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ABSTRACT
We investigated the topographic and laminar organization of the intrinsic projections

and interconnections of the macaque monkey perirhinal and parahippocampal cortices.
Discrete anterograde tracer injections placed at various rostrocaudal and mediolateral levels
in these cortices revealed extensive associational connections both within and between the
perirhinal and parahippocampal cortices. Areas 35, 36rm, 36rl, 36cm, and 36cl are highly
interconnected, whereas area 36d (encompassing the dorsal portion of the medial temporal
pole) shares only modest connections with the rest of the perirhinal cortex. Areas TH, TFm,
and TFl of the parahippocampal cortex also share an extensive network of associational
connections that tend to be heaviest within a given subdivision. Area 36c of the perirhinal
cortex is the main interface between the perirhinal and parahippocampal cortices. Its heavi-
est connections are with area 36r and the anterior aspect of area TF. The laminar organiza-
tion of all these connections is typical of associational projections. Anterograde tracer exper-
iments revealed that these projections are distributed through both deep and superficial
layers, although heavier projections are directed toward the superficial layers. Results of
retrograde tracer experiments suggested that the projections from caudal areas (36c or TF) to
area 36r are of the feedforward type, whereas the projections from areas 36r and 36c to area
TF are of the feedback type. These findings suggest that the perirhinal cortex is at a higher
level than the parahippocampal cortex in the hierarchy of associational cortices. We discuss
the functional implications of the organization of these extensive networks of intrinsic,
associational projections. J. Comp. Neurol. 472:371–394, 2004. © 2004 Wiley-Liss, Inc.

Indexing terms: hippocampal formation; topography; anterograde tracer; retrograde tracer;

memory; semantic; consolidation; perception

The perirhinal and parahippocampal cortices are part of
a network of medial temporal lobe structures that have
been implicated in the processing of long-term declarative
memory in humans, monkeys, and rats (Suzuki, 1996a;
Buffalo et al., 1998; Brown and Aggleton, 2001; Eichen-
baum, 2001). In addition to their involvement in memory
processes, the perirhinal and parahippocampal cortices
may also participate in perceptual processes (Murray and
Bussey, 1999; Buckley et al., 2001; Murray and Richmond,
2001; Bussey and Saksida, 2002). We have pointed out
previously that the medial temporal lobe is organized as a
hierarchy of associational networks, whose associativity
increases in complexity when going from the perirhinal
and parahippocampal cortices to the hippocampal complex
(Lavenex and Amaral, 2000). The perirhinal and parahip-

pocampal cortices are considered to be at the same hier-
archical level in the neocortical–hippocampal loop sub-
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serving memory consolidation and are the focus of distinct
converging inputs from unimodal and polymodal associa-
tional cortices (Suzuki and Amaral, 1994a). The major
cortical inputs of the perirhinal cortex arise from the uni-
modal visual areas TE and rostral TEO, and from area TF
of the parahippocampal cortex. In contrast, area TF of the
parahippocampal cortex receives its major inputs from
more caudal visual areas V4, TEO, and caudal TE, as well
as polymodal association cortices, including the dorsal
bank of the superior temporal sulcus, retrosplenial cortex,
and posterior parietal cortex. The perirhinal and parahip-
pocampal cortices provide almost two thirds of the neocor-
tical input to the entorhinal cortex (Insausti et al., 1987),
which, in turn, provides the predominant cortical input to
the dentate gyrus and hippocampus via the perforant path
(Amaral, 1987). The perirhinal and parahippocampal cor-
tices are also in receipt of efferent projections from the
entorhinal cortex that largely reciprocate the input path-
ways (Suzuki and Amaral, 1994b), and in turn project
back to some of the neocortical areas that project to them
(Jones and Powell, 1970; Van Hoesen, 1982; Lavenex et
al., 2002).

Although the major pathways for information flow both
into and out of the hippocampus, via the entorhinal,
perirhinal, and parahippocampal cortices, have been de-
scribed (Insausti et al., 1987; Suzuki and Amaral, 1994a;
Lavenex et al., 2002), an important and hitherto undera-
ppreciated feature of these cortices is their extensive net-
work of intrinsic connections. Intrinsic connections within
the perirhinal and parahippocampal cortices, as well as
interconnections between these two cortices, could enable
extensive integration of sensory and associational infor-
mation reaching these areas (Lavenex and Amaral, 2000).
Information integrated within the perirhinal and parahip-
pocampal cortices could then be transmitted further to the
entorhinal cortex, which also has extensive intrinsic con-
nections (Chrobak and Amaral, unpublished observa-
tions), before being transmitted to the hippocampus. Al-
ternatively, information processed in the perirhinal and
parahippocampal cortices might be sent back to the neo-
cortex, without going through the entire neocortical–
hippocampal loop. Given the difference in identity and
strength of cortical inputs reaching the perirhinal and
parahippocampal cortices (Suzuki and Amaral, 1994a), a
detailed description of their intra- and interconnections
will help to characterize the neuroanatomical constraints
defining the type of information processing that may take
place both within and between these two related struc-
tures of the medial temporal lobe. As part of ongoing
studies of the neuroanatomical organization of the mon-
key perirhinal and parahippocampal cortices, we have
examined the topographic and laminar organization of the
intrinsic projections and interconnections of the perirhinal
and parahippocampal cortices.

MATERIALS AND METHODS

Surgery

All surgical and experimental procedures were ap-
proved by the Institutional Animal Care and Use Commit-
tees of UC Davis or New York University and conform to
NIH guidelines. Twenty-two Macaca fascicularis monkeys
of either sex, each weighing 3–8 kg at the time of surgery,
were used in these studies. For all monkeys that received

discrete anterograde tracer injections (except for cases
M-04-97, M-05-97, W-07-98, and W-14-00), magnetic res-
onance imaging (MRI) scans were performed several days
before surgery to define the surgical coordinates for tracer
injections. Monkeys were anesthetized with ketamine hy-
drochloride (15 mg/kg i.m.) and medetomidine (30 �g/kg)
and placed in an MRI-compatible stereotaxic apparatus
(Crist Instruments Co., Damascus, MD). Brain images
were acquired on a General Electric 1.5 T Gyroscan mag-
net: 1.00-mm-thick sections were taken by using a T1-
weighted inversion recovery pulse sequence (TR � 21,
TE � 7.9, NEX 4, FOV � 16 cm, Matrix 256 � 256). The
MRI images were analyzed, and a stereotaxic atlas was
prepared for each individual to determine the coordinates
for injection of the neuroanatomical tracers.

For surgery, animals were preanesthetized with ket-
amine hydrochloride (8 mg/kg i.m.), intubated with a tra-
cheal cannula, and mounted in the stereotaxic apparatus.
The animals were then placed on a mechanical ventilator
where a surgical level of anesthesia was maintained with
a combination of isoflurane (1%) and intravenous infusion
of fentanyl (7–10 �g/kg per hour), or isoflurane alone
(3–5% as needed; cases W-07-98 and W-14-00). Using ster-
ile procedures, the skull was exposed and a small hole was
made at a site appropriate for the injection. Electrophys-
iological recordings were performed to confirm the appro-
priate dorsoventral coordinate for placement of the injec-
tion. Neuroanatomical tracers were either ion-
tophoretically or pressure injected (see below). After the
last injection, the wound was sutured in three layers and
the animal recovered from anesthesia. Analgesics (0.15
mg/kg of oxymorphone given three times daily; or bu-
prenorphine 0.02 mg/kg twice daily, cases W-07-98 and
W-14-00) were administered immediately postsurgically.
A prophylactic regimen of antibiotics (20 mg/kg of cefazo-
lin, three times daily) was also administered during the
first 5 days of the survival period (except for cases W-07-98
and W-14-00).

Neuroanatomical tracer injections

Fourteen monkeys received up to three different, dis-
crete, anterograde tracer injections of Phaseolus vulgaris-
leucoagglutinin (PHA-L, Vector; 2.5% solution in 0.1 M
PO4 buffer, pH 7.4; n � 7), biotinylated dextran amine
(BDA, Molecular Probes; 10% solution in 0.1 M PO4
buffer, pH 7.4; n � 7), tetramethylrhodamine-labeled dex-
trans (Fluoro-Ruby, Molecular Probes; 10% solution in 0.1
M PO4 buffer, pH 7.4; n � 6), or fluorescein-labeled dex-
trans (Fluoro-Emerald, Molecular Probes; 10% solution in
0.1 M PO4 buffer, pH 7.4; n � 1) into the perirhinal or
parahippocampal cortex. All tracer substances were ion-
tophoretically dispensed (30- to 45-minute injections with
5 �Amp DC pulses; 7 seconds ON, 7 seconds OFF) through
glass micropipettes (20- and 30-�m tips). After injection of
the tracer, the pipette was withdrawn in three steps to
minimize leakage of the tracer along the pipette tract.
First, it was left at the injection site for 1 minute, then
raised 100 �m and left there for 5 minutes. Finally, the
pipette was slowly withdrawn from the brain at a rate of
approximately 2 mm per minute. Animals survived for 14
days, were deeply anesthetized with pentobarbital (50
mg/kg i.v.) and perfused transcardially with 1% and 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The
brains were post-fixed for 6 hours in the same fixative,
cryoprotected in 10% and 20% glycerol solutions in 0.1 M
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phosphate buffer (pH 7.4; for 24 and 72 hours, respec-
tively), rapidly frozen in isopentane, and stored at �70°C
until sectioning. Sections were cut at 30 �m on a freezing,
sliding microtome and processed for the visualization of
the tracer substances.

Four monkeys received large injections of 3H-labeled
amino acids (3H-AA) as the anterograde tracer, and four
other monkeys received injections of both anterograde and
retrograde tracers at the same site or in close proximity in
the perirhinal and parahippocampal cortices. The 3H-AA
injections consisted of a single injection of 50–100 nl of 1:1
mixture of [3H]leucine and [3H]proline (concentrated to
100 �Ci/�l). For the retrograde tracer injections, one of
three retrogradely transported tracers, Fast Blue (FB),
Diamidino Yellow (DY), or wheat germ agglutinin conju-
gated to horseradish peroxidase (WGA-HRP), was in-
jected. In three of these monkeys, an injection of a retro-
grade tracer (DY or FB, Dr. Illing GmbH and Co.) was
placed close to the 3H-AA injection in the ipsilateral hemi-
sphere. In a fourth monkey, the retrograde tracer WGA-
HRP (Sigma, St. Louis, MO) was mixed with the amino
acid solution (final concentration 1% WGA-HRP) and was
administered simultaneously through the same pipette as
the 3H-AA tracer, following the procedure previously de-
scribed in Amaral and Insausti (1992). In the cases with
the fluorescent retrograde tracers DY and FB, between
500 and 1,500 nl of a 2% DY solution or between 500 and
650 nl of a 3% FB solution was dispensed. Both the FB and
DY solutions were dissolved in distilled water. Animals
survived for approximately 14 days for the FB and DY
cases, and for 3 days for the one case with the combined
3H-AA/WGA-HRP injection. They were then deeply anes-
thetized and perfused as described above.

