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Convergence of parallel sensory information
processing routes in the rat parahippocampal region
N.M. van Strien, J. Wijntjes , L.T.G. Baks-te-Bulte,
A.J. Boekel, E.M. Husby, R. Gisetstad, M.P. Witter

Abstract
The perirhinal (PER) and postrhinal cortices (POR) provide a strong input to the entorhinal cortex (EC), which in turn sends projections to all sub-regions of the hippocampal
formation (HF). This connectional system is organized as parallel pathways such that PER
preferentially projects to the lateral entorhinal cortex (LEA) and POR to the medial entorhinal cortex (MEA). Anatomical and functional studies have indicated that different
types of sensory information are conveyed through these parallel pathways. It is likely
that the two streams will ultimately become associated at the level of HF. However, association may also occur at the level of EC. Here we studied if perirhinal and postrhinal
projections converge onto HF projecting neurons in EC using an anatomical triple labeling tracer study. Results indicate no convergence from perirhinal and postrhinal projections onto entorhinal layer II/III neurons, characterized as HF projecting neurons. These
findings do not support the existence of convergence between the two streams in EC
at the single cell level. However, in view of extensive intrinsic entorhinal, as well as periand postrhinal intrinsic networks which were not examined in this study, more extensive
research is required to rule out extrahippocampal association.
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A key characteristic of memory is the ability to remember where objects are located in
an environment. Knowledge about objects and knowledge about location have been
linked to two separate visual processing streams, respectively (Ungerleider and Mishkin,
1982); a ventral visual processing stream related to object perception and a dorsal visual
processing stream related to spatial perception. Eventually, information about objects
and space has to be associated in order to encode, consolidate or retrieve the combined
representation. A likely candidate that has been put forward to mediate this association is the hippocampal formation (HF) (Hunsaker et al., 2006; Piekema et al., 2006).
The HF receives a significant part of its cortical input from the parahippocampal region
(PHR), which contains the perirhinal (PER), postrhinal (POR) and entorhinal cortex (EC)
(for an extensive review of the terminology and circuitry of PHR and HF, see chapter 2).
The PER, consisting of A35 and A36, receives strong input from the ventral visual route
(Burwell and Amaral, 1998a) and has been linked with object perception and memory
for objects. In contrast, POR receives mainly input from the dorsal visual stream (Burwell
and Amaral, 1998a) and has been implicated in spatial and contextual processing (Norman and Eacott, 2005; Vann et al., 2000) . Both PER and POR provide a major input to
the EC (Burwell and Amaral, 1998a; Burwell and Amaral, 1998b) and the EC in turn is a
major source of input to all sub-regions of the HF (Baks-Te-Bulte et al., 2005; Deller et
al., 1996; Desmond et al., 1994; Hjorth-Simonsen, 1972; Honda et al., 2000; Kajiwara
et al., 2007; Kerr et al., 2007; Kohler, 1985; Kohler, 1986; Kohler, 1988; Lingenhohl and
Finch, 1991; Naber et al., 2001; Nafstad, 1967; Ruth et al., 1988; Steward, 1976; Swanson and Kohler, 1986; Tamamaki, 1997; Tamamaki and Nojyo, 1995; Wyss, 1981). A
more detailed account of the organization of the cortical-parahipocampal-hippocampal
route suggests that information about objects from PER is conveyed mainly through the
lateral entorhinal cortex (LEA), whereas spatially related information from POR travels
mainly through the medial entorhinal cortex (MEA) (Witter et al., 2000b). This is in line
with recent findings that cells in MEA are strongly spatially modulated whereas those in
LEA are not (Hargreaves et al., 2005). Cells in LEA likely transmit signals to HF which are
related to somatosensory information (Pereira et al., 2007) and olfactory information
(Petrulis et al., 2005). This functional connectivity scheme is thus largely in line with the
current view that convergence of information is the unique characteristic of HF. However, there is anatomical evidence that projections from PER and POR to EC do show overlap in restricted areas of EC (Burwell and Amaral, 1998a; Burwell and Amaral, 1998b;
Naber et al., 1997; Witter et al., 2000a). Such an overlap of PER and POR projections in
the EC could suggest that object information that is sent through the PER – LEA – HF
pathway and contextual information that is sent through the POR – MEA - HF pathway
may already go through some level of association in the EC, before entering the HF. This
suggestion is in line with a recent report that LEA is involved in odor-place associations
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(Mayeaux and Johnston, 2004).
