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ABSTRACT

The anatomical organization of the lateral prefrontal
cortex (LPFC) afferents to the anterior part of the tem-
poral lobe (ATL) remains to be clarified. The LPFC has
two subdivisions, dorsal (dLPFC) and ventral (vLPFC),
which have been linked to cognitive processes. The ATL
includes several different cortical areas, namely, the
temporal polar cortex and rostral parts of the perirhinal,
inferotemporal, and anterior tip of the superior temporal
gyrus cortices. Multiple sensory modalities converge in
the ATL. All of them (except the rostral inferotemporal
and superior temporal gyrus cortices) are components
of the medial temporal lobe, which is critical for long-
term memory processing. We studied the LPFC connec-
tions with the ATL by placing retrograde tracer injec-
tions into the ATL: the temporal polar (n = 3),
perirhinal (areas 35 and 36, n = 6), and inferotemporal

cortices (area TE, n = 5), plus one additional deposit in
the posterior parahippocampal cortex (area TF, n = 1).
Anterograde tracer deposits into the dLPFC (A9 and
A46, n = 2), the vLPFC (A46v, n = 2), and the orbito-
frontal cortex (OF; n = 2) were placed for confirmation
of those projections. The results showed that the vLPFC
displays a moderate projection to rostral area TE and
the dorsomedial portion of the temporal polar cortex; in
contrast, the dLPFC connections with the ATL were
weak. By comparison, the OFC and medial frontal corti-
ces (MFC) showed dense connectivity with the ATL,
namely, A13 with the temporopolar and perirhinal corti-
ces. All areas of the MFC projected to the temporopo-
lar cortex, albeit with a lower intensity. The functional
significance of such paucity of LPFC afferents is
unknown. J. Comp. Neurol. 523:2570-2598, 2015.
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The human and nonhuman primate prefrontal cortex
has three main portions that cover the lateral (lateral
prefrontal cortex [LPFC]), medial (medial prefrontal cor-
tex [MFC]), and basal (orbital) aspects of the frontal
lobe (prefrontal orbital cortex [OFC]). The LPFC can be
divided into the dorsolateral prefrontal cortex (dLPFC)
and ventrolateral prefrontal cortex (vVLPFC) in nonhuman
primates according to different cytoarchitectonic and
connectivity studies (Walker, 1940; Barbas and Pandya,
1989; Carmichael and Price, 1994; Petrides and Pan-
dya, 1999, 2002; Saleem et al., 2007, 2014; Luebke
et al,, 2010; Petrides et al., 2012). Functional studies
in humans (Tanji and Hoshi, 2008; Bonnici et al., 2012;
Petrides et al., 2012; Takahashi et al., 2013) also sup-
port this division. The dLPFC is the cortex located dor-

© 2015 Wiley Periodicals, Inc.

sal to the upper bank of the principal sulcus (ps) and
encompasses Brodmann’s areas 9, 8, and the portion
of area 46 that lies above the ps. The dLPFC, receives
projections from the parietal cortex, which is involved
in visuospatial location (Corbetta et al., 1998; Munoz
and Evering, 2004; Petrides and Pandya, 2009). The
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VvLPFC is located ventral to the ps, and comprises Brod-
mann’s areas, 45, 12I, and the portion of area 46 ven-
tral to the ps. The VLPFC receives projections primarily
from the unimodal visual cortex (Hoshi, 2006; Tanji and
Hoshi, 2008). LPFC functional activity is associated
with executive functions and working memory (Fuster
and Alexander, 1971; Goldman-Rakic, 1992; Funahashi,
2006). The OFC is made up of Brodmann’s areas 10,
11, and 13 (Walker, 1940), as well as 120 (Carmichael
and Price, 1994), and other general divisions (Barbas
and Pandya, 1989; Morecraft et al., 1992). The MFC
Brodmann’s areas 25, 32, and 24 (Barbas and Pandya,
1989; Carmichael and Price, 1994) complete the medial
prefrontal cortex.

The anterior temporal lobe (ATL) is an ill-defined area
that comprises several anatomically and functionally
diverse cortical areas (Benevento, 1977; Desimone and
Gross, 1979; Bruce et al., 1981; Baylis et al., 1987; Jel-
lema et al., 2004; Saleem et al., 2007). Under the term
ATL we include the temporal polar cortex (TPC), the
rostralmost portion of the perirhinal cortex (PRC; areas
35 and 36 of Brodmann, 1909) at the transition with
area TE, as far as the tip of the superior temporal sul-
cus (sts), including the anterior limit of the superior
temporal gyrus (STG). Whereas the anterior limit of the
ATL is the temporal pole, the caudal limit is approxi-
mately located at the beginning of the amygdala. This
location corresponds to levels +25 of Szabo and
Cowan (1984) in the Macaca fascicularis monkey, and
+19.65 of Paxinos et al. (2000) and +22 of Saleem
and Logothetis (2012) in Macaca mulatta. Therefore,
the ATL extends caudal to the tip of the temporal pole
for about 5 mm in Macaca fascicularis monkey, and 6
mm in the Macaca mulatta brain.

Physiologically, Desimone and Gross (1979) charac-
terized a caudal portion of area TE that presented large
visual receptive fields, and a rostral portion, where neu-
rons showed polymodal responses. In addition, auditory
and visceral responses can be also found in the dorso-
lateral and dorsomedial part of the temporal pole,
respectively (Kaada et al., 1949; Moran et al, 1987).
Polymodal sensory responses were found in “the cortex
dorsal, anterior and ventral to IT” (Desimone and Gross,
1979). Baylis et al. (1987) also described a small pro-
portion of cells responsive to auditory and oral stimuli,
in the anterior portion of area TE1 of Seltzer and Pan-
dya (1978), in addition to more common visual stimuli
responses. Memory-related responses have also been
detected in zones of the ATL (Miyashita and Chang,
1988; Riches et al., 1991; Fahy et al., 1993; Miyashita
et al., 1993; Nakamura and Kubota, 1995), including
complex responses to visual stimuli, such as the detec-
tion of recency and familiarity (Desimone and Gross,
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1979; Fuster and Jervey, 1981; Brown et al., 1987;
Fahy et al., 1993; Miller et al., 1991, 1993; Miller and
Desimone, 1994; Nakamura et al., 1994; Nakamura and
Kubota, 1995).

Lesion studies in primates show that the ATL is
involved in visual recognition memory (Horel et al,
1987; Phillips et al., 1988; Murray et al., 1989; Gaffan
and Murray, 1992; Meunier et al., 1993; Zola-Morgan
et al,, 1993; Gaffan, 1994; Weller et al., 2006). More-
over, ATL lesions in humans and in nonhuman primates
produce visual agnosia and complex behavioral deficits
such as Kliver-Bucy syndrome (Kliver and Bucy, 1939;
Olson, 2003). The anatomical and functional organiza-
tion of the ATL, in particular the TPC, is still considered
“enigmatic” (Olson et al., 2007). In addition, the ATL
has been considered a “hub” for neuroanatomical path-
ways involved in semantic memory processing, as dam-
age to the ATL is present in frontotemporal or semantic
dementia in humans (Patterson et al., 2007; Binney
et al., 2010). Further evidence derives from functional
studies in humans that show an activation of cortical
areas within the ATL, ventromedial prefrontal cortex
(areas 14 and 25), as well as the hippocampus during
encoding, consolidation, and retrieval of old memories
related to recent and remote memories (Bonnici et al.,
2012; Van Kesteren et al., 2012).

The anatomical connection of the ATL and prefrontal
cortex via the uncinate fasciculus has been known
since the beginning of the last century (Curran, 1909;
Kliver and Bucy, 1939; Nauta and Whitlock, 1956;
Kaada, 1960; Klingler and Gloor, 1960). However,
whereas the current anatomical literature deals mainly
with the OFC and MFC connectivity with the ATL, the
available information about dLPFC and vLPFC connec-
tivity is related to executive and visuomotor associa-
tions (Selemon and Goldman-Rakic, 1988; Petrides and
Pandya, 1984; Fuster, 2008; Gerbella et al., 2010;
Borra et al., 2011). It is well known that parts of the
temporal lobe caudal to the ATL as well as the parietal
cortex, mainly area 7, provide afferents to both the
dLPFC and vLPFC (Petrides and Pandya, 1984, 2009;
Cavada and Goldman-Rakic, 1989). In addition, the pre-
motor cortex, mainly fields F6 and F7 (Luppino et al.,
1993; Rizzolatti and Luppino, 2001) and the retrosple-
nial cortex (Goldman-Rakic et al., 1984; Morris et al.,
1999; Kobayashi and Amaral, 2007; Yeterian et al.,
2012). complete the set of connections.

