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Superficially Projecting Principal Neurons in Layer V of
Medial Entorhinal Cortex in the Rat Receive Excitatory
Retrosplenial Input
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Principal cells in layer V of the medial entorhinal cortex (MEC) have a nodal position in the cortical– hippocampal network. They are the
main recipients of hippocampal output and receive inputs from several cortical areas, including a prominent one from the retrosplenial
cortex (RSC), likely targeting basal dendrites of layer V neurons. The latter project to extrahippocampal structures but also relay
information to the superficial layers of MEC, closing the hippocampal– entorhinal loop. In the rat, we electrophysiologically and mor-
phologically characterized RSC input into MEC and conclude that RSC provides an excitatory input to layer V pyramidal cells. Ultrastruc-
tural analyses of anterogradely labeled RSC projections showed that RSC axons in layer V of MEC form predominantly asymmetrical,
likely excitatory, synapses on dendritic spines (90%) or shafts (8%), with 2% symmetrical, likely inhibitory, synapses on shafts and
spines. The overall excitatory nature of the RSC input was confirmed by an optogenetic approach. Patterned laser stimulation of
channelrhodopsin-expressing presynaptic RSC axons evoked exclusively EPSPs in recorded postsynaptic layer V cells. All responding
layer V pyramidal cells had an axon extending toward the white matter. Half of these neurons also sent an axon to superficial layers.
Confocal imaging of RSC synapses onto MEC layer V neurons shown to project superficially by way of retrogradely labeling from
superficial layers confirmed that proximal dendrites of superficially projecting cells are among the targets of inputs from RSC. The
excitatory RSC input thus interacts with both entorhinal– cortical and entorhinal– hippocampal circuits.

Introduction
The entorhinal cortex (EC) is anatomically positioned as a gate-
way to the hippocampal formation (HF), gathering and prepro-
cessing information from other brain areas and providing the
main cortical input to HF (Eichenbaum and Lipton, 2008). HF
plays a central role in spatial information processing (O’Keefe
and Nadel, 1978), and it contains place cells that fire when an
animal is in a certain location (O’Keefe and Dostrovsky, 1971).
Layers II and III of the medial entorhinal cortex (MEC) harbor a
number of spatially modulated cell types (Hafting et al., 2005;

Sargolini et al., 2006; Solstad et al., 2008), contributing a neces-
sary spatial input to hippocampal place cells (Remondes and
Schuman, 2004; Brun et al., 2008; Moser and Moser, 2008; Van
Cauter et al., 2008; van Strien et al., 2009; Ito and Schuman, 2012;
Zhang et al., 2013).

Hippocampally processed information targets dendrites of
neurons in EC layer V (van Haeften et al., 1995), and many MEC
layer V pyramidal cells send axon collaterals to cortical targets
(Insausti et al., 1997). In view of this connectivity, MEC layer V
neurons are thought to play an important role in the interaction
between the HF and cortex (Chrobak and Buzsáki, 1994; Buzsáki,
1996; Kloosterman et al., 2000, 2003a). MEC layer V neurons also
project locally to superficial layers of EC (Kloosterman et al.,
2003b; van Haeften et al., 2003), strengthening their nodal posi-
tion in the network.

The basal dendrites of layer V neurons are not only innervated
by inputs from HF but are also embedded in a prominent input
from the retrosplenial cortex (RSC; Jones and Witter, 2007). RSC
is involved in a variety of behaviors related to spatial navigation.
In humans, lesions of RSC cause a deficit in which patients can-
not use familiar landmarks or maps to produce a sense of direc-
tion (Maguire, 2001). The RSC shows increased activity during
route planning (Spiers and Maguire, 2006; Epstein et al., 2007).
In rodents, RSC contains head direction cells (Cho and Sharp,
2001), and lesion studies demonstrated an involvement in tasks
that depend on spatial memory (Vann and Aggleton, 2002;
Pothuizen et al., 2008; Wesierska et al., 2009).
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Interactions between RSC and the
HF–EC circuit have been postulated as
crucial for spatial memory formation
(Vann et al., 2009). The absence of direct
projections from RSC to HF point to layer
V neurons in MEC as the likely substrate
to mediate the interactions between RSC
and HF. However, details about the syn-
aptic organization of the RSC projections
to MEC are unknown, and most impor-
tantly it is currently not known whether
RSC-targeted cells in layer V actually proj-
ect to superficial layers II and III of MEC.
Our aim was to characterize the RSC to
layer V projection at the synaptic level,
asking first whether it is excitatory or
inhibitory and second whether its post-
synaptic target cells include superficially
projecting pyramidal neurons in layer V.
To this end, we combined neuroanatomi-
cal and optogenetic in vitro electrophysi-
ological experiments.