Here, we explored the possibility of EC as a site for associating object and contextual
information, by way of searching for its neural correlate: convergence of projections
from PER and POR onto single EC neurons that are identified as neurons projecting to
HF. We injected two different anterograde tracers, one in PER and one in POR, and a
third, retrograde tracer in the dorsal HF (Figure 1). Next, retrogradely labeled EC layer
II/III neurons were intracellularly filled, such that the entire extent of the cells could be
visualized. With the use of confocal microscopy it was determined if convergence of PER
and POR projections onto these identified EC neurons occurred.
Materials and Methods
Surgery
Six adult female Wistar rats (weight 200-230 g; Harlan Centraal proefdierbedrijf, Zeist,
The Netherlands) were used for injection of anatomical tracers. All procedures were approved of by the local ethical committee of the VU University medical center, and complied with national and international regulations on the use of animals for experimentation Before surgery, rats were anaesthetized with a 4:3 mixture of Ketamine (Aescoket,
Aesculaap B.V., Boxtel, The Netherlands) and Xylazine (Rompun, Bayer B.V., Mijdrecht,
The Netherlands) at a surgical dose of 1ml/kg body weight. The injected volume was divided over three locations, 1/3 was injected intraperitoneally (IP), 2/3 was injected intramuscularly (IM). When the animal was deeply anesthetized, the head was shaved (Wahl,
8467 Hair Trimmer, Sterling, Illinois, USA). Next, Xylocaine-spray (10% lidocaine, Astra
Zeneca B.V., Zoetermeer, The Netherlands) was applied to the skin. Subsequently, the
periost was anaesthetized with Xylocaine after which the periost was removed using a
scalpel. Stereotaxic injections were made with the use of the location of the midsagittal
and transverse sinuses and bregma as reference points The injection coordinates were
derived from the stereotaxic atlas of the rat brain (Paxinos and Watson, 1998). In total, 4
bilateral surgeries were performed and 2 unilateral surgeries. The right hemisphere was
always operated on first. The septal HF coordinate was located at Bregma -3.75 mm,
latitude 3.0 mm and depth 3.6 mm. The PER coordinate was located at Bregma -5.1
or -4.1 mm, latitude 6.7-6.75 mm and depth 4.3 or 3.5 mm. The POR coordinate was
defined at 1.35 or 1.25 mm from the anterior edge of the transverse sinus at latitude
2.0 mm. The latitude was 6.3 or 6.35 mm and the depth 2.55 or 2.6 mm. Following the
injection of tracers, the skull was cleaned with saline solution (9mg NaCl/ml) and the
wound was sutured. The rat was monitored for recovery from anesthesia and returned
to its home cage. At the start of recovery a volume of 2 ml saline solution (9mg NaCl/
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Figure 1: Schematic representation of the triple-labeling experiment.
Anterograde tracer injections were injected in the
perirhinal cortex (PHA-L) and postrhinal cortex
(BDA) in order to anterogradely label fibers and
terminal varicosities in the entorhinal cortex. The
fluorescent retrograde tracer Fast Blue was also
injected in the septal hippocampal formation, in
order to retrogradely label neuronal cell bodies in
the dorsolateral entorhinal cortex (EC-dl). After
fixation of the brain and preparation of 400 µ sections, cell bodies in EC-dl were intracellularly filled
with Lucifer Yellow (LY), revealing the morphology
of the cells. Next, the slices were resectioned at
40 µ after which the transported PHA-L and BDA
were visualized using immunocytochemistry. Using confocal microscopy, the intracellularly filled
cells and labeled fibers in the EC-dl overlap site
(marked in red) were studied in detail.

Figure 2: Example of a Lucifer Yellow (LY) filled
pyramidal cell in layer III of the dorsolateral entorhinal cortex. The cell was first retrogradely labeled by injecting Fast Blue (FB) in the septal portion of the hippocampal formation. After fixation
of the brain and preparation of 400 µ sections, FB
labeled cells were intracellularly filled with LY in
order to visualize the morphology of the cell.