The afferents of the MFC and OFC to the temporal
lobe have been extensively studied, starting from
degeneration tracing studies (Pandya and Kuypers,
1969; Jones and Powell, 1970; Van Hoesen et al.,
1975; Van Hoesen and Pandya, 1975). Retrograde and
anterograde tracing techniques refined and revealed
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additional details of such connectivity (Kawamura and
Naito, 1984; Markowitsch et al., 1985; Moran et al.,
1987; Shiwa, 1987; Barbas, 1988, 1993; Petrides and
Pandya, 1988; Seltzer and Pandya, 1989; Ungerleider
et al., 1989; Ban et al.,, 1991; Martin-Elkins and Horel,
1992; Morecraft et al.,, 1992; Distler et al., 1993; Ari-
kumi et al., 1994; Rodman, 1994; Rodman and Consue-
los, 1994; Suzuki and Amaral, 1994a; Webster et al.,
1994, Carmichael and Price, 1995; Cavada et al., 2000;
Janssen et al., 2000; Lavenex et al., 2002; Kondo et al.,
2003, 2005; Insausti and Amaral, 2008; Saleem et al.,
2014). This projection is also present in other primate
species, such as the owl monkey (Weller and Kaas,
1987) and the squirrel monkey (Weller and Steele,
1992).

Data from the reports mentioned above suggest that
only cortical regions caudal to the ATL present a size-
able projection to the LPFC. A knowledge of the dLPFC
and vLPFC anatomical relationship with the ATL would
be of interest in dealing with a possible influence on
the MTL, and very likely on memory processing. Indeed,
the ATL is broadly coincident with the “hub” area where
convergence for sensory processing takes place (Patter-
son et al., 2007), which might also be related to

particular convergence of multiple sensory modalities in
the ATL prompted us to analyze the afferent connectiv-
ity to the ATL from the LPFC with anatomical tracing
techniques. The question of the extent and density of
the connections of the ATL with the LPFC needs to be
defined more precisely. This connectivity is also com-
pared with the much better known anatomical relation-
ship of the ATL with the OFC and MFC.

MATERIALS AND METHODS

Nineteen male Macaca fascicularis from R.C. Harste-
lust (Tilburg, The Netherlands) were used in the present
study. Animals with a weight approximately of 3 kg at
the time of surgery were housed individually. All experi-
mental procedures were carried out according to guide-
lines of the European Community on the welfare of
research animals (directive 86/609/EEC, updated in
2010/63 EU), after approval and supervision by the
local Ethics Committee for Animal Research.

A 12-hour-fasting period preceded surgery. Animals
were tranquilized with 8 mg/kg i.m. ketamine hydro-
chloride (Ketolar, Parke-Davis, Barcelona, Spain). Anes-
thesia level was maintained with 30 mg/kg i.v.

semantic memory and recognition memory. The Midazolam  (Dormicum, Roche, Madrid, Spain)
Abbreviations

8 area 8 of Brodmann ITG inferior temporal gyrus

9 area 9 of Brodmann los lateral orbital sulcus

10 area 10 of Brodmann LPFC lateral prefrontal cortex

11 area 11 of Brodmann lus lunate sulcus

12 area 12 of Brodmann mos medial orbital sulcus

121 area 12, lateral portion MFC medial frontal cortex

120 area 12, orbitofrontal portion MTL medial temporal lobe

13 area 13 of Brodmann ois inferior occipital sulcus

14 area 14 of Brodmann OFC orbitofrontal cortex

24 area 24 of Brodmann oT olfactory tubercle

25 area 25 of Brodmann PHR parahippocampal region

32 area 32 of Brodmann Pir piriform cortex

35 area 35 of Brodmann pmts posterior middle temporal sulcus

35d area 35 of Brodmann, dorsal portion Pro proisocortex of Pandya and Sanides (1973)

36 area 36 of Brodmann ps principal sulcus

36r area 36 of Brodmann, rostral portion PFC prefrontal cortex

36¢c area 36 of Brodmann, caudal portion PPH posterior parahippocampal cortex

38 area 38 of Brodmann PRC perirhinal cortex

45 area 45 of Brodmann rs rhinal sulcus

46 area 46 of Brodmann STG superior temporal gyrus

46d area 46 of Brodmann, dorsal portion STGf superior temporal gyrus, fundus division

46v area 46 of Brodmann, ventral portion STGi superior temporal gyrus, intermediate division

A amygdala STGm superior temporal gyrus, medial division

AA 3H amino acids STGo superior temporal gyrus, opercular division

ABC avidin-biotin complex STGr superior temporal gyrus, radial division

amts anterior middle temporal sulcus sts superior temporal sulcus

ATL anterior temporal lobe B Tris buffer

as arcuate sulcus TBS saline Tris buffer

BDA biotin dextran amine TE area TE of Von Bonin and Bailey (1947)

cc corpus callosum TE1 area TE1 of Seltzer and Pandya (1978)

cs cingular sulcus TEa area TEa of Seltzer and Pandya (1978)

DAB diaminobenzidine tetra-hydrochloride TEad dorsal subregion of anterior area TE

dLPFC lateral prefrontal cortex, dorsal portion TEav ventral subregion of anterior area TE

DY diamidino yellow TF area TF of von Bonin and Bailey (1947)

EC entorhinal cortex TH area TH of von Bonin and Bailey (1947)

Er entorhinal cortex, lateral rostral subfield TPC temporal polar cortex

Eo entorhinal cortex, olfactory subfield TPCm temporal polar cortex, medial portion

Er entorhinal cortex, rostral subfield TPCI temporal polar cortex, lateral portion

FB Fast Blue VvLPFC lateral prefrontal cortex, portion ventral

HIP hippocampus WGA-HRP wheat germ agglutinin conjugated to horseradish peroxidase

ips intraparietal sulcus
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supplemented as required. Surgery was carried out
under aseptic conditions; heart rate, blood pressure,
and rectal temperature were monitored. Animals were
placed in a Kopf stereotaxic apparatus (Tujunga, CA),
and a craniectomy was performed over the targeted
cortical area for tracer injections. Prior to the opening
of the dura mater, 20 ml of a 20% solution of mannitol
(Apiroserum®, Antibidticos Farma, Madrid, Spain) was
administered. Once the cortical area was exposed, trac-
ers were injected with a Hamilton syringe at a depth of
1.5-2 mm under the pial surface. The volume injected
was of 1 ul for the retrograde tracers (Fast Blue [FB],
3%; Diamidino Yellow [DY], 1%; Sigma, St. Louis, MO)
and 2 pl for the anterograde tracer (biotinylated dex-
tran amine [BDA], 10.000 MW, lysine fixable, 10%;
Molecular Probes, Eugene, OR) as described previously
(Munoz and Insausti 2005; Mohedano-Moriano et al.,
2008). Four cases were injected with a 1% solution of
wheat germ agglutinin conjugated to horseradish perox-
idase (WGA-HRP): 50-250 nl of WGA-HRP solution
were slowly injected by means of short pulses of air
(with a Picospritzer, General Valve, Fairfield, NJ) over a
period of 20 minutes. Finally, one case, IM-12 (kindly
provided by Dr. David G. Amaral, University of Califor-
nia, Davis and the MIND Institute, UC Davis), had a *H-
amino acid injection in the OFC. Briefly, an equal
amount of *H-leucine and *H-proline (L-[4-5-°H] leucine;
L-[2, 3-°H] proline, respectively, New England Nuclear/
Dupont, Wilmington, DE), vacuum-evaporated and
reconstituted to a final concentration of 100 pC/pl,
was injected (see Cowan et al.,, 1972 and Insausti and
Amaral, 2008 for details).

After a period of 48 hours for WGA-HRP, or 14 days
for fluorescent tracers and BDA, animals were tranqui-
lized with ketamine (8 mg/kg i.m.), deeply anesthetized
with sodium thiopental (200 mg/kg, sodium thiopen-
thal, Abbott, West Berkshire, UK), and perfused trans-
cardially. Fixation was begun with 1% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.2, at a rate of 250
ml/min for 2 minutes) at room temperature followed by
cold 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.2, 250 ml/min for 10 minutes), followed by 100
ml/min for 50 minutes, and finalized with 5% sucrose
in 0.1 M phosphate buffer (4°C, pH 7.2, 100 ml/min
for 20 minutes). Animals with injections of WGA-HRP
were perfused according to Insausti et al. (1987). The
head was placed on the stereotaxic frame, and the
brain was blocked in the coronal plane. The brain was
removed and photographed, and the blocks were then
cryoprotected in a solution of 10% glycerol and 2%
dimethylsulfoxide in 0.1 M phosphate buffer for 24
hours, followed by 20% glycerol and 2% dimethylsulfox-
ide in 0.1 M phosphate buffer for 48 hours. Blocks
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were subsequently sectioned in the coronal plane (50
pum thick) using a sliding microtome coupled to a freez-
ing unit (Microm, Heidelberg, Germany) in series every
250 um (five sections). One out of five series of sec-
tions was stained with thionin for cytoarchitectonic
analysis; one adjacent section was immediately
mounted for fluorescence analysis. In WGA-HRP experi-
ments, one series of sections was processed according
to Mesulam’s protocol for histochemical demonstration
of WGA-HRP transport as described (Insausti et al,
1987). BDA-labeled fibers were visualized as follows:
first, the endogenous peroxidase activity was quenched
by a 30-minute step in 0.03% H,0, in Tris-buffered
saline (TBS; 50 mM, pH 7.6). Sections were then incu-
bated for 2 hours in avidin-biotin complex (ABC Elite
Kit, Vector, Burlingame, CA) at a working dilution of
1:200, diluted in Tris buffer (TB; 50 mM, pH 8.0) with
0.3% Triton X-100, finally reacted with 0.02% 3,
3'diaminobenzidine (DAB;, Sigma) in TB (pH 8.0) as
chromogen, and intensified with nickel ammonium sul-
fate (0.4%) and H,0, (0.01%). The remaining sections
were stored at —20°C in a cryoprotectant solution of
20% glycerol, 30% ethylene glycol, and phosphate buffer
0.05 M (pH 7.2) for future use.

