrontal cortex. The ATR runs
medial to the medial forebrain bundle in the anterior limb of
the internal capsule (Coenen et al. 2012; Pascalau et al. 2018).

The Superior Thalamic Radiations (STR)

The STR is a connection between the ventral nuclear group
of the thalamus and the pre and post-central gyrus (Fig. 2B)
(George and Das 2020). The superior thalamic radiation
(STR) includes the afferent and efferent fibers connecting the
thalamus with the posterior frontal and parietal cortices. For
instance, the STR includes the thalamo-cortical projections of
the spinothalamic tract to the parietal cortex which is the major
somatosensory fiber system of the human body. The STR
also consists of the efferent projections contiguous with the
medial lemniscus into the frontoparietal cortices (Kamali et al.
2009), which is also part of the somatosensory fiber system.
Further, the STR includes the thalamo-cortical projections of
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the dentato-rubro-thalamic tract, (DRTT) projecting from the
thalamus to the motor and premotor cortical areas of the fron-
tal lobe. The DRTT is the major cerebellar output pathway,
which carries the motor information from the cerebellum to
the motor cortex via the brainstem and thalamus (Benagiano
et al. 2018, Keser et al. 2021).

The Posterior Thalamic Radiations (PTR)

The PTR serves as a connection between the occipital and
parietal lobes and the thalamus by passing through the retro
lenticular limb of the internal capsule (Fig. 2B) (George and
Das 2020). The thalamus ties into broad areas of the parieto-
occipital cortices through the posterior thalamic radiation
(PTR), including the afferent and efferent fibers connecting
the posterior thalamic nuclei to the parieto-occipital cortices
and includes the optic radiations (Kamali et al. 2010, Nooij
et al. 2015].

The Thalamo-Cingulate Connections (TC)

The thalamo-cingulate connections (TC) are the fibers aris-
ing from the thalamic nuclei and project into the cingulum
bundle to complete the Papez circuit mediating the thalamo-
cingulate connectivity (Jang and Yeo 2013, 2014). The TC
fibers maybe a component of the thalamo-cortical fibers of
the ATR bundle.

The TC serves as a bidirectional and direct pathway
between the thalamic nuclei, ascends through the internal
capsule, and reaches the cingulate gyrus (Jones 2012; Jang
and Yeo 2013).

The Dorsal Thalamo-Hypothalamic Tract (DTH)

In addition to the MTT, which serves as the major ven-
tral thalamo-hypothalamic pathway, the dorsal thalamo-
hypothalamic tract (DTH) was recently described in the
human brain as a dorsal thalamo-hypothalamic connectiv-
ity (Fig. 3D) (Kamali, et al. 2020a). The DTH connects the
dorsal thalamus to the hippocampus and into the anterior
hypothalamic nuclei. The DTH is a much larger pathway
in volume compared to the MTT. Unlike the MTT, which
connects the dorsal hypothalamus (mammillary bodies) to
the anterior thalamus, the DTH connects the dorsal thala-
mus to the anterior hypothalamus (Fig. 3D) (Aggleton et al.
2010; Peterson et al. 2019; Kamali et al. 2020a, b). Several
animal studies have revealed an equivalent fiber tract con-
necting the thalamus to the hippocampus and hypothalamus
(Conrad and Pfaff 1976; Pasquier and Reinoso-Suarez 1976;
Swanson 1976; Herkenham 1978; Cornwall and Phillipson
1988; Groenewegen 1988; Chen and Su 1990; Krout and
Loewy 2000).

Aggleton and Mishkin proposed a dual circuit for mem-
ory in monkeys (Aggleton and Mishkin 1982). One circuit
involving the amygdala and the dorsomedial nucleus of the
thalamus, and a second circuit connecting the hippocampus
to the anterior limbic nuclei, including the amygdala and
hypothalamus. The DTH, along with the fornix/stria termi-
nalis, may play a part in the second circuit and the thalamo-
hippocampo-hypothalamic pathway proposed by Aggleton
and Mishkin (Aggleton and Mishkin 1982). The DTH adds a
parallel route to the thalamo-hippocampo-hypothalamic con-
nectivity alongside the Papez circuit by directly connecting
the thalamus to the hippocampus and hypothalamic nuclei
which previously known to be feasible via the fornix (hip-
pocampo-hypothalamic) and MTT (hypothalamo-thalamic)
in the Papez circuit. Therefore, the DTH may contribute to
many limbic circuits alongside the Papez circuit. The DTH
and the MTT together may generate a thalamo-hippocampo-
hypothalamo-thalamic circuit (Fig. 9).

thalamus < (DTH) = hippocampus < (DTH, FX)
= hypothalamus < (MTT) = thalamus

The Amygdalothalamic Tract (ATT)

The ATT is the largest direct amygdalo-diencephalic con-
nection in primates providing a direct connectivity between
the amygdala and the dorsomedial nucleus of the thalamus
(Fig. 3A,C) (Kamali et al. 2018a, b). The ATT serves as the
amygdalothalamic limb of the ventral amygdalofugal com-
plex, which includes the amygdalo-hypothalamic, amygdalo-
septal, amygdalo-mesencephalic, and amygdalo-thalamic
tracts (Noback et al. 2005, Haines 2007). The amygdala
projects directly to the orbitofrontal cortex via the uncinate
fasciculus. However, the amygdala also directly connects
with the dorsomedial nucleus of the thalamus via the ATT
(Fig. 9) (Noback et al. 2005, Haines 2007) and indirectly to
the prefrontal cortex via the ATR mediated by the thalamus
(Fig. 9).

