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Abstract

Available evidence suggests there is functional differentiation among hippocampal and
parahippocampal subregions and along the dorsoventral (septotemporal) axis of the hippocampus.
The aim of this study was to characterize and compare the efferent and afferent connections of
perirhinal areas 35 and 36, postrhinal cortex, and the lateral and medial entorhinal areas (LEA and
MEA) with dorsal and ventral components of the hippocampal formation (dentate gyrus,
hippocampus cornu ammonis fields, and subiculum) as well as the presubiculum, and the
parasubiculum. The entorhinal connections were also characterized with respect to the LEA and
MEA dentate gyrus-projecting bands. In general, the entorhinal connections with the hippocampal
formation are much stronger than the perirhinal and postrhinal connections. The entorhinal cortex
projects strongly to all components of the hippocampal formation, whereas the perirhinal and
postrhinal cortices project weakly and only to CA1 and the subiculum. In addition, the postrhinal
cortex preferentially targets the dorsal CA1 and subiculum, whereas the perirhinal cortex targets
ventral subiculum. Similarly, the perirhinal cortex receives more input from ventral hippocampal
formation structures and the postrhinal cortex receives more input from dorsal hippocampal
structures. The LEA and the MEA medial band are more strongly interconnected with ventral
hippocampal structures, whereas the MEA lateral band is more interconnected with dorsal
hippocampal structures. With regard to the presubiculum and parasubiculum, the postrhinal cortex
and the MEA lateral band receive stronger input from the dorsal presubiculum and caudal
parasubiculum. In contrast, the LEA and MEA medial bands receive stronger input from the
ventral presubiculum and rostral parasubiculum.
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1. Introduction

The importance of the hippocampus to learning and memory was recognized with the
ground breaking case of H.M. [1]. H.M.’s profound amnesia led to a preponderance of
studies exploring the nature of hippocampal contributions to memory. Whereas early studies
focused on the hippocampus itself, over time the field has expanded to include surrounding
areas, now collectively termed the hippocampal system (Figure 1 and Figure 2A). According
to one nomenclature, the hippocampal system includes the hippocampal formation and the
parahippocampal region [2]. The hippocampal formation includes the dentate gyrus (DG),
hippocampus proper (comprising fields CA3, CA2, and CA1), and the subiculum. The
parahippocampal region includes the perirhinal (PER), postrhinal (POR), entorhinal,
presubicular, and parasubicular cortices. Although some of these regions have received more
attention in the literature than others, most experts now agree that structures beyond the
hippocampus contribute in some fashion to episodic memory [3, 4].

Anatomical and behavioral results suggest the existence of two streams of information that
converge in the hippocampus [5-7]. According to this widely accepted view, one stream
conveys information about individual objects or items from the PER to the hippocampus
through the lateral entorhinal area (LEA). The second stream conveys spatial and contextual
information from the POR to the hippocampus through the medial entorhinal area (MEA).
Consistent with the origin of the inputs converging in the PER and POR cortices,
experimental lesion and electrophysiological studies show that these regions preferentially
process information about objects and space, respectively [8-11].

1.1. Functional differentiation in the hippocampal formation

Among hippocampal formation structures, there is considerable evidence for functional
differentiation [reviewed in 12, 13], even in the human hippocampus [14]. Although a full
discussion is beyond the scope of this report, there is evidence that different structures
contribute differently to the processing of spatial information. Experimental lesion studies of
component structures indicate that damage to CA3, but not DG or CAL, impairs associative
learning when spatial elements are part of the information to be learned [15, 16]. CA3 is also
implicated in temporal processing of information when there is a spatial component [17].
Other work suggests that DG supports pattern separation of space and context and
associations among sensory inputs with a spatial component [12, 18, 19]. CAL, however,
supports temporal pattern separation and arbitrary associations with a temporal component
[18, 20]. There is also evidence from electrophysiological studies that the behavior of CAl
and CA3 ensembles and place fields can be dissociated [21-24].

In addition to regional differences in function, there is functional specialization along the
septotemporal or dorsoventral axis of the hippocampal formation [reviewed in 25]. Lesions
of the dorsal hippocampus are associated with deficits in spatial processing [26]; whereas
lesions of the ventral hippocampus are associated with impairments in emotional processing
and conditioning [27, 28]. Rogers et al, [29] examined this issue more closely in CA1 using
trace fear conditioning. Damage to either dorsal or ventral CA1 caused deficits in contextual
freezing, but effects of ventral damage were more severe. In addition, effects of damage to
ventral CA1 suggested a role in retention of trace fear conditioning. Analysis of Arc
expression associated with spatial and nonspatial object recognition provided evidence that
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dorsal CA1 is recruited after exposure to novel objects and novel object locations, whereas
ventral CA1 is recruited primarily after exposure to novel locations [30]. Arcexpression in
dorsal and ventral CA3 was similar following exposure to novel objects and locations.
Finally, there are dorsal vs. ventral differences in properties of theta oscillations and in
spatial firing characteristics of place fields [31-33].

Although the hippocampus has been more extensively studied, there is evidence that the
subiculum, in the hippocampal formation, and the presubiculum and parasubiculum, in the
parahippocampal region, also contribute to learning and memory and other cognitive
functions, e.g. object recognition, spatial processing, and affective function [34-37]. The
subiculum also exhibits functional differentiation along the dorsoventral axis with dorsal
subiculum contributing to processing spatial information and ventral subiculum contributing
to affective functions [reviewed in 38].

1.2. Connections among hippocampal and parahippocampal structures

There are prior descriptions of connections among hippocampal and parahippocampal
structures [reviewed in 39, 40, 41]. The entorhinal connections with hippocampal formation
structures have been most thoroughly studied, especially the topography of the entorhinal
projections to the DG and CA fields [42—-45]. Steward and Scoville [46] first reported that
the entorhinal projections to the DG and CA3 arose in layer Il and that the projections to
CALl and subiculum arose in layer I11. A number of studies have since addressed the
entorhinal connections with CAL1 and subiculum in greater detail [e.g. 44, 47-49].

There is neuroanatomical differentiation along the dorsoventral axis of the hippocampus
proper [42, 50, 51]. Analysis of retrograde tract tracer injections along the dorsoventral axis
of the DG, revealed that injections in the dorsal half of the DG labeled cells that occupied
layer Il of the most lateral part of the LEA and the most caudomedial part of the MEA [42].
This area was termed the lateral band (Figure 2B). Injections into the third dorsoventral
quarter of the DG resulted in labeled layer 1 cells in a strip of entorhinal cortex lying
adjacent to the lateral band, termed the intermediate band. Injections into ventral quarter of
the DG resulted in labeled layer 1l cells in the medial aspect of the lateral entorhinal area and
as well as the rostral and medial aspect of the medial entorhinal area, a region termed the
medial band. A followup study determined that the intrinsic projections of the entorhinal
cortex were related to the DG-projecting bands of origin [52]. Local connections of
projection cells located in the lateral band were found to terminate in the lateral band,
spanning the LEA and MEA. The same was true for the intermediate and medial bands, and
this was the case whether injection sites were confined to deep or superficial layers. Thus,
entorhinal cells that project to the dorsal DG are not interconnected with cells that project to
the ventral DG, suggesting that information processing in different components of the
entorhinal-hippocampal circuitry can proceed somewhat independently. The relative
strength of the return projections to the different bands has not been addressed.