Tissue processing

Free-floating sections from cases that contained discrete
anterograde tracer injections of PHA-L, BDA, Fluoro-
Ruby, or Fluoro-Emerald were processed with constant
agitation at room temperature (unless specified otherwise)
for the detection of the transported substance. PHA-L,
Fluoro-Ruby, and Fluoro-Emerald immunohistochemistry
was as follows. Sections were rinsed 3 � 10 minutes in
0.02 M KPBS (pH 7.4), incubated 15 minutes in 0.5%
H2O2, washed 6 � 5 minutes in 0.02 M KPBS, and incu-
bated for 4 hours in a blocking solution made of 0.5%
Triton X-100 (TX-100; Fisher Scientific), 5% normal goat
serum (NGS; Chemicon) in 0.02 M KPBS. Sections were
then incubated for 40 hours at 4°C in a solution containing
a primary antibody against the tracer substance (rabbit
anti–PHA-L at 1:12,000 from Vector laboratories; rabbit
anti–Fluoro-Ruby or rabbit anti–Fluoro-Emerald at
1:40,000 from Molecular Probes; in 0.3% TX-100, 2% NGS
in 0.02 M KPBS). After incubation in primary antiserum,
sections were washed 3 � 10 minutes in 0.02 M KPBS
containing 2% NGS and incubated for 1 hour in a solution
containing a biotinylated secondary antibody against rab-
bit (goat anti-rabbit IgG at 1:227 from Vector laboratories;
in 0.3% TX-100, 2% NGS in 0.02 M KPBS). Sections were
rinsed 3 � 10 minutes in 0.02 M KPBS containing 2%
NGS and incubated for 45 minutes in a solution contain-
ing an avidin–biotin complex (Biomeda Biostain Super
ABC Kit; in 0.02 M KPBS). Sections were rinsed 3 � 10
minutes in 0.02 M KPBS containing 2% NGS and incu-
bated for another 45 minutes in the solution containing
the biotinylated secondary antibody (goat anti-rabbit IgG

at 1:227, 0.3% TX-100, 2% NGS in 0.02 M KPBS). Sections
were rinsed 3 � 10 minutes in 0.02 M KPBS (with no
NGS) and incubated for another 30 minutes in the solu-
tion containing the avidin–biotin complex. Sections were
rinsed 3 � 10 minutes in 50 mM Tris buffer (pH 7.4) and
incubated for 45 minutes in a DAB–peroxidase solution
containing 0.05% DAB (0.5 mg/ml of 3,3�-
diaminobenzidine, Fisher Scientific) and 0.04% H2O2 in
Tris buffer. Finally, sections were rinsed 2 � 10 minutes
in Tris buffer, 1 � 10 minutes in 0.02 M KPBS, mounted
on gelatin-coated slides, and placed at 37°C overnight.
The mounted sections were then processed for intensifica-
tion of the DAB reaction product. Sections were defatted
2 � 2 hours in a mixture of ethanol–chloroform (50:50,
v/v), hydrated through a graded series of ethanol solutions
(2 minutes each in 100%, 100%, 95%, 70%, 50% EtOH) and
rinsed in running dH2O for 10 minutes. Sections were
incubated for 40 minutes in a 1% silver nitrate (AgNO3)
solution at 56°C (protected from light) and rinsed in run-
ning dH2O for 10 minutes (protected from light). Sections
were incubated for 10 minutes in 0.2% gold chloride
(HAuCl4 � 3H2O) at room temperature and rinsed in run-
ning dH2O for 10 minutes (protected from light). Sections
were stabilized in 5% sodium thiosulfate (Na2S2O3) at
room temperature for 15 minutes (protected from light)
and rinsed in running dH2O for 10 minutes. Finally, sec-
tions were dehydrated through a graded series of ethanol
solutions (4 minutes each in 50%, 70%, 95%, 100%, 100%
EtOH) and cleared through series of xylene (3 � 4 minutes
in 100% xylene), and the slides cover-slipped with DPX
(BDH Laboratory Supplies, Poole, UK).

BDA processing was as follows. Sections were rinsed
3 � 10 minutes in 0.02 M KPBS, incubated 15 minutes in
0.5% H2O2, washed 6 � 5 minutes in 0.02 M KPBS, and
incubated for 1 hour in a solution made of 1% Triton X-100
(TX-100; Fisher Scientific) in 0.02 M KPBS. Sections were
then incubated overnight at 4°C in a solution made of an
avidin–biotin complex (Biomeda Biostain Super ABC Kit),
0.3% TX-100 in 0.02 M KPBS. Sections were rinsed 3 � 10
minutes in 50 mM Tris buffer and incubated for 45 min-
utes in a DAB–peroxidase solution containing 0.05% DAB,
0.015% H2O2 in Tris buffer. Sections were rinsed 2 � 10
minutes in Tris buffer, 1 � 10 minutes in 0.02 M KPBS,
mounted on gelatin-coated slides, and placed at 37°C over-
night. The mounted sections were then processed for in-
tensification of the DAB reaction product and cover-
slipped as described previously.

Sections collected for the analysis of the 3H-AA injec-
tions were processed according to the protocol of Cowan et
al. (1972) for the autoradiographic demonstration of the
anterogradely transported isotope. Sections were counter-
stained for Nissl with thionin to allow the determination
of the cytoarchitectonic boundaries of the different cortical
areas. For DY and FB analysis, two 1-in-8 series of sec-
tions were immediately mounted on slides and stored des-
iccated at �20°C until they were analyzed. For WGA-HRP
analysis, a 1-in-8 series of sections was processed using
tetramethylbenzidine as the chromogen (Mesulam, 1976).

Data analysis

The distribution of anterogradely labeled fibers and ter-
minals in the perirhinal and parahippocampal cortices
after discrete anterograde tracer injections (PHA-L, BDA,
Fluoro-Ruby, or Fluoro-Emerald) was analyzed using
darkfield optics. The position and density of labeled fibers
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and terminals were plotted on camera lucida drawings for
every section in a 1-in-16 series (spaced every 480 �m).
The boundaries of the subdivisions of the perirhinal and
parahippocampal cortices were microscopically deter-
mined following the nomenclature of Suzuki and Amaral
(2003). The topographical organization of the intrinsic
projections within the perirhinal and parahippocampal
cortices was then represented by plotting the distribution
of anterogradely labeled fibers and terminals on two-
dimensional unfolded maps of these regions, as previously
described (Suzuki and Amaral, 1996; Lavenex et al.,
2002). Briefly, a line representing layer IV of the cortex is
drawn on the camera lucida drawing of each section. An
alignment mark is chosen, i.e., the fundus of the rhinal
sulcus for the rostral part of the map and the border
between area TH and TFm for the caudal part, and the
layer IV line is marked in 480-�m segments. Radial lines
extending from the subcortical white matter to the pial
surface through the layer IV line segments are drawn to
form 480-�m-wide columns of cortex. The width of these
columns corresponds to the distance between analyzed
sections, forming a cubic lattice for the construction of
unfolded maps. The intensity of labeling was estimated
visually and coded in four different levels: 0, no labeling; 1,
low labeling; 2, moderate labeling; and 3, heavy labeling.
Different shades of gray on these maps represent the
density of anterogradely labeled fibers and terminals.

We computed a laminar distribution index (S-D Index)
to demonstrate the relative distribution of terminal label-
ing in the superficial (layers I, II, III) vs. deep (layers IV,
V, VI) layers of the perirhinal and parahippocampal cor-
tices. S-D Index � (S / (S�D�D&S)) – (D / (S�D�D&S));
where S is the number of cortical columns (480-�m-wide
segments of cortex used for the reconstruction of unfolded
maps) with anterograde labeling in the superficial layers;
D is the number of columns with anterograde labeling in
the deep layers and “D&S” is the number of columns with
anterograde labeling in both deep and superficial layers.
We should point out that this use of the term column
relates to a convenient sampling unit rather than a func-
tional unit of the cortex. The value of the index can vary
from �1: terminal labeling in the superficial layers only;
to �1: terminal labeling in the deep layers only. An index
value of 0 indicates an equal number of columns contain-
ing terminal labeling in the deep and superficial layers.
Note that the intensity of labeling in the deep vs. super-
ficial layers is not taken into account when computing this
index, only the presence or absence of terminal labeling.

For the 3H-AA injections, the distribution of antero-
gradely transported tracer in the perirhinal and parahip-
pocampal cortices was analyzed using darkfield optics.
The position and density of labeled fibers and terminals
were plotted on camera lucida drawings for every section
in a 1-in-16 series (spaced every 480 �m). The topograph-
ical organization of the intrinsic projections within the
perirhinal and parahippocampal cortices was then repre-
sented by plotting the distribution of anterogradely la-
beled fibers and terminals on two-dimensional unfolded
maps. For the cases with DY or FB, retrograde tracer
injections, the distribution of retrogradely labeled cells
was analyzed with a Leitz Dialux-20 microscope equipped
for fluorescence microscopy linked to an MD2 computer-
aided X-Y plotting system (Minnesota Datametrics). For
the WGA-HRP case, the distribution of retrogradely la-
beled cells was analyzed with a Nikon Optiphot micro-

scope linked to PC-based StereoInvestigator (Microbright-
field, Inc., Williston, VT). The position of each retrogradely
labeled cell was plotted for every section in a 1-in-16 series
(i.e., spaced every 480 �m) throughout the perirhinal and
parahippocampal cortices.