The distribution of retrogradely labeled cells was ana-
lyzed with a microscope (Olympus BX50) provided with
epifluorescence illumination and an ultraviolet filter
(U-MWB2, 460-490 nm excitation; Olympus, Tokyo,
Japan). The distribution of labeled neurons was charted
with an X-Y charting system (AccuStage Minnesota
Datametrics, St. Paul, MN). Anterograde labeling of
BDA was charted by using a drawing tube at 20X
magnification. Adjacent thionin-stained series were used
for cytoarchitectonic analysis to define areal boundaries.
The drawings in this study were prepared in Canvas 10.0
(Deneba, Miami, FL), and microphotographs were only
adjusted for brightness and contrast using Adobe (San
Jose, CA) Photoshop 7.0 (in Windows).

Two-dimensional, unfolded maps were constructed to
represent the topography of the distribution of retro-
gradely labeled neurons. Details can be found in
Insausti et al. (1987) and Munoz and Insausti (2005).

Nomenclature

Cytoarchitectonic boundaries were based on previous
descriptions, namely, that of Amaral et al. (1987) for
the entorhinal cortex and Insausti et al. (1987) for the
ATL cortex divisions of the upper bank of the sts. Area
TE was subdivided according to the nomenclature of
Seltzer and Pandya (1978). Frontal lobe areas were
defined according to the general scheme of Walker
(1940) modified according to Barbas and Pandya
(1989), Petrides and Pandya (1999, 2002), and Petrides
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Figure 1. The approximate extent of the ATL in Macaca fascicularis is represente with depictions of the lateral (A), ventral (B) and frontal
(C) surfaces of the brain, indicating the approximate extent of the ATL in stereotaxic coordinates (Szabo and Cowan, 1984). D: Coronal
sections through the ATL with the approximate AP levels. For abbreviations, see list.

et al. (2012). We included area 12 of Walker (1940) as
the strip of cortex that lies at the ventrolateral convex-
ity that encompasses area 12I, the strip of cortex at
the ventralmost portion of the lateral surface of the
frontal lobe, and 120, which extends into the lateral
OFC as far as the lateral orbital sulcus (Petrides and
Pandya, 2002). Other cortical areas such as area 14
(without labeling) were not subdivided (Petrides and
Pandya, 2002). The TPC was divided as in Insausti
(2013). Nomenclature of the PRC cortex and posterior
parahippocampal cortex (PPH; areas TF and TH of von
Bonin and Bailey, 1947) followed the description of
Suzuki and Amaral (1994b, 2003).

The description of the limits established for the ATL
is given in more detail in the following and in Figure 1.
Classical cytoarchitectonic studies by Brodmann,
(1909) divided the human temporal lobe into a tempor-
opolar region (area 38) at the rostral limit of the supe-
rior and inferior temporal gyri. Areas 20, 21, and 22
continue at the dorsal and lateral aspects of the ATL. In
the nonhuman primate, the rostral part of the ATL is

clearly delimited by the temporal pole, but the caudal
boundary is indistinct. Within the ATL, the cytoarchitec-
tonic laminae of the monkey’s temporal cortex become
progressively less differentiated in a rostral direction,
and the layering becomes less distinct. Rostral area TE
has been separated into TEad (anterior-dorsal) and
TEav (anterior-ventral) portions by Saleem and Tanaka
(1996) based on anterograde tracer studies in Macaca
mulatta. Figure 1 presents a diagram with the approxi-
mate extent of the ATL.

RESULTS

Injection sites

We used 15 retrograde tracer injections that included
the TPC (n = 3), PRC (Brodmann’s areas 35 and 36,
n = 6), and rostral area TE (n = 5), PPH (n = 1), 6
anterograde tracer experiments, one with >H-amino
acids in the OFC (contralateral side to the PPH retro-
grade tracer experiment), and 5 BDA prefrontal cortex
deposits (Brodmann’s areas 9, 46d, and 13, one case
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TABLE 1.
Cases, Injection Site, and Tracer, and Tracer Used for
Each

Case Injection site Tracer
M1-93 Temporal polar cortex WGA-HRP
M3-93 Temporal polar cortex WGA-HRP
M15-96 Temporal polar cortex FB
M2-93 Perirhinal cortex A36r WGA-HRP
M3-94 Perirhinal cortexA 35 DY
M4-94 Perirhinal cortex A36r DY
M5-94 Perirhinal cortex A36r DY
M5-94 Perirhinal cortex A36r FB
M16-96 Perirhinal cortex A36¢c FB
M6-93 Rostral TE1 WGA-HRP
M1-96 Rostral TE1 FB
M15-96 Rostral TE1 DY
Mé6-02 Rostral TEa FB
M7-02 Rostral TEa FB
M1-05 Rostral A9 BDA
M2-05 A46 (ventral) BDA
M3-05 A46 (ventral) BDA
M4-05 A46 (Dorsal) BDA
M6-05 A13 BDA
IM-12 A13 AA
IM-12 TF FB

For abbreviations, see list.

each) and 46v (n = 2). Table 1 presents the list of
cases; Figures 2 and 3 show the deposit location in our
experimental series. The relative amount of retrogradely
labeled neurons is expressed as total number (Table 2A)
and as a percentage of the total number of retrogradely
labeled prefrontal neurons in representative cases in
each of the experimental groups (Table 2B).

Frontal cortex afferents to the TPC based on
retrograde tracer injections

Case M1-93 will be described in more detail among
the cases with ventral injections in the TPC, as case
M3-93 resulted in a smaller deposit (Figs. 2, 3C).
Sparse retrograde label was observed in area 10 at
very rostral levels (Fig. 4A,D). The dLPFC displayed a
moderate amount of retrogradely labeled neurons (2%)
at the midfrontal level, at the border of the lateral and
medial aspects of the frontal lobe (M1-93, Fig. 4A,G).
Neither area 46d nor area 8 presented retrogradely
labeled neurons. The VLPFC presented a moderate-to-
low number of labeled neurons in area 46v (1%, Fig.
4A,E,F) and area 12| (the number in the table results is
0%, although 40 neurons were found). This kind of
numerical result is presented in all our cases: numbers
lower than 0.5% are rounded to 0%. Table 2A shows the
total number of retrogradely labeled neurons. Likewise,
area 45 is 0% (20 neurons; Fig. 4A).

The OFC had a high density of retrogradely labeled
neurons (Fig. 4A,E-I) that occupied most of the OFC
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transverse axis. At the rostral level of area 11, retro-
grade label reached up to 500 neurons per section
(13%; an example of such labeling can be seen in Fig.
4AE,F). This distribution of labeled neurons continued
caudally for several mm and reached the rostral part of
area 13. This area presented among the highest num-
ber of the total labeled neurons (74%; Fig. 4A,G-I). Area
120 yielded 1% of the total number of labeled cells (Fig.
4AF-1). The majority of the retrogradely labeled neu-
rons all over the OFC were in layer Ill, with fewer in
layer V (Figs. 13C, 14C).

Caudally, retrogradely labeled neurons aggregated
into four distinct broad patches, 1-2 mm wide sepa-
rated by spaces devoid of labeled neurons, in a sort of
longitudinally stripped pattern (Fig. 41). The medial and
most rostral patch occupied the medial portion of area
13 (Fig. 4AH,l). This patch of label sometimes straddled
over the lateral portion of area 14, and extended in a
rostrocaudal direction, from the rostral limit of the cor-
pus callosum, as far as to the olfactory tubercle (Fig.
4A). This patch (over 700 labeled neurons) had a longi-
tudinal extension of 4 mm. The transverse extension
was about 2 mm, and the number of labeled neurons
reached up to 300 for a single patch (Fig. 4A). Such
groups were located immediately rostral to the olfactory
tubercle. At progressively more caudal levels, the bands
of retrograde labeling fused, and formed a single band,
increasing in density up to 1,000; this was the highest
number of retrogradely labeled neurons found in all our
experimental cases. This patch continued with the ante-
rior insular cortex. Caudally, the total size of the cortical
area covered by these patches was approximately 4 mm
(length) by 2.5 mm (width), whereas at the rostral level
the OFC labeling was continuous and much reduced in
extent. Overall, the patches presented more labeled
neurons in layer lll than in layer V, although at points of
maximal density, distributed in all layers, throughout the
thickness of the cortex.

The MFC had retrogradely labeled neurons at the level
of the anterior limit of the cingulate sulcus. Labeled neu-
rons in rostral area 24 were observed in the ventral bank
of the cingulate sulcus, at the rostral limit of the corpus
callosum (2%; Fig. 4A,G-I), as well as close to the fundus
of the cingulate sulcus (up to 40 labeled neurons). Smaller
groups of labeled neurons were located in area 32 (1%;
Fig. 4A,H) close to the rostral sulcus, and in the subcal-
losal area 25 (1%; Fig. 4A,l). The latter extended as far as
the olfactory tubercle. Area 14 also contained 1% of
labeled neurons, (Fig. 4A,G,H).