Neither the POR nor the PER projects directly to the DG or to CA3 [43, 51, 53, 54]. Prior
studies have provided evidence that the PER projects to the CA1 and that both PER and
POR are reciprocally connected with the subiculum [51, 54]. Whether the POR also projects
directly to the CA1 and the relative strengths of these connections has not been thoroughly
documented.

Given the functional and anatomical differentiation in the hippocampal formation and along
the dorsoventral axis, it would be useful to directly compare connections of the PER, POR,
LEA, and MEA with dorsal and ventral components of the hippocampal formation as well as
with dorsal and ventral presubiculum and rostral and caudal parasubiculum. The present
study examined these connections using quantitative and semiquantitative methods. We also
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examined LEA and MEA connectivity with respect to the lateral, intermediate, and medial
DG-projecting bands.

2. Materials and methods

2.1. Subjects

Forty-six male Sprague-Dawley rats, aged 2—-3 months and weighing between 300-400g at
the time of surgery served as subjects; anatomical data from some of these cases has been
described in previous experiments [55, 56]. Subjects were initially housed in groups of 2—-4
under standard 12:12 hr light:dark conditions and given ad /ibitum access to food and water.
Postoperatively, all animals were housed individually so as not to jeopardize sutures in the
scalp wound. Methods involving the use of live laboratory rats conformed to NIH guidelines
and were approved by the appropriate institutional care and use committee.

2.2. Surgery

Surgery procedures were as previously reported [55, 56]. Briefly, animals were
anaesthetized with injectable or gas anesthesia and secured in a stereotaxic apparatus (Kopf,
Tujunga, CA). An incision was made in the scalp and the connective tissue was retracted.
Using a dental drill, craniotomies were made in the skull dorsal to the intended injection
sites. A small incision was then made in the dura to allow insertion of the micropipette
without breakage. Each subject received from one to three injections of anterograde and/or
retrograde tract tracers. Thirty-four rats received a single injection. Twelve rats received two
retrograde tracer injections in the same hemisphere in two different regions. Two of those
twelve rats also received an anterograde injection in the opposite hemisphere. Coordinates of
the intended cortical targets were taken from Paxinos and Watson (1998).

The anterograde tracers, biotinylated dextran amine (BDA) or Phaseolus vulgaris-
leuccoagglutinin (PHA-L), were delivered to either the PER (n=10), POR (n=5), LEA (n=8)
or MEA (N=6). BDA was prepared as a 10% solution in 0.1 M phosphate buffered saline
(PBS). PHA-L was prepared as a 2.5% solution in 0.1 M PBS. Tracers were injected through
the glass micropipettes using iontophoresis with 8 min of positive DC current (4 pamps; 8
seconds on, 8 seconds off). Micropipettes had an average tip diameter of 4-5 pm.

The retrograde tracers (Dr. Illing GmbH and Co., Gross Umstadt, Germany) Diamidino
Yellow (DY) or Fast Blue (FB) were injected to either the PER (n=11), POR (n=6), LEA
(n=8), and MEA (n=6). Diamidino Yellow was prepared in a 2% solution in distilled water
and FB was prepared in a 3% solution in distilled water. Tracers were pressure injected
through a glass micropipette, with a tip diameter ranging from 60-90 um [57].

Following the injection procedure, the wound was sutured, and the animal was visually
monitored, periodically, for several hours. Once subjects were awake and had demonstrated
the righting reflext, they were returned to the colony for a variable survival period
depending on the tracers injected. Survival was 7-9 days for retrograde tracers and most
anterograde tracers. A few animals (5) injected with BDA, only, were allowed to survive
10-14 days, labeling in these cases did not differ from other cases. Injection site size was
quantified, but size of the injection site was not a reliable indicator of success of transport.

2.3. Tissue processing

Subjects were deeply anesthetized with either a 35% solution of chloral hydrate or an
intraperitoneal injection of Beuthanasia (Schering-Plough, Kenilworth, NJ). Animals were
transcardially perfused using a pH shift protocol; all solutions were perfused at a flow rate of
35-40 ml/minute [58]. An initial two-minute perfusion of 23°C saline was followed by 10
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min of 4% paraformaldehyde in 0.1 M sodium acetate buffer (pH 6.5 at 4°C) and 15 min of
4% paraformaldehyde in 0.1 M sodium borate buffer (pH 9.5 at 4°C). Ice was packed
around the subject’s head to cool the brain throughout the perfusion procedure. The brains
were removed from the skull, postfixed for 6 hours in the final fixative and cryoprotected for
24 hours in 20% glycerol in 0.02 M potassium phosphate buffered saline (KPBS, pH 7.4 at
4°C). The brains were either frozen and stored at —70°C or frozen for immediate sectioning.

Brains were cut into five series of 30 pum sections on a freezing microtome. Sectioning

began at the rostral limit of the prefrontal cortex and extended through the caudal pole of the
neocortex. Two of the 1:5 series were used for retrograde or anterograde tracer processing.
A third series was mounted and stained for Nissl using thionin. The remaining two series
were either used for other procedures or were stored at —70°C in cryoprotectant consisting of
30% ethylene glycol and 25% glycerol in sodium phosphate buffer [for details, see 58].

2.4. Reagents

2.4.1. Anterograde tracers—BDA labeled fibers were visualized using an avidin-biotin
reaction. Sections were initially pre-treated in a 1% solution of triton-X 100 (TX) in KPBS
for 1 hour in order to facilitate penetration of reagents. Subsequently, sections were
incubated at 4°C overnight in a solution of avidin reagent (1:25 dilution) and stabilizer (1:50
dilution) from a Super ABC Kit (Biomeda Corporation) in KPBS and 0.1% solution of TX.
Following three, 10 minute washes in KPBS, the sections were incubated in 0.05%
diaminobenzidine (DAB; Pierce, Tacoma, WA) plus 0.04% hydrogen peroxide in KPBS for
10-30 min for the visualization of fibers.

