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Excitatory Postrhinal Projections to Principal Cells in the
Medial Entorhinal Cortex

Noriko Koganezawa, Ragnhild Gisetstad, Ellen Husby, Thanh P. Doan, and Menno P. Witter
Kavli Institute for Systems Neuroscience and Centre for Neural Computation, Norwegian University of Science and Technology, NO-7491 Trondheim,
Norway

The postrhinal cortex (POR) provides substantial input to the entorhinal cortex, mainly targeting superficial layers of the medial ento-
rhinal cortex (MEC). Major inputs to POR originate in the visual and parietal cortex, thus providing neurons in MEC with a subset of
cortical information relevant to their spatial firing properties. The POR takes a position that is comparable with that of the perirhinal
cortex (PER) with regard to the lateral entorhinal cortex (LEC). Neurons in LEC and MEC show different functional properties likely
reflecting differences in their respective inputs. Projections from PER to LEC exert a main inhibitory influence, which may relate to the
sparse object-selective firing in LEC. In view of the continuous, spatially modulated firing properties of principal neurons in MEC, we
tested in rats the hypothesis that projections from POR to MEC are functionally different from the PER-to-LEC counterpart in providing
an excitatory drive to MEC. Our combined confocal and quantitative electron-microscopic observations indicated that POR projections
target mainly principal cells in MEC, including neurons that project to the hippocampus. The ultrastructure of the majority of the
synapses indicated that they are excitatory. Voltage-sensitive dye imaging in sagittal slices confirmed this morphologically derived
conclusion, showing that the MEC network always responded with an overall depolarization, indicative for net excitatory transmission.
Invitro single-cell recordings from principal cells showed only excitatory responses upon POR stimulation. These results show that POR
provides an excitatory projection to MEC, differing fundamentally from the inhibitory projection of PER to LEC.
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The study provides anatomical and electrophysiological data indicating that projections from the postrhinal cortex to the medial
entorhinal cortex (MEC) are excitatory, providing the substrate for high probability of information transfer and thus a continuous
input stream into MEC. This is a relevant component of the spatial navigational network found in MEC. The findings are in contrast
to previous reports on the parallel pathway from the perirhinal cortex to the lateral entorhinal cortex. This pathway, characterized
by a preponderance of inhibitory connections, mediates information transfer with a low probability, likely related to the discon-
tinuous object-related firing of neurons in the lateral entorhinal cortex. j

[Signiﬁcance Statement

into the entorhinal cortex (EC), which in turn is the main entry
point to the hippocampal formation (Eichenbaum et al., 2007;

Introduction
The postrhinal cortex (POR), together with the perirhinal cortex

(PER), mediate important projections from cortical domains
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Ranganath and Ritchey, 2012; Cappaert et al., 2014). Whereas
PER receives inputs from all sensory modalities, inputs to POR
originate in visual and visuospatial regions (Burwell and Amaral,
1998a, b; Burwell, 2000; Agster and Burwell, 2009). These two
main input streams to EC show a strikingly different distribution
such that PER mainly innervates the lateral entorhinal cortex
(LEC), whereas the projections from POR preferentially inner-
vate the medial entorhinal cortex (MEC) (Naber et al., 1997;
Burwell and Amaral, 1998b; Witter et al., 2000; Kerr et al., 2007).

In line with their inputs, PER and POR are functionally dif-
ferent. PER is critical to the representation of objects, and neu-
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rons in PER of the rat respond selectively to objects and convey
information about the familiarity of the objects (Zhu and Brown,
1995; Zhu et al., 1995). Firing of neurons in POR has been asso-
ciated with the spatial arrangement of objects or the context
(Burwell and Hafeman, 2003; Furtak et al., 2012), and lesions of
POR in rats have been shown to impair coding of context and
egocentric spatial relations between objects, but not object per-
ception itself (Bucci et al., 2000, 2002; Gaffan et al., 2004; Norman
and Eacott, 2005). Lesion studies point to functional differences
between LEC and MEC, in line with the functional differences of
PER and POR (Eichenbaum et al., 2007; Ranganath and Ritchey,
2012). Moreover, LEC neurons respond to individual items, such
as odors, pictures of objects, or have a memory code for objects
and previous locations of specific objects, but do not show strong
spatial firing in the absence of objects (Zhu and Brown, 1995; Zhu
etal,, 1995; Young et al., 1997; Hargreaves et al., 2005; Deshmukh
and Knierim, 2011; Yoganarasimha et al., 2011). In contrast,
MEC contains a variety of spatially modulated cells, such as grid
cells, border cells, and head direction cells (Hafting et al., 2005;
Sargolini et al., 2006; Solstad et al., 2008), all likely representing
elements of an allocentric spatial code (Zhang et al., 2014).

The organization of the PER-to-LEC pathway has been stud-
ied in some detail. Despite strong anatomical connectivity be-
tween PER and LEC, signal transmission from PER to LEC occurs
with an extremely low probability, likely as the result of strong
feedforward inhibition, mediated by excitatory PER projections
terminating onto inhibitory LEC neurons, as well as long-range
inhibitory PER projections to LEC (de Curtis and Paré, 2004;
Pinto et al., 2006; Apergis-Schoute et al., 2007). This wall of in-
hibition, as it has been referred to, essentially blocks incoming
information to reach the entorhinal network, unless a second
input, either from cortex (Pelletier et al., 2004) or from the lateral
nucleus of the amygdala (Kajiwara et al., 2003; Paz et al., 2006;
Koganezawa et al., 2008), converges with the first one. The PER-
to-LEC transmission might thus be discontinuous, depending on
coincidence detection, likely representing relevant changes in
sensory input (de Curtis and Paré, 2004). In view of the overall
comparable position of PER and POR in relation to LEC and
MEG, respectively, one may assume that the signal transmission
from POR to MEC is under a feedforward inhibitory control,
comparable with that seen in the PER-to-LEC pathway. How-
ever, several theoretical accounts on the possible origin of spa-
tially modulated cells in MEC assume a continuous excitatory
input representing, for example, information about directional-
ity or velocity (McNaughton et al., 2006; Bonnevie et al., 2013;
Couey et al., 2013; Moser et al., 2014). Therefore, one may hy-
pothesize that the POR-to-MEC pathway, in contrast to the PER-
to-LEC pathway, comprises mainly excitatory projections. Using
anterograde tracing, electron and confocal microscopic analyses,
voltage-sensitive dye imaging, and single-cell recordings, we
showed the latter hypothesis to be correct.

Materials and Methods

Experimental protocols were approved by the Norwegian Animal Re-
search Authority and were in accordance with the European Convention
for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes. The animals were kept in individual cages on a
12 h light/dark cycle under standard laboratory conditions (19°C-22°C,
50%—60% humidity) and had free access to food and water.

Anatomical tracing studies

Light microscopy. We used 12 male Sprague Dawley rats (Charles River)
with a body weight between 200 and 220 g. Surgeries for tracer injections
and subsequent analyses were performed as described previously, with
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minor modifications (Kononenko and Witter, 2012; Czajkowski et al.,
2013). Animals were anesthetized with a mixture of isoflurane and oxy-
gen (3% isoflurane; Intervet International) in an induction chamber.
They were subsequently mounted in a stereotaxic frame (Kopf Instru-
ments) while maintaining stable anesthesia (1.5% isoflurane). Stereo-
taxic coordinates for tracer injections were derived from the rat brain
atlas of Paxinos and Watson (2007) and adjusted for weight. Projections
from POR to MEC were visualized by injecting 5% biotinylated dextran
amine (BDA; 10,000 MW, D-1956; Invitrogen) in 0.125 m PBS, pH 7.4,
through glass micropipettes with an outer tip diameter of 15-20 wm. The
pipettes were stereotaxically lowered into dorsal or ventral parts of POR.
The tracer was injected by applying a positively pulsed DC current to the
micropipette (6 nA, 6 s on, 6 s off) for 10—-20 min. Six of these 12 animals
received an additional injection with the retrograde tracer Fast Blue (FB,
150 nl; 1% in PBS, Electron Microscopy Sciences-Chemie), through a 1
wl Hamilton syringe that was placed vertically in the center of the dorsal
hippocampus, ~4 mm behind bregma. We aimed to label entorhinal
projecting neurons, without selectively aiming for any of the hippocam-
pal subdivisions. All animals were given a dose of buprenorphine
(temgesic, RB Pharmaceuticals, 0.05 mg/kg, subcutaneously) to reduce
postsurgical pain 30 min before the end of the surgery. Suturing the skin
over the wound completed surgery.