Retrograde labeling in the MFC was concentrated
mainly in layer lll. The overall distribution of the labeling
in this case is represented in the unfolded map shown
in Figure 4A.
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Figure 2. Anterograde and retrograde tracer deposits in this study are represented on the cortical surface of the Macaca fascicularis. The
TPC, PRC (areas 35 and 36r), and rostral area TE of the inferotemporal cortex had retrograde tracers deposits, all placed in the left hemi-
sphere (for clarity, IM-12 FB, and M-16-96 FB are represented on the right-hand side of the figure). Additional deposits in area 36c and
PPH are indicated. The anterograde tracer deposits in the dLPFC, vLPFC, and OFC of the PFC (areas 9, 46, and 13) are indicated in gray
lettering. For abbreviations, see list.

Case M3-93 had a much smaller injection of WGA- ventral and lateral compared with M1-93. Although the
HRP, aimed at the same place as in experiment M1-93, results replicated case M1-93, the labeling was much
described above (Fig. 2). The injection site was slightly more limited. As in experiment M1-93, the dLPFC had
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Figure 3. Two-dimensional map reconstruction of tracer deposit
extent in four representative cases: (A) injection in area 35 of the
PRC; (B) injection in area 36r of the PRC; (C), injection in the
TPC; (D) injection in area TE1 of the rostral inferotemporal cortex.
On each panel, the upper figurine shows the location of deposits
on the brain surface. For abbreviations, see list. Scale bar = 2
mm in D (applies to A-D).

an isolated patch (just a few labeled neurons) in caudal
area 8 (Fig. 5A). In contrast, no labeled neurons were
present in other parts of the vLPFC. Patches of retro-
gradely labeled neurons were found in the OFC, starting
at the caudal limit of area 11 and extending into area
13, close to the medial orbital sulcus. Rostral area 120
had a patch of labeled neurons at only a single level. In
caudal area 13, labeled neurons formed single, isolated

Frontotemporal projection

clumps of neurons, lateral to the olfactory tubercle. In
all these locations, layer Ill was predominantly labeled.

Case M15-96 had an FB deposit that extended to all
layers of the dorsal and medial part of the temporal
pole (Fig. 2). A few scattered neurons, were present in
area 9 (1%) as well as in the rostralmost portion of area
46d (0%, six labeled neurons; Fig. 5B). Scattered neu-
rons were found in the rostral one-fourth of the ventral
lip of the ps (46v of vLPFC, 2%). Moreover, area 12|
had 0% (only three labeled neurons). OFC labeling
showed a total of 1%, located in area 11. Area 120
yielded up to 2% of the total. An overall representation
of the labeling in this case is presented in Figure 5B. A
moderate to light density of neurons was found in area
13 (14% of the OFC). This case showed a high density
of retrogradely labeled neurons in areas of the MFC
such as areas 10 (12%), 24 (15%), 32 (16%), and area
25 (subcallosal area, 14%). Area 14 presented abundant
retrograde labeling in the ventral MFC (23%), at the ver-
tex of the medial and ventral aspects of the frontal
lobe. Although the vast majority of labeled neurons
were located in the MFC, some neurons were also
found in other parts of the frontal cortex.

In summary, the results after tracer injections into
the temporal pole showed that LPFC labeling after
injections into the dorsal part of the temporal pole was
more abundant than injections in its ventral part. The
deposit into the dorsal part of the temporal pole
labeled neurons (albeit in low numbers) in the dLPFC,
area 9 (1%), area 46d (0%, six labeled neurons), and the
VLPFC (121, 0%; 46v, 2%), which was different from the
deposits in the ventral part of the temporal pole (areas
46v, 1%; 12 and 45, 0%). Whereas the dorsal part of
the temporal pole received dense projections from the
MFC (68%), and moderate projections from the OFC
(17%), the wventral injection presented projections
almost exclusively from the OFC (88%; Fig. 13A,C), and
much less from the MFC (5%).

Frontal cortex afferents to the PRC based
on retrograde tracer injections

One injection was placed in area 35 (M3-94 DY).
Area 36r was injected in four cases (M2-93 WGA-HRP,
M4-94 DY, M5-94 DY, and M5-94 FB), and area 36c in
one case (M16-96 FB). The latter extended slightly into
the adjacent portion of area 36.

Case M3-94 had a rather small deposit of DY largely
confined to area 35 at the level of the rostral part of
the amygdaloid complex, lateral to the rhinal sulcus
(Figs. 2, 3A). No retrograde label was observed in the
dLPFC or vLPFC (Fig. 6A). Area 12| had no labeled neu-
rons, whereas area 120 presented a total percentage
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TABLE 2.
Retrogradely Labeled Neurons (total number [A] and % [B]) in Representative Cases in Each Experimental Group.

A) Labeled cells

Temporal pole

Perirhinal cortex

Inferotemporal cortex

Area/case M1-93 M15-96FB M3-94DY M2-93 M6-93 M15-96DY M7-02FB M6-02FB
A10 360 153 0 140 0 0 0 0
A8 0 0 0 0 0 0 0 6
A9 180 12 0 3 0 0 9 27
A46d 0 6 0 0 0 0 15 0
Ad6v 80 27 0 0 140 35 124 31
A45 20 0 0 0 280 93 48 70
A12] 40 3 0 0 440 3 165 78
A120 60 26 220 0 200 21 465 112
A1 1,200 15 0 0 20 0 572 68
A13 6,700 172 640 560 1,260 70 677 127
Al4 120 284 0 0 20 0 6 43
A25 80 169 0 0 20 0 0 0
A32 60 197 0 40 0 0 6 0
A24 160 185 0 20 20 0 6 18
Total labeled neurons 9,060 1,249 860 763 2,400 222 2,093 580
B) % of labeled neurons

A10 4 12 0 18 0 0 0 0
A8 0 0 0 0 0 0 0 1
A9 2 1 0 0 0 0 0 5
A46d 0 0 0 0 0 0 1 0
Ad6v 1 2 0 0 6 16 6 5
A45 0 0 0 0 12 42 2 12
A121* 0 0 0 0 18 1 8 13
A120* 1 2 26 0 8 9 22 19
A1 13 1 0 0 1 0 27 12
A13 74 14 74 73 53 32 32 22
A14 1 23 0 0 1 0 0 7
A25 1 14 0 0 1 0 0 0
A32 1 16 0 5 0 0 0 0
A24 2 15 0 3 1 0 0 3

(26%) as a patch located at the border with the orbital
surface of the frontal lobe, adjacent to area 13. The
caudal part of area 13 contained most of the labeling
(up to 20 in a single section) at the center of the cau-
dal part of area 13 (total percentage 74%; Fig. 6A,F,G).
Layer Il had the most labeled neurons.

The largest deposit in area 36r was in case M2-93
(Figs. 2, 3B); this will be described in more detail. Case
M2-93 had small amounts (up to five labeled neurons
per section) in layer lll of the rostral portion of area 10
(18%; Fig. 7A,D). Occasional neurons were observed in
rostral area 9 (0%, three neurons; Fig. 7A). No other
labeling was seen in any other part of the LPFC. No
labeled neurons were observed in the OFC except in
the caudal portion of area 13 (73%; Fig. 7A,H,l), where
a small number (5-10) of retrogradely labeled pyrami-
dal neurons in layer lll were found, in between the
medial and lateral orbital sulci (Fig. 7H). The MFC
(areas 24, 3%, and 32, 5%) accounted for 8% (Fig.
7A,F,G). The characteristics of the tracer deposit in M2-
93, which involved mostly the superficial layers of the
cortex, resulted in a lower number of retrogradely

labeled neurons in the orbitofrontal cortex. However,
the retrograde labeling  observed in area
TE demonstrates the effectiveness of axonal transport
(Fig. 7)).

Two other cases, M5-94 DY and M5-94 FB, had a
pattern of labeling that was comparable to case M2-93.
Case M5-94 had a rather superficial injection of FB at
approximately the same level as case M2-93 (Fig. 2).
The pattern and number of labeled neurons were also
similar. Labeling was scarce; three labeled neurons in
area 10 were found in one section (Fig. 8A). Likewise, a
few neurons were present in area 9 (Fig. 8C,F).

Area 46v showed scattered labeled neurons (Fig. 8B).
In contrast, area 13 displayed a relatively more abun-
dant amount of labeled neurons, which extended for
about 1 mm rostrocaudally, at the border with rostral
area 12. Area 13 also had labeling at caudocentral por-
tions of the area, although the labeling was sparse (Fig.
8F). No additional labeling in the caudal part of area 13
was observed. Labeled neurons were predominantly in
layer Ill, although some neurons were at the interface
between deep layer VI and the white matter (Fig. 8F).
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Figure 4. Two-dimensional, unfolded map of the frontal cortex with the representation of retrograde labeled neurons in case M1-93 (A),
which had the retrograde tracer WGA-HRP deposit in the TPC. Dashed lines indicate the fundus and crown of the frontal sulci and gyri.
The arrowheads indicate the lateral border of the frontal lobe that separates area 12| from 120 in this and subsequent figures. B: The
number of labeled neurons, and frontal cortex areas represented in the unfolded map according to Walker (1940). C: Injection site in the
ventral part of the TPC in case M1-93. D-I: Coronal sectional plots through the frontal lobe from rostral (D) to caudal (I) in which the ret-
rograde labeling observed in this case is presented. Whereas the vLPFC shows a moderate amount of labeled neurons, note the absence
of labeling in the dLPFC, in contrast to the dense labeling observed in areas 11 and 13. For abbreviations, see list. Scale bar = 2 mm in

A; 1 mmin | (applies to D-I).