A biotinylated secondary antibody, with an avidin-biotin incubation [59], was used to
visualize PHA-L labeled fibers. Tissue was initially incubated for 2—-3 hrs in 5% normal goat
serum (NGS) and 0.5% TX 100 in KPBS to minimize non-specific binding. Sections were
then incubated in the primary antiserum solution of rabbit anti-PHA-L (1:12,000 dilution;
Dako, Carpenteria, CA) in 0.3% TX and 2% NGS in KPBS for 42-48 hrs. Following two 10
minute washes in 2% NGS in KPBS, sections were incubated in the biotinylated secondary
antibody solution of goat anti-rabbit 1gG (1:277 dilution; Vector Laboratories, Burlingame,
CA), 0.3% TX, and 2% NGS in KPBS for 1 hr. Sections were then washed twice in 2%
NGS in KPBS and incubated in a solution of avidin reagent (1:100 dilution) and stabilizer
(1:200 dilutions) using a Super ABC Kit (Biomeda Corporation, Foster City, CA) in KPBS
for 45 min. Following two 10 minute washes in 2% NGS in KPBS, tissue was placed into
the biotinylated secondary solution for 45 min. Sections were placed in two 10 min washes
in KPBS, followed by 30 min incubation in the avidin. After three 10 min washes in KPBS,
sections were processed for visualization by a 5-10 min incubation in 0.05% DAB (Pierce,
Tacoma, WA) plus 0.04% hydrogen peroxide in KPBS.

Following completion of all immunohistochemistry procedures, the sections were washed in
KPBS, mounted on gelatin coated slides, dried in a 40°C oven, defatted, and intensified with
either gold chloride [61] or with osmium tetroxide and thiocarbohydrazide [60].

2.4.2. Retrograde tracers—Sections analyzed for fluorescence were mounted onto
gelatin-coated slides immediately after sectioning. The mounted tissue was dried for 2—4
hours at room temperature in a vacuum dessicator. The sections were then dehydrated in
100% ethanol (2 x 2 min), cleared in xylene (3 x 2 min), and coverslipped with DPX
Mountant (Gallard-Schlessinger, Plainview, NY).
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2.5. Data analysis

2.5.1. Anterograde analysis—Regional borders for areas within the hippocampal
formation and subiculum were determined based on Swanson [62]. Each hippocampal
formation structure was further subdivided into dorsal and ventral halves for anatomical
analysis [42].

PHA-L- and BDA-positive fibers and terminal labeling were analyzed using darkfield
optics. Fibers in the hippocampus proper, subiculum, presubiculum, and parasubiculum
were rated for density of label on a subjective scale of 0-6. A score of zero indicated no
fiber labeling, a score of 1 indicated negligible labeling, while scores from 2 to 6 indicated
very sparse to very dense fiber labeling. Density scores were averaged across PER area 35,
area 36, POR, LEA, and MEA injection sites and analyzed to identify differences in patterns
of anterograde labeling in the target hippocampal formation and parahippocampal structures.

2.5.2. Retrograde analysis—Contours were drawn for a 1:10 series of sections
ipsilateral to the injection site at low magnification. When FB and DY were used in the same
case, double-labeled cells were easily identified as DY labels the nucleus with yellow and
FB labels the cytoplasm with blue. Labeled cells were then plotted at a magnification of
100X using a Nikon Optiphot-2 or Nikon E600 coupled to a semi-automated data collection
system (Neurolucida, Microbrightfield, Inc., Burlington, VVT). For each section, the area of
each contour and the total number of cells within the contour were quantified by
Neurolucida and exported to Excel (Microsoft, Inc). The total number of cells in each region
was estimated by multiplying by 10. Values for each set of injection sites were normalized
to the mean across all cases of the total number of labeled cells in a set of structures
including all cortical, subcortical, and hippocampal structures [63, 64]. This procedure was
applied to ensure that our results would not be biased by differences in transport across
cases. Briefly, the total number of labeled cells was calculated for each case, the mean for all
cases was obtained, and a correction factor was calculated by dividing the total for each case
by the mean total for all cases. This correction factor was applied to the number of cells
labeled in each region. The volume of each afferent region was estimated by summing the
areas of the contours and multiplying by 10.

The density of labeled cells was calculated as the total normalized number of cells in each
region divided by the volume of the region. Estimates may be biased by increased
probability of double counting along the z axis as well as by loss of caps due to the difficulty
in identifying partial cell bodies at the margin of a coronal section. These biases, however,
are not likely to significantly impact the interpretation of results; the biases are in opposite
directions and estimates of cell number and density in all regions were subject to the same
bias.

2.6. Nomenclature

Borders for the PER and POR were taken from Burwell [58]. For the entorhinal cortex, we
relied on classical descriptions of the region that subdivide the area into the LEA and the
MEA [65-67]. Together the PER, POR, and entorhinal cortices occupy the lateral,
ventrocaudal, and caudal surfaces of the rat brain. The PER is a rostrocaudally oriented strip
of cortex associated with the rhinal sulcus (Figure 2). The PER comprises two subregions,
areas 35 and 36, with area 36 lying dorsal to area 35. The dorsal border of area 36 is with
ventral temporal cortex. The POR is located caudal to the PER and is dorsal to the caudal
extension of the rhinal sulcus. The rhinal sulcus at this rostrocaudal level is occupied by the
entorhinal cortex [52]. The POR is bordered dorsally by visual association cortex and
ventrally by the MEA and parasubiculum. The LEA is rostral and lateral to the MEA. Its
dorsolateral border is close to the rhinal sulcus. Ventrally, the LEA is bordered by piriform
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cortex at rostral levels, periamygaloid cortex at mid-rostrocaudal levels, and the MEA at
caudal levels. The MEA is bordered dorsally by the POR and parasubiculum, laterally by
ventral LEA, and medially by parasubiculum.

Preliminary analyses of data presented here were included in prior commentaries in
summarized form such that data were aggregated across cases and summarized for
composite regions [63, 64]. Here we present the results of detailed analyses of the
subdivisions of the hippocampal formation and the parahippocampal structures.

The term hippocampal system includes the hippocampal formation and the parahippocampal
region. The hippocampal formation includes the DG, the CA fields of the hippocampus
proper (CA3, CA2, and CA1l), and the subiculum (Figure 1). These regions are strongly
interconnected, as described by the classic illustration of the trisynaptic loop. Prior
anatomical work has distinguished the components of the hippocampal formation from the
parahippocampal region, based on cortical structure [2]. The DG, CA fields, and subiculum
have a three layer structure, whereas structures in the parahippocampal region contain more
than three layers [68]. Individual components of the hippocampal formation were further
subdivided into dorsal and ventral subfields for anatomical analysis according to the
septotemporal topography of the perforant pathway projections described by Dolorfo and
Amaral [42].

The parahippocampal region includes the PER, POR, LEA, MEA, the presubiculum, and the
parasubiculum [2]. Additionally, the presubiculum included the most dorsal extent of the
region, sometimes termed the postsubiculum [69, 70]. For analysis, the presubiculum was
subdivided into dorsal and ventral subfields, and the parasubiculum was subdivided into
rostral and caudal subfields.