For cases with both anterograde and retrograde tracer
injections, we constructed composite maps that included
the distribution of anterograde and retrograde labeling.
These cases were particularly useful to evaluate the reci-
procity of the connections within the perirhinal and para-
hippocampal cortices. We computed an index of reciprocity
to demonstrate the relative strength of the afferent vs.
efferent projections between the different subdivisions of
the perirhinal and parahippocampal cortices. Reciprocity
Index � ((A�D)/(A�R�2D))-((R�D)/(A�R�2D)), where A
is the number of cortical columns (769-�m-wide segments
of cortex used for the reconstruction of unfolded maps for
the 3H-AA cases) with anterograde labeling; R is the num-
ber of columns with retrograde labeling and D is the
number of columns with both anterograde and retrograde
labeling. This index was computed only for cortical areas
that had a minimum of 10 columns of cortex that con-
tained labeling (either anterograde or retrograde). The
value of the index can vary from �1 (only retrograde
labeling) to �1 (only anterograde labeling). An index
value of 0 indicates an equal number of columns contain-
ing anterograde labeling and of columns containing retro-
grade labeling in the same cortical area, i.e., highly recip-
rocal connections (at the area-to-area level).

We also computed an SLN (supragranular layer neu-
rons) Index to provide numerical estimates of the laminar
organization of retrogradely labeled cells after retrograde
tracer injections in the perirhinal and parahippocampal
cortices. This index is similar to that developed by
Kennedy and colleagues to describe the hierarchical orga-
nization of the visual cortical areas (Barone et al., 2000;
Batardiere et al., 2002). SLN Index � (Sr/(Sr�Dr)); where
Sr is the number of retrogradely labeled cells in the su-
perficial layers (layers I, II, III), and Dr is the number of
retrogradely labeled cells in the deep layers (layers IV, V,
VI). An SLN Index � 0.5 is indicative of feedforward
projections, whereas an SLN Index � 0.5 is indicative of
feedback projections (Batardiere et al., 2002). Given that
the ratio of the surface area of the deep layers and the
surface area of the superficial layers varies with the cur-
vature of the cortex (i.e., the surface area of the deep
layers is greater than the surface area of the superficial
layers in sulci, whereas the surface area of the deep layers
is smaller than the surface area of the superficial layers in
gyri), we also computed a corrected SLN Index, based on
the density of retrogradely labeled cells in the deep or
superficial layers. SLN Index (Corrected) � ((Sr/As)/(Sr/
As�Dr/Ad)), where Sr is the number of retrogradely la-
beled cells in the superficial layers, As is the total surface
area of the superficial layers, Dr is the number of retro-
gradely labeled cells in the deep layers, and Ad is the total
surface area of the deep layers. This SLN Index (Cor-
rected) was necessary to perform meaningful comparisons
of the laminar organization of retrogradely labeled cells in
area 35, which is confined to the rhinal sulcus, with that in
the other subdivisions of the perirhinal and parahip-
pocampal cortices.

For illustrations of the injection sites in the perirhinal
and parahippocampal cortices, negatives of 4-inch �
5-inch darkfield photomicrographs taken on a Nikon Mul-
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tiphot camera system were digitally scanned. Artifacts
located outside the sections were removed, and levels were
adjusted in Photoshop 5.0. For illustrations of the laminar
organization of the terminal labeling, camera lucida draw-
ings were digitally scanned and reproduced in Canvas 5.0.

RESULTS

Nomenclature

The nomenclature and boundaries of the perirhinal and
parahippocampal cortices have been described in Suzuki
and Amaral (2003). Thus, we will only provide a brief
description of the perirhinal and parahippocampal corti-
ces and refer the reader to that publication for a detailed
description of the characteristics of the subdivisions of
these cortices.

Perirhinal and parahippocampal cortices. The
perirhinal cortex is composed of a smaller, medially situ-
ated area 35 and a larger, laterally situated area 36 (Fig.
1). For most of its rostrocaudal extent, area 35 is confined

to the fundus and lateral bank of the rhinal sulcus. At the
extreme rostral pole of the entorhinal cortex, area 35
extends slightly onto the medial bank of the rhinal sulcus.
Area 36 is located just lateral to area 35 and has been
parceled into five subdivisions. Area 36d (the dorsal sub-
division of area 36) is located at the most rostral and
dorsal extent of the perirhinal cortex and makes up ap-
proximately one third of the dorsomedial portion of what
is typically referred to as the temporal pole (area 38 of
Brodmann [1909]; area TG of Von Bonin and Bailey
[1947]). Caudally, adjacent to area 36d, is area 36r (rostral
subdivision of area 36). Area 36r is further subdivided into
36rm (rostromedial subdivision of area 36) and area 36rl
(rostrolateral subdivision of area 36). Area 36rm is situ-
ated lateral to area 35, is relatively narrow in the medio-
lateral extent, and is bordered laterally along its full ros-
trocaudal extent by area 36rl. Area 36rl is the largest of
the subdivisions of area 36. At its most rostral and dorsal
extent, it makes up approximately the ventral two thirds
of the medial aspect of the temporal pole. Ventrally, area

Fig. 1. A: Unfolded maps of the perirhinal and parahippocampal
cortices, illustrating their different subdivisions following the de-
scription of Suzuki and Amaral (2003). B: Unfolded maps of the
perirhinal and parahippocampal cortices, illustrating the location
of the 21 discrete anterograde tracer injections (Phaseolus

vulgaris-leucoagglutinin [PHA-L], biotinylated dextran amine
[BDA], Fluoro-Ruby [FR], and Fluoro-Emerald [FE]) analyzed in
this study. The capital letters (A–U) are used consistently through-
out the manuscript to identify individual cases (see Figs. 1–5; Table
1). Scale bar � 2 mm in A (applies to A,B).
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36rl is situated at approximately the same level as the
rostral one third of the entorhinal cortex. The caudal
extreme of the perirhinal cortex is called area 36c (caudal
subdivision of area 36) and is further subdivided into area
36cm (caudomedial subdivision of area 36) and area 36cl
(caudolateral subdivision of area 36).

The parahippocampal cortex is caudally adjacent to
both the entorhinal and the perirhinal cortices. It is made
up of a smaller, medially situated area TH and a larger,
laterally situated area TF. Area TF has been further sub-
divided into areas TFm (medial subdivision of area TF)
and TFl (lateral subdivision of area TF). Area TFl is
bounded laterally by areas TE and TEO and caudally by
area OA (Von Bonin and Bailey, 1947), also referred to as
area V4 (Zeki, 1971).

Description of the injection sites

Twenty-one discrete, anterograde tracer injections were
placed in the perirhinal and parahippocampal cortices in a
total of 14 macaque monkeys (Fig. 1). Photomicrographs of
the injection sites (Fig. 2) and a summary table of these
injections (Table 1) provide a detailed description of these
injections, including the type of tracer used, the location
(area) of the injection site, and the laminar focus of the
injection. We successfully placed two discrete anterograde
tracer injections in area 36d, eight injections in area 36r
(areas 36rm and 36rl), two injections in area 36c (areas
36cm and 36cl), six injections in area TF (areas TFm and
TFl), and three injections in area TH. Despite consider-
able effort, we did not obtain successful injections in the
narrow area 35. An additional eight large injections of
3H-AA (cases M-6-92, M-12-91, M-6-91, M-14-91, M-15-98,
M-7-91, M-8-91, M-2-90) and four retrograde tracer injec-
tions (cases M-15-98-WGA, M-7-91-FB, M-8-91-DY, M-2-
90-DY) were analyzed for this study. These cases have
been reported previously in another study describing the
efferent projections from the perirhinal and parahip-
pocampal cortices to the neocortex (Lavenex et al., 2002),
and we refer the reader to that publication for a complete
description and illustration of these injections.

Intrinsic projections of the
perirhinal cortex

The topographic organization of the intrinsic projections
of the perirhinal cortex is illustrated in Figures 3A–L and
4. Because areas 36r and 36c constitute the largest por-
tions of the perirhinal cortex and are most characteristic
of this region, we describe the intrinsic projections of these
two subdivisions first. The connections of area 36d have
unique characteristics compared with the rest of the
perirhinal cortex and, therefore, are described last.

Injections in area 36r. In general, injections placed
in areas 36rm and 36rl demonstrate extensive projections
within these subdivisions, heavy to moderate projections
toward areas 35, moderate to light projections toward area
36c, and only meager or no projections toward area 36d.
These projections tend to be arranged in heavily or mod-
erately labeled patches distributed throughout these ar-
eas and adjoined by zones with moderate to light labeling
(Figs. 3, 5). These patches are more clearly visible in the
coronal line drawings (Fig. 5). Adjacent cortical columns
(used to build the unfolded maps) may include the edges of
two distinct, clearly separated, heavily labeled patches,
but the average intensity estimated for each of the two
adjacent columns does not necessarily capture the de-

creased labeling between the two patches. Case C has an
injection in the very rostral aspect of area 36rm/36rl, near
the border with area 36d (Figs. 2C, 3C). This case exhibits
moderately labeled patches scattered through most of the
rostrocaudal extent of area 36rm and area 35, and lighter
labeling in area 36rl. Light terminal labeling also extends
into the most rostral aspect of area 36cm, but not in area
36cl or the caudal aspect of area 36cm. This case reveals
only light projections from area 36r toward the most ven-
tral part of area 36d and no projections to the more dorsal
aspect of area 36d. Similar to case C, case D with an
injection in the rostrolateral aspect of area 36rl (Figs. 2D,
3D), exhibits some mediolateral topography. The heaviest
projections extend through the rostral portion of area 36rl.
These projections are distributed in a large patch (3 mm
wide) surrounding the injection site, and smaller, distinct
patches (1 mm wide) of heavy labeling adjoined by areas of
moderate labeling. Moderate to light projections extend
into the rostral parts of areas 36rm and 35. Only light
projections are seen in the caudal part of areas 36rm and
36rl, and occasional labeled fibers extend into the caudal
part of area 36cl. There are practically no projections from
this part of area 36rl to area 36d. Case E has an injection
in the rostral part of area 36r, at the border between areas
36rm and 36rl (Figs. 2E, 3E). This injection reveals heavy
labeling throughout areas 35, 36rm, and 36rl, which ex-
tends for approximately 1.5 mm rostrally and 2.5 mm
caudally away from the injection site. Moderate projec-
tions spread through most of the caudal portion of areas
36rm and 36rl. Light projections extend into areas 36cm
and 36cl, as well as through the most rostral portions of
area 36rm and 35. Light projections are also observed in
the most ventral part of area 36d, whereas only isolated
labeled fibers are found in the dorsal aspect of 36d. Case F
has an injection at a mid-rostrocaudal level of area 36rm
(Figs. 2F, 3F). Similar to case E, this case demonstrates
wide areas with heavy labeling through most of the ros-
trocaudal extent of areas 36rm and 36rl and moderate
terminal labeling in area 35. One patch of heavy labeling
(1–1.5 mm wide) is surrounded by areas with moderate to
light labeling in area 36cl. Similar to the other cases with
injections in area 36r, only the most ventral part of area
36d receives light projections. Case G contains a small
injection at a mid-rostrocaudal level of area 36rl, with a
laminar spread encompassing layers II–V (Figs. 2G, 3G).
Moderate to heavy labeling extends in small (1 mm wide)
patches scattered through the rostral part of areas 36rm
and 36rl. There is no labeling in any other part of the
perirhinal cortex. Case H also contains a small injection in
the caudal aspect of area 36r, at the border between areas
36rm and 36rl (Figs. 2H, 3H). Patches of moderate label-
ing are largely restricted to areas 36rm and 36rl, near the
injection site, with a very limited spread into area 35 and
the rostral portion of area 36c. There are no projections
toward area 36d. Case I has an injection in the caudal part
of area 36rm (Figs. 2I, 3I). Heavy labeling extends in
patches or bands that are scattered throughout the poste-
rior half of areas 36rm, 36rl, and the rostral aspect of
areas 36cm and 36cl (Figs. 3I, 5I). Moderate to light label-
ing is present in the caudal aspect of area 35, rostral
portion of areas 36rm and 36rl, as well as the caudal
portion of areas 36cm and 36cl. There are virtually no
projections into area 36d. Case J has a restricted injection
in the caudal aspect of area 36rl (Figs. 2J, 3J). Heavy and
moderate labeling extends in irregular patches (1–1.5 mm
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wide) scattered through areas 36rm and 36rl and adjoined
by continuous light labeling. Light labeling is present in
area 35 and the most rostral aspect of area 36c. There are
no projections to the most rostral aspect of area 36rm or to
area 36d.