After 7-14 d of survival, the rats received an overdose of equithesin (a
mixture of chloral hydrate, magnesium sulfate, and sodium-pentobarbi-
tal; 11 mg/kg body weight i.p.; Sanofi Sante). They were subsequently
transcardially perfused with 200 ml of a fresh filtrated oxygenated
Ringer’s solution (0.85% NaCl, 0.025% KCI, 0.02% NaHCO; 4°C,
brought to pH 6.9 with CO,) followed by 200 ml 4% filtrated freshly
depolymerized PFA (1.04005; Merck) in PBS at 4°C. Subsequently, the
brain was removed from the skull and postfixed at 4°C in the same
fixative. The postfixation and subsequent procedures differ for the two
subsequent analyses.

Fluorescence microscopic analysis of POR projections. We used the six
animals that received only an anterograde tracer injection in POR to
study the distribution of anterograde labeling of projections to MEC.
After a postfixation overnight, the brains were cut in the sagittal plane
with a vibrating microtome (Leica, model VT1000S) with 50 pwm steps,
and all sections were collected. Sections were rinsed 3 X 10 min in PBS
and then 3 X 10 min in Tris-buffered saline with Triton (TBS-Tx; 50 mMm
Tris, 153 mm NaCl, 2% Triton X-100), pH 8.0. The sections were incu-
bated in streptavidin conjugated to either Alexa-488 (S-11223), or Alexa-
546 (S-11225) or Alexa-635 (S-32364; Invitrogen) in a 1:200 solution
with TBS-Tx overnight at 4°C. Next, the sections were rinsed 2 X 5 min
in Tris-HCI (50 mwm Tris, pH set at 7.6 with HCl) and subsequently
mounted on glass slides from a 0.2% gelatin solution in Tris-HCI. After
overnight drying, they were cleared in xylene and coverslipped with En-
tellan (1.07961; Merck). Sections were inspected with dark-field and flu-
orescence illumination at the appropriate excitation wavelengths
(Zeiss Axio Imager M2), and digital images of the anterogradely la-
beled plexus in the entorhinal cortex were obtained, either using the
microscope or an automated scanner (Zeiss Mirax Midi). All images
selected for illustration purposes were saved as gray-level images of
which the contrast and brightness were equalized using Adobe Pho-
toshop CS5 (Adobe Systems).

Confocal analyses of postsynaptic targets. We used the six animals with
injections in POR (anterograde tracer) and hippocampus (retrograde
tracer) to analyze whether the postsynaptic neurons of POR inputs in
MEC project to the hippocampus. The brains were postfixed for only 2 h.
Following a protocol described in detail previously (Czajkowski et al.,
2013), alternating 100-/400-pum-thick sagittal slices were cut with a
vibratome (Leica, model VT1000S; bath fluid 0.1 m PBS). The 100 -um-
thick sections were incubated overnight at 4°C with AlexaFluor-546-
conjugated streptavidin and used to ascertain maximal overlap between
BDA-filled axonal terminals and retrogradely FB stained hippocampal-
projecting neurons in MEC.

We used the 400-um-thick sections adjacent to the 100 wm sections
where an overlap was found for subsequent intracellular injections. The
400 wm slices were rinsed in PBS and transferred to a chamber mounted
on a fluorescence microscope equipped with a PlanApo 20X, 1.0 NA
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water dipping objective (Zeiss examiner D1), a micromanipulator (Luigs
& Neuman), and an iontophoretic injection device capable of delivering
nA-currents (home-made appliance) (Buhl et al., 1989). Intracellular
filling of randomly selected FB-labeled cells in layers IT and IIT of MEC
was achieved by impaling cell bodies with a 70-130 m{) glass pipette
(microelectrode-tip diameter in the 0.5-0.8 wm range) containing a
mixture of AlexaFluorTM 555 hydrazide and AlexaFluorTM 568 hydra-
zide (A-20501MP, A-10441; both Invitrogen; 10 mm in 200 mMm KCI).
Negative current was applied to the micropipette (2 nA, 500 ms on, 500
ms off) until filling was judged complete by inspection, when the finest
details such as dendritic spines and thin distal branches of dendrites far
away from the cell body became visible. After filling, the sections were
transferred to 4% PFA and postfixed overnight. Next, the slices were
washed in PBS, 3 X 15 min each, and subsequently immunostained.
Sections were washed seven times 15 min each in 0.1 m PBS containing 1%
Triton X-100 at room temperature, preincubated with PBS containing 5%
normal goat serum (NGS, X0907, DAKO) and 1% Triton X-100 for 2-3 h,
and subsequently incubated with AlexaFluor488-conjugated streptavidin (1:
300 in PBS, 5% NGS, and 1% Triton X-100) for 12 h in darkness at room
temperature. Later, sections were washed in PBS 3X 15 min each, dehy-
drated in ascending ethanol series (50%, 70%, 90% 10 min each, twice in
100%, 10 min each), permeabilized in a 1:1 mixture of 100% ethanol and
methylsalicylate (M6752; Sigma-Aldrich) for 10 min, cleared and mounted
in methylsalicylate. Slides were stored at 4°C for up to 2 months.

Laser scanning microscopy, reconstructions, and 3D analysis. Confocal
image stacks were taken from areas of interest where dendrites of the
intracellularly filled cell overlapped with the POR axonal plexus (Zeiss
CLM 510, Carl Zeiss) (for detailed imaging protocols, see Kononenko
and Witter, 2012; Czajkowski et al., 2013). After acquisition, all image
files were processed with Amira 4.1.2 software (TGS, Mercury Computer
Systems). We used a custom-developed Amira plug-in for 3D recon-
struction of dendritic trees and spines (Schmitt et al., 2004; Evers et al.,
2005) and analyzed the distribution of potential synapses by identifying
BDA-positive voxels within 300 nm from the dendritic surface, and ex-
pressed this proximity as a heat map. Finally, for each putative contact,
the zoomed image was analyzed, and it was determined whether it ad-
heres to previously established criteria of a presynaptic bouton (Wouter-
lood et al., 2008), being an axonal swelling having a diameter 3 times
bigger than the preceding fiber.

Electron microscopy (EM). We used seven male Sprague Dawley rats for
EM analysis. The animals received a unilateral injection of BDA in MEC
as described above. The animals survived for 14 d, were killed by an
overdose of equithesin and transcardially perfused with 200 ml of oxy-
genated cold Ringer’s solution (0.85% NaCl, 0.025% KCl, 0.02%
NaHCO;, pH 6.9, 4°C) followed by 200 ml of a mixture of freshly depo-
lymerized 4% PFA and 0.1% glutaraldehyde (Merck) in PBS at 4°C.
Sagittal vibratome sections (50 wm) were rinsed for 10 min in an ascend-
ing series of 10%, 15%, and 20% DMSO in PBS 4°C. The sections were
quickly frozen in isopentane cooled by solid carbon dioxide and subse-
quently recovered and thawed. This freeze-and-thaw procedure was re-
peated twice to increase the permeability of the neurons to facilitate
subsequent staining for biotin. Sections were subsequently rinsed 3 X 20
min in PBS 4°C and 2 X 5 min in TBS (50 mM Tris, 153 mm NaCl), pH
7.6, 4°C. The sections were incubated with avidin-biotin-peroxidase
complex (Vectastain ABC kit Standard, PK-400) in TBS for 48 h at 4°C.
Next, they were rinsed for 3 X 10 min in TBS, and 2 X 5 min in Tris-HCI,
pH 7.6, and subsequently stained with filtrated diaminobenzidine tetra-
hydrochloride (DAB; D5905; 0.067% in Tris-HCI, Sigma-Aldrich; 4°C),
to which a 30% solution of H,0, had been added immediately before use.
When, upon inspection in a light microscope, the projection from POR
appeared to be clearly labeled in MEC without any visible background
staining, the DAB reaction was stopped with Tris-HCI, and the sections
were rinsed for 2 X 5 min in the same buffer.