3.1. Description of injection sites

Anterograde and retrograde tracers were injected into the PER areas 35 and 36, POR, LEA,
and MEA. Locations of all injection sites are represented on unfolded maps of the target
regions (Figure 2C and 2D). Representative examples of injection sites are shown in Figure
3. Information about size, location, and laminar location of the anterograde and retrograde
injection sites are shown in Tables 1 and Table 2, respectively. The area of the anterograde
injection site was defined as the region containing labeled cell bodies in the coronal section
in which the area was largest. The size of a retrograde tracer injection site was defined as the
region that included the dye core and the surrounding halo in the coronal section in which
the area was largest.

For anterograde injections (Table 1), nearly all sites involved both deep and superficial
layers. One POR site and three LEA sites appeared to include only superficial layers.
Because the primary projections to hippocampal structures arise in superficial layers, these
cases were retained for quantitative analysis. Two POR cases involved only deep layers, and
yielded no labeling in any hippocampal or parahippocampal structure. Data from these cases
is not included in tables. There were also three entorhinal sites that had little or no
involvement with layer Il. These cases were removed from quantitative analyses and so data
are also not included in tables.

For retrograde injections (Table 2), most sites involved deep layers or superficial and deep
layers. For the PER, there was one injection site in area 36 that was restricted to superficial
layers, 99DY. This site yielded no labeled cells in any hippocampal or parahippocampal

structure, and thus was removed from quantitative analyses reported in Tables 3 and Table
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4. For the remaining areas, area 35, POR, LEA, and MEA, most retrograde injections
involved both superficial and deep layers, but two sites in each region appeared to be
restricted to layer V. These were retained for quantitative analyses as the return projections
primarily target deep layers.

3.2. Pathways

Fibers from injection sites in the PER areas 35 and 36, POR, LEA and MEA, were observed
to enter the external capsule or angular bundle. After traveling a distance, fibers were
observed to exit via the alvear and dorsal hippocampal commissure to innervate
hippocampal structures. Entorhinal fibers were also observed to cross the subiculum in the
perforant path. Although contralateral connections were not evaluated in the present paper,
we do report that fibers of passage crossed to the hemisphere opposite the injection site
through the corpus callosum and through the temporal limb of the anterior commissure.

3.3 Perirhinal and postrhinal cortices

3.3.1. PER and POR projections to hippocampal and parahippocampal
structures—Based on assessments of fiber labeling following anterograde tracer
injections, areas 35 and 36 provide only light projections to hippocampal structures (Table
3). The two cases involving only deep layers (54P and 90P) did not result in any labeling in
hippocampal or parahippocampal areas and so are not included in Table 3. This confirms,
however, that the projections arise in superficial layers. Both area 35 and area 36 provide
light input to ventral subiculum. Area 36 also provides a light input to ventral CAL, dorsal
presubiculum, and rostral and caudal parasubiculum. A few labeled fibers were observed in
other regions, including CA2 and ventral CA3 arising from area 36 injections, but this level
of labeling is considered negligible.

Fiber labeling in hippocampal structures arising from tracer injections in the POR was more
substantial than that arising from PER areas 35 and 36, but still light. Area 36 projects
lightly to dorsal CA1, as well as dorsal and ventral subiculum (Table 3). POR projections to
hippocampal structures were lighter than those arising from either of the two entorhinal
subdivisions. The strongest projections from POR were to the dorsal presubiculum (Figure
4) and the caudal parasubiculum. In contrast, labeling in ventral presubiculum and rostral
parasubiculum was sparse.

3.3.2. Hippocampal and parahippocampal projections to PER and POR—Based
on densities of labeled cells arising from PER retrograde tracer injections, overall,
hippocampal and parahippocampal structures project more heavily to area 35 than to area 36
(Figure 5A and 5B). The one case that did not involve deep layers (90DY) resulted in no
labeled cells in any structure. Thus, input targets deep layers. Input was also stronger,
overall, from ventral as compared to dorsal regions (Table 4). There is essentially no
projection to areas 35 and 36 arising in the DG. Likewise, density of labeled cells in dorsal
and ventral CA3 and CA2 was either very light or observed only in a single case. Following
area 35 injections, ventral CA1 and ventral subiculum were most densely labeled. Dorsal
subiculum and rostral parasubiculum were also densely labeled. Following area 36
injections, again, ventral CA1 was most densely labeled, though not as densely as for area
35 injections (see Figure 5A and 5B for comparison).

In general, the dorsal subiculum provides the strongest hippocampal input to the POR (Table
4). Compared with area 35, the POR receives greater input from dorsal CA1 and about the
same from dorsal subiculum. Input from ventral CA1 and subiculum are weaker than that to
either area 35 or area 36. Based on patterns of retrogradely-labeled cells, the caudal
parasubiculum targets POR very heavily, much more heavily than any of the other regions
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examined (Figure 5C). Dorsal presubiculum also provides substantial input to POR, stronger
than it provides to either area 35 or area 36.

We also examined the percentage of input quantified as the percent of total number of
labeled cells in the afferent structures (Table 5). For PER area 35, the greatest input was
from ventral CA1, which provided nearly 40% of total input from the afferent structures.
The next strongest inputs were from dorsal CA1, and dorsal and ventral subiculum. The
pattern was similar for area 36 except that the percentage of input from ventral CA1 was
even greater, accounting for about 54% of the total. The next strongest inputs were from
dorsal CA1, ventral subiculum, and caudal parasubiculum. So, even though the
hippocampal/parahippocampal input to area 36 was relatively small, the input was
dominated by ventral CAL.

For the POR, roughly one-third of the total input was from dorsal presubiculum and one-
third was from caudal parasubiculum (Table 5). About one-sixth of the total input was from
dorsal CA1L. Interestingly, there was a rostrocaudal topography of the POR connections with
CAL and dorsal presubiulum such that caudal POR injections resulted in heavier labeling in
these areas. Ventral hippocampal structures provided much smaller proportion of the input
to POR as compared to PER areas 35 and 36.

3.4. Entorhinal cortex

3.4.1. LEA and MEA projections to hippocampal and parahippocampal
structures—LEA anterograde injections produced similar levels of labeled fibers in dorsal
and ventral hippocampal and parahippocampal structures (Figure 6A and Table 3). A few
cases located in the lateral band (21P, 127B, and 28P) did not include layer 11, and did not
result in labeling in the DG. Data from these cases are excluded from the anterograde data
tables. In general, fiber labeling arising from injections in the MEA was slightly heavier to
dorsal hippocampal regions as compared to that arising from injections in the LEA. In
addition, MEA projections to dorsal hippocampal structures were heavier than those to the
ventral hippocampal structures (Figure 6B). It should be noted, however, that differences in
projections based on the DG-projection bands account for greater differences than do the
LEA and MEA subdivisions, overall (see section 3.4.3.). For the parahippocampal
structures, LEA injections produced the most labeling in the dorsal presubiculum and MEA
injections produced the most labeling in the caudal parasubiculum.