Case M5-94 (not shown) had a small DY injection
into the medial part of area 36r that resulted in labeling
comparable to case M2-93 (Fig. 2), although it was
mainly restricted to areas 13 and 14 of the OFC. The
VLPFC (area 46v) virtually lacked labeled neurons.

Case M4-94 had a DY injection into the caudal part
of area 36r (Fig. 2). Retrograde labeling in area 46v had

occasional neurons, at the fundus and ventral bank of
the ps (Fig. 8H-K). Area 45 showed a small number of
labeled neurons in the midportion of area 45; some of
them were also found in layer VI and adjacent white
matter (Fig. 8K); retrograde labeling in the lateral part
of area 12l decreased caudally (Fig. 8H-]). Label in the
OFC was found in areas 120 and 13 of the OFC at
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Figure 5. TPC deposits. Two-dimensional representation of the retrograde labeling obtained after tracer deposit in (A) the ventral part of
the TPC (M3-93, WGA-HRP) and (B) the dorsal part of the TPC (M15-96, FB). Conventions are as in Figure 4. For abbreviations, see list.

Scale bar = 2 mm in B (applies to A,B).

rostral levels (Fig. 8H-K). The MFC showed a small
amount of labeled neurons in areas 24 and 14 (Fig.
8K), whereas area 32 had a slightly higher density of
labeled neurons (Fig. 81,K).

Case M16-96 had a small FB injection into the ante-
rior portion of area 36c¢ at the level of the hippocampal
head (Fig. 2), and resulted in lower density of label
than in previous cases. Neither the dLPFC nor the
vLPFC had retrogradely labeled neurons. Scattered
labeled cells were observed in the OFC, some of them

in the adjacent white matter, as well as isolated neu-
rons in the MFC (Fig. 9A-E).

In summary, the frontal projection to area 35 was
restricted to areas 120 (26%), whereas 12| presented
no labeled neurons. Area 13 presented a fair amount of
labeled neurons (74%), which, along with area 120,
made up 100% of the OFC labeling. Therefore, only the
OFC contributed projections to area 35. Injections in
area 36r showed sparse labeling in the vLPFC (45 and
46v, and adjacent area 12I), as well as in the
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shows low density of labeled neurons. For abbreviations, see list. Scale bar = 2 mm in A; 1 mm in G (applies to D-G).

dorsolateral part of area 9 (three neurons, 0%). Other
PFC areas that projected to area 36 were area 10
(18%), area 13 (73%), area 32 (5%), and area 24
(3%). Therefore, these results suggest that very few
LPFC afferents were directed to area 36r. In contrast,
area 36r was characterized by its connection with
area 13 of the OFC. It also received inputs from
both the frontal pole (area 10) and the MFC cortex
(areas 32).

PFC afferents to inferotemporal cortex
based on retrograde tracers

Five cases were included in this group (M6-93 WGA-
HRP, M1-96 FB, M15-96 DY, M6-02 FB, and M7-02 FB).

The deposit in cases M7-02 FB and M6-02 FB was in
the ventral bank of the sts, in area TEa (Fig. 2).

Case M6-93 had a large injection of WGA-HRP in the
ventrolateral aspect of the rostral inferior temporal
gyrus (area TE1), close to the lateral bank of the ante-
rior middle temporal sulcus (amts), outside the PRC
(Figs. 2, 3D). The dLPFC contained no labeled neurons;
in contrast, the vLPFC presented labeled neurons that
were in continuation rostrally with labeling in the lateral
part of the OFC (Figs. 10A-E, 13B). The dorsolateral
part of area 12I, at the rostral and midportion of the
frontal lobe, showed more than 100 labeled neurons
per section, occasionally straddling over the ventral-
most portion of area 46v (18%, Fig. 10A,C). The number
of labeled neurons at this level decreased for 2-3 mm
in the longitudinal axis. An example of retrograde label
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Figure 7. PRC, area 36r deposit. Two-dimensional, unfolded map (A) of the frontal cortex with the representation of retrograde labeled
neurons in case M2-93 (dot size correspondence with the number of neurons is presented in B). C: The deposit of WGA-HRP. D-I: Coro-
nal sections from rostral (D) to caudal () levels. The low density of labeled neurons is noticeable. J: More caudal section to show that
labeling in the amygdala and area TE indicates that the paucity of labeling in the frontal cortex is not due to a deficient retrograde trans-
port of the label. For abbreviations, see list. Scale bar = 2 mm in A; 1 mm in J (applies to D-J).

in area 121 is shown in Figure 14B. The number of
labeled neurons increased up to 300 in the ventrolat-
eral edge of the frontal lobe; up to one-fourth of them
were located in the ventralmost portion of area 46v
(VLPFC, 6%), and the remainder three-fourths in area
121 (Fig. 10A). This group extended longitudinally for
about 4 mm. After a small interval (1-2 mm in a caudal
direction) the number of neurons dropped to two to
three per section. Labeled neurons continued caudally,
as a single patch in rostral area 45 (12%, Fig. 10A,F,G).

The number of neurons here was 10-40 per section. A
somewhat larger group extended caudally in area 45,
as far as the vicinity of the limen insulae.

Abundant retrogradely labeled neurons were found in
both OFC areas 11 and 13. Rostrally, the lateral part of
area 11 had labeled neurons (1%) that continued into
area 120, which showed 8% of the labeled neurons (Fig.
10A,C,D). Retrograde label in the OFC reached rostral
area 13, which had a patch of labeled neurons (up to
100 in a single section [Fig. 10A], accounting for 53%
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Figure 8. Representation of the distribution of retrogradely labeled neurons after a deposit in rostral area 36r (M5-94, FB, A-F) and in
caudal 36r area (M4-94, DY, G-K). The paucity of retrograde labeling in the vLPFC stands in contrast to the relatively more abundant
labeling found after the more caudally placed deposit in M4-94 (I1-K). Arrowheads point to the boundary between area 32, 24, and 14.
Insets show the injection site. For abbreviations, see list. Scale bar = 1 mm in K (applies to A-K).

of the total labeling of 2,400 in the PFC in this case).
Labeling was found in layers lll and V, between the
mos and the los (Figs. 10C-G, 13D, 14A). Retrograde
label continued caudally in area 13 as far as the fronto-
temporal junction (limen insulae). However, the density
of neurons decreased slightly caudal to the level of the
genu of the corpus callosum (Fig. 10A). At this point,
retrogradely labeled neurons formed two distinct

clumps; one was medial, at the level of the mos (up to
170), and, more laterally and caudally, another group
had fewer labeled neurons (up to 40), which extended
for a total of 5 mm (length) by 1-2 mm (width) as far
as the lateral limit of the olfactory tubercle. A small
group of labeled neurons continued caudally as far as
the agranular insular cortex (not shown). Both layers Il
and V of the OFC were labeled, but, in contrast to the
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Figure 9. PRC, area 36c¢ deposit. A-E: Coronal sections showing the retrograde labeling into the PFC in case M16-96 with a deposit of FB
in the lateral part of area 36¢c (inset). Note the near absence of density of labeled neurons in the dLPFCV as well as the vLPFC. For abbre-

viations, see list. Scale bar = 1 mm in E (applies to A-E).

previous experiments, a higher density of labeling was
present in layer V relative to layer Il (Figs. 13D,
14A,B). The MFC was largely devoid of labeled neu-
rons, and only occasional labeled neurons were found
in area 24 (1%; Fig. 10A), in area 14 (1%), and in
area 25 (1%). Case M1-96 had a small FB injection
into the rostral TE1, rostral to previous cases and
located at the anterior level of the sts (Fig. 2). Retro-
grade label was located in two specific regions of the
frontal cortex: the vLPFC and OFC (Fig. 10H-]). The
VLPFC had a moderate labeling extending from the
ventral lip of the ps (area 46v) to the adjacent area
121 (Fig. 10H,l). Further caudally, little labeling was
found in the ventral bank of the ps (Fig. 10J). The
OFC contained isolated, retrogradely labeled neurons
in area 11 (Fig. 10H,l). Caudally, two groups of scat-
tered labeled neurons appeared: a rostral one located
at the fundus of the los, and another in between the
two orbital sulci, the mos and los, which showed the
largest extent and the highest number of neurons.
The majority of neurons were in layer Ill, whereas
layer V had fewer labeled neurons. Retrograde label-
ing decreased caudally.