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ml, Eurovet Animal Health B.V., Bladel, Netherlands) was injected subcutaneously, to
prevent dehydration.
Retrograde and anterograde tracer injections
In each operated hemisphere, one retrograde tracer and two anterograde tracers were
injected. Using a Hamilton microliter syringe (Hamilton Bonaduz AG, Bonaduz, Zwitzerland), in a time-frame of 10 minutes a volume of 0.5 μl of Fast Blue (FB; Dr. Illing,
GMBH, Gross Umstadt, Germany; 2% FB in 0,1 PB pH 7,4.) was injected into the dorsal
hippocampus (Jorritsma-Byham et al., 1994), aiming to target fields CA3, CA1 and part
of the dentate gyrus. Before retracting, the needle was left in place for 10 minutes, in
order to minimize diffusion of dye into the needle tract. Anterograde tracers Phaseolus
Vulgaris Leucoagglutinin (PHA-L; Vector Laboratories, Burlingame, CA, USA; 5% PHA-L
in 0.1 PB pH 7.4) and Biotinylated Dextran Amine (BDA, MW 10000; Invitrogen, Molecular Probes, Carlsbad, CA, USA; 5% BDA in 0.1 PB pH 7.4) were iontophoretically
injected in either PER or POR using glass micropipettes (GC 150F-15, Clark, Reading,
UK) with an outer tip diameter of 10-15 μm. The pipettes were stereotaxically lowered
into PER or POR, aiming at the superficial layers, and tracer was injected by applying a
positively pulsed DC current into the micropipette (PHA-L: 7.5 μA, 7 seconds on/7 seconds off; BDA: 6 μA, 7 seconds on/7 seconds off) for 15 min each. The injections were
intentionally large in order to create as much labeling as possible. This would optimize
the chance of finding convergence.
Tissue processing
Fourteen days postoperatively, rats were anaesthetized with a 4:3 mixture of Ketamine
(Aescoket, Aesculaap B.V., Boxtel, The Netherlands) and Xylazine (Rompun, Bayer B.V.,
Mijdrecht, The Netherlands) at a dose of 1ml/kg body weight, followed by an overdose of 0.1 ml/100gr mixture of 7mg/100gr sodium pentobarbital (i.p.; Nembutal, Ceva
Sante Animale B.V., Maassluis, the Netherlands). Subsequently, rats were transcardially
perfused with Ringer solution (8.5 g NaCl, 0.25 g KCl, 0.2 g NaHCO3 in 1000 ml ultrapure H2O at 40 0C brought to pH 6,9 with 95% O2 5%CO2), followed by fixative (4%
paraformaldehyde, 0,05% glutaraldehyde in 0,125 M PB pH 7,4) for 15 minutes. After
perfusion, the brain was dissected, post-fixated for 1 hour at room temperature in the
same fixative and subsequently rinsed in 0.125 M PB. The injected hemisphere was cut
using a vibrating microtome (VT 1000S, Leica Microsystems, Heidelberg, Germany) into
two alternating series of coronal slices, respectively of 400μm and 100μm thickness.
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Intracellular filling of FB stained entorhinal cells
Each 400 μm slice was placed in a chamber which contained 0.125 mM PB, pH 7.4. The
slice was covered with a Millipore AA filter, 0.8 μm pore width (Millipore, Molsheim,
France) to prevent the slice from drying out. To prevent the slice from floating, a small
weight was placed on the side of the filter. The entorhinal cortex was exposed by means
of a small opening in the Millipore filter.
To fill the FB labeled cells, a glass micropipette with a tip diameter between 0.1 - 0.5
µm was filled with a solution of 4 % Lucifer Yellow CH dilithium salt (Sigma, St. Louis,
Missouri, USA), diluted in ultrapure H2O. The glass micropipette was placed over an
electrode and together they were fixated in a micromanipulator. The slice was mounted
onto a Zeiss fixed-stage microscope (Zeiss, Germany), equipped with a Zeiss 25 - UD
long-distance objective lens and epifluorescence illumination.