3.4.2. Hippocampal and parahippocampal projections to LEA and MEA—The
pattern of input to the LEA and MEA arising from the hippocampal and parahippocampal
structures were different based on relative densities of retrogradely-labeled cells (Table 4).
Ventral hippocampal structures appear to target the LEA much more strongly than dorsal
hippocampal structures do. Surprisingly, the MEA projections to dorsal structures were not
substantially stronger than to ventral structures. However, comparison of the two target
regions reveals that dorsal structures provide stronger input to the MEA than to the LEA.
Based on densities of labeled cells, dorsal CA2, dorsal CAL, and dorsal subiculum target the
MEA more strongly than they target the LEA (Table 4). The complementary pattern is true
for ventral structures; ventral CA3, CA2, CA1 and subiculum target the LEA more strongly
than they target the MEA. In addition, ventral subiculum provides heavier input to LEA than
does dorsal subiculum (Figure 7A, Table 4). Numbers of labeled cells in DG were so low as
to be considered negligible. As was true for the anterograde experiments, however,
examination of connections according to DG-projection bands must also be considered (see
section 3.4.3.).

Overall, presubiculum and parasubiculum target the MEA more strongly than they target the
LEA. Within LEA and MEA, however, we also observed an interesting complementary
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pattern of labeling in the parahippocampal structures. For the MEA, dorsal presubiculum
and caudal parasubiculum provide much stronger input than ventral presubiculum and
rostral parasubiculum (Figure 7B). The opposite pattern was evident for the LEA,; ventral
presubiculum and rostral parasubiculum provided stronger input to the LEA than dorsal
presubiculum and caudal parasubiculum.

Based on percentages of total numbers of labeled cells, by far the strongest input to the LEA
arises in ventral CA1 accounting for 42% of labeled cells (Table 5). The next strongest input
arises in ventral subiculum with 18% followed by dorsal CA1 with 13% of the total number
of labeled cells and dorsal subiculum with 6% of labeled cells. For the MEA, the strongest
inputs arise in dorsal CA1 (23%), followed by dorsal presubiculum, and caudal
parasubiculum, each accounting for about 20% of total input (Table 5). Next strongest inputs
were from ventral CA1 and subiculum, each accounting for 11% and 9% total input,
respectively.

3.4.3. Connections of the dentate gyrus-projection bands

3.4.3.1. Projections of entorhinal bands to hippocampal and parahippocampal
structures: Densities of fiber labeling arising from injection sites in the LEA and MEA
lateral, intermediate, and medial DG-projecting bands are shown in Table 6. For the MEA,
we were not able to place an injection in the intermediate band. Case 653B appeared to
involve both the lateral and intermediate bands, but like other lateral band cases, fiber
labeling was stronger in dorsal than ventral hippocampal structures. As expected based on
prior literature [42], heavy projections to the dorsal hippocampal structures tend to arise
from the lateral band of the LEA and the MEA, whereas heavier projections to the ventral
hippocampal structures tend to arise in the intermediate and medial bands.

We also compared densities of fiber labeling in the pre- and parasubiculum arising from
LEA and MEA (Table 6). In general for the LEA, the lateral and intermediate bands provide
heavier input to the dorsal and ventral presubiculum than does the medial band. In contrast
for the MEA, the lateral band provides greater input to dorsal presubiculum than does the
medial band, but medial band provides more input to ventral presubiculum than dorsal
presubciulum. For both the LEA and the MEA, the lateral band appears to target the rostral
parasubiculum more strongly and the medial band targets the caudal parasubiculum more
strongly. Overall, the MEA projection to the parasubiculum is stronger than that of the LEA.

3.4.3.2. Hippocampal and parahippocampal projections to entorhinal bands: An
examination of the average densities of labeled cells arising from LEA and MEA injections
located in different DG-projecting bands is particularly informative (Table 7). For the LEA
sites in all bands, density of labeling in each ventral hippocampal structure was greater than
its dorsal partner. The difference is by far the greatest for LEA sites in the medial DG-
projecting band. MEA exhibits a different pattern; for the MEA sites in the lateral band,
density of retrogradely-labeled cells in each dorsal hippocampal structure is greater than its
associate ventral subdivision. For sites in the intermediate and medial bands, however,
labeling is heavier in ventral structures. This is especially striking for the MEA medial band.
Thus, dorsal hippocampus appears to be most heavily innervated by the MEA lateral band,
whereas the ventral hippocampus is most heavily innervated by the medial bands of the LEA
and the MEA, but also receives strong input from the LEA lateral and intermediate bands.

Another interesting comparison of LEA and MEA is in the densities of labeled cells in
parahippocampal structures. Following injections in the lateral band of the LEA, the
parahippocampal structures are all moderately densely labeled (Table 7, first data column).
From sites in the LEA intermediate band parasubiculum is more heavily labeled. From sites
in the LEA medial band, labeling is much heavier in the ventral presubiculum and the rostral
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parasubiculum. In contrast, following injections in the lateral band of the MEA, the dorsal
presubiculum and caudal parasubiculum are massively labeled — much more heavily than
the ventral presubiculum and the rostral parasubiculum (Table 7). The opposite pattern is
true for the input from the medial band. Similar to the LEA medial band, the MEA medial
band receives much stronger input from the ventral presubiculum and rostral parasubiculum
as compared with the dorsal presubiculum and caudal parasubiculum.

We also assessed input to the DG-projecting bands in terms of percentages of total labeled
cells (Table 8). Based on this measure, all three LEA bands receive a greater proportion of
input from ventral CA1 and subiculum as compared with dorsal CA1 and subiculum. In
contrast, the lateral band of the MEA receives greater input from dorsal CA1 and subiculum,
whereas the medial band receives more input from the ventral CA1 and subiculum.

Surprisingly, we found evidence for a direct projection to both the LEA and MEA arising
from ventral CA3. All three injection sites located in the medial band resulted in
retrogradely labeled cells in ventral CA3. These cases also resulted in some labeling in
dorsal CA3. The same three cases were responsible for the bulk of labeling observed in
CA2, although injection sites in other bands also produced some CA2 labeling.