The entorhinal cortex was dissected and postfixed in the dark for 1 hin
2% 0s0,, (201030, Merck) in 0.1 m PBS, pH 7.4. The sections were rinsed
2 X 5 min in PBS and then dehydrated in ascending series of ethanol in
water: 50% (10 min), 70% (10 min), 90% (10 min), and in 100% (4 X 15
min). Subsequently, the sections were put in propylenoxide (807027,
Merck) for 2 X 15 min, followed by a mixture of propylenoxide and
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epoxy resin (21395, Ladd Research), first 2 volume parts propylenoxide
and 1 volume part epoxy resin for 30 min, followed by 1 part propylenox-
ide and 2 parts epoxy resin (30 min) before they were put in pure epoxy
resin overnight. In all solutions including epoxy resin, 1.5% of the curing
agent dimethylaminomethylphenol (21370, Ladd Research) was added.
The sections were then embedded in epoxy resin between polyethylene
foil (3M Color Laser Transparency film, CG3710) at 60°C overnight. All
sections were inspected under a dissection microscope to determine the
location of the labeled plexus in MEC. In four animals, we deemed the
density of the terminal plexus sufficient for further EM analysis. These
selected plexus were dissected from the sections and glued with epoxy
resin on blocks of precured epoxy resin. The blocks were subsequently
cured for 24—48 h at 60°C.

From these blocks, series of ultrathin sections (60—70 nm) were cut
with an ultramicrotome (Leica, EM UC6) equipped with a diamante
knife (Diatome ultra 45°) and collected on formvar-coated (0.5% in
dichlorethan, Electron Microscopy Sciences) single-slot copper grids
(EMS201-CU, Electron Microscopy Sciences). Sections were stained in
the dark with 4% uranylacetate in 50% ethanol for 17-20 min and coun-
terstained with 1% lead citrate (Electron Microscopy Sciences) in 0.1 M
NaOH for 4—5 min, and inspected with a transmission electron micro-
scope (JEM-1011, JEOL). Digital images were taken (Olympus), and
lengths of all postsynaptic densities (PSDs) and the shortest and longest
diameters of each axonal bouton were measured in iTEM (5.0 Olympus
Soft Imaging Solutions). Images were subsequently stored on a hard disk.
Initial screening of the ultrathin sections from all blocks allowed us to
select material from two animals that showed strong anterograde labeling
in layers II and III of MEC and of which the ultrastructure was well
preserved as to be able to obtain information about synapse morphology.

Morphological and quantitative analyses of synapses

Synapses were obtained from at least two different 50-wm-thick sections
of each of two animals. To increase the likelihood of finding synapses, the
densest part of the terminal plexus in a chosen vibratome section was
isolated. The synapse type and the postsynaptic target were determined
in a randomly selected reference section. All synapses in this ultrathin
section were counted, and their phenotype was determined. To be in-
cluded, a synapse needed to comprise a BDA labeled axon terminal, an
electron-dense synaptic membrane specialization, a morphological iden-
tifiable postsynaptic element, and a distinguishable synaptic cleft. To
avoid double counting, only synapses that were not visible in a parallel
look-up section were used in analyses (Gundersen, 1986). Serial sections
were used to certify the properties of identified synapses. In each animal,
analysis was continued until a sample size >100 identified synapses was
reached.

Synapse properties in terms of presynaptic varicosities and postsynap-
tic targets were determined on the basis of their overall morphology,
using criteria described in detail previously (Gray, 1959; Uchizono, 1965;
Colonnier, 1968). Synapses with a thick PSD, round vesicles in the pre-
synaptic element, and a wide synaptic cleft were categorized as asymmet-
rical synapses, whereas synapses with a thin PSD, pleomorphic vesicles,
and a narrow synaptic cleft were classified as symmetrical synapses. Post-
synaptic targets were classified as spines if they had a clear cytoplasm
and/or a spine apparatus. Postsynaptic targets with mitochondria and/or
visible microtubules were classified as dendritic shafts.

After categorization of the synapses and postsynaptic targets, all elec-
tron micrographs were presented blindly to an unbiased independent
observer who was asked to categorize the boutons and postsynaptic target
according to the same criteria described above. Boutons and postsynaptic
targets on which the first and second observer did not agree were dis-
cussed together and classified as undetermined if no consensus was
reached or when there was consensus that not all criteria were met.

Slice preparation for electrophysiology

Slices (400 wm thickness) were prepared from Wister (Taconic) or Long—
Evans rats (100-150 g). All Long—Evans rats were bred in-house. We
used 58 animals in total. Animals were anesthetized with isoflurane (Iso-
fane, Vericore), subsequently decapitated, the brain quickly removed
from the skull and placed in oxygenated (95% O,—5% CO,) ice-cold
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ACSF as follows (mm): 124 NaCl, 5 KCl, 1.25 NaH,PO,, 2 MgSO,, 2
CaCl,, 10 glucose, 22 NaHCOj;. To maintain the connectivity between
POR and MEC, tilted sagittal slices were cut with an angle of ~5 degrees
with the midsagittal plane and 85 degrees with the dorsal surface of the
hemisphere (Figure 1; Vibratome 1000, Vibratome). Each slice was then
transferred onto a fine-mesh membrane filter (Omni pore membrane
filter, JHWPO01300, Millipore) held in place by a thin Plexiglas ring (11
mm inner diameter; 15 mm outer diameter; 1-2 mm thickness), main-
tained in a moist interface chamber, containing the previously used
ACSF, continuously supplied with a mixture of 95% O, and 5% CO, gas,
and moistened by leading the gas through ACSF before it entered the
chamber (Tominaga et al., 2000). The ACSF was maintained at 32°C. For
all experiments, slices rested for at least 1 h until used one by one in the
recording chamber superfused with ACSF.

Electrophysiology

Voltage-sensitive dye (VSD) imaging. The recording chamber was posi-
tioned under a fluorescence microscope (Axio Examiner, Zeiss) and the
slice stained for 3 min with the VSD RH-795 (R649, Invitrogen, 0.5% in
ACSF) (Koganezawa et al., 2008). Slices were excited with 535 * 25 nm
light (bandpass), reflected by a dichroic mirror (half reflectance wave
length of 580 nm). Epifluorescence was detected through a long-
wavelength pass filter (50% transmittance at 590 nm) with a CMOS-
camera (MiCAM Ultima, BrainVision, Japan; 100 X 100 pixels array).
When the optical recording was triggered, an electronically controlled
shutter built into the light source (HL-151, Brain Vision) was opened for
500 ms before the start of recording to avoid both mechanical distur-
bance caused by the shutter system and rapid bleaching of the dye. Sub-
sequently, the optical baseline was allowed to stabilize for 50 ms before
stimuli were delivered. For all experiments, 512 frames at a rate of 1.0
ms/frame were acquired. To represent the spread of neural activity, we
superimposed color-coded optical signals on the bright-field image. In
this procedure, we applied a color code to the fraction of the optical
signal, which exceeded the baseline noise. To reduce baseline noise, we
averaged eight identical recordings acquired with a 3 s interval directly in
the frame memory. Optical signals were analyzed off-line using BrainVi-
sion analyses software. Changes in membrane potential were evaluated in
a ROI as fractional changes of fluorescence (AF/F). Based on visual in-
spection of the optical signal, the region where the signal first entered
MEC after POR stimulation was chosen as our ROI The stimulation
electrode was a tungsten bipolar electrode with a tip separation of 150
pum. Because the POR to MEC projections originate primarily in layers
I/l and V (Burwell and Amaral, 1998b), we separately stimulated layers
II/IIT or V of the dorsal or ventral parts of POR, respectively. We used 219
slices; and in some, several stimulation positions were tested subse-
quently. Ultimately, we analyzed data from ventral POR layers II/III
stimulation (N = 60), ventral POR layer V stimulation (N = 46), dorsal
POR layers II/I1I stimulation (N = 56), and dorsal POR layer V stimula-
tion (N = 57). Initially, a single pulse stimulation (300 us, 0.1-0.3 mA)
was used. In case the single pulse did not cause measurable activation in
MEC, four or five repetitive stimulations (0.1-0.3 mA, 300 us, at 40 Hz)
were used. At least five stimulation cycles were repeated for all experi-
ments to assess whether or not activation was elicited. In case of MEC
activation, the latency was measured from the beginning of the stimulus
artifact to the onset of the response in MEC.