Case M15-96 had a small DY injection into the ros-
tral TE1, in the transition with area 36r (Fig. 2). The

VvLPFC had labeled neurons in area 45 (42%), and in the
ventral and caudal part of area 46v (16%, the highest
value in the series of cases studied) without extending
into the dorsal bank of the ps (area 46d). Area 12| pre-
sented 1% of labeled neurons. Figure 11A presents the
labeling found in this case. A small amount of retro-
gradely labeled neurons was found in the caudal part of
the OFC (areas 120, 10%, and 13, 32%). In contrast,
the MFC was largely devoid of labeled neurons. No ret-
rogradely labeled neurons could be seen in M15-96 (0%
in all areas; Fig. 11A). Case M6-93 had 1% in all MFC
areas except area 32 (0%).

Case M7-02 had a FB injection in area TEa, near the
fundus of the ventral bank of the sts (Fig. 2). Retrograde
label was observed in different areas of the frontal lobe
(Fig. 12A,D-I). Label was found in the vLPFC (areas 46v,
6%; Fig. 12A,D-H). A small patch of labeled neurons was
found in area 45 (2%, Fig. 12A,H,l). Finally, a higher den-
sity of labeled neurons was found in area 12| (8%, Fig.
12A,D-H). Isolated neurons were found in the dLPFC
(46d, 1%; Fig. 12A,F), as well as in area 9 (0%, nine neu-
rons; Fig. 12AF). The OFC presented a high density of
labeled neurons (areas 11, 27%; 120, 22%, and 13, 32%).
In contrast, the MFC showed only scattered labeled neu-
rons in areas 24 (0%, six neurons) and 32 (0%, six
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Figure 10. Rostral inferotemporal cortex, area TE. Case M6-93 had a WGA-HRP deposit in the rostral ATL (area TE1, inset). A: Two-
dimensional, unfolded map of the frontal cortex where retrograde labeled neurons are represented. B-G: Representative coronal sections
through the frontal lobe with the location of labeled neurons. The higher density of labeling in the vLPFC is noticeable, whereas the dLPFC
contains no labeled neurons. H-J: Corresponds to a different case (M1-96 FB) with a deposit (inset) at a more rostral level than in case
M6-93 shown above. The high density of labeled neurons in the vVLPFC can be noticed. Conventions are as in Figure 4. For abbreviations,

see list. Scale bar = 2 mm in A; 1 mm in ] (applies to D-J).

neurons; Fig. 12A,H). Area 14 had only occasional labeled
neurons (0%, six neurons; Fig. 12A,H,I)

Case M6-02 had an FB injection in area TEa of the
ventral bank of the sts, caudal to the previous case
(Fig. 2). The resulting labeling replicated the pattern of
distribution of case M7-02, but the amount of labeled
neurons was less. Areas 9 (5%), and 8 (1%; Fig. 11B),
contained scattered labeled neurons, but no labeling
was observed in area 46d. In addition, substantial

labeling in the vLPFC was found at mid and caudal levels
of the ventral part of the LPFC (46v, 5%; 45, 12%; and 121,
13%). The OFC (area 11, 12%; area 120, 19%; and area
13, 22%) accounted for 44%, whereas the VLPFC
accounted for 30%. The MFC presented fewer labeled,
neurons than case M7-02 (area 24, 3%; area 14, 7%).

In summary, the results after the tracer deposits in
area TE showed that PFC projections originated primar-
ily in the vLPFC (areas 12I, 45, and 46v) and in the
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Figure 11. Two-dimensional maps with schematic representation showing retrograde labeling in frontal cortex obtained in cases M15-96
DY (A, TE1) and M6-02 FB (B, TEa). C: The dot size correspondence with the amount of labeled neurons. Conventions are as in Figure 4.

For abbreviations, see list. Scale bar = 2 mm in B (applies to A,B).

OFC (areas 11, 120, and 13). In addition, deposits in
area TEa at the ventral bank of the sts showed labeling
in the dLPFC, but not after deposits in the TE1. How-
ever, VLPFC labeling was roughly similar to TEa depos-
its. MFC labeling was very light, in both areas 24 and
32, in both cases.

PFC afferents to the posterior
parahippocampal cortex based on
retrograde tracer injections

Case IM-12 had an FB injection into rostral area TF
of the PPH, only for comparative purposes with depos-
its in the ATL (Fig. 2). Retrograde label was found in
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the vLPFC, OFC, and MFC. In the VvLPFC, labeled neu-
rons were found in the fundus of the ps (area 46; Fig.
15D,E). Retrograde label in the OFC was primarily
located in area 11 (Fig. 15A,B) and in the medial bank
of the mos (Fig. 15C). In all these areas, labeled cells
were primarily located in layer Ill. Finally, occasional
labeling in the MFC was observed in area 24, but not in
area 32 (Fig. 15D,E).

PFC afferents to ATL based on anterograde
tracer injections in dLPFC and vLPFC

A total of four cases were included in this group.
Two of them had anterograde tracer deposits in the
dLPFC, namely, areas 9 (M1-05) and 46d, at the dorsal
bank of the ps (M4-05). Two other cases had deposits
in the vLPFC, namely, 46v at the ventral bank of the ps
(M2-05, M3-05; Table 1, Fig. 2).

In all these experiments except for M4-05, area TEa
in the ventral bank and the fundus of the sts had a

moderate density of anterograde labeling; likewise, area
35, area 36r of the ATL, and area 36c as well as area
TF of the MTL had light density of anterogradely labeled
fibers.

Deposits in area 9 of the dLPFC (case M1-05; Fig. 2)
resulted in anterogradely labeled fibers in all cortical
fields of the ATL, which were continuous with the MTL,
although the latter was sparse (Fig. 16). The lateral part
of the TPC had a few labeled fibers that continued
within the rostral dorsal bank of the sts and other por-
tions of the STG (field STGr of Insausti et al., 1987; Fig.
16B,C). The ELg subfield of the entorhinal cortex and
area 35 of the PRC also contained sparse labeling.
However, labeling was virtually absent in area 36r (Fig.
16B,C). The PPH only showed labeled fibers at the cau-
dal portion of area TF.

The area 46d deposit in case M4-05 showed no
labeled fibers, either in the TPC or in any other ATL
field such as the most anterior part of the superior
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Figure 13. Low-power, darkfield photomicrographs showing neuronal labeling in the OFC (A, C) in case M1-93 (temporal polar injection).
B: Labeling in area 12 and 46v in case M6-93 (rostral area TE injection). D: The deep layers of caudal area 13 of the OFC cortex with neu-
ronal labeling after tracer deposit in area TE1. For abbreviations, see list. Scale bar = 500 um in C (applies to A-D).

temporal gyrus. Anterogradely BDA-labeled fibers in the
MTL were also very sparse.

Cases M2-05 (not shown) and M3-05 had an injec-
tion in area 46v of the vLPFC (Fig. 2). They showed a
different pattern of projection relative to dLPFC depos-
its. Area 46v projected to the cortex at the fundus of
the sts. At the same time, the projection to other areas
of the ATL was also sparse (Fig. 16D-F). Only area TEa
had labeled fibers (Figs. 16F, 17A).

In summary, area 9 of the dLPFC deposit resulted in
very low density of fibers in the ATL, although it cov-
ered a larger extent than 46d and 46v deposits. More-
over, area 9 projected more densely to the upper bank
of the sts. Area 46d deposits presented no labeled
fibers, neither in the ATL (rostral areas 35 and 36) nor
in other parts of the MTL (i.e., the entorhinal cortex). In
contrast, area 46v presented a moderate projection to
the fundus of the sts, and a very light projection to the
ATL.

Anterograde tracer injections in the OFC

Two cases had injections in the caudal part of orbital
area 13. Case IM-12AA had a *H-amino acid deposit in
the medial part of area 13, and case M6-05 had a BDA
injection in area 13 more laterally placed and approxi-
mately at the same rostrocaudal level as case IM-12AA
(Fig. 2).

Case IM-12 AA has been reported previously (Insausti
and Amaral 2008, Fig. 7). The temporal pole showed a

high density of anterograde label. In contrast, the
remainding areas comprising the ATL showed moderate
to light label, limited to the depth and lateral bank of
the rhinal sulcus (areas 35 and 36). No label was
observed in area TE.

In contrast, deposit in more lateral portions of the
OFC (case M6-05) resulted in a high density of antero-
grade label, in both the ATL and MTL. Overall, most of
the labeled fibers were concentrated in the upper bank
and fundus of the sts (areas STGf, STGr, and STGi of
Insausti et al., 1987; Fig. 16H,l) and in structures of
the MTL (i.e., the entorhinal cortex; Figs. 16H,l, 17B).
The density of labeled fibers decreased at caudal levels.
In addition, a moderate to light density of labeling was
found in area TE (Fig. 16H,l).

DISCUSSION

In summary, our results provide evidence that the
VvLPFC and dLPFC fields present, relative to the OFC
and MFC, much weaker or no connectivity with neither
the ATL or the MTL. In contrast, the OFC and MFC
present strong connectivity. Figure 18 shows a diagram
in which our observations are summarized.