Injections in area 36c. Like area 36r, area 36c
projects most heavily to itself. It also has heavy to mod-
erate projections to caudal portions of area 36r and 35,
moderate to light projections to rostral area 36r and al-
most no projections to area 36d. Similar to the projections
originating in area 36r, these projections are typically
scattered in heavily labeled patches adjoined by zones
with moderate to light labeling forming a continuous net-
work of connections. Case K has an injection in area 36cm,
at the border between areas 36cm and 36cl (Figs. 2K, 3K).
Heavy labeling is present in a large patch (2 mm wide)
mainly restricted to area 36c. Four patches of moderate
labeling adjoined by continuous light labeling are distrib-
uted through the rostrocaudal and mediolateral aspects of
areas 36rm, 36rl, and area 35. Case L has an injection in
area 36cm, at the border between areas 36cm and 36cl,
slightly more caudal than the injection in case K (Figs. 2L,
3L). Extensive labeling is seen throughout area 36c. Cau-
dal portions of areas 36rm and 36rl contain two large
patches of heavy labeling (3 mm wide) adjoined by areas
with moderate labeling. Rostral portions of area 36r and
35 contain smaller patches of moderate labeling (1 mm
wide) adjoined by areas with light labeling. Virtually no
labeling is observed in area 36d.

Injections in area 36d. Area 36d projects heavily to
itself but has rather limited projections toward the rest of
the perirhinal cortex (areas 35, 36r, and 36c). Case A
(Figs. 2A, 3A), with an injection in the dorsal part of area
36d, exhibits heavy projections within area 36d, light to
moderate projections to the rostral portion of areas 35,
36rm, and 36rl, but no projections to the caudal part of
areas 35, 36r, or any part of area 36c. In contrast, case B
with an injection located more ventrally in area 36d (Figs.
2B, 3B) shows heavy projections within area 36d and
relatively heavy projections to the rostral part of areas 35,
36rm, and 36rl. This case also reveals isolated labeled
fibers in the most caudal part of areas 36cm and 36cl,
immediately adjacent to areas TH and TFm of the para-
hippocampal cortex.

Summary. Areas 36r, 36c, and 35 of the perirhinal
cortex are characterized by extensive intrinsic projections
that tend to be organized in distributed patches of heavy
to moderate projections adjoined by areas with lighter
projections (Figs. 3A–L, 4, 5), which form a continuous
network of intrinsic projections (Fig. 7). Area 36r projects
most heavily to itself and area 35 and moderately to an-
terior portions of areas 35 and 36c. Similarly, area 36c
projects most heavily to itself and caudal portions of area
36r, with lighter projections to rostral portions of area 35
and 36r. Area 36d projects strongly to itself, and only the
ventral one third of this area has modest interconnections
with the most rostral aspect of areas 36rm and 36rl. Large
3H-AA injections, spanning all cortical layers, confirm this
pattern of connectivity and further demonstrate that the
topographical organization of the intrinsic, associational
connections of the perirhinal cortex is not influenced by
the layers of origin of these projections (Fig. 4).

Intrinsic projections of the
parahippocampal cortex

The topographic organization of the intrinsic projections
of the parahippocampal cortex is illustrated in Figures
3M–U and 4. Injections located in any subdivision of the
parahippocampal cortex (areas TH, TFm, or TFl) result in
heavy labeling through a large extent of the rostrocaudal
axis of this subdivision and moderate to light labeling in
adjacent subdivisions. These projections tend to be orga-
nized in heavily labeled patches or bands that are ad-
joined by zones with moderate to light labeling (Fig. 5).

Injections in area TF. Case M contains an injection
in the most rostral aspect of area TFl, near the border with
area 36c (Figs. 2M, 3M). Patches of heavy labeling ad-
joined by areas with moderate labeling extend through the
rostral two thirds of areas TFm and TFl. The caudal one
third of areas TFm and TFl receives lighter projections
and the rostral extreme of area TH receives only sparse
projections. Case N has an injection in the rostral part of
area TFl, slightly more caudal than that in case M (Figs.
2N, 3N). Heavy labeling extends in patches distributed
throughout the rostral aspect of area TFl, decreasing
abruptly at the border with area TFm (Figs. 3N, 5N).
Moderate labeling extends into the caudal portion of area
TFl. Area TFm exhibits moderate to light labeling, while
area TH contains only light terminal labeling. Case O has
an injection at a mid-rostrocaudal level in area TFl (Figs.
2O, 3O). Patches of heavy labeling adjoined by areas with
moderate labeling extend through most of the rostrocau-
dal extent of area TFl (Figs. 3O). Much of area TFm
contains moderate to light labeling and lateral portions of
area TH contains light labeling. Case P has an injection at
a mid-rostrocaudal level in area TFm (Figs. 2P, 3P). Two
patches of heavy labeling adjoined by an area with mod-
erate labeling extend through area TFm. Heavy to mod-
erate labeling is also observed in the caudal half of area
TFl, while the rostral portion of area TFl contains only
light labeling. Area TH also contains two patches of mod-
erate labeling adjoined by an area with light labeling.
Case Q has an injection in the caudal aspect of area TFm
(Figs. 2Q, 3Q). The heaviest labeling is observed through
the caudal half of area TFm and the most caudal third of
area TFl. Another patch of moderate to heavy labeling is
located rostrally at the border between areas TFm and
TFl. The rest of rostral areas TFm and TFl contain only
light terminal labeling. Similarly, the vast majority of
area TH contains only light labeling. Case R has an injec-
tion in the very caudal aspect of area TFm (Figs. 2R, 3R).
Several patches or bands of heavy labeling run rostrocau-
dally and obliquely through areas TH, TFm, and TFl. As
in the previous cases, these patches are adjoined by areas
with continuous light to moderate labeling.

Injections in area TH. Cases with injections in area
TH exhibit the clearest mediolateral topography of projec-
tions within the parahippocampal cortex. Case S contains a
large injection in the medial aspect of area TH (Figs. 2S, 3S).
There is heavy and almost continuous labeling throughout
areas TH and TFm. Moderate labeling is present along the
border between areas TFm and TFl, whereas light labeling
covers area TFl. Case T has an injection at a mid-
rostrocaudal level of area TH (Figs. 2T, 3T). There is a 1.5- to
2-mm-wide band of heavy labeling oriented rostrocaudally in
area TH and two small patches (1 mm wide) at the rostral
and caudal aspects of area TFm. Otherwise moderate to light
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labeling extends through area TFm and light labeling is
observed in the most caudal aspect of area TFl. Case U has
an injection in the caudal and lateral aspect of area TH, at

the border between areas TH and TFm (Figs. 2U, 3U). Sim-
ilar to case T, the heaviest labeling remains confined to area
TH; one patch of heavy labeling (1.5–2 mm wide) is present

Figure 2
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in area TFm and surrounded by moderate labeling distrib-
uted throughout this area; light labeling is distributed
throughout area TFl.

Summary. Like the perirhinal cortex, the parahip-
pocampal cortex has an extensive network of intrinsic pro-
jections distributed in patches of heavy projections adjoined
by areas with lighter projections, which form a continuous
network of intrinsic projections (Figs. 3M–U, 4, 5). Unlike
the perirhinal cortex where projections spread equally across

subdivisions, however, the intrinsic projections of the para-
hippocampal cortex tend to be heaviest within a given sub-
division (Fig. 7). Thus, area TFl has strong projections
within itself, moderate to strong projections to area TFm,
and light projections to area TH. Area TFm has strong pro-
jections within itself and moderate to light projections to
areas TH and TFl. Area TH has strong projections within
itself, moderate to strong projections to area TFm, and light
projections to area TFl. Large 3H-AA injections, spanning all

Fig. 2. Darkfield photomicrographs of anterograde tracer injec-
tions (Phaseolus vulgaris-leucoagglutinin [PHA-L], biotinylated dex-
tran amine [BDA], Fluoro-Ruby [FR], and Fluoro-Emerald [FE]) in
the different subdivisions of the perirhinal and parahippocampal cor-
tices. A: M-22-00 PHA-L, injection in layer VI of area 36d. B: M-22-00
BDA, injection in layers V–VI of area 36d. C: M-12-00 BDA, injection
in layer III of area 36rm/rl. D: M-19-00 PHA-L, injection in layer III
of area 36rl. E: M-10-99 BDA, injection in layer VI of area 36rl.
F: M-10-99 PHA-L, injection in layers V–VI of area 36rm. G: M-12-00
PHA-L, injection in layers II–V of area 36rl. H: M-07-98, injection in
layer VI or area 36rl. I: M-04-97, injection in layers II–VI of area

36rm. J: M-05-97, injection in layers III–V of area 36rl. K: M-11-98,
injection in layers V–VI of area 36cml. L: M-19-00 BDA, injection in
layers IV–VI of area 36cm. M: M-06-98 FR, injection in layers II–V of
area TFl. N: M-09-98 FR, injection in layers II–VI of area TFl. O: M-
10-98, injection in layers III–IV of area TFl. P: W-14-00 BDA, injec-
tion in layers III–VI of area TFm. Q: M-10-99 FR, injection in layers
III–VI of area TFm. R: M-12-00 FE, injection in layers II–IV of area
TFm. S: M-15-98, injection in layers IV–VI of area TH. T: W-07-98,
injection in layers III–V of area TH. U: M-19-00 FR, injection in layers
III–VI of area TH. Scale bars � 1 mm in A,M (applies to A–U).
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cortical layers, confirm this pattern of connectivity and dem-
onstrate that the topographical organization of the intrinsic,
associational connections of the parahippocampal cortex is
not influenced by the layers of origin of these projections
(Fig. 4).