The recording ACSF for VSD imaging contained a low dose of the
GABA, antagonist bicuculline (2 um; bicuculline methiodide; 14343;
Sigma-Aldrich), similar to the recordings made in previous studies on
PER-to-LEC projections. Stimulation electrodes and parameters as well
as analyses were also similar to those used in these studies (Kajiwara et al.,
2003; Koganezawa et al., 2008).

To identify the area of stimulation and recording for VSD experi-
ments, slices were postfixed in 4% PFA for up to 1 week and subsequently
kept in PBS with 30% sucrose for >10 h and cut at 40—50 um thickness
using a freezing microtome. Mounted sections were Nissl-stained with
cresyl violet and coverslipped using Entellan. Digital images of sections
were combined with the optical imaging data to identify the region in
which changes in neural firing occurred.
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Single-neuron recordings. Whole-cell current-clamp recording of dor-
sal MEC neurons was done under visual guidance using infrared differ-
ential interference contrast video microscopy as described in detail
previously (Couey et al., 2013; Czajkowski et al., 2013). Patch pipettes
were pulled from standard-walled borosilicate capillaries (GC120F-10,
Harvard Apparatus). Whole-cell recordings were made with such pi-
pettes filled with a solution containing the following (in mwm): 120
K-gluconate, 10 HEPES, 4 ATP-Mg, 0.4 GTP, 10 K-phosphocreatine, 10
KCl, pH 7.3, adjusted with 1 M KOH, and an osmolarity of ~280 M,
having a resistance between 4 and 7 m{). Biocytin (5%, B4261, Sigma-
Aldrich) was included in the solution to allow for later analysis of cell
location and morphology. The seal resistance was >1 G(). Recordings
were made with a Multiclamp 700A Amplifier (Molecular Devices) in
bridge mode. Capacitance compensation was maximal and bridge bal-
ance adjusted. The signal was low pass filtered at 3 kHz and acquired at a
sampling rate of 10 kHz using the optical imaging system through its
external input terminal. The POR was stimulated with a tungsten bipolar
electrode, similar to that used for the VSD recordings, or a stimulation
electrode that was covered with a glass pipette (tip diameter 1-2 um)
filled with ACSF (compare Canto et al., 2012). Because the highest con-
nectivity was observed from ventral POR layer II/III in VSD, we stimu-
lated ventral POR layers II/III (300 us, 0.1-1 mA).

Immunohistochemistry. Sections, containing neurons that were filled
with biocytin during the recording (see above) were fixed in 4% PFA after
the recording session. Subsequently, the slices were put in DMSO/glyc-
erin: 2% DMSO and 20% glycerin in phosphate buffer, pH 7.4. Slices
were resectioned into 120-um-thick sections with a freezing microtome,
subsequently washed 3 X for 10 min in 0.125 M PBS, pH 7.4, treated with
0.3% H,0, followed by rinsing in Tris-buffered saline (TBS-TX; 0.606%
Tris, 0.875% NaCl, 5% Triton, filled up with distilled water; pH 7.6) 3X
for 10 min. Afterward, sections were incubated in a solution of avidin-
biotinylated-HRP complex (ABC, PK-6200, Vector Laboratories) in
TBS-TX (24 h at room temperature following the specifications of the
supplier). Peroxidase activity was visualized by incubation for 5-15 min
in DAB-Ni in 0.125 M PBS, pH 7.6, and H,O,. After washing in Tris-HCIl
buffer for 3 X 10 min, the sections were mounted on glass slides from a
buffered gelatin solution (0.2% gelatin in Tris-HCI; 35°C) and air-dried
for at least 48 h. Sections were dehydrated and coverslipped with Entel-
lan. Neurons were analyzed and manually reconstructed with a Zeiss
microscope (Imager M), using a 40 X (0.95 NA) objective and Neurolu-
cida software (version 7 or 9, MicroBrightField). Recorded neurons were
classified as principal neurons based on morphological properties of the
soma (i.e., stellate- or pyramidal-like) and having spiny dendrites (Canto
and Witter, 2012).

Statistical analysis

All numbers are reported as mean *= SEM. We used y ? tests for statistical
analyses. We assessed whether there was a significant difference between
the EM data obtained in the individual animals, between the VSD-data
obtained in slices taken at different medial-to-lateral positions, and be-
tween the latencies recorded following different stimulation positions in
POR.

Results

To optimize the use of sagittal sections for the planned EM anal-
ysis and in vitro slice experiments, in a first series of experiments
(N = 6), we analyzed the spatial organization of the POR-to-
MEC projections by assessing the distribution of anterogradely
labeled axons in MEC following injections of anterograde tracers
in POR. Previous studies have indicated that these projections
show a clear dorsoventral topographical organization (Burwell
and Amaral, 1998b). Our experimental data corroborated this
observation and further concurred in that the POR-to-MEC pro-
jection originated primarily in layers II/III (Fig. 1). We aimed to
analyze the projections of POR to MEC, which are most compa-
rable with the strong projections from ventral PER to dorsal LEC.
Therefore, the most relevant observation was that ventral POR
injections (N = 3) resulted in dense labeling in dorsal MEC layers
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Figure 1.  Spatial organization of the projections from POR to MEC. A, Posterior view of the right hemisphere of the rat brain (Boccara et al., 2015; Kjonigsen et al., 2015) showing the position of
PORand MECamong the other parahippocampal domains. Vertical numbered lines (1 4) indicate the approximate position of 4 representative sagittal sections presentedin €, D. The location of two
representative injection sites of the anterograde tracer BDA into dorsal and ventral POR are represented by red and blue circles, respectively. Light green arrows emerging from the two injection sites
indicate the centers of the main terminal fields in ventral and dorsal MEC, respectively. B, Schematic representation of the selected orientation (5 degree tilt from the sagittal plane) of the in vitro
slices based on the anatomical data (illustration prepared using the available slicing toolkit on http://software.incf.org/software/waxholm-space-atlas-of-the-sprague-dawley-rat-brain/waxholm-
space-atlas-of-the-sprague-dawley-rat-brain-package/v2). €, Anterograde labeling in POR and dorsal MEC resulting from the ventral POR injection. D, Anterograde labeling in POR and ventral MEC
resulting from the dorsal POR injection. There is major fiber labeling in the lamina dissecans (IV) in some of the sections. Because of the orientation of this pathway almost parallel to the plane of
sectioning, this is much easier appreciated in horizontal sections taken from an animal with a comparable injection in dorsal POR, as illustrated in E. Sections are arranged from medial to lateral
(A1-A4). The mediolateral level of the section that contains the injection is always medial to that showing the densest anterograde labeling in MEC. E, Horizontal section through the entorhinal
cortex, taken ata dorsoventral level indicated in D, showing the prominent axonal labeling in the lamina dissecans of MEC. HF, Hippocampal formation; LI, layer II; LIII, layer III; LV, layer V; LVI, layer
VI. Scale bars: 4, C-E, 1 mm.
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Figure 2.