Materials and Methods
Surgery
Thirty adult female Sprague Dawley rats
(Charles River) of 197–257 g weight were used
in this study. The rats were housed in individ-
ual cages under a controlled environment
(21 � 1°C; humidity, 60%; lights on from 8:00
P.M. to 8:00 A.M.). Food and water were avail-
able ad libitum. The experimental protocols
followed the European Communities Council
Directive and the Norwegian Experiments on
Animals Act and were approved by the Animal
Welfare Committee of the Norwegian Univer-
sity of Science and Technology. Surgeries for
tracer and recombinant adeno-associated virus
(rAAV) injections were performed as de-
scribed previously, with minor modifications
(Kononenko and Witter, 2012). Animals were
anesthetized with isoflurane and mounted in a
stereotaxic frame (David Kopf Instruments).
For each injection, openings were made in the
skull exposing the brain surface over RSC or
MEC. The stereotactic coordinates were based
on the topographical description of RSC-to-
MEC projections (Jones and Witter, 2007) and
a stereotaxic rat brain atlas (Paxinos and Wat-
son, 2007). Nomenclature is according to
Sugar et al. (2011). The anteroposterior coor-
dinates were measured from the posterior
transverse sinus, 2.5 mm laterally to the mid-
sagittal sinus, and the dorsoventral coordinates
were measured from the brain surface after re-
moval of the dura.

Three different experimental methods
were used (Fig. 1). First we injected rAAV (titer 10 �12) into caudal
RSC area 29b (A29b) and A29c in 11 rats. Each animal received a total
volume of 3 �l, with 1 �l being injected in each of three different
dorsoventral positions using a 10 �l NanoFil syringe assembled on a
UMP3 pump (WPI). Each injection took 10 min, and we waited for 15
additional minutes before retracting the syringe. Second, the antero-
grade tracer biotinylated dextran amine [5% BDA, 10,000 molecular
weight (Invitrogen) in 0.1 M PBS] was iontophoretically injected
(positive-pulsed current of 6 �A, 6 s on, 6 s off for 10 min) into caudal
RSC, in 19 rats using a glass micropipette with an inner tip diameter of

9 –15 �m. Multiple injections involving different anteroposterior or
dorsoventral levels were made aiming to involve at least parts of A29b,
A29c, or A30. Third, eight of the rats also received injections with the
retrograde tracer fast blue (FB; EMS-Chemie, 1% solution in PBS) in
superficial layers of MEC. A volume of 150 nl was delivered with a 1 �l
Hamilton syringe over 5 min, and the dye was allowed to diffuse for 15
min before removal of the syringe. Before the end of surgeries, the
animals were given a dose of buprenorphine (Temgesic, 0.05 mg/kg;
RB Pharmaceuticals) or carprofen (Rimadyl, 5 mg/kg; Pfizer)

Figure 1. Experimental approaches used in the experiments. A, Schematic drawing of the rat brain and the injection sites
(left). 1, The anterograde tracer BDA was injected into RSC for EM experiments. 2, rAAV was injected in RSC for optogenetic
experiments. 3, The retrograde tracer FB was injected into superficial layers of MEC and BDA was injected into RSC for
confocal experiments. The blue squares depict the level of the horizontal sections of the MEC and RSC shown in B. Each of
the three experimental setups resulted in an anterogradely labeled plexus in MEC (yellow), intracellularly filled cells in
Experiments 2 and 3 (magenta), and in Experiment 3 also retrogradely labeled neurons in MEC (blue dots). B, Examples of
individual experimental protocols. 1, For EM experiments, BDA was labeled with AF546-conjugated streptavidin so that
injections (1a) and an anterograde plexus (1b, 1c) could be identified (yellow). Sections were processed for EM, and
synaptic complexes labeled with DAB were sampled in EM (1d). 2, For in vitro optogenetic experiments, mCherry fluores-
cence (yellow) was used for identifying the injection in RSC (2a), anterograde plexus in MEC (2b, 2c), where intracellular
recordings and axonal reconstructions were performed (2c, 2d). 3, For confocal analysis, BDA was labeled with AF488
(yellow; 3a, 3c), and FB-positive cells (blue; 3b, 3c) were filled with AF568 (magenta; 3d). PaS, Parasubiculum; PrS,
presubiculum.
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subcutaneously. Suturing the skin over the wound completed surgery,
and the animal was allowed to recover.