Interconnections between the perirhinal
and parahippocampal cortices

We have found that area 36c is the main interface
between the perirhinal and parahippocampal cortices
(Fig. 7). The parahippocampal cortex receives only light
projections from area 36d and the rostral portion of area
36r (Figs. 3A–F, 4). From the 10 cases with discrete an-
terograde tracer injections in these areas, 7 cases have no
labeling or only isolated labeled fibers entering the para-
hippocampal cortex. Only three cases (Cases D, E, and F)
demonstrate light labeling in the very rostral part of area
TFm and TFl (Fig. 3D–F). Only case B, with an injection
in the ventral part of area 36d, has light projections to-
ward the rostral part of area TH (Fig. 3B). In contrast,
area 36c gives rise to moderate to heavy, patchy projec-
tions toward the rostral part of areas TFm and TFl, and
light projections to the more caudal portions of these areas
(Figs. 3K,L, 4).

There are moderate to heavy projections from the ros-
tral part of areas TFm and TFl toward the perirhinal
cortex, including areas 35, 36rm, 36rl, 36cm, and 36cl
(Figs. 3M–U, 4, 5). Injections located more caudally in
areas TFm and TFl, produced moderate to heavy labeling
in areas 36cm and 36cl, with virtually no projections to the
rostral perirhinal cortex, including areas 35, 36rm, and
36rl. Of the nine cases with discrete anterograde tracer
injections in the parahippocampal cortex, only two cases
produced some labeling in area 36d. Case M, with an
injection in the very rostral part of area TFl (at the border
with area 36c), had moderate labeling in area 36d (Fig.
3M). Case U, with an injection in the caudal portion of
area TH, at the border with area TFm, had only isolated
labeled fibers in 36d (Fig. 3U).

Reciprocity and laminar organization of the
projections within and between the

perirhinal and parahippocampal cortices

A major characteristic of the projections both within and
between the perirhinal and parahippocampal cortices is
their high level of reciprocity (Figs. 3, 4; Table 2). Exam-
ination of independent injections placed at different loca-
tions in these cortices indicates that, if a region sends
projections to a particular area, it also receives projections
from that area (Figs. 3, 4). Similarly, injections of antero-
grade and retrograde tracers at the same site or in close
proximity reveals a very high degree of reciprocity (black
in the unfolded maps, Fig. 4). In most cases, the small
discrepancies between anterograde and retrograde maps
might be accounted for by the slight differences in the
locations of the two injections. The Reciprocity Index (cal-
culated for the four cases with anterograde and retrograde
tracer injections, Table 2) provides a quantitative esti-
mate of the reciprocity of the connections both within and
between the major subdivisions of the perirhinal and
parahippocampal cortices. For most areas, the value of the
Reciprocity Index is close to zero, which indicates highly
reciprocal connections.

The laminar organization of anterograde terminal label-
ing is an indicator of the type of connections (feedforward,
associational, or feedback) between cortical areas (Barbas
and Rempel-Clower, 1997). After anterograde tracer injec-
tions, terminal labeling is distributed throughout the dif-
ferent layers of the perirhinal and parahippocampal cor-
tices (Fig. 5; Table 1). This laminar termination pattern
does not appear to vary as a function of the layer(s) of
origin of the projections. The laminar distribution index
(S-D Index) representing the relative distribution of an-
terograde terminal labeling in the superficial (I, II, III) vs.
deep (IV, V, VI) layers reveals that, in general, terminal
labeling within one area is equally distributed toward the
deep and superficial layers (Table 1). As this index is
computed for an entire area and only takes into account

TABLE 1. Summary of Injection and Distribution of Anterograde Labeling in the Deep and Superficial Layers (S-D Index)1

Case

Injection S-D Index

Area Layers 36d 35 36rm 36rl 36cm 36cl TFm TFl TH

A M-22-00 PHA-L 36d VI �0.22 �0.83 �0.54 �0.54 — — — — —
B M-22-00 BDA 36d V-VI �0.04 �0.16 �0.09 0.00 �0.33 �0.20 0.75 1.00 1.00
C M-12-00 BDA 36rm/rl III 0.00 0.00 �0.06 �0.14 �0.05 0.00 — — —
D M-19-00 PHA-L 36rl III 0.00 0.00 0.01 �0.02 — �0.38 0.16 0.03 —
E M-10-99 BDA 36rl VI �0.53 0.00 �0.02 0.00 �0.02 �0.02 0.00 �0.08 1.00
F M-10-99 PHA-L 36rm V-VI 0.05 �0.20 �0.02 0.00 �0.47 �0.07 �0.09 �0.06 —
G M-12-00 PHA-L 36rl II-V — �1.00 0.02 0.08 — — — — —
H M-07-98 PHA-L 36rl VI — 0.69 0.00 �0.02 0.25 0.20 1.00 — —
I M-04-97 PHA-L 36rm II-VI 0.27 0.16 0.02 0.06 0.22 0.23 — 0.50 —
J M-05-97 BDA 36rl III-V — 0.12 �0.01 �0.04 0.00 �0.30 0.00 0.00 —
K M-11-98 PHA-L 36cm/cl V-VI �1.00 �0.32 �0.35 �0.43 0.03 �0.05 �0.18 �0.20 �0.67
L M-19-00 BDA 36cm IV-VI 0.43 �0.10 �0.07 �0.06 0.00 0.00 �0.22 �0.06 �0.57
M M-06-98 FR TFl II-V 0.31 �0.10 �0.07 �0.10 0.08 0.00 �0.02 �0.04 �0.02
N M-09-98 FR TFl II-VI — �0.03 0.24 �0.04 0.05 0.02 0.03 �0.01 0.11
O M-10-98 FR TFl III-IV — �0.16 �0.29 �0.07 �0.01 �0.02 �0.03 0.00 �0.21
P W-14-00 BDA TFm III-VI — �0.06 0.00 �0.31 �0.33 �0.03 0.00 �0.04 �0.06
Q M-10-99 FR TFm III-VI — — — — �0.16 �0.36 0.00 �0.06 �0.10
R M-12-00 FE TFm II-IV — — — — �0.07 �0.09 �0.05 �0.06 �0.02
S M-15-98 FR TH IV-VI — �0.75 �1.00 �0.75 �0.80 �0.35 0.00 �0.29 0.00
T W-07-98 BDA TH III-V — �0.50 �0.60 �0.02 �0.25 �0.53 �0.02 0.00 �0.07
U M-19-00 FR TH III-VI 0.07 �0.04 �0.15 0.08 �0.27 0.00 0.00 �0.12 0.00

1S-D Index, ratio expressing the difference between the number of columns with labeling in the superficial layers and the number of columns with labeling in the deep layers:
(S/(S�D)) � (D/(S�D)). The index value can vary between �1.0 (labeling in the deep layers only) and � 1.0 (labeling in the superficial layers only). An index value of 0 indicates
an equal number of columns with labeling in the deep layers and columns with labeling in the superficial layers. Values in italics represent index values for areas with a total of
less than 10 columns with labeling (either deep or superficial). PHA-L, Phaseolus vulgaris-leucoagglutinin; BDA, biotinylated dextran amine; FR, Fluoro-Ruby; FE, Fluoro-
Emerald.
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the presence or absence of labeling, it does not reflect
subtle local differences in the intensity of labeling in the
superficial vs. deep layers. Indeed, it appears that in cases
with denser projections, heavier labeling is directed to-
ward the superficial layers (Fig. 5). Nevertheless, the
value of the S-D Index for the different subdivisions of the
perirhinal cortex (areas 36d, 35, 36rm, 36rl, 36cm, 36cl)
after discrete, anterograde tracer injections in areas 36d,
36r, or 36c is close to zero (Table 1). Similarly, the value of
the S-D Index for the intrinsic projections of area TF of the
parahippocampal cortex, or the reciprocal projections be-
tween the perirhinal and parahippocampal cortices is also
close to zero (Table 1), which is indicative of associational
or lateral connections.

The laminar distribution of retrogradely labeled cells is
another indicator of the type of connections between two
cortical areas and can be used to assess their hierarchical
relationship (Felleman and Van Essen, 1991; Barbas and
Rempel-Clower, 1997; Rockland, 1997; Barone et al.,
2000). A quantitative analysis of the laminar distribution
of retrogradely labeled cells (Table 3; Fig. 6) reveals an
SLN Index close to 0.5 (equal numbers of retrogradely
labeled cells in the superficial and deep layers), which
indicates that the intrinsic projections of the perirhinal
and parahippocampal cortices are typical of associational
connections. Based on this analysis, however, it appears
that some subdivisions of the perirhinal and parahip-
pocampal cortices might be at slightly different hierarchi-
cal levels. Injection of retrograde tracer in the rostral part
of area 36 (extending slightly into area 35), results in a
higher number of retrogradely labeled cells in the super-
ficial layers of areas 36d, 35, 36r, 36c, and TF, suggesting
that 36r is at a higher hierarchical level than the rest of
the perirhinal cortex (including areas 36d, 35, and 36c), or
the rostral part of area TF. In contrast, retrograde tracer
injection in area 36c results in retrogradely labeled cells
more equally distributed in the deep and superficial layers
in the rest of the perirhinal cortex (including area 35, 36r,
and 36c; the data are not conclusive for area 36d, because
of the limited number of labeled cells observed in this
area) or in the parahippocampal cortex. Finally, retro-
grade tracer injection in area TF reveals a higher propor-
tion of retrogradely labeled cells in the deep layers of
areas 35, 36r, 36c, and TH, and an equal distribution of
retrogradely labeled cells in the deep and superficial lay-
ers of area TF. This finding suggests feedback projections
from areas 35, 36r, 36c, and TH to area TF, and associa-
tional or lateral projections within area TF. For each sub-
division of the perirhinal cortex (areas 36d, 35, 36r, and
36c), the SLN Index decreases as a function of the rostro-
caudal level of the injection of the retrograde tracer, i.e.,
the more rostral the injection, the higher the SLN Index
(Table 3). In other words, although these projections are
largely associational, there is a tendency for the projec-
tions from caudal (areas 36c or TF) to rostral (area 36r, in
particular its rostral portion) to be of the feedforward type,
and for the rostral (areas 36r and 36c) to caudal (area TF)
projections to be of the feedback type.