Electron micrographs of the main categories of anterogradely labeled synaptic terminals in dorsal MEC, layer II/11l following an injection of BDA into ventral POR. 4, Flat-embedded

sagittal section through POR-MEC showing the labeled terminal plexus in layer II/1ll of dorsal MEC. Box represents the position of the higher-powerimage shown in €. Scale bar, 1 mm. B, Same section
asshownin A, after removal of the sample for final EM analysis. Scale baras in A. €, High-power image of the area indicated in 4, showing labeled axons terminating in superficial layers of MEC. White
arrows point to patches of labeling in layer 1. Scale bar, 300 m. D, Alabeled axon terminal forming an asymmetrical synapse onto a spine. £, A labeled axon terminal making an asymmetric synapse
witha dendrite (marked with *). The dendritic segment showed additional asymmetric contacts with unlabeled terminals (marked with ) and a symmetric one (marked with +). F, A single-labeled
axon terminal forming asymmetrical synapses with three spines. G, A labeled axon terminal making a symmetric synapse with a dendrite. Scale bars: G (also valid for D, F), E, 500 nm. s, Postsynaptic

spine; d, dendrite.

II and III, whereas labeling in deeper layers V and VI was sparser
(Fig. 1C). In each of the tracing experiments, the sagittal section
with the injection site in ventral POR was always medial to the
section containing the densest labeled plexus in dorsal MEC (Fig.
1C,D). In cases with a ventral POR injection, the labeled plexus is
densest in the laterally adjacent tissue compartment extending
for ~300-700 pm, indicating the optimal volume of tissue to
sample for EM analyses. These observations further indicated
that the POR-to-MEC projections showed a preferred orienta-
tion, parallel to the dorsoventral axis of MEC, which is slightly
tilted with respect to the sagittal plane of the brain (Fig. 1 A, B). A

comparable orientation of projections from dorsal POR to
ventral MEC was observed as well (N = 3; Figure 1D). Dorsal
POR further projects to ventral POR, similar to the organiza-
tion of the projections from dorsal PER to ventral PER (not
illustrated; Burwell and Amaral, 1998b). In most instances, we
noted a preference for the labeled axons in EC to travel by way
of the lamina dissecans (Fig. 1D; this is more easily seen in a
horizontal section, shown in Fig. 1E, as a result of the orien-
tation of the axons). Labeled axons could also be followed
from POR to travel either through the cortical neuropil or by
way of the molecular layer. Only very rarely did we observe
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Table 1. Synapse type and postsynaptic targets of labeled postrhinal terminals in layers 11/111 of MEC: total numbers of anterogradely labeled synapses as assessed with EM

in two animals’

Asymmetrical Symmetrical Undetermined
Target Spine: normal Spine: perforated Dendrite Spine Dendrite Undetermined Disagreement Total
n 164 96 15 1 4 126 2 408
% 40.196 23.529 3.676 0.245 0.980 30.882 0.490

“Synapses are group as asymmetrical, symmetrical, and undetermined synapses and their respective postsynaptic targets, spines (normal and perforated), and dendrites. Undetermined synapses are those that show either inconsistent

morphological features criteria or those for which the two assessors did not agree (disagreement).

labeled axonsleaving POR toward the underlying white matter
to continue to deep layers of MEC. The data on preferred fiber
trajectory and their tilted orientation toward the sagittal plane
thus indicate that 400- wm-thick sagittal sections cut with a tilt
of 5 degrees with respect to sagittal plane (and 85 degrees to
the dorsal plane; Fig. 1B) would likely maintain the ventral
POR-to-dorsal MEC projections, thus providing an optimal
slice for in vitro slice experiments.

Electron microscopic observations

Using an electron microscopic approach, we subsequently as-
sessed the type of synaptic connectivity of POR inputs terminat-
ing in layers II and III of MEC. We initially analyzed material
from seven animals that received injections of BDA in the ventral
portion of POR. Of these, we selected four, showing dense label-
ing in the dorsal portions of MEC (Fig. 2A—C), and subsequently
checked the quality of the ultrastructure in ultrathin sections. We
selected two animals with optimal ultrastructure and sufficient
labeling in presynaptic structures, although not masking the syn-
apse structure and vesicular morphology. In material taken from
each of those two animals, random samples of labeled synaptic
terminals were collected in ultrathin sections obtained from at
least two or three different sagittal sections. Labeled synapses
were evaluated using well-established criteria for the presynaptic
and postsynaptic nature of the synaptic elements and were
grouped in three types (Gray, 1959; Uchizono, 1965; Colonnier,
1968). The first type comprised asymmetrical synapses, charac-
terized by having a thick postsynaptic density and a wide synaptic
cleft. In the presynaptic terminal, spherical vesicles could be ob-
served. The second type consisted of symmetrical synapses,
which have a postsynaptic and presynaptic density of equal thick-
ness. In addition, they have a narrow synaptic cleft and pleomor-
phic presynaptic vesicles. The last category comprises the
“undetermined” synapses for which either a discrepancy existed
between the original observation and the judgment by the second
observer concerning synapse characterization, or for which not
all criteria could be clearly assessed in the material at hand. There-
fore, although clear synapses, these could not be classified as a
symmetrical or asymmetrical synapse. For the majority of syn-
apses analyzed, we successfully collected series of sections, pro-
viding the means to assess the morphological features of both the
presynaptic and postsynaptic elements in detail. We analyzed 408
axon terminals in dorsal MEC that were labeled as the result of
injections of BDA in ventral POR; and for 280 of 408 terminals,
both presynaptic and postsynaptic features could be unequivo-
cally determined by both assessors (Table 1). The majority of
those determined terminals formed asymmetrical synapses (98%
or 275 of 280; Tables 1, 2). The presynaptic elements of typical
asymmetrical synapses contained a homogeneous population of
circular vesicles. The postsynaptic element showed a strongly
electron-dense postsynaptic membrane specialization that was at
least twice as thick as the adjacent membrane portions (Fig. 2D)
and faced the presynaptic docking site. As postsynaptic elements

Table 2. Synapse type and postsynaptic targets of labeled postrhinal terminals in
layers I1/11l of MEC: observed number of identified synapse types per animal®

Asymmetrical Symmetrical
Target Spine:normal  Spine: perforated  Dendrite  Spine  Dendrite  Total
Animal 12902 80 50 8 0 4 142
Animal 14402 84 46 7 1 0 138
Total (n) 164 9% 15 1 4 280
% 58.571 34.286 5357 0357 1429

“The numbers of identified asymmetrical synapses in each of the two animals are not significantly different ( X(Zz) =
0.327,p = 0.849).

of these asymmetrical synapses, we most frequently encountered
spines (95% or 260 of 275; Tables 1, 2; Fig. 2D) and less frequently
dendritic shafts (5% or 15 of 275; Tables 1, 2; Fig. 2E). Spines
often showed a spine apparatus within a flocculent cytoplasm,
whereas dendrites clearly show signs of microtubules (Gray,
1959). We regularly encountered complex asymmetrical syn-
apses, where a single-labeled terminal contacted more than one
spine (Fig. 2F). Our material did not allow us to reconstruct
sufficient volumes to determine whether or not such spines be-
longed to parts of the same dendrite. Finally, the class of asym-
metrical terminals onto spines comprised both continuous and
perforated synapses (58% and 34%, respectively; Tables 1, 2).
We did not observe a difference between the two animals with
respect to the numbers of the different asymmetrical synapse
types (X, = 0.327, p = 0.849; Table 2).