LPFC projections to the ATL

Our data suggests a connectional relationship
between the LPFC and the ATL that can be summarized
as follows: afferents to the ATL from area 46d, plus
areas 8 and 9 (the dLPFC), present a different density
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Figure 14. Darkfield photomicrographs of neuron labeling obtained after an injection of WGA-HRP in rostral area TE1 of the inferotemporal
cortex (A, B, case M6-93). A: Labeling throughout the cortical thickness of area 13 (note the abundant labeling in the deep layers (V-VI).
B: Retrogradely labeled neurons in layer Ill of ventrolateral frontal cortex (area 12). C: Abundant labeling in layer Il of area 13 after a TPC
deposit. For abbreviations, see list. Scale bar = 100 um in C (applies to A-C).

of projections compared with afferents arising in area
46v and areas 121 and 45 (the vLPFC). It should be
noted that it is only the rostral portion of the posterior
part of the LPFC that originates the input to the ATL,
and to a lesser extent, the polar part of the LPFC
(Koechlin and Summerfield, 2007).

The dorsalmost part of the dLPFC (areas 9 and 8)
resulted in weak projections to the ATL, mostly directed
to rostral area TE (TEa), and the dorsal and ventral
parts of the TPC; the contribution of area 8 was very
small. Overall, the density of labeled neurons in the

dLPFC decreased as the deposits were progressively
placed more caudally in the ATL, which could indicate a
possible posterior boundary of the ATL according to our
tracer study.

In contrast, areas 46v, 45, and 12| (the vLPFC) pres-
ent a distinct and much denser projection to the ATL,
although it varied greatly among different areas in the
ATL. Whereas the TPC received a weak projection from
the vLPFC, the PRC received no projections that could
be demonstrated. However, the ATL corresponding to
the anterior part of area TE (areas TE1 and TEa of
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Figure 15. PPH, area TF. A-E: Series of coronal sections through the frontal lobe in case IM-12 that had a FB deposit of in area TF of the
PPH (inset). Note the scarce amount of retrogradely labeled neurons in the dLPFC. For abbreviations, see list. Scale bar = 1 mm in E

(applies to A-E).

Seltzer and Pandya, 1978) of the inferotemporal cortex
received moderate to dense projections from the
VLPFC; Ban et al. (1991) observed that after HRP injec-
tions in the Tea, some labeling was observed in area
46v/45. By comparison, frontal cortex afferents to the
PPH were also limited (Suzuki and Amaral, 1994a). The
rostralmost part of the STG cortex that we have
included as part of the ATL showed a different pattern
of labeling relative to other ATL regions. The dLPFC
(experiment M1-05) had a sparse projection to the dor-
sal bank of the sts. The vLPFC presented moderate
labeling at the ventral bank (extending into the fundus)
of the sts (case M3-05). Previous reports also noted
that the rostral STG is connected mainly with the
VLPFC, as shown by both anterograde (Gerbella et al.,
2010, case 37r; Gerbella et al.,, 2013, case 51r) and
retrograde labeling (Barbas and Mesulam, 1981, area 8;
Markowitsch et al., 1985, areas 46v and 46d). In con-
trast, the OFC (case M6-05) displayed strong labeling in
both banks of the sts.

The results obtained in this experimental series are
in agreement with a more extensive analysis of the
afferents to the PPH reported by Suzuki and Amaral
(19944, their Fig. 13). In that report, several retrograde
tracer deposits were placed at different rostrocaudal
and mediolateral locations of the TF-TH, and the result-
ing labeling in the dLPFC was moderate or low. In addi-
tion, their deposits were located more caudally than
ours (M-2-90). In the same report, afferents to the PRC
were also studied, and our findings are consistent and

extend those obtained by Suzuki and Amaral (1994a).
Our retrograde tracer deposits were focused on the ros-
tral part of areas 35 and 36, and support the paucity of
projections of the dLPFC to the PRC located in the ATL.
Other studies also provide partial information on the
issue of LPFC projections to areas in the ATL. Among
them are the classic retrograde tracer studies of Mar-
kowitsch et al. (1985), Moran et al. (1987), and Kondo
et al. (2003). These reports show deposits at different
ATL locations, and we will discuss our results specifi-
cally compared with each one. Markowitsch et al.
(1985) present mainly temporal pole deposits, although
these encroached on other ATL areas as well (i.e., case
R3). Our results are consistent with the pattern of label-
ing in the PFC area 10 after TPC deposits. Deposits
that extended to rostral area TE (cases R2 and R3)
resulted in the highest number of labeled neurons in
the vLPFC (46v and 12I). Interestingly, no labeled neu-
rons were found in the dLPFC. Moran et al. (1987)
showed retrograde tracer deposits restricted to the
TPC. Our results confirm the pattern of projections after
our TPC deposits, in particular the near absence of
labeling in the dLPFC and the limited amount in the
VLPFC. Only area 10 seemed to contain consistently
retrogradely labeled neurons. The more recent study of
Kondo et al. (2003) presents the results after limited
tracer deposits in the temporal pole, with which our
results are in agreement. In contrast to the reports of
Markovitsch et al. (1985) and Moran et al. (1987), our
labeling in areas 9 and 8 replicates the findings of
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Figure 16. PFC, Schematic representation of ATL labeling obtained after deposits of anterograde tracer into the dLPFC, vLPFC, and OFC
as seen in coronal sections. A-C: Anterograde labeling in the ATL after dLPFC (area 9) deposit (case M1-05). D-F: Anterogradely labeled
fibers after a deposit in area 46v (case M3-05). G-I: Labeled fibers after OFC deposit in area 13 (case M6-05). For abbreviations, see list.

Scale bar = 1 mm in | (applies to A-I).

Kondo et al. (2003). These three studies are represen-
tative of the findings reported in the literature, and all
coincide in showing a paucity of LPFC afferents to the
ATL. Our present results support this contention.

The scarce projection is restricted to the vLPFC
(areas 46v and 12l), contrasting with the almost com-
plete absence of retrograde labeling in the dLPFC (area
46d), whereas sparse connectivity was found in areas 9
and 8. In addition, the previously cited reports, as well
as our results, are in agreement in terms of the heavy
connectivity with the OFC and MFC (see below). This
fact indicates that no technical pitfall in the use of
these retrograde tracers in our study would account for
the sparse (VLPFC) or almost total absence (dLPFC) of
connections with the ATL.

Conversely, the scarcity or absence of LPFC afferents
to the ATL is further supported by our anterograde
transport data. The BDA and *H amino acid labeling in

the ATL shows a gradation in the density of antero-
gradely labeled fibers: areas 9 and 46 showed weak or
no projections to the ATL, whereas deposits in area
46v resulted in a moderate-to-light projection. In con-
trast, deposits in the OFC (medial and lateral area 13)
showed a heavy projection to the ATL. Those findings
extend previous work with tracing techniques. The clas-
sical studies in the monkey made by Jones and Powell
(1970), and Van Hoesen et al. (1975), by ablating vari-
ous parts of the frontal cortex, showed that the whole
ATL receives afferents from the frontal cortex, but the
methodology used made it impossible to determine the
exact origin of these projections. Jones and Powell
(1970) show that lesions in area 9 result in light density
of degeneration in the ATL (cases OM 78 and 69). Pan-
dya et al. (1971) extend these findings with lesions in
the upper bank of the ps, but they do not show degen-
erating fibers in the ATL. In contrast, the lesion in the
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Figure 17. A: Photomicrographs of BDA-labeled fibers in area TEa after a BDA deposit in the ventral bank of area 46 (vLPFC) in case M3-
05. B: Labeling in area 35 and adjacent entorhinal cortex subfield E g after a BDA deposit in the lateral part of area 13 of the OFC (case
M6-05). Note the moderate density of the anterograde labeling in area TEa. In contrast, the density of BDA-labeled fibers is higher after
the OFC injection. For abbreviations, see list. Scale bar = 100 um in B (applies to A,B).

8/9

121* TE <

Afferent to ATL l

\ 4
A
|

-
10-20% —
1 = <= =i TPC 1‘\\ 14
120 | | PRC | & 25
—> TE |-~ 24
— 32

Figure 18. Summary diagram of the topography of the areas (A) and connectivity between the ATL and the LPFC (B). In the upper part of
B, the projection form the LPFC to the ATL is represented. The lower part shows the projections from the OFC and MFC to the ATL. The
thickness of the arrow is scaled to the percentage shown in Table 2B, corresponding to the density of the projection to the ATL. Dashed
line means low density of projection. For abbreviations, see list.

2592 The Journal of Comparative Neurology | Research in Systems Neuroscience



ventral bank of the ps (case 11) or area 10 (case 1)
showed degeneration at places compatible with the ATL
(Pandya et al., 1971, Figs. 1, 2).

The laminar origin of this projection further supports
the difference between area TE in the ATL and the
remainder (rostral PRC and TPC). Whereas rostral infer-
otemporal cortex injections labeled both layers Il and
V, TPC and PRC injections preferentially labeled layer IlI
of areas of the vLPFC. Although the laminar origin of
the PFC projection based on the retrograde labeling
experiments in our study suggests a feed-forward pat-
tern according to the criteria of Felleman and van
Essen, (1991), a more complex PFC pattern of lamina-
tion than in other cortical regions, depending on the
cortical organization of the specific areas under study,
has been reported (Rempel-Clower and Barbas, 2000).