DISCUSSION

We have carried out a comprehensive analysis of the
intrinsic projections and interconnections of the macaque
monkey perirhinal and parahippocampal cortices. This
study has three main findings. First, the perirhinal and

parahippocampal cortices have extensive networks of in-
trinsic, associational projections that extend throughout
much of the rostrocaudal extent of these areas. These
projections tend to be organized in patches of heavy pro-
jections adjoined by zones with moderate to light projec-
tions. While the intrinsic, associational projections of the
perirhinal cortex are extensive through both its rostrocau-
dal and mediolateral extents, the intrinsic projections of
the parahippocampal cortex are more confined within the
boundaries of its different subdivisions (i.e., areas TH,
TFm, and TFl), showing a clear mediolateral topography.
Second, the heaviest interconnections between the
perirhinal and parahippocampal cortex are between area
36c and the rostral portions of areas TF. These connec-
tions are also largely associational and are highly recip-
rocal. Third, the laminar distribution of the cells originat-
ing these projections suggests that the rostral portions of
area 36 are at a higher hierarchical level than the more
caudal portions of area 36 and the parahippocampal cor-
tex. We discuss these findings in relation to those of pre-
vious studies of the intrinsic projections and interconnec-
tions of these areas in other species. We also discuss the
functional implications of the organization of these exten-
sive networks of intrinsic, associational projections.

Intrinsic projections of the perirhinal and
parahippocampal cortices

Perirhinal cortex. A comparison of the intrinsic pro-
jections of the perirhinal cortex across species reveals both
similarities and differences. A common characteristic is
the extensive network of intrinsic, associational projec-
tions oriented rostrocaudally. In the rat perirhinal cortex,
the intrinsic projections are distributed along the entire
rostrocaudal axis (Burwell and Amaral, 1998b). However,
unlike the monkey perirhinal cortex, the intrinsic projec-
tions of the rat perirhinal cortex exhibit a clear dorsoven-
tral (or mediolateral) topography such that dorsal area 36
(located laterally) projects heavily to ventral area 36 (lo-
cated medially) and ventral area 36 projects heavily to
area 35 (located further ventrally along the rhinal sulcus).
The return projections are substantially lighter, so that, in
the rat, the intrinsic perirhinal projections are not recip-
rocal in the dorsoventral (mediolateral) axis. Interest-
ingly, the perirhinal projections to the entorhinal cortex
arise preferentially in the relatively small area 35 (Bur-
well and Amaral, 1998b). The intrinsic projections of the
rat perirhinal cortex, thus, are organized to funnel infor-
mation into area 35, which, in turn, gives rise to the main
perirhinal projections to the entorhinal cortex. While the
intrinsic projections of the monkey perirhinal cortex are
extensive in the rostrocaudal axis, they do not show a
clear mediolateral topography. In the monkey, the perirhi-
nal projections to the entorhinal cortex originate from
throughout the perirhinal cortex (Suzuki and Amaral,
1994b). In the cat, the perirhinal cortex (areas 35 and 36)
forms a narrow strip of cortex that parallels the posterior
rhinal sulcus (Room and Groenewegen, 1986), and its
intrinsic projections are also organized in rostrocaudally
extended zones, spanning the entire area (Witter et al.,
1986). As in the monkey, there is no clear mediolateral
organization of the intrinsic projections of the perirhinal
cortex, and all areas of the cat perirhinal cortex project
equally to the entorhinal cortex. Thus, across species, the
existence or absence of mediolateral topography in the
organization of the intrinsic projections of the perirhinal
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cortex appears to be linked to, respectively, the focused or
distributed origins of perirhinal projections to the entorhi-
nal cortex.

Electrophysiological recordings in the in vitro slice prep-
aration of the guinea pig perirhinal cortex provide direct
support for the view that the prominent rostrocaudal
spread of the intrinsic perirhinal projections, observed in
rats, cats, and monkeys, constitute the neuroanatomical
substrate for the integration of neocortical inputs reach-
ing various rostrocaudal levels of this cortex. Indeed, ac-
tivation of a point source in the neocortex elicits synaptic
responses in excitatory regular spiking neurons located
throughout the entire rostrocaudal extent of the perirhi-
nal cortex (Martina et al., 2001). Interestingly, neocortical
inputs also recruit perirhinal inhibitory interneurons lo-
cated at the same transverse level, limiting the depolar-
ization of principal perirhinal cells. These findings suggest
that rostrocaudally oriented, intrinsic perirhinal path-
ways (i.e., longitudinally projecting neurons) produce

these excitatory responses (Martina et al., 2001). The na-
ture of these widespread excitatory and restricted inhibi-
tory responses, including the neurotransmitters, synaptic
contacts and cell types involved, as well as their relation-
ship to the mnemonic response properties of these areas,
have yet to be determined. From a declarative memory
perspective, however, the intrinsic, associational connec-
tions of the perirhinal cortex must enable significant con-
vergence and integration of unimodal and polymodal inputs,
so that only highly integrated information reaches the hip-
pocampal formation, via the entorhinal cortex.

Parahippocampal cortex. The monkey parahip-
pocampal cortex exhibits extensive rostrocaudally ori-
ented, associational projections that show a clear medio-
lateral topography following the boundaries of its
subdivision (Fig. 7). In contrast, the intrinsic projections
of the rat postrhinal cortex, considered homologous to the
monkey parahippocampal cortex (Burwell et al., 1995;
Burwell, 2001), do not exhibit any clear cut topography

Fig. 3. Unfolded maps of the perirhinal and parahippocampal corti-
ces representing the topographic organization of anterograde termi-
nal labeling after discrete anterograde tracer injections (Phaseolus
vulgaris-leucoagglutinin [PHA-L], biotinylated dextran amine [BDA],
Fluoro-Ruby [FR], and Fluoro-Emerald [FE]) in these cortices. Differ-
ent shades of gray represent different intensities of labeling: light
gray, low labeling; medium gray, moderate labeling; dark gray, heavy
labeling; black, injection site. A: M-22-00 PHA-L, injection in layer VI
of area 36d. B: M-22-00 BDA, injection in layers V–VI of area 36d.
C: M-12-00 BDA, injection in layer III of area 36rml. D: M-19-00
PHA-L, injection in layer III of area 36rl. E: M-10-99 BDA, injection
in layer VI of area 36rl. F: M-10-99 PHA-L, injection in layers V–VI of
area 36rm. G: M-12-00 PHA-L, injection in layers II–V of area 36rl.
H: M-07-98, injection in layer VI or area 36rl. I: M-04-97, injection in

layers II–VI of area 36rm; the lettering I1–I6 represent the levels of
the coronal sections illustrated in Figure 5. J: M-05-97, injection in
layers III–V of area 36rl. K: M-11-98, injection in layers V–VI of area
36cml. L: M-19-00 BDA, injection in layers IV–VI of area 36cm.
M: M-06-98 FR, injection in layers II–V of area TFl. N: M-09-98 FR,
injection in layers II–VI of area TFl; the lettering N1–N6 represent
the levels of the coronal sections illustrated in Figure 5. O: M-10-98,
injection in layers III–IV of area TFl. P: W-14-00 BDA: injection in
layers III–VI of area TFm. Q: M-10-99 FR: injection in layers III–VI
of area TFm. R: M-12-00 FE, injection in layers II–IV of area TFm.
S: M-15-98, injection in layers IV–VI of area TH. T: W-07-98, injection
in layers III–V of area TH. U: M-19-00 FR, injection in layers III–VI
of area TH. Scale bars � 2 mm in A,G,M,S (applies to A–U).
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(Burwell and Amaral, 1998b). These differences in the
organization of intrinsic, associational connections might
reflect the different organization of cortical inputs reach-
ing these cortices in the two species. The heaviest projec-
tions to the rat postrhinal cortex originate in visual asso-
ciation cortex and visuospatial areas (Burwell and
Amaral, 1998a), whereas the monkey parahippocampal
cortex receives, in addition, heavy projections from poly-

modal association areas, such as the retrosplenial cortex
and the dorsal bank of the superior temporal sulcus (to
area TF), and from auditory association areas in the su-
perior temporal gyrus (to area TH; Suzuki and Amaral,
1994a). The segregation of cortical inputs reaching vari-
ous subdivisions of the monkey parahippocampal cortex,
thus, is at least partially maintained by its intrinsic pro-
jections. In contrast, the absence of clear topography in

Fig. 4. AA-A to AA-D: Unfolded maps of the perirhinal and para-
hippocampal cortices, representing the topographic organization of
anterograde terminal labeling after 3H-AA anterograde tracer injec-
tions in these cortices. AA-A: M-6-92, 3H-AA injection in area 36r.
AA-B: M-12-91, 3H-AA injection in area 36r/c. AA-C: M-6-91, 3H-AA
injection in area 36r/c. AA-D: M-14-91, 3H-AA injection in area TF.
Different shades of gray represent different intensities of labeling:
Light gray, low labeling; medium gray, moderate labeling; dark gray,
heavy labeling; black, injection site. AA-E to AA-H: Unfolded maps of
the perirhinal and parahippocampal cortices, representing the topo-

graphic organization of anterograde and retrograde labeling after
anterograde and retrograde tracer injections in these cortices. AA-E:
M-15-98, 3H-AA/WGA-HRP injection in area 36r. AA-F: M-7-91,
3H-AA and FB injections in area 36r/c. AA-G: M-8-91, 3H-AA and FB
injections in area 36c. AA-H: M-2-90, 3H-AA and DY injections in area
TF. Black, anterograde and retrograde labeling; green, anterograde
labeling only; red, retrograde labeling only; blue, 3H-AA injection site;
yellow, FB/DY injection site. WGA-HRP, wheat germ agglutinin con-
jugated to horseradish peroxidase; FB, Fast Blue; DY, Diamidino
Yellow. Scale bar � 2 mm in AA-H (applies to AA-A to AA-H).
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the organization of the intrinsic connectivity of the rat
postrhinal cortex reflects the relatively homogeneous cor-
tical inputs reaching this area. The distinct organization
of the intrinsic projections of the rat postrhinal cortex and
the monkey parahippocampal cortex, thus, might underlie
fundamental species differences in the type of information
processing subserved by these two related structures.
These findings provide further support for the use of dif-
ferent nomenclature to describe these homologous areas
in rodents and primates (Burwell et al., 1995; Burwell,
2001).