The FB fluorescent cells were selectively impaled with the micropipette, through which a
DC current of 1-2 nA was applied for 5-20 minutes. In case of a successful penetration,
the cell showed rapid and intense filling of the soma and its dendrites with LY (Figure 2).
After filling, slices were post-fixated in 4% PFA pH 7.4 (4 gr. PFA 40 ml ultrapure H2O at
60 0C, 5 μl NaOH and 31,25 ml 0,4 M PB) (Jorritsma-Byham et al., 1994a; Wouterlood
et al., 1990). The filled slices were stored for further processing in 2% DMSO, 20%
glycerin solution (31.25 ml 0,4 M PB, 20 ml glycerin and 2 ml DMSO, filled up to 100ml
with ultrapure H2O) at -20oC.
Staining for fluorescence microscopy
After intracellular filling, the 400μ slices were resectioned at 40μ using a freeze-microtome (American Optical Corp. Microtome 860, Buffalo, New York, USA). The 40μ
sections were stained for fluorescence microscopy for PHA-L and BDA. In case of PHA-L
staining, the slices were rinsed twice for 10 minutes in TBS (pH 8,0) and 10 minutes
in TBS-TX (pH 8,0) and then incubated for one night in the primary antibody (1:200,
rabbit-anti-PHA-L in TBS-TX pH8,0; Invitrogen, Molecular Probes, Carlsbad, CA, USA).
After incubation, the slices were rinsed three times for 10 minutes in TBS-TX (pH 8,0)
and incubated in a secondary antibody (1:400, goat-anti-rabbit in TBS-TX pH 8,0; Invitrogen, Molecular Probes, Carlsbad, CA, USA). After applying the secondary antibody,
the slices were rinsed twice for 5 minutes in Tris-HCl (pH 7,6). Finally, the slices were
mounted on glass slides from a solution of Tris-HCl pH 7,6 with 0,2% gelatin. BDA staining was obtained according to a comparable procedure with the difference that only
streptavidin was applied (streptavidin in TBS-TX pH 8,0 (1:400); Invitrogen, Molecular
Probes, Carlsbad, CA, USA). When tissue was prepared for confocal analysis, markers
were chosen that optimized the emission separation of the fluorescent dyes; strepta-

43

chapter 3

Figure 3: Representative examples of injection sites and intermingling of PER and POR fiber in EC.
A: Example BDA injection in POR (case 2007021) The injection involved mainly the superficial layers. B: Example PHA-L injection in PER (A36) (case 2007020). The injection mainly involves the deep layers. C: FB injection in the septal HF targeting DG and the enclosed part of CA3c as well as parts of CA1 (case 2007062). D:
Intermingling of fibers in EC. The upper picture in D shows Fast Blue labeled entorhinal cells. Overlayed is an
image of the same slice in which two Lucifer Yellow (LY) filled cells are visible. The lower picture in D is an enlargement of the marked LY-cell in this slice, showing PHA-L (green) and BDA (red) fibers near the filled cell.
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Figure 4: Reconstruction of a LY
filled cell with BDA and PHA-L
fibers in the vicinity.
A: 3D-reconstructed Lucifer Yellow (LY) filled entorhinal neuron
with green (PHA-L) and red (BDA)
fibers in its vicinity (using Amira
voltex function). B: Enlargement of
A, showing more clearly the PER
(PHA-L) and POR (BDA) fibers in the
proximity of the cell. C: The image
is tilted. The BDA (red) fiber seems
to pass by the LY cell without touching it. D: A zoomed image the site
where the BDA fiber is closest to
the LY neuron. A gap can clearly be
observed between the red fiber and
the LY cell.

Figure 5: Alternative routes for extrahippocampal convergence: experimental design.
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Figure 5: Alternative routes for extrahippocampal convergence: experimental design.