The remaining 2% of the total population of labeled and iden-
tified synapses was symmetrical (Tables 1, 2). The latter type
comprised a presynaptic terminal filled with ellipsoid or pleo-
morph vesicles making contact with postsynaptic elements not
showing a thickened postsynaptic specialization. Between the
membranes of the two synaptic elements was a clear synaptic cleft
and the presynaptic element had a docking site often showing a
number of aligned vesicles (Fig. 2G). The most common postsyn-
aptic element of symmetrical synapses was a dendrite (Tables 1,
2), although we observed one symmetrical synapse onto a spine.
Most of the dendritic elements targeted in this study, regardless of
whether it was with symmetrical or asymmetrical synapse types,
most likely represent a part of smooth or very sparsely spiny
dendrites. Figure 2F clearly illustrates one labeled asymmetrical
contact onto a longitudinally cut dendritic segment, showing an
array of adjacent terminals, both symmetric and asymmetric
ones, aligned in the plane of sectioning, without any spines being
present.

Confocal microscopy

The electron microscopic data strongly suggest that the majority
of axons that originate in ventral POR make synaptic contacts in
layers IT and IIT of MEC with spines (i.e., with dendrites of prin-
cipal neurons). Likely targets are thus dendrites of layer II and III
neurons, as well as the apical dendrites of layer V (Wouterlood et
al., 2004; Canto et al., 2012). Stellate cells in layer II and pyrami-
dal cells in layer III of MEC are the main origin of the projections
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Figure3.

Identification of putative synaptic contacts onto entorhinal-hippocampal projection neurons. 4, 2D projection of an intracellularly filled layer Il “between oblique pyramidal and stellate

cell” (cyan) (Canto and Witter, 2012) embedded in a plexus of anterogradely labeled POR axons (yellow). Red box represents the position of the dendritic portion shown in B. Scale bar, 20 wm. B,
Surface rendering and POR input mapping of the dendritic segment indicated in A. The presence of BDA within 300 nm of the reconstructed surface is mapped and color-coded. Yellow arrowheads
indicate the position of putative synaptic contacts. Two boxed areas represent the respective positions of ¢, D (top and bottom, respectively). Scale bar, 10 wm. €, Surface reconstruction of the area
shown in B (top red box), overlaid with a volume rendering of putative afferent POR fiber. Scale bar, 1 m. D, Surface reconstruction of the area shown in B (bottom red box), overlaid with a volume
rendering of putative afferent POR fiber. Scale bar, 1 wm. E, 3D reconstructions of five representative neurons in MEC, with the positions of putative synaptic contacts, as marked by the position of
the small spheres. Neuron 1 s the layer Il cell shown in A. Neuron 2 is a layer Il stellate cell. Neurons 3 and 4 are layer Il pyramidal cells. Neuron 5 represents a layer V pyramidal cell. Scale bars (all

neurons), 20 wm. Inset top right, Number of putative synapses for neurons 1-5.

to the hippocampus, although neurons in layer V contribute to
these projections as well (Cappaert et al., 2014). Therefore, in a
next series of experiments (N = 6), we used a confocal approach
to assess whether neurons that project to the hippocampal for-
mation might be among the targeted neurons. We intracellularly
filled retrogradely labeled hippocampal projection cells in layers
IT and III of MEC that are located inside the labeled POR axonal

terminal plexus. We also filled retrogradely labeled layer V cells
that were positioned directly deep to the labeled plexus. In total,
we analyzed 27 neurons identified as hippocampal-projecting, in
12 sagittal slices. Of this sample, 19 neurons received putative
synaptic inputs from POR (layer II, N = 8; layer III, N = 8; layer
V, N = 3; Fig. 3). Unfortunately, the intracellular fillings of the
three layer V cells were incomplete in that they did not include
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Figure 4.

Propagation pattern to MEC of activity evoked in POR. 4, Direct propagation from ventral POR layer |1 to dorsal MEC. B, Propagation via POR layer Il from dorsal POR layer V. Top, Left to

right, Position of the stimulating electrode in a Niss|-stained thin section cut from the fixed slice after the recording experiment, and series of four selected images (time indicated below eachimage).
Bottom, Optical signal traces from the stimulation site and the recording sites. The signal at the site of stimulation is indicated in black. Each recording site is indicated with a colored pixel
(corresponding colored arrowheads; top), and the obtained signals are color-coded correspondingly. Right, Boxed area from the left panel with a higher time resolution. Vertical lines indicate the
time of the images shown in the top. White arrowhead indicates the border between POR and MEC. D, Dorsal; P, posterior.

the complete apical dendrite because this was not maintained
in the slice. This implies that we observed putative synapses onto
the basal dendrites of these layer V neurons, likely representing
inputs from the sparser axonal plexus in layer V (Fig. 1C,D) (Bur-
well and Amaral, 1998b). We observed a substantial variability in
the number of putative synapses, ranging from 2 to 22 (Fig. 3E).
This variability likely correlates with differences in the density of
the anterogradely labeled plexus of POR inputs (Czajkowski et
al., 2013). In view of the low number of synaptic contacts on a
substantial number (N = 16) of the analyzed neuronal popula-
tion, we did not quantitatively analyze the distribution of puta-
tive synapses along the dendritic tree. However, the neurons with
a high number of putative synapses, all layer II neurons (N = 3;
Fig. 3E) did not show a preferred distribution of these putative
contacts over any specific parts of the dendritic tree.

Electrophysiology VSD imaging

Together, the EM and confocal data thus showed that the major-
ity of POR-to-MEC axons make putative excitatory projections,
preferentially targeting principal neurons in MEC. We therefore
predicted that stimulation in POR would result in an overall
excitatory effect in MEC (i.e., transfer of POR-induced activity to
MEQC). Such findings would thus be markedly different from the
lack of evoked activity in LEC following stimulation of PER (Ka-

jiwara et al., 2003; Pelletier et al., 2004; de Curtis and Paré, 2004;
Paz et al., 2006; Koganezawa et al., 2008). Based on our anatom-
ical observations, we used tilted sagittal slices for the in vitro
electrophysiology (see above; Fig. 1), to maintain a substantial
component of the projections from ventral POR to dorsal MEC
in a 400-um-thick slice. To mimic the recording situations in our
previous studies on PER-to-LEC connections, we applied the
same concentration of the GABA, antagonist bicuculline (2 um)
to the bath solution (Kajiwara et al., 2003; Koganezawa et al.,
2008).

In 64 tilted slices, taken from 25 animals, stimulation in layer
II/III or V of either the dorsal or ventral part of the postrhinal
cortex evoked activity in MEC (Fig. 4). For each animal, we re-
corded from all sagittal slices that contained POR and MEC. In
view of recent reports that neurons in MEC show gradually
changing properties along the medial-to-lateral axis (Canto and
Witter, 2012), data from all slices were analyzed according to the
medial-to-lateral position. In 26% of the recording sessions (N =
58 of a total of 219 recordings), evoked responses were limited to
POR without eliciting responses in MEC. In the majority of these
cases, the stimulation site was in deep layers of dorsal POR,
which, according to anatomical data (Burwell and Amaral,
1998b), do not or only weakly project to MEC. These slices were
not further considered. In the remaining slices, we did observe
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activation of MEC, although striking differences in latencies were
apparent. In line with anatomical observations (Burwell and
Amaral, 1998b; present study), we observed in 31% of the record-
ings (N = 19 of 60) that stimulation in superficial layers of ventral
POR resulted in activation in MEC with latencies ~4 ms (3.9 =
1.1 ms; Figs. 44, 5A). Such short latencies are taken to indicate
that the evoked excitation in MEC represents the effects of mono-
synaptic innervation (Tolner et al., 2007). These results were
strikingly different from those recorded under similar conditions
for PER-to-LEC projections (Kajiwara et al., 2003; Koganezawa
et al., 2008). According to the latter studies, stimulation in PER
did not elicit activation in LEC even with repetitive stimulation or
using higher concentrations of bicuculline (up to 5 um) (Kaji-
wara et al., 2003).