Reciprocity of the projections and
hierarchical relationship between the

perirhinal and parahippocampal cortices

The intrinsic projections and interconnections of the
monkey perirhinal and parahippocampal cortices are
characterized by their high level of reciprocity, i.e., if a
region sends projections to a particular area, it also re-
ceives projections from that area (Figs. 3, 4, 7; Table 2).
Earlier studies using retrograde tracing techniques sug-
gested that the projections from the parahippocampal cor-
tex to the perirhinal cortex were more robust than the
return projections (Suzuki and Amaral, 1994a). However,
the present analysis provides a more complete picture of
the interconnections between these two related regions.
Area 36r has only light to moderate projections to the
anterior portions of the parahippocampal cortex, and the
relative strength and topography of these projections are
reciprocal. Area 36c has the heaviest reciprocal projec-
tions with the anterior aspect of the parahippocampal
cortex and moderate to light reciprocal projections with
the caudal portion of the parahippocampal cortex. In this
way, area 36c serves as the major interface for communi-
cation between the perirhinal and parahippocampal cor-
tices. This organization has similarities with the pattern
of perirhinal–postrhinal interconnections observed in the
rat (Burwell and Amaral, 1998b). The rostral portion of
the rat postrhinal cortex has the strongest projections to
dorsal area 36 (located laterally) and these projections are
reciprocal. Thus, dorsal area 36 in rats, like area 36c in
monkeys, may serve as the interface for communication
between the perirhinal cortex and the caudally adjacent
parahippocampal or postrhinal cortex.

Based on anterograde tracer experiments, the intrinsic
projections and the interconnections of the monkey
perirhinal and parahippocampal cortices are typical of
associational connections (Barbas and Rempel-Clower,
1997). Terminal labeling is distributed throughout the
different layers of the perirhinal and parahippocampal
cortices, and this termination pattern does not vary as a
function of the layer(s) of origin of the projections (Fig. 5;
Table 1). However, quantitative evaluation of the distri-
bution of retrogradely labeled cells in the superficial vs.
deep layers after retrograde tracer injections suggests
that the projections from caudal areas (36c and TF) to
rostral areas (36r) are of the feedforward type, whereas
the rostral (areas 36r and 36c) to caudal (area TF) projec-
tions are of the feedback type (Table 3; Fig. 6). These
results suggest that areas 36r and 36c are at a higher
hierarchical level than the parahippocampal cortex. In the
rat, analysis of these connections also suggested that,
while the projections from postrhinal cortex to perirhinal
cortex exhibit characteristics of a lateral pathway, the

perirhinal projections to the postrhinal cortex exhibit
characteristics of a feedback pathway (Burwell and Ama-
ral, 1998b). Thus, findings from both monkeys and rats
provide support for the idea that the perirhinal cortex is at
a higher level than the parahippocampal cortex in the
hierarchy of associational cortices within the medial tem-
poral lobe.

Intrinsic projections of area 36d:
a special case

The results of our anterograde and retrograde tracer
injections indicate that area 36d has relatively few inter-
connections with the rest of the perirhinal cortex or the
parahippocampal cortex. Only the most ventral portion of
area 36d, close to the border with area 36r, sends projec-
tions to rostral portions of area 36r. These limited projec-
tions make area 36d unique among the subdivisions of the
perirhinal cortex. Based on these connectivity data, only
the ventral one third of area 36d is linked to the rest of the
perirhinal cortex, whereas the dorsal two thirds of 36d is
not. Although findings from analysis of SMI-32 staining
showed that the staining characteristics of area 36d are
identical to those seen through the rest of the perirhinal
cortex (Suzuki and Amaral, 2003), the intrinsic projec-
tions, taken together with other differences in the organi-
zation of cortical connectivity (Suzuki and Amaral,
1994a), suggest that the inclusion of area 36d with the
remainder of the perirhinal cortex is still provisional.

Functional implications

The organization of the intrinsic projections of the
perirhinal and parahippocampal cortices has important
functional implications for the mnemonic (Suzuki, 1996b;
Brown and Aggleton, 2001; Eichenbaum, 2001) and puta-
tive perceptual (Buckley et al., 2001; Murray and Rich-
mond, 2001; Bussey and Saksida, 2002) processes that
may be carried out by these cortices. Our findings, indeed,
help to characterize the neuroanatomical constraints de-
fining the type of information processing that may take
place both within and between these two related struc-
tures of the medial temporal lobe.

Integration of cortical inputs. The organization of
the intrinsic connections of the perirhinal and parahip-
pocampal cortices is consistent with the organization of
the cortical afferents to these two cortices. The cortical
afferents to the perirhinal cortex do not show any obvious
topography; all perirhinal subdivisions receive similar cor-
tical inputs from temporal, insular, and frontal areas (one
exception is the projection from the parahippocampal cor-
tex, which is heaviest to area 36c). Accordingly, the intrin-
sic connections of the perirhinal cortex are not restricted
to any particular cytoarchitectonic subdivision and spread
both rostrocaudally and mediolaterally into all other sub-
divisions (except for 36d). In contrast, each subdivision of
the parahippocampal cortex receives quite distinct cortical
inputs (Suzuki and Amaral, 1994a). Area TH receives
strong auditory input from the superior temporal gyrus
and little or no direct visual input, whereas area TFm is
distinguished by strong visual inputs from areas TEO and
V4, and inputs from the retrosplenial cortex and the dor-
sal bank of the superior temporal sulcus. Area TFl has
similar inputs to area TFm, but receives stronger inputs
from posterior parietal areas 7a and LIP. These various
inputs may retain some of their distinctiveness, because
the intrinsic connections of the parahippocampal cortex
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Fig. 5. Line drawings of terminal labeling in the perirhinal and
parahippocampal cortices after discrete anterograde tracer injections
in these cortices. These drawings illustrate the typical patches of
heavy projections adjoined by areas with lighter projections observed
for the intrinsic projections and interconnections of the perirhinal and
parahippocampal cortices. I: Case M-04-97, Phaseolus vulgaris-
leucoagglutinin (PHA-L), injection in layers II–VI of area 36rm injec-
tion. I1–I6 illustrate terminal labeling at different rostrocaudal levels
as indicated in Figure 3 (I3 is at the level of the injection site).

Moderate labeling through all layers, with heavier patchy labeling
directed toward the superficial layers of areas 35, 36rm, and 36rl.
N: Case M-9-98, Fluoro-Ruby (FR) injection in layers II–VI of area
TFl. N1–N6 illustrate terminal labeling at different rostrocaudal lev-
els as indicated in Figure 3 (N4 is at the level of the injection site).
Moderate labeling through all layers, with heavier patchy labeling
directed toward the superficial layers of areas TFl, TFm, and 36c.
Scale bar � 1 mm in I1 (applies to I1–N6).



Figure 5 (Continued)
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show a clear mediolateral topography; they remain heavi-
est within each subdivision and spread most heavily along
their rostrocaudal axes. The existence of moderate to light
projections between parahippocampal subdivisions, how-
ever, enables significant integration of distinct cortical
inputs reaching these areas. Area TFm, therefore, might
be one of the first places in the temporal lobe where
auditory information reaching area TH and spatial infor-
mation reaching area TFl are integrated. Although the
intrinsic parahippocampal projections maintain a certain
segregation of the distinct neocortical inputs reaching its
different subdivisions, the presence of such dense net-
works of associational projections must enable substantial
integration of information, before it is transmitted to the
entorhinal cortex or sent back to the neocortex.

The perirhinal and parahippocampal cortices, taken to-
gether, constitute the major sources of cortical input to the
monkey entorhinal cortex. Their patterns of feedforward
connections reaching the entorhinal cortex differ signifi-
cantly, however, with the perirhinal cortex projections
terminating in the rostral two thirds of the entorhinal
cortex and the parahippocampal cortex projections termi-
nating in the caudal two thirds (Suzuki and Amaral,
1994b). The perirhinal and parahippocampal cortices re-
ceive feedback efferent projections from the entorhinal
cortex that largely reciprocate the input pathways (Van
Hoesen, 1982; Suzuki and Amaral, 1994b). The degree of
reciprocity of the interconnections of the entorhinal cortex
with the perirhinal and parahippocampal cortices, how-
ever, differs slightly. The parahippocampal/entorhinal
connections have a high degree of reciprocity, so that the
caudal entorhinal cortex mainly projects to the parahip-
pocampal cortex. In contrast, the degree of reciprocity of
the perirhinal/entorhinal interconnections varies depend-
ing on the mediolateral position within the perirhinal
cortex; medial portions of the perirhinal cortex exhibit a
higher degree of reciprocity than the lateral portion. Over-
all, however, one can consider the projections between the
entorhinal cortex and the perirhinal and parahippocam-
pal cortices to be largely reciprocal.

Hierarchical relationship. The perirhinal and para-
hippocampal cortices are generally considered together as
the main interface for communication between the neocor-
tex and the hippocampal formation. Although they have
distinct interconnections with the neocortex and the hip-
pocampal formation (Suzuki and Amaral, 1994a, b;
Lavenex et al., 2002), they are rightly placed at the same
hierarchical level and represent the first stage for the flow
of information within the neocortical–hippocampal loop
subserving memory consolidation (Lavenex and Amaral,
2000). Following criteria used in studies of connections
between distant cortical areas (Barbas, 1986; Felleman
and Van Essen, 1991; Barbas and Rempel-Clower, 1997;
Rockland, 1997; Batardiere et al., 1998), the interconnec-
tions between the perirhinal and parahippocampal corti-
ces are largely associational. Our detailed studies of their
interconnections, however, suggest that the perirhinal
and parahippocampal cortices are at different hierarchical
levels relative to each other. The perirhinal cortex (espe-
cially its most rostral portions) is higher than the para-
hippocampal cortex in the hierarchy of associational con-
nections within the temporal lobe. This hierarchy might
have significant implications for the interaction between
these two cortices and their role in memory processing.
Indeed, cortical inputs reaching the parahippocampal cor-

tex might be relayed in a feedforward manner toward the
perirhinal cortex and be integrated with other cortical
inputs reaching this area. In contrast, the perirhinal cor-
tex might only exert a modulatory influence on the com-
putational processes taking place in the parahippocampal
cortex through feedback projections. Our current analyses
are only suggestive and combined neuroanatomical and
electrophysiological studies will be necessary to character-
ize the neural computing processes performed within
these areas.