Optogenetic experiments
Viral vector construct and packaging. AAV2/2 was prepared and packaged
with the Stratagene AAV Helper-Free System according to the user man-
ual of the manufacturer. The purification, titration, and verification were
described previously (Couey et al., 2013; Zhang et al., 2013). It was used
to express the optogenetic effector in retrosplenial neurons projecting to
MEC layer V. We used a light-gated cation channel ChIEF, a chimera of
channelrhodopsin 1 (ChR1) and ChR2 from the unicellular green alga
Chlamydomonas reinhardtii (ChIEF was provided as a generous gift by
Dr. John Y. Lin from the laboratory of Dr. Roger Y. Tsien at the University of
California, San Diego, San Diego, CA). It preserves the high ion permeability
of ChR2 while gaining the reduced inactivation of ChR1. An additional point
mutation, I170V, improves the channel closure rate after stimulation (Lin et
al., 2009). The proviral vector containing ChIEF fused with mCherry under
control of the calcium/calmodulin-dependent protein kinase II �
(�CaMKII) promoter was prepared as described previously (Couey et al.,
2013). Before use, all virus batches were titer matched by diluting to 1 � 1012

viral genomic particles/ml in PBS.
In vitro recordings. After a survival time of up to 6 weeks after injec-

tions of rAAV, animals were anesthetized with isoflurane and perfused
through the heart with a small volume of ice-cold artificial CSF (ACSF)
cutting solution containing the following (in mM):110 choline chloride,
25 NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 7 MgSO4, 3.1 sodium
pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 (aerated with 95%
O2/5% CO2 before decapitation). The brain was quickly dissected, and
400-�m-thick horizontal slices of the RSC or MEC were cut with a vi-
bratome (model 3000; Harvard Apparatus) and incubated in oxygenated
ACSF containing the following (in mM): 127 NaCl, 25 NaHCO3, 25
D-glucose, 2.5 KCl, 2 MgSO4, 1 CaCl2, and 1.25 NaH2PO4 (for 45 min at
37°C). Thereafter, the slices were oxygenated at room temperature until
used.

Multiple whole-cell recordings were made with glass micropipettes
filled with a standard intracellular solution containing the following (in
mM): 120 K-gluconate, 10 KCl, 10 HEPES, 10 K-phosphocreatine, 4
ATP-Mg, and 0.4 GTP, pH adjusted to 7.3 with KOH (270 –285 mOsm).
Biocytin (3–5 mg/ml; Sigma) was included in the pipette for later ana-
tomical verification of cell location and morphology. All recordings were
done at 34°C in ACSF with 1.5 mM MgSO4 and 2 mM CaCl2. Layer V cells
in MEC or RSC were first visualized using infrared differential interfer-
ence contrast (IR-DIC) microscopy. Individual cells or groups of cells
�100 �m deep from the cutting surface were visually identified, and up
to four neighboring cells were targeted for whole-cell patch. All cells were
first maintained in the “on cell” configuration until all contacts had
achieved a �1 G� resistance. The entire cluster was then opened to
whole-cell configuration. Recordings were made in current-clamp mode
with the membrane potential maintained between �60 and �65 mV.
After the whole-cell configuration was established, recorded responses to
steps of current injection allowed to electrophysiologically classify each
cell (Canto and Witter, 2012). Recordings were made using Axon Mul-
ticlamp amplifiers (Molecular Devices) sampling at intervals of 100 �s
(10 kHz), digitized using an ITC-1600 analog-to-digital interface in com-
bination with custom acquisition software based on Igor Pro version 6.0
(WaveMetrics). The same software was also used to control whole-cell
current injection (both timing and levels). Series resistance was compen-
sated to a maximum bridge balance value of 20 M�. In case series resis-
tance exceeded this value, recordings were not included in signal analysis.