In addition, it is worth noting that overall the frontal
cortex afferent projection to the ATL is moderate, at
most. Data in the literature extend this pattern to the
whole PHR. This contention is supported by the findings
of Suzuki and Amaral (1994a), because little or no fron-
tal cortex projection to areas 36c of the PRC and TF-TH
of the PPH is described. Although we did not inject the
rostralmost portion of the STG, there are data in the lit-
erature that support our argument (Pandya and
Kuypers, 1969; Seltzer and Pandya, 1978).

Orbitofrontal cortex projections to the ATL
The injected retrograde and anterograde tracers dem-
onstrated that the OFC projects to all components of
ATL. Overall, the projections from the OFC to the ATL
were by and large the most abundant, although several
distinct patterns could be observed in our study. Area
13 of the OFC was the only cortical region that pro-
jected to all components of the ATL. Area 11 also pro-
jected to most of the fields, excluding the PRC. The
TPC received a strong projection from the midportion of
area 11 that reached as far as the boundary with area
13. The rostral PRC (areas 35 and 36) receives a lighter
projection from mid- or medial portions of caudal area
13. The only case in our series with an injection in the
PPH, by comparison, showed a pattern of labeling simi-
lar to that of the rostral PRC. Rostral area TE of the
inferotemporal cortex also seemed to receive a heavy
projection from the OFC, whose density was in between
the projection to the TPC and the PRC. This projection
originated in most of the extent of area 13 located
between the medial and lateral orbital sulci. Additional
labeling was found in area 10, but it was restricted to a
few individual neurons at the rostral tip of the frontal
cortex. Interestingly, this projection was only found
after area 36 tracer deposits. This finding is in agree-
ment with the results of Medalla and Barbas (2014)

Frontotemporal projection

and Kondo et al. (2005, Fig. 4C), which complement
the results described by Suzuki and Amaral (1994a).

A hint of topography could be detected in our data
with OFC labeling from the ATL. Columns of labeled
neurons in area 13 were arranged from medial (TPC),
intermediate (rostral PRC), and lateral (extending into
areas 121 and 45), to rostral area TE. The strip of cortex
that borders the olfactory tract and tubercle laterally
(area Pall of Barbas and Pandya, 1989; Barbas, 1993;
area lapm-lam of Carmichael and Price, 1994) had in
particular a dense concentration of labeled neurons.
Our results confirm experimental work performed in
macaque monkeys injected with retrograde tracers into
the TPC showing labeling in the OFC (Markowitsch
et al.,, 1985; Moran et al.,, 1987; Shiwa, 1987; Seltzer
and Pandya, 1989).

The OFC projection to the rostral PRC deserves par-
ticular attention as it is rather light compared with the
robustness of other cortical inputs (Martin-Elkins and
Horel, 1992; Suzuki and Amaral, 1994a). Suzuki and
Amaral (1994a) show denser PFC afferent projections
to the PRC than our observations. However, many of
their retrograde tracer deposits were placed at more
caudal levels, possibly outside the ATL; moreover, the
most rostral injection case (M-21-91) also shows
weaker frontal cortex labeling, similar to our results.
Our findings not only confirm the above studies, but
also add further support for the idea that OFC projec-
tions to the rostral PRC are less extensive, because
they are mainly restricted to dense, but quite confined
patches of labeling. Despite the high percentage of
labeling in the OFC (73%) the total number of labeled
neurons was the lowest of all labeling in the ATL.

Medial prefrontal cortex projections to the
ATL

Injections involving the TPC at the dorsal portion of
the ATL yielded substantial labeling in the MFC, specifi-
cally in the portion that lies under the corpus callosum,
infralimbic cortex (area 25), although labeling at more
rostral MFC areas (rostral areas 24 and 32) confirms
previous studies (Moran et al., 1987, case A; Shiwa,
1987, case Com 73; Barbas et al., 1999; Carmichael
and Price, 1995; Kondo et al., 2003). These studies and
ours suggest that infralimbic afferents to cortex of the
ATL are directed preferentially to the dorsal part of the
TPC. Rostral PRC and anterior area TE deposits virtually
lacked labeling in the MFC other than a few scattered
neurons, mainly in the rostralmost portion of areas 24
and 32 (rostral PRC), and 14 and 24 (rostral area TE)
after retrograde tracer injections. Similar results were
described by Suzuki and Amaral (1994a), although
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Kondo et al. (2005) reported a light projection to the
ATL from the caudalmost part of area 25. Suzuki and
Amaral (1994a) extend those results to the PPH, as
they do not report MFC labeling from more caudal por-
tions of the TF. Therefore, it can be concluded that the
ATL component that receives projections from the MFC
is the dorsal part of the TPC, in particular from the
infralimbic cortex, and less so from the anterior cingu-
late cortex.

Frontal-ATL interactions: functional
implications

Ablation studies of the vLPFC cause perseverative
interference in monkeys, but preserve visual pattern
discrimination, a function that depends largely on area
TE of the inferotemporal cortex (lversen and Mishkin,
1970). These findings suggest that vLPFC connections
with the temporal cortex are not necessary to sustain
visual recognition per se, but rather to provide a tempo-
ral structure to behavior. Similar lesions have been
reported to produce deficits in delayed matching to col-
ors (Passingham, 1975), although further studies
(Kowalska et al., 1991) reported no effect on recogni-
tion memory tests (delayed nonmatching-to-sample).
However, the removal of the OFC and MFC impairs vis-
ual recognition memory on delayed nonmatching-to-
sample tasks as well as hyperorality (Bachevalier and
Mishkin, 1986).

Taking into consideration the visual responses found
in the vLPFGC, it is likely that the rostral TE cortex par-
ticipates, in conjunction with the frontal eye fields, in
the integration of visually guided motor response
(Kubota and Suzuki, 1973; Mikami et al., 1982; Suzuki
and Anuma, 1983; Boch and Goldberg, 1989). The anal-
ysis of form, which largely depends on the inferotempo-
ral cortex (Baylis et al., 1987; Miyashita et al., 1993;
Horel, 1994), could receive information on the elabora-
tion of oculomotor responses (Ringo et al., 1994).

Afferent projections from polysensory (Kawamura and
Naito, 1984; Barbas, 1988; Petrides and Pandya, 1988)
and olfactory areas (Carmichael et al., 1994), as well as
intrinsic (OFC and MFC) afferents to the vLPFC, orbital,
and medial frontal cortices (Pandya and Yeterian, 1990;
Morecraft et al., 1992) would allow the flow of this
highly elaborated information to the ATL, and ultimately
to the entorhinal cortex (Insausti et al., 1987; Suzuki
and Amaral, 1994b; Insausti and Amaral, 2008). Here,
information could be relayed directly to the hippocam-
pus. In contrast, the anterior area TE of the inferotem-
poral cortex directly projects to a very small part of the
entorhinal cortex (Saleem and Tanaka, 1996;
Mohedano-Moriano et al., 2007), and therefore, has

limited direct access to the caudal hippocampus. Its
main entry is via the PRC (Insausti et al., 1987; Suzuki
and Amaral, 1994b), although the relative importance
of each of these pathways is unknown.

The functional implication of such a specific pattern
of projections from the frontal cortex to the ATL is
worth considering. One approach is to explore the con-
sequences of the disconnection between the frontal
and the temporal lobes by sectioning the uncinate fas-
cicle, which is the main pathway that connects the OFC
with the ATL (Ungerleider, 1989; Gloor, 1997). The
experimental frontotemporal disconnection by section
of the uncinate fascicle impairs visuomotor and visual-
visual associative learning while leaving intact perform-
ance in the delayed-matching to sample (DNMS) task
(Gaffan and Eacott, 1995). Spared memory performance
in the DNMS after the uncinate fascicle lesion could
perhaps be because this lesion leaves intact the ATL
cortex (Eacott and Gaffan, 1992), as well as many of
the nonfrontal cortex connections of the temporal lobe,
including those with the amygdala (Ungerleider et al,,
1989) and diencephalon. Because our study shows that
the rostral part of the PRC is only sparsely connected
with the PFC, it is likely that such behavioral deficits
are primarily due to the disconnection between rostral
area TE and the PFC. It seems less likely that the
impairment could be attributed to the disconnection of
the TPC and PFC, as this lesion usually produces
Kliver-Bucy syndrome (Kliver and Bucy, 1939; Myers,
1972; Eacott and Gaffan, 1992), a deficit not reported
in the afore mentioned study.

In conclusion, our results, taken together with previ-
ous anatomical and functional studies, suggest that pol-
ysensory information related to functional activity of the
frontal lobe (and possibly also to working memory) is
barely conveyed to the ATL through the dLPFC, and
very little is conveyed through the vLPFC to the MTL
(Koechlin and Summerfield, 2007; Fuster, 2008). In
contrast, a direct influence is made possible by stron-
ger relationships with the OFC and to a lesser extent
with the MFC (Barbas et al., 1999). Indirectly, however,
and through intrinsic connections of the frontal lobe
(Barbas and Pandya, 1989; Carmichael and Price, 1995;
Petrides et al.,, 2012), the dLPFC and vLPFC could
reach the ATL, and along with the remainder of the
PHR may access the entorhinal cortex and the hippo-
campus formation (Insausti et al.,, 1987; Insausti and
Amaral, 2012).
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