Patches and function. The organization of the intrin-
sic projections of the monkey perirhinal and parahip-
pocampal cortices differs markedly from that observed in
the laterally adjacent area TE (a unimodal visual associ-
ation area that provides the largest input to the perirhinal
cortex) and in the medially adjacent entorhinal cortex (a
memory-related area that receives its major inputs from
the perirhinal and parahippocampal cortices). In the dor-
sal part of area TE, intrinsic projections are organized in
discrete 500-�m-wide columns (Fujita and Fujita, 1996),
which may be related to functional units within this area
(Fujita et al., 1992). In the entorhinal cortex, in contrast,
intrinsic connections are organized in three rostrocaudally
oriented bands of continuous projections that do not ex-
hibit any columnar or patch-like organization (Chrobak
and Amaral, unpublished observations), an organization

TABLE 2. Reciprocity of the Projections Between the Main Subdivisions of
the Perirhinal and Parahippocampal Cortices1

Case
subdivision

Number of columns with labeling
Reciprocity

index
Injection

sitesDouble Anterograde Retrograde

M-15-98 (36r)
36d 4 0 4 �0.33
35 27 5 3 0.03
36r 95 25 11 0.06 A and R

in 36r
36c 37 0 2 �0.03
TF 18 1 18 �0.31
TH 0 0 0 N/A
Total 181 31 38 �0.02

M-7-91 (36r/c)
36d 1 0 5 �0.71
35 47 0 7 �0.07
36r 77 0 36 �0.19 R in 36r
36c 48 0 1 �0.01 A in 36c
TF 70 20 3 0.10
TH 0 0 6 �1.00
Total 243 20 58 �0.07

M-8-91 (36c)
36d 0 0 4 �1.00
35 14 1 5 �0.12
36r 58 8 23 �0.10
36c 33 0 0 0.00 A and R

in 36c
TF 79 50 7 0.20
TH 12 2 7 �0.15
Total 196 61 46 0.03

M-2-90 (TF)
36d 0 13 0 1.00
35 4 7 18 �0.33
36r 23 14 24 �0.12
36c 29 7 2 0.07
TF 85 2 2 0.00 A and R

in TF
TH 25 4 3 0.02
Total 166 47 49 0.00

1Reciprocity index � ((A � D)/(A � R � 2D)) � ((R�D)/(A�R�2D)). Variables in the
equation are as follows: A, number of cortical columns (from the unfolded maps, Fig. 4)
with anterograde labeling; R, number of columns with retrograde labeling; D, number
of columns with both anterograde and retrograde labeling. The value of the index can
vary from �1 (only retrograde labeling) to �1 (only anterograde labeling). An index
value of 0 indicates an equal number of columns containing anterograde labeling and of
columns containing retrograde labeling in the same cortical area, i.e., highly reciprocal
connections (at the area-to-area level). Values in italics represent index values for areas
with a total of less than 10 columns with labeling (either anterograde or retrograde).
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similar to that observed in the rat (Dolorfo and Amaral,
1998). The precise and circumscribed intrinsic projections
of area TE and the continuous network of associational
projections of the entorhinal cortex might reflect the dif-
ferent roles of these areas in visual perception and asso-
ciative memory, respectively. The occurrence of a contin-
uous network of intrinsic projections adjoining large
patches of heavy projections likely underlie distinct func-
tion(s) carried out by the perirhinal cortex.

Another interesting difference is between the organiza-
tion of the intrinsic connections of the perirhinal and
parahippocampal cortices and that of other memory-
related, polymodal association areas in the prefrontal cor-
tex. In areas 46 and 9 of the prefrontal cortex, intrinsic
connections are organized in parallel and elongated 250-
�m-wide stripes, which may represent the basic func-
tional units of these areas (Pucak et al., 1996; Melchitzky
et al., 2001). Reverberating excitatory circuits, formed by

Fig. 6. Laminar distribution of retrogradely labeled cells after
retrograde tracer injections in the perirhinal or parahippocampal
cortices. The SLN (supragranular layer neurons) Index (Corrected)
provides a numerical estimate of the laminar organization of retro-
gradely labeled cells. It takes into account the variations in surface
area between the deep and superficial layers that derive form the
curvature of the cortex (i.e., the surface area of the deep layers is

greater than the surface area of the superficial layers in sulci,
whereas the surface area of the deep layers is smaller than the surface
area of the superficial layers in the gyri). SLN Index (Corrected) �
((Sr/As)/(Sr/As�Dr/Ad)), where Sr is the number of retrogradely la-
beled cells in the superficial layers, As is the total surface area of the
superficial layers, Dr is the number of retrogradely labeled cells in the
deep layers, and Ad is the total surface area of the deep layers.

TABLE 3. Laminar Distribution of Retrogradely Labeled Cells in the Perirhinal and Parahippocampal Cortices1

Subdivision
Injection
site

36d 35 36r 36c TF TH

Deep Sup Deep Sup Deep Sup Deep Sup Deep Sup Deep Sup

M-15-98 (36r)
Nbr cells 34 110 29 220 552 2596 780 3396 265 488 0 0
SLN Index 0.76 0.88 0.83 0.81 0.65 —
SLN Corr 0.74 0.94 0.77 0.75 0.61 —

M-7-91 (36r/c)
Nbr cells 8 16 767 606 2284 3812 1697 2064 1061 1142 22 21
SLN Index 0.67 0.44 0.63 0.55 0.52 0.49
SLN Corr 0.56 0.53 0.54 0.47 0.44 0.46

M-8-91 (36c)
Nbr cells 12 1 372 191 1039 2201 902 1082 1365 1647 132 3
SLN Index 0.08 0.34 0.68 0.55 0.55 0.02
SLN Corr 0.07 0.35 0.58 0.43 0.41 0.01

M-2-90 (TF)
Nbr cells 0 0 79 16 152 63 656 203 2992 2752 50 11
SLN Index — 0.17 0.29 0.24 0.48 0.18
SLN Corr — 0.20 0.20 0.20 0.46 0.19

1Deep: deep layers, including layers IV, V and VI. Sup: superficial layers including layers I, II and III. Nbr cells: number of retrogradely labeled cells. SLN Index: proportion of
labeled cells in the superficial layers: (Nbr of cells in superficial layers)/((Nbr of cells in superficial layers)�(Nbr of cells in the deep layers)). SLN Corr: proportion of labeled cells
in the superficial layers corrected for areal differences between the deep and superficial layers: (Nbr of cells in superficial layers/total area of superficial layers)/((Nbr of cells in
superficial layers/total area of superficial layers)�(Nbr of cells in the deep layers/total area of deep layers)). The value of the SLN Index or SLN Corr can vary from 0 (retrogradely
labeled cells in the deep layers only) to �1 (retrogradely labeled cells in the superficial layers only). An index value of 0.5 indicates an equal distribution of labeled cells in the deep
and superficial layers, i.e., associational or lateral connections (see also Fig. 6).
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Fig. 7. Diagrammatic summary of the organization of the intrinsic
projections and interconnections of the perirhinal and parahippocam-
pal cortices. Different shades of gray represent different intensities of
labeling: dark gray, heavy projections; medium gray, moderate pro-
jections; light gray, light projections; white, no projections. The patchy
organization of these projections illustrated in Figure 5 is not repre-
sented here. A: Area 36d has strong projections within itself and only
the ventral one third of 36d has light projections to the rostral portion
of area 36r. B: Area 36r has strong projections within itself, moderate
projections to area 36c and 35, and light projections to the ventral one
third of area 36d, as well as to the rostral portion of areas TFm and

TFl. C: Area 36c is the main interface for communication between the
perirhinal and parahippocampal cortices. It has heavy projections
within itself, heavy to moderate projections to areas 36r, TFm, and
TFl (in particular their rostral extent), and moderate projections to
area 35. D: Area TFl has strong projections within itself, moderate
projections to areas TFm and 36c, and light projections to areas TH,
36r and 35. E: Area TFm has heavy projections within itself, moderate
projections to areas TH, TFl and 36c, and light projections to area 36r
(limited to its caudal extent). F: Area TH has heavy projections within
itself, moderate projections to areas TFm and 36c, and light projec-
tions to areas TFl and 36r.
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intrinsic connections between neurons within a stripe,
may underlie the sustained delay activity thought to rep-
resent the neural substrate for the temporary mainte-
nance of information in working memory (Goldman-Rakic,
1995; Pucak et al., 1996). The patches adjoined by the
continuous network of associational connections observed
in the perirhinal and parahippocampal cortices suggest
very different functional units for the intrinsic networks
contributing to mnemonic functions in these areas.

Finally, perirhinal neurons have been shown to be se-
lectively responsive to various aspects of visual stimuli
and exhibit specific long-term memory attributes in visual
memory tasks. In visual-paired association tasks, re-
sponses of perirhinal neurons represent the long-term as-
sociative memory between two individual visual stimuli
(Higuchi and Miyashita, 1996). Interestingly, after exten-
sive training, neurons selective to learned pictures are
localized in focal patches, termed “hotspots,” in the
perirhinal cortex (Yoshida et al., 2003). Using retrograde
tracers, Miyashita and colleagues showed that feedfor-
ward projections from area TE to these hotspots in the
perirhinal cortex were less divergent compared with im-
mediately adjacent locations of the perirhinal cortex,
which contained nonselective neurons. They suggested
that this decrease in divergent projections resulted from
the acquisition of visual long-term memory, through re-
traction of the projecting axon collaterals. Our current
results suggest that the extensive network of intrinsic
connections may be another factor shaping the organiza-
tion of the pair-coding responses in the perirhinal cortex.
Although these authors did not examine the organization
of the intrinsic perirhinal connections, one prediction
might be that the intrinsic connections of these hotspots
might be strengthened relative to areas containing nonse-
lective neurons. It will be important to examine the role of
the intrinsic projections in shaping long-term physiologi-
cal responses in the perirhinal cortex.
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