Short latency activations of MEC (<<5 ms) were significantly
less common when the stimulation electrode was in portions of
POR other than ventral POR superficial layers: ventral POR layer
V, 15% (N = 7 0f 46); dorsal POR layer II, 9% (N = 5 of 56); and
dorsal POR layer V, 2% (N = 1 of 57) (Figure 5B-D); ventral POR
superficial stimulation versus the three other simulation sites
(Xfl) =19.2, p <0.001). In the majority of recordings with stim-
ulations in the latter three domains (43%), we observed re-
sponses in MEC with latencies >5 ms (Fig. 4Bj; for the details of
latencies, see Fig. 5B-D). In such slices, we used the spatiotem-
poral information in the VSD signal to analyze the propagation
patterns and latencies of evoked activities in ventral POR layer II
and MEC. These analyses revealed that evoked activities in layer I
of ventral POR always preceded activity in MEC. In such cases,
the responses in MEC appeared ~5 ms after the onset of activa-
tion in ventral POR layer II (Fig. 4B). This pattern thus corrobo-
rated the existence of a monosynaptic input from ventral POR
layer II to MEC and suggested that an intrinsic POR network is
capable of driving neurons in layer II of ventral POR, which
project to dorsal MEC.

When activation occurred in MEC, regardless of stimulation
site or latency, it generally occurred in layers I, III, and V, having
corresponding latencies (Fig. 44, B). In 10% of the cases (N = 22
of 219), we observed evoked neural activity only in either the
superficial or the deep layer of MEC. Because this may indicate a
partial loss of connectivity due to slicing angle, we classified this
propagation pattern separately in our analysis (Fig. 5, “superfi-
cial/deep”). Grouping all recordings according to the lateral to
medial position of the slices in which they were obtained (Fig. 5)
showed that the lateral- and medial-most slices had less mono-
synaptic connectivity (8% of recordings in such slices, N = 3 of
38) compared with slices taken centrally through the POR-MEC
complex (17% of all centrally located recordings, N = 30 of 181).
This difference was, however, not significant ( )(%1) =1.84,p =
0.173). We also reanalyzed all responses in MEC having latencies
>5 ms, except those resulting from stimulation of ventral POR
layer I1. We estimated the latencies following activation of ventral
POR layer II in relation to the lateral to medial position of the
slices. This analysis indicated that, in slices taken from the center
of the POR-MEC complex, the monosynaptic connectivity from
ventral POR layer II to MEC seemed preserved best (67%
monosynaptic connections in central slices, N = 51 of 76 vs
42% in medially or laterally positioned slices, N = 5 of 12).
However, similar to the previous analysis, this apparent dif-
ference was not significant (X(21> = 2.89, p = 0.0857). The lack
of significance may be due to lack of statistical power, and we
therefore still suggest that our results may reflect a slight vari-
ation in the orientation of POR-MEC projections, such that
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the selected 5 degree tilt to the sagittal plane of our slices is
optimal for the central part of POR-MEC and suboptimal for
more medial or lateral levels.

Single-cell recordings

The data obtained with VSD imaging provided strong indications
that activation in ventral POR results in activation in dorsal MEC
with a very high probability, which is in striking contrast to re-
ports that activation of LEC following stimulation of PER only
occurs with a very low probability (de Curtis and Paré, 2004). To
corroborate our anatomical findings pointing to principal cells in
layers II, III, and V as the main recipients of excitatory inputs
from POR, we performed whole-cell recordings in 77 principal
neurons in all layers of MEC (47 slices from 33 animals). In a
previous study, we electrophysiologically studied projections
from the presubiculum and parasubiculum to MEC (Canto et al.,
2012). These inputs terminate strongly in layers I-III, comparable
with POR projections. In the latter study, we observed that neu-
rons in all layers, including neurons in layer VI, received mono-
synaptic inputs. Therefore, we included some recordings of layer
VI neurons in the present study.

Based on our VSD data, we opted to do all our recordings in tilted
sagittal slices taken at the center of the POR/MEC complex while
stimulating in layer II of ventral POR. In contrast to the VSD imag-
ing, in the single-cell recordings, we did not use bicuculline to sup-
press GABA,-mediated transmission. All recorded cells were
non—fast-spiking, indicative for principal neurons, which we cor-
roborated by subsequent morphological assessment (for criteria, see
Materials and Methods) (Canto and Witter, 2012).

The VSD signal reflects membrane depolarizations, so as such
does not differentiate excitatory effects on principal cells from
interneurons. In some slices (N = 6), we therefore obtained both
VSD imaging data and whole-cell recordings (Fig. 6A). When
comparing the whole-cell signal with the optical signal of the
pixel (pixel diameter = 25 um) that colocalizes with the position
of the recorded neuron, the two signals showed a close corre-
spondence with respect to onset and shape of the response, re-
gardless of whether we recorded a short latency (layer II neuron;
Fig. 6A, left) or a long latency response (layer VI neuron; Fig. 6A4,
right). This supports the conclusion that the population data as
obtained with VSD data actually indicated that POR inputs are
excitatory, mainly targeting principal neurons in MEC.

We next analyzed the full single-cell dataset by grouping re-
corded neurons according to their mediolateral positions in MEC
as well as per layer and grouped the neurons according to the
latency between stimulus and response onset (Fig. 6 B,C). Stim-
ulation in ventral POR layer II reliably evoked EPSPs in a sub-
stantial number of neurons in layer I (31%), layer I1I (33%), and
layer V (40%), with latencies between 3 and 6 ms (N = 24;4.96 =
0.79 ms). In layer VI, all response latencies were >6 ms (Fig. 6).
We did not observe any inhibitory postsynaptic responses
(IPSPs), which differed markedly from reported data on the PER-
to-LEC projection, where PER stimulation evoked IPSPs in 25%
of LEC neurons (in the remainder 75%, both IPSPs and EPSPs
were observed; in 33% of the latter population, IPSP onset pre-
ceded EPSP onset) (Apergis-Schoute et al., 2007). In a few in-
stances (N = 6), we observed response latencies <3 ms, likely
representing direct stimulation due to volume conduction.
EPSPs with longer latencies (>6 ms; N = 22) were also present,
likely representing multisynaptic activation.
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Figure 5.

Grouping of the slices according to response latencies, measured with V/SD. 4, Ventral POR superficial stimulation (N = 60). B, Ventral POR deep stimulation (N = 46). , Dorsal POR
superficial stimulation (N = 56). D, Dorsal POR deep stimulation (N = 57). Left, Pie charts represent the percentage of slices, averaged across all mediolateral positions, showing response latencies
in MECas indicated by the color code. Ventral POR superficial stimulation (4) resulted in short latency responses in a higher number of slices compared with the other stimulation sites (x¢,, = 19.2

p < 0.001) (B-D). A-D, Right, Doughnut charts represent the percentage of slices, grouped with respect to their relative mediolateral position, showing (Figure legend continues.)
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Figure 6. Ventral POR layer Il stimulation evoked EPSPs in individual MEC neurons. A, Simultaneous recordings of an optical signal (top, black trace) and a whole-cell signal (bottom,
red trace). Left, Recording in a layer Il neuron. Right, Recording in a layer VI neuron. Vertical lines in the traces indicate the moment of stimulation. B, Representative recordings in layers
1,111, V, and VI of MEC. The average postsynaptic response (red) is superimposed over the 6 individual recordings (gray). €, Details of the latencies between stimulation and onset of the
EPSPs. For each layer, we show the relative lateral to medial position of the sagittal slices, the total number of cells recorded in each slice level across all animals, the observed latencies

(L) clustered in 4 time bins (L <3 ms; 3 <L <6;6 <L <<9;L>9), and the number of neurons in each latency bin.