Aggleton and Mishkin proposed a dual circuit for mem-
ory in monkeys (Aggleton and Mishkin 1982). Mishkin
demonstrated that stimulation of the higher-order sensory
areas of the cortex activates a cortico-limbo-thalamo-corti-
cal circuit. This circuit may actually consist of two parallel
circuits, one involving the amygdala and the dorsomedial
nucleus of the thalamus and the other the hippocampus and
the anterior nuclei (Aggleton and Mishkin 1982). The circuit
involving the amygdala and the dorsomedial nucleus of the
thalamus is likely via the amygdalothalamic tract, connect-
ing the amygdala to the dorsomedial nucleus of the thalamus
(Kamali et al. 2018a, b).
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Some of the fibers of the ATT continue beyond the amyg-
dala into the anterior temporal lobe (Klingler and Gloor
1960; Kiernan 2012; Kamali et al. 2018a, b). Additional
small projections are also described between the anterior
temporal pole and basomedial and basolateral nuclei of
the amygdala through a small white matter tract called the
“amygdalo-temporal fascicle” (Klingler and Gloor 1960;
Ghashghaei and Barbas 2002).

The ATT may participate in multiple circuits of the limbic
system, some of which are listed below (Fig. 9).
amygdala = (ATT) = thalmaus < (DTH/MTT)

= hypothalamus < (FX/ST) = hippocampus/amygdala

orbitofrontal/prefrontal cortex < (UF,CB) = temporal tip
& (UF) = amygdala = (ATT) = mediodorsal thalamus
< (ATR/PFCT) = orbitofrontal/prefrontal cortex

amygdala = (ATT) = thalmus < (ATR)
= prefrontal cortex < (UF) = amygdala

The ATT is also part of the Yakovlev model of the baso-
lateral circuit as follow:
Yakovlev model: orbitofrontal and cingulate gyri

< (UF, CB) = temporal tip/amygdala

= (ATT) = mediodorsal thalamus

& (ATR) = orbitofrontal and cingulate gyri

Maclean model:

Orbitofrontal gyrus (UE’ZEB) temporal tip/amygdala

prefrontal cingulate gyrus

hippocampus v

the thalamus to the prefrontal cortex. The ATR traverses
through the anterior limb of the internal capsule, while the
PFCT traverses more medially through the caudate nucleus
to reach the prefrontal cortex (Kamali et al. 2010).

At the thalamic origin, the PFCT has a segment with con-
vexity toward the midline and concavity toward the lateral
thalamus, which arises from the dorsomedial (DM) nucleus
of the thalamus. After arising from the DM nucleus of the
thalamus, the PFCT projects into the BNST and receives
projections from the septal nuclei and lentiform nuclei
(Fig. 5-6). Aside from the septal nuclei sending projections
to the PFCT medially, there are other projections along the
way joining the PFCT. These projections are joining the
PFCT superiorly from the caudate body (Fig. 6B), laterally
from the lenticular nuclei (putamen and globus pallidus)
(Figs. 5C, 6B), and inferiorly from the hypothalamic nuclei
(Fig. 6A). The PFCT connects all these structures with the
caudate head, nucleus accumbens, and prefrontal cortex.

The PFCT then courses through the caudate head and
nucleus accumbens (Fig. 6C) and eventually projects into
the medial prefrontal cortex (Haber et al. 1995; Kamali et al.
2010). The trajectories of the PFCT and medial forebrain
bundle (MFB) are shown in Fig. 7 for better orientation of
the readers to the courses of these tracts. The ATR, similar
to the MFB, courses through the anterior limb of the internal
capsule (ALIC). The PFCT connects the thalamus, basal gan-
glia, and multiple additional gray matter nuclei to one another
and eventually to the prefrontal cortex. Therefore, the PEFCT
may serve as thalamo-prefrontal, hypothalamo-prefrontal,

O mediodorsal thalamus @\7@/

47

> Orbitofrontal gyrus
e prefrontal cingulate gyrus

%, ~ MB <=> ventral thalamus "\;@\\

(MTT)

The Prefronto-Caudo-Thalamic Tract (PFCT)

This pathway was first described in 2010 (Kamali et al.
2010). The PFCT is a large projection bundle connecting the
thalamus to the basal ganglia, includes the caudate nucleus
and lentiform nuclei and eventually