4. Discussion

4.1 Summary of findings

We previously quantified the connections among the PER areas 35 and 36, POR, LEA and
MEA [71]. In other studies, we have described the cortical efferents and afferents of these
regions [55, 56]. Using the same quantitative and semiquantitative methods, we have now
extended our studies to include the reciprocal connections of the PER areas 35 and 36, POR,
LEA, and MEA with the hippocampal formation, the presubiculum, and the parasubiculum.
Ours is the first study that permits direct comparisons across PER, POR, LEA and MEA of
strength and patterns of reciprocal connections with hippocampal formation and subicular
regions. Although we did not address the proximodistal topography of hippocampus and
subiculum connections, we did examine connections with regard to the dorsoventral or
septotemporal axis of the hippocampal formation. We assessed anterograde and retrograde
labeling in the dorsal half of the hippocampal formation structures, which receives input
from the lateral entorhinal band, and in the ventral half of the hippocampal formation
structures, which receives input from the intermediate and medial entorhinal bands.

We found that the LEA and MEA projections to the hippocampal formation are much
stronger than the PER and POR projections. The LEA and MEA project strongly to all
components of the hippocampal formation, whereas the PER and POR project weakly and
only to CA1 and the subiculum. The PER targets ventral CA1 and subiculum, whereas the
POR preferentially targets the dorsal CA1 and subiculum. Similarly, the PER receives more
input from ventral hippocampal formation structures and the POR receives more input from
dorsal hippocampal structures. The MEA medial band and the LEA are more strongly
interconnected with ventral hippocampal structures, whereas the MEA lateral band is more
interconnected with dorsal hippocampal structures. Also, the dorsal presubiculum and
caudal parasubiculum preferentially target the POR and the lateral band of the MEA. In
contrast, the ventral presubiculum and rostral parasubiculum preferentially target the LEA
and MEA medial bands. Finally, we found evidence for a direct projection from ventral CA3
to the medial band of the entorhinal cortex.

4.2 Parallel pathways through the hippocampal formation

The PER projects more strongly to the LEA, and the POR projects more strongly to the
MEA [72-74], but the PER and POR also provide parallel direct inputs to the hippocampus
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[50, 75, 76]. Here we used anterograde tracer methods to directly compare the relative
strengths of those inputs. We show that the LEA and MEA projections to the hippocampal
formation are much stronger than the PER and POR connections (Table 3). Moreover, the
entorhinal cortex projects strongly to all components of the hippocampal formation, whereas
the PER and POR project weakly and only to CA1 and the subiculum.

Although the PER and POR projections are relatively weak and restricted, available
evidence suggests these projections are functionally important. Witter et al [74] suggested
that the parallel sets of pathways, which begin with the PER and POR cortices, provide the
hippocampal formation with functionally different inputs that are processed at three different
levels of hippocampal system circuitry, resulting in three representations of the same
information that differ in the amount of processing. The direct pathways, i.e. from the PER
or POR, would provide relatively unprocessed information. The multi-synaptic pathways
from the PER or POR, arriving at the hippocampus via the entorhinal cortex, or arriving at
the entorhinal cortex after processing through the trisynaptic loop, would provide the most
highly processed representation.

Our results suggest that the direct pathways arriving from the PER and POR may be biased
for processing different types of information (see section 4.3).

4.3 Anatomical and functional segregation along the dorsoventral axis

The PER and POR projections to the hippocampal formation both terminate in dorsal and
ventral components; however, the PER projection is stronger to ventral CA1 and subiculum,
whereas the POR projection is stronger to dorsal CA1 and subiculum. Based on densities of
retrogradely labeled cells, the relative strengths of the return projections to the PER and
POR appear much more robust than the forward projections, though not as strong as
projections to the LEA and MEA (Table 4). PER receives the strongest hippocampal input
from ventral CA1 and subiculum, whereas the POR receives the strongest hippocampal
input from dorsal CA1 and subiculum.

Based on percentages of retrogradely labeled cells, the patterns of input to PER areas 35, 36,
and LEA were similar and the patterns of input to the POR and MEA were similar (Table 5).
Areas 35, 36, and LEA receive more input from ventral hippocampal structures, whereas the
POR and MEA receive more input from dorsal structures. In addition, the POR and MEA
both receive more input from the dorsal presubiculum and the caudal parasubiculum and less
from the ventral presubiculum and rostral parasubiculum. We subjected the percentages of
input shown in Table 5 to a Pearson correlation analysis and found that Areas 35, 36, and
LEA were highly intercorrelated (r’s ranged from 0.92 to 0.97, p < 0.0001). Percentages of
input to the POR and MEA were also highly correlated (r = 0.88, p < 0.0001). No other
correlations were significant. The results of this analysis are consistent with descriptions of
the spatial and nonspatial processing streams; however, the data shown in Table 5 obscure
the effects of intrinsic connections that span LEA and MEA.

Evaluation of the projections arising from the LEA and MEA intrinsic connectivity bands
were largely consistent with earlier findings [42], in that the lateral bands projected more
strongly to dorsal than ventral structures and the medial bands more strongly to ventral than
dorsal structures (Table 6). We assessed the similarities of inputs to the different intrinsic
connectivity bands for the LEA and MEA using the same correlation method described
above. That is, we subjected the percentages of input shown in Table 8 to a Pearson
correlation analysis. We found that the LEA lateral, intermediate, and medial bands and the
MEA medial band were all highly intercorrelated (r’s ranged from 0.75 t0 0.92, p’s <
0.0002). No other correlations were significant. This suggests that ventral hippocampal
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structures exert control over not just the LEA and MEA medial bands, but also the LEA
lateral and intermediate bands.

Studies of the effects of damage to the ventral hippocampus, in particular ventral CAl,
suggest a role in emotional learning. Ventral hippocampal lesions cause behavioral deficits
in an auditory fear conditioning paradigm [28, 29]. Other evidence suggests the ventral
subiculum contributes to the regulation of the hypothalamic pituitary axis and stress
response [37]. Thus based on its hippocampal connections, the LEA as a whole may have a
greater role in emotional processing than previously understood. This is likely also true for
the PER. In addition to its connections with ventral hippocampal structures, subcortical
connections of the PER are consistent with a role emotional memory and reward processing;
PER is strongly and reciprocally connected with the amygdala nuclei [77, 78]. Here we
show that the PER receives afferent input from, and provides efferent projections back to,
the ventral subiculum. Taken together, the evidence suggests that the connections of the
PER, the LEA, and the medial band of the MEA are consistent with a role for these regions
in emotional learning mechanisms.

4.4 Evidence for direct projections from CA3 to the entorhinal cortex

Consistent with a few earlier studies, we found evidence for a direct projection from the
CA3 to the medial band of the entorhinal cortex. Following retrograde tracer injections
involving deep layers of the medial band in either the LEA or the MEA, a substantial
number of cells were labeled in the ventral CA3 (Table 7). Though substantially fewer, there
were also cells labeled in dorsal CA3 arising from the same cases. This pattern of labeling
was evident in all three injection sites that were located in the medial DG-projecting band,
i.e. the part of the entorhinal cortex that projects to the fourth quarter of the DG and CA3.
Only cases with injection sites located in the medial band resulted in labeled cells in CA3.
These cases also produced the predominance of the labeling we observed in ventral CA2,
although sites located in other bands did result in a lower density of retrogradely labeled
cells in ventral and dorsal CA2.