Discussion

In this paper, we report the results of a combined anatomical and
electrophysiological approach to study the transmission charac-
teristics of POR-to-MEC projections. Our ultrastructural data
clearly indicate that that the majority of synapses form excitatory
contacts onto principal cells. The overall excitatory nature of the
POR-MEC projection is confirmed by our in vitro VSD imaging
approach and single-cell recordings. The single-cell recording
data further support the conclusion that principal cells are among

<«

(Figure legend continued.)  color-coded latencies. Response latencies depend on the position
of the stimulation as well as the relative mediolateral position of the slice (the approximate
mediolateral position of the five 400- m-thick slices is indicated in the inset; compare with
Fig. 14).

the postsynaptic targets by showing that principal cells in layers
I1, 111, and V receive monosynaptic inputs from POR. The con-
focal data further indicate that, in these layers, principal cells that
project to the hippocampal formation are among the target cells.
The observation that layer V principal cells are innervated by
POR projections, preferentially, though not exclusively, termi-
nating in layers IT and I, is similar to what has been reported for
other inputs distributing preferentially to superficial layers. For
example, inputs from presubiculum and parasubiculum, target-
ing layers I/IIT or II of MEC, respectively, synapse onto layer V
pyramidal cells (Canto et al., 2012). These observations indicate
that layer V cells form a relevant component of the integrative
neural network in MEC (Canto et al., 2012; Witter et al., 2014). In
contrast to the findings for the presubicular and parasubicular
inputs (Canto et al., 2012), we did not find evidence for mono-
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synaptic inputs to neurons in layer VI. Because the dendrites of
layer VI principal neurons are largely confined to layer VI (Canto
and Witter, 2012), this lack of monosynaptic innervation corrob-
orates the observation that most of the POR-to-MEC projections
travel by way of the cortical neuropil, not using the underlying
white matter and therefore not traveling through layer VI, which
differs from projections originating in the presubiculum and
parasubiculum (Canto et al., 2012).

To analyze the spatial and functional distribution of POR-
MEC connectivity, we used VSD imaging. Because our tracing
study corroborated a previous report (Burwell and Amaral,
1998b), showing that dorsal POR projects ventrally in MEC,
while ventral POR projects dorsally in MEC, we stimulated dorsal
POR or ventral POR to see the neural activity propagation. We
reliably observed monosynaptic inputs from ventral POR to dor-
sal MEC, but we have not been able to characterize the inputs
from dorsal POR to ventral MEC (see below). Instead, we ob-
served that, when activity propagated to MEC, the evoked activ-
ities propagated via ventral POR layers II/III into dorsal MEC,
corroborating that neurons in layers II/III of POR are the main
origin of projections to MEC. The data further indicate that an
intrinsic POR network is capable of driving neurons in layer II of
POR, which project to MEC. This differs from what has been
reported in case of intrinsic PER connectivity, where the net re-
sult of dorsal PER stimulation is inhibition in ventral PER (de
Curtis and Paré, 2004).

The lack of monosynaptic activation from dorsal POR to ven-
tral MEC is likely due to the rather long distance between origin
and termination areas, making it likely that these axons were cut
in our slice preparations. Our results further show that the POR-
induced local activation in dorsal MEC does not result in subse-
quent activation at more ventral levels of MEC. This may reflect a
variety of known features of the local MEC network, including
strong inhibition between layer II stellate cells, although this is
not the case for neurons in layer III or layer V (Jones, 1994;
Dhillon and Jones, 2000; Couey et al., 2013; Pastoll et al., 2013).
Alternatively, the preferred orientation, parallel to the rhinal fis-
sure, of long intrinsic entorhinal connections (Witter et al., 1989;
Dolorfo and Amaral, 1998), indicates that sagittal slices with only
a slight tilt as used in the present study will likely not optimally
preserve long-range intrinsic connections in MEC.

All data consistently indicate that the POR-to-MEC projec-
tion differs from the PER-to-LEC pathway. Our ultrastructural
data are strikingly different from what has been reported for the
PER-to-LEC pathway, which comprises a majority of anatomi-
cally defined excitatory projections terminating on inhibitory
interneurons (Pinto et al., 2006) together with direct inhibitory
projections onto principal neurons (Apergis-Schoute et al.,
2007). In line with the latter ultrastructural findings, VSD imag-
ing of the PER-to-LEC pathway points to a very low probability
for stimulation of PER, either in dorsal or ventral parts, to result
in activation of LEC, except when inhibition is diminished
through local application of GABA-a receptor antagonists (Kaji-
wara et al., 2003; Biella et al., 2010), or coinciding activation of
two excitatory pathways (Kajiwara et al., 2003; Pelletier et al.,
2004; Paz et al., 2006; but see Biella et al., 2010). Our VSD data in
case of POR-to-MEC show the opposite (i.e., a very high proba-
bility that stimulation in ventral POR results in evoked activity in
the adjacent dorsal MEC). This is in accordance with the EM and
single-cell recording data, indicating a main excitatory projection
onto principal neurons. Although we did not include direct com-
parisons between the two pathways in our VSD analyses, it is
important to emphasize that the recording conditions used in the
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current study were similar to those used in two studies on the
PER-to-LEC projections (Kajiwara et al., 2003; Koganezawa et
al., 2008).

The conclusion that the strong inhibitory gating mechanism
that controls PER-to-LEC transmission does not exist in case of
transmission from POR to MEC is in contrast with a report in the
isolated guinea pig brain preparation. Using this preparation, it
was shown that stimulation in POR, similar to stimulation in
PER, does not result in activation in either MEC or LEC, respec-
tively (Biella et al., 2010). The latter authors also report that co-
incident activation of either two cortical inputs along the
rostrocaudal axis of PER or POR or of cortex and the lateral
nucleus of the amygdala did not lead to excitatory responses in
EC in the guinea pig, also in contrast to what was found in the rat
(Kajiwara et al., 2003; Pelletier et al., 2004). This difference was
explained by the fact that the rat data were based on in vitro slice
studies where bicuculline, a GABA-a receptor antagonist, was
used (Biella et al., 2010). In the present study in the rat, in line
with our previous VSD analyses of the PER-to-LEC projection
(Kajiwara et al., 2003; Koganezawa et al., 2008), we used only a
low dose (2 um) of bicuculline in the bath medium of the slices.
Moreover, we did not apply bicuculline for the single-cell record-
ings and still observed monosynaptic excitatory inputs, in line
with the EM observations. Therefore, it is more likely that the
guinea pig and rat brains are different in this respect. It would be
of interest to have access to ultrastructural data in the guinea pig
to resolve this.

Functional relevance

In the rat, the stable firing of networks of individual grid cells in
MEC forms a continuous representation of the environment
(Hafting et al., 2005; Moser et al., 2014). We propose that the
POR-to-MEC pathway provides a continuous, nongated transfer
of contextual information to MEC (Bucci et al., 2000, 2002; Nor-
man and Eacott, 2005). Other excitatory inputs to MEC, like
those originating in the presubiculum and the parasubiculum,
the retrosplenial cortex, and also the hippocampal fields CA2,
CAl, and subiculum (McNaughton et al., 2006; Canto et al.,
2012; Bonnevie et al., 2013; Couey et al., 2013; Czajkowski et al.,
2013; Rowland et al., 2013; Moser et al., 2014), may provide
additional continuous inputs that are relevant for the wide vari-
ety of spatially modulated neurons, present in MEC (Moser et al.,
2014). In contrast, LEC neurons fire more discretely, strongly
related to external sensory events that are part of an experience
(Deshmukh and Knierim, 2011; Neunuebel et al., 2013). This
notion is consistent with the idea that the PER-to-LEC pathway
would be instrumental to signal changes in those sensory inputs
and thus that the entry of perirhinal inputs to LEC depends either
on coincident inputs from multiple sensory areas or from cortex
and amygdala (Kajiwara et al., 2003; Pelletier et al., 2004; Paz et
al., 2006).
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