Convergence of peri- and postrhinal inputs to the entorhinal cortex may occur through the intrinsic network of the entorhinal cortex. Panel A and B show possible triple-labeling experiments which could test
this hypothesis. A: Injecting an anterograde tracer in POR will label fibers and terminal varicosities of POR
projections to the EC. Assuming that PER projects mainly to LEA and terminates there, information that is
transferred by the intrinsic LEA to MEA network is strongly influenced by PER input. Injecting an anterograde tracer in the dorsolateral lateral entorhinal cortex (LEA-dl) will label fibers and terminal varicosities of
the intrinsic LEA to MEA network. When additionally a retrograde tracer (e.g. Fast Blue) is injected in the
septal hippocampal formation, neuronal cell bodies in the dorsolateral entorhinal cortex will be retrogradely
labeled. To show the existence of convergence through this pathway, LEA to MEA projections have to terminate on the FB labeled cells together with the projections that originate in POR. B: The experiment in B
follows the same logic as in A, with the difference that the POR is assumed to project mainly to the MEA.
C: Injecting anterograde tracers in the caudal PER and rostral POR will label a plexus of fibers and terminal
varicosities in the injection region. When additionally a retrograde tracer is injected in the dorsolateral
lateral entorhinal cortex, neuronal cell bodies in the PER will also be detectable. To show the existence of
convergence, PER and POR fibers need to terminate onto cells that project to the entorhinal cortex. From the
dorsolateral entorhinal cortex, the integrated information flow could continue to the septal hippocampal
formation (black neuron).

vidin alexa 546 was used for BDA and goat-anti-rabbit alexa 633 for PHA-L. Using a
similar protocol, the 100µ sections were stained, only with the difference that BDA was
labeled with A546 and PHA-L with A488, in order to visualize the labeled fibers using
a fluorescent microscope.
Confocal laser scanning microscopy
The filled and stained sections were scanned with the use of a confocal laser scanning
microscope (Leica TCS SP2 AOBS, Leica Microsystems, Heidelberg, Germany). Next, the
digitized images were deconvoluted with a classic maximum likelihood restoration algorithm implemented in the Huygens Suite (SVI, Netherlands, www.svi.nl). The deconvoluted images were three-dimensionally reconstructed with Amira (Mercury computer systems inc., www.mc.com/tgs) and convergence sites between perirhinal and
postrhinal labeled varicosities onto entorhinal neurons were sought (Wouterlood, 2006;
Wouterlood et al., 2008).
Results
For analysis, a case was considered successful if the tracer injections were located in
the correct areas (septal HF, PER and POR) and HF projecting EC cells were intracellularly labeled in a part of the entorhinal cortex where PER and POR labeled fibers intermingled. A total of eight successful cases (out of 10 cases) were available for analysis.
Photographs of representative tracer injections in all areas are shown in Figure 3. A
representative BDA injection in POR (case 2007021RH) is shown in Figure 3A. BDA has
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been taken up by neurons in both deep and superficial layers of POR. A representative
PER injection (case 2007020RH) is shown in Figure 3B. Most of the PHA-L labeled neurons were located in the deep layers of A36, but some labeling extended into to the
superficial layers. An injection in the septal HF is shown in Figure 3C (case 2007062LH).
The injection labeled parts of the septal DG, CA1 and CA3.
In most cases, injections in PER and POR resulted in a labeled plexus of axons in layers II
and III of the part of EC that is adjacent to the injection site. Labelling extended in the
anterior-posterior dimension over 5 slices of 400 mu. Labelling was mainly confined to
areas adjacent to the border with the perirhinal and postrhinal cortex, maximally covering about half of the lateral-to-medial extent of EC.
Intermingling of PER and POR fibers was found in the superficial layers of the dorsolateral and intermediate levels of the EC (Figure 3D). In areas where overlap of both projections from PER and POR could be visualized, a total of 104 FB positive neurons in layers
II and III of EC were successfully filled with Lucifer yellow (Figure 2) and reconstructed
(Figure 4).
PER and POR fibers were detected in the vicinity of intracellularly labeled cells. However,
out of the total number of filled neurons (104), only 4 cases fibers of PER and POR were
found near enough to a LY filled cell, such that a detailed examination of the cell was
warranted. In these cases, after closer examination using three-dimensional reconstruction, no convergence was apparent (Figure 4).