There are earlier reports of a direct projection from CAS3 to the entorhinal cortex [79, 80].
Using early fiber degeneration techniques, Hjorth-Simonsen [81] found evidence for a
projection from the ventral or temporal third of CA3 to layer IV of the MEA. Using the
retrograde tracer, horseradish peroxidase (HRP), Beckstead [82] reported HRP-positive cells
in the ventral two-thirds of CA3 following injections in the LEA, but no labeled cells
following injections in the MEA. Using autoradiography, an anterograde tract-tracing
technique, Swanson and colleagues [83, 84] reported that ventral or septal CA3 projected to
both the LEA and the MEA. We have now replicated that finding using retrograde tract
tracing methods.

Although the CA3-entorhinal projection requires more study, there are implications for the
information processing in the ventral hippocampus and medial entorhinal band. For
example, it may be that a direct projection from the CA3 to the medial band of the LEA
supports the rapid association of emotional information with place and time.

4.5 PER, POR, LEA, and MEA connections with presubiculum and parasubiculum

Not much is known about the connections of the PER and POR with presubiculum and
parasubiculum, although those of the LEA and MEA are well studied [79, 80]. We found
that the POR was strongly and reciprocally connected with the dorsal presubiculum and
caudal parasubiculum. PER area 36, but not area 35, provided light inputs to presubiculum
or parasubiculum. The return projection to PER was heaviest from rostral parasubiculum to
area 35.

Behav Brain Res. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Agster and Burwell

Page 14

We found that both the LEA and the MEA project to the presubiculum and the
parasubiculum [see also 85, 86]. This is not consistent with some prior reports that the
MEA, but not the LEA, projects to these structures [87—89]. As reported previously [90-92],
we also found that the presubiculum and parasubiculum project back to the LEA and MEA.

These findings have important functional implications given that grid cells were recorded in
the presubiculum [93], and that place cells and grid cells have been recorded in the
parasubiculum [93, 94]. The dorsal presubiculum is known to process information about
head direction and landmarks [reviewed in 95]. Inactivations of presubiculum disrupted
performance on object location tasks and disrupted place fields recorded from dorsal
hippocampus [96]. Lesions of the presubiculum and parasubiculum impaired performance
on spatial working memory and object location [34], but this could be attributed to
presubicular damage as the efferents and afferents of the pre and parasubiculum are
distinctly different [97]. Object location information has been observed in the POR [98].
Most likely object information arises directly from the PER, but it is also possible that
object-location information comes from the presubiculum and/or the parasubiculum.

Here we show that the MEA lateral band receives a massive input from the dorsal
presubiculum and the caudal parasubiculum and a much smaller input from the ventral
presubiculum and rostral parasubiculum. A similar pattern is evident for the POR. Though
not as extreme, the opposite pattern is evident for the MEA and LEA medial bands. This
suggests that the dorsal presubiculum and the caudal parasubiculum may be important for
spatial functions of the POR and the lateral band of the MEA. In contrast, the ventral
presubiculum and rostral parasubiculum connections with the LEA and MEA medial bands
may be more important for non-spatial functions.

4.6 Implications for the spatial and nonspatial processing streams

Although there has been substantial emphasis on the POR-MEA spatial processing stream
and the PER-LEA non-spatial stream, the associated pathways are not strictly segregated.
The PER does project primarily to the LEA, but caudal PER also provides a weak projection
to the MEA; in addition, the POR projects to caudal LEA as well as to MEA [71]. The LEA
and MEA connections are problematic as well because bands of intrinsic connectivity in the
entorhinal cortex span the LEA and the MEA [52]. We show here that POR and PER
projections are biased toward dorsal and ventral halves of the hippocampus, respectively
(Table 3). In addition, the POR and PER projections to the LEA and MEA are strongest to
the lateral band, but both structures also provide weaker input to the intermediate and medial
bands [71]. On the output side, we confirmed in the present study that the LEA and MEA
lateral bands preferentially target dorsal hippocampal structures, whereas the LEA and MEA
medial bands preferentially target ventral hippocampal structures [see also 42].

Taken together these findings suggest that the accepted view of the spatial and nonspatial
processing streams is oversimplified. The patterns of connections of the entorhinal bands
and the connectivity along the dorsoventral axis of the hippocampus both have important
implications for functional differentiation in the hippocampal system.

5. Conclusions

Neuroanatomic and functional connectivity studies have identified segregated spatial and
nonspatial processing streams feeding into the hippocampus in rodents, monkeys, and
humans [56, 99-101]. The current view is that the spatial and nonspatial processing streams
target the POR-MEA and PER-LEA, respectively. Our findings suggest that view may be
oversimplified and that functional differentiation along the dorsoventral axis should be taken
into account. For example, the connections of the medial band of the MEA suggest its

Behav Brain Res. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Agster and Burwell

Page 15

functions may be more similar to the PER and LEA than to the POR and MEA lateral band.
We also provide evidence that dorsal presubiculum and caudal parasubiculum are associated
with the POR- lateral MEA circuitry. In contrast, the ventral presubiculum and rostral
parasubiculum are more associated with the PER-LEA-medial MEA circuitry.

Our findings provide greater insight into medial temporal lobe function and suggest new
testable hypotheses about medial temporal lobe circuitry. Future work should compare and
contrast the subcortical connections of these areas in order to yield a complete picture of the
functional neuroanatomy of these regions.
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Figure 1.

Hippocampal and parahippocampal target regions. Panels A and B show the locations of the
dentate gyrus (green), hippocampal fields CA3 (blue), CA2 (light purple), CA1 (red), and
subiculum (yellow). Panels C and D also the dentate gyrus and parahippocampal region
structures, the presubiculum (light orange) and parasubiculum (dark orange) are shaded with
hatch marks. PER, POR, LEA, and MEA are shown in grey.
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Figure 2.

Location of the retrograde and anterograde tracer injection sites to the perirhinal, postrhinal,
and entorhinal cortices. Injection sites are represented on two-dimensional unfolded maps of
the cortical regions. Dark grey tones indicate injection sites to deep layers of cortex, medium
grey tones indicate injection sites that span deep and superficial layers of cortex, and light
grey tones are indicative of injection sites to superficial cortical layers. A. Retrograde tracer
injection sites. B. Anterograde tracer injection sites. Dashed line in all panels represents the
rhinal sulcus. Adapted from Burwell and Amaral, 1998. Scale bar = 1mm.
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Figure 3.