Discussion
The aim of this study was to determine if PER and POR projections to EC converge
onto neurons that give rise to the projections to HF. In most of our animals we found
some intermingling of labeled fibers from PER and POR in the superficial layers of the
dorsolateral part of the EC. However, no evidence was found for convergence of PER
and POR projections onto HF-projecting EC neurons. This negative result may be taken
as an indication that entorhinal networks do not mediate convergence between these
two main input streams. However, the observations that single cells in EC of monkeys
respond to a variety of different inputs (Suzuki et al., 1997) seems to contradict such a
conclusion. The experimental results of the current study should therefore be considered with some caution.
A first consideration concerns our observation that the intermingling of PER and POR fibers in the EC was light. Previous studies reported the percentage of PER and POR input
to the EC (Burwell and Amaral, 1998b). POR projections to LEA and MEA both originate
in layers II, III, V and VI and terminate in the superifical layers (I-III) of LEA and MEA. POR
provides 7.1 % of the input to MEA and 4.9% of the input to LEA. The PER projection
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to the EC originates mainly in A35. Both A35 and A36 projects from layers II, III, V and
VI to the superficial layers of the LEA and MEA. PER provides 15.6% of it the input to
the LEA and 7.1% of the input to the MEA. The LEA and MEA projections to the HF
arise mainly from the superficial layers, exactly from those layers where the projections
from the PER and POR have been reported to terminate. However, no quantitative reference is currently available for the extent of the overlap of these projections. Therefore,
it is impossible to compare the amount of intermingling of PER and POR fibers that we
observed to that of previous reports. This could be relevant, because less intermingling
compared to a previous study could be indicative of suboptimal injections of tracers,
which unintentionally results in limiting the chance of finding convergence.
Secondly, because of a topographical relationship between the EC to HF projections,
mainly cells located in the dorsolateral part of the EC were retrogradely labeled with FB
(see Chapter 2 for details) and intracellularly filled. A previous report indicated that the
dorsolateral EC is the most likely area for convergence (Burwell and Amaral, 1998b),
since cortical regions such as A35, A36 and POR project more strongly to this region
compared to the intermediate and ventromedial levels of EC. However, intermingling
of PER and POR projections may also occur at intermediate and ventromedial levels of
EC, allowing for the possibility of convergence to occur at these EC levels. Therefore,
our search that was predominantly focused on the dorsolateral levels of the EC is not
exhaustive.
A third consideration concerns the possible existence of other extrahippocampal pathways by which PER and POR fibers could converge. One such alternative route is by way
of the intrinsic connections of the EC. This network has been shown to connect LEA to
MEA and vice versa in the rat(Dolorfo and Amaral, 1998) as well as in the cat and the
monkey(Witter et al., 1986) (Chrobak and Amaral, 2007) By such a network, signals
that arrive from PER in LEA and from POR in MEA may be combined in the dorsolateral
part of EC. In correspondence with this idea is the observation that the lateral entorhinal
cortex is uniquely involved in odor-place associations (Mayeaux and Johnston, 2004),
showing that extrahippocampal association between different types of stimuli does occur in EC. Figure 5A and 5B (p. 45) show examples of triple-labeling experiments that
could be carried out to test this hypothesis. Another pathway by which PER and POR
fibers could converge, is by direct reciprocal connections between PER and POR (Burwell
and Amaral, 1998b). Stimulation of the barrel cortex evoked field potentials throughout
the longitudinal extent of both PER and POR. In contrast, preferentially POR and the
caudal portion of PER were responsive to visual cortex stimulation and (Naber et al.,
2000). Combined with the fact that PER has a stronger role in somatosensory processing, caudal PER possibly features a unique combination of somatosensory and visual
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processing. Figure 5C shows an example of a triple-labeling experiment that could be
carried out to test this hypothesis.
Conclusion
Convergence of PER and POR projections onto EC layer II or III cells that project to the
septal HF has not been observed in this study. However, our results currently do not
rule out that convergence between PER and POR projections occurs outside the HF. A
quantitative analysis of the intermingling of PER and POR projections in EC should be
conducted, taking into account the entire dorsolateral to ventromedial extent. Moreover, important characteristics of the PHR connectivity such as the direct interconnections between PER and POR and the intra-entorhinal connections between LEA and
MEA should also be considered in future studies.
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