Examples of anterograde and retrograde tracer injection sites. Shown are a Pha-L site in
POR, 40P at —8.1 mm relative to B (A), a biotinylated dextrane site in the LEA, 61B at —6.5
mm relative to B (B), a diamidino yellow site in PER area 36, 98DY at —5.1 mm relative to
(C), and a diamidino yellow site in the MEA, 124DY, at —7.8 mm relative to B (D). Scale
bar: 500 microns.
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Figure 4.

Darkfield photomicrographs showing the distribution of fiber labeling in the dorsal
presubiculum following an antergrade tracer injection to the postrhinal cortex (POR, Case
40P, —8.1 mm relative to ). The strongest projection from the POR terminated in the dorsal
presubiculum (PREd). A. Fiber labeling in PREd at =7.0 mm from bregma. B. Fiber labeling
in PREd at —8.0 mm from bregma. Scale bar: 500 microns.
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Figure 5.
Distribution of labeled cells arising from injection sites in PER area 35, PER area 36, and

the POR. A. Computer generated plots showing the distribution of retrogradely-labeled cells
in the hippocampus and subiculum, following tracer injection perirhinal area 35 (Case
112DY, —-3.7 mm relative to ). B. Computer generated plots showing the distribution of
retrogradely-labeled cells in the hippocampus and subiculum, following tracer injection in
perirhinal area 36 (Case 98DY, -5.1 mm relative to ). C. Computer generated plots
showing the distribution of retrogradely-labeled cells in the hippocampus and subiculum,
following tracer injection postrhinal cortex (Case 98FB, —7.8 mm relative to f).
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Figure 6.

Darkfield photomicrographs showing the distribution of labeled fibers in the dorsal and
ventral hippocampus following tracer injections to the lateral entorhinal area. A and C. Fiber
labeling in dorsal (A) and ventral (C) hippocampal regions as a result of anterograde tracer
injection to the lateral band of the LEA (Case 61B). B and D. Fiber labeling in dorsal (B)
and ventral (D) hippocampal regions as a result of anterograde tracer injection to the lateral
band of the MEA (Case 41P). Both injection sites were located in the lateral band, but only
the LEA injection results in fiber labeling in ventral hippocampus. Scale bar: 500 microns.
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Figure 7.

Distribution of labeled cells arising from injection sites located in the LEA and MEA.
Computer generated plots showing the distribution of retrogradely-labeled cells in the
hippocampal and parahippocampal areas, following tracer injections. A. Computer-
generated plots showing the distribution retrogradely-labeled cells in hippocampal structures
arising from an LEA injection site (Case 124FB, —5.4 mm relative to ). B. L Computer-
generated plots showing the distribution retrogradely-labeled cells in hippocampal structures
arising from an MEA injection site (Case 113DY, —7.6 mm relative to B).
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Table 1

Anterograde Tracer Injection Sites

Size
Location Experiment Layer (um)
Perirhinal Area 36
Rostral area 36 45P I-vi 400
Rostral area 36 54p V-VI 400
Midrostrocaudal area 36~ 62B -V 400
Midrostrocaudal area 36~ 90P V-VI 300
Midrostrocaudal area 36 128B 1-v1 400
Caudal area 36 27P 1-VI 300
Ventral area 36 129B -V 300
Ventral area 36 11308 -Vl 400
Perirhinal Area 35
Rostral area 35 24P -Vl 300
Caudal area 35 16B 1-v 400
Postrhinal
Rostral 39P 1-VI 400
Rostrodorsal 83B IV-VI 500
Dorsal 134B 1-ViI 500
Caudal 40P 11-Vi 500
Caudal 558B =11 300
Entorhinal LEA
Rostral LEA, L 21P -V 300
Rostral LEA, L 57P 1-VI1 400
Rostral LEA, L 2518 -1 400
Rostral LEA, L 127B 1=Vl 500
Midrostrocaudal LEA, L 66P -1l 300
Midrostrocaudal LEA, 1 60B -V 700
Caudomedial LEA, | 70P 1-1v 400
Caudal LEA, M 656B -V 500
Entorhinal MEA
Lateral MEA, L 28P I-vi 300
Caudal MEA, L 652B 1-VI1 300
Medial MEA, L 68P 1-Vi 500
Medial MEA, L 41P 1-VI1 200
Caudomedial MEA, L/I 36538 1-VI 300
Medial MEA, M 654B 1-VI1 400

Anterograde injections sites are suffixed with a P or a B for PHA-L and BDA, respectively.
1 . .
Experiment 130B encroached slightly on area 35.

2 . . -
Experiment 61B encroached slightly on superficial layers of area 36.
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3 . . .
Experiment 653B was located on the border between the lateral and intermediate bands.

Abbreviations: L, lateral dentate gyrus-projecting band; I, intermediate band; M, medial band.
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Retrograde Tracer Injection Sites

Size
Location Experiment Layer (um)
Perirhinal Area 36
Rostrodorsal area 36 120 FB In-v 700
Rostroventral area 36 97 DY -V 500
Midrostrocaudal area 36 98 DY -V 300
Midrostrocaudal area 36 132 DY \Y 200
Midrostrocaudal area 36 94 FB \% 400
Caudoventral area 36 I99 DY 1-111 300
Caudoventral area 36 100 DY \% 300
Caudodorsal area 36 120 DY \Y 300
Perirhinal Area 35
Rostral area 35 102 DY -V 400
Rostroventral area 35 132 FB V-VI 300
Ventral area 35 112 DY \% 400
Caudal area 35 2108 FG 1-VI 300
Postrhinal
Rostral POR 97 FB \Y 400
Rostroventral POR 102 FB \Y 200
Middle POR 98 FB -Vl 600
Caudodorsal POR 100 FB -V 500
Caudal POR 95 DY I-vi 400
Caudal POR 99 FB -V 500
Entorhinal LEA
Rostrolateral LEA, L 113 FB -V 600
Caudolateral LEA, L 130 FB V-VI 400
Rostral LEA, | 124 FB 1-VI 800
Caudal LEA, | 105 DY \Y 400
Caudal LEA, | 128 DY \% 300
Caudomedial LEA, | 105 FB II-viI 400
Medial LEA, | 129 FB V-VI 300
Rostral LEA, M 129 DY -V 300
Entorhinal MEA
Lateral MEA, L 113 DY \Y 300
Lateral MEA, L 118 FB -Vl 600
Caudomedial MEA, L 124 DY -V 600
Caudal MEA, | 119 DY -V 400
Medial MEA, M 106 DY 1-VI 500
Medial MEA, M 128 FB \Y% 300
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For experiment 99DY, the injection site was excluded from analyses as there was negligible labeling due to superficial location of site.

2Experiment 108 FG encroached slightly on LEA. Other abbreviations: L, lateral dentate gyrus-projecting band; I, intermediate band; M, medial
band.
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