For photostimulation, we used a customized laser control system
(UGA-40 with a 473 nm laser; Rapp OptoElectric) coupled to a micro-
scope (Olympus BX51WI) equipped with a water-immersion objective
[40�, 0.8 numerical aperture (NA); Olympus] and controlled by the
recording software. This configuration resulted in a beam diameter of �5
�m and power adjustable up to 650 �W at the specimen (scattering in the
tissue was not taken into account). Stimuli were arranged in a rectangular
8 � 6 grid with 20 �m spacing, positioned over the recorded cluster
avoiding interference from the recording pipettes. The stimulus duration
was 2 ms, delivered to each point of the grid in a pseudorandom order

with 250 ms interval. The stimulation pattern was repeated 30 times.
Voltage deflections were cut at a threshold of 10 SDs beyond the average
variation of the membrane potential before being identified as a re-
sponse. The voltage responses obtained from stimulation of each unique
location in the grid were averaged to produce a normalized mean re-
sponse for each point. Voltage deflections that did not reach the thresh-
old were not included in the average. Only grid locations with eight or
more identified responses were included in subsequent analysis. From
the averaged responses, onset times and amplitudes were determined for
each location. In several slices, we blocked action potentials (APs) by
adding tetrodotoxin (TTX; 5 �M; Sigma), a neurotoxin that binds to
voltage-gated Na � channels (Narahashi et al., 1964). The drug was di-
luted in ACSF and perfused into the chamber after control recordings.
After 1 min incubation, stimulation was repeated 30 times. Data analysis
was done offline using Igor and MATLAB (WaveMetrics) software.

Immunohistochemistry. Immediately after each recording session, the
slices were placed in 4% paraformaldehyde (PFA) overnight and subse-
quently permeabilized by washing seven times with 0.1 M phosphate
buffer (PB) containing 1% Triton X-100 (PBT-1%), blocked for 3 h with
PBT-1% with 5% normal goat serum (NGS; X0907; Dako), and then
incubated for 72 h with a monoclonal anti-mCherry antibody (1:500 in
PBT-1% and 5% NGS; Clontech) in 4°C. Slices were then washed three
times in PB and incubated for 12 h with the mixture of Alexa Fluor (AF)
568-conjugated anti-mouse secondary antibody (1:350; Invitrogen) and
AF488-conjugated streptavidin (1:350; Invitrogen) in PBT-1% and 5%
NGS in 4°C. After washing in PB, the sections were incubated with the
NeuroTrace deep red fluorescent Nissl stain (1:200; Invitrogen) for 30
min. After staining, the slices were washed in PB, dehydrated in increas-
ing ethanol concentrations (30, 50, 70, 90, and twice in 100%, 10 min
each) and then in a 1:1 mixture of ethanol/methylsalicylate, and finally
cleared and mounted in methylsalicylate.

Electron microscopy
After 9 –14 d of survival, rats with BDA injections in caudal A29b, A29c,
and A30 received an overdose of Equithesin (11 mg/kg bodyweight, i.p.;
Sanofi Sante). They were subsequently transcardially perfused with a
fresh filtrated Ringer’s solution (in mM: 145 mM NaCl, 3 mM KCl, and 2
mM NaHCO3 at 4°C, brought to pH 6.9 with O2). Next, the perfusion
fluid was changed to 4% freshly filtered depolymerized PFA (Merck)
with 0.1% glutaraldehyde (Merck) in 125 mM PB at 4°C. After comple-
tion of the perfusion, the brains were removed from the skull and post-
fixed overnight at 4°C in the same fixative. Brains were washed in 125 mM

PB and cut horizontally with a vibrating microtome (Leica VT1000S;
bath fluid, 125 mM PB, 4°C) at 50 �m, and all sections were collected into
six equally spaced series. The sections were collected in vials containing
PB at 4°C. The series were then processed in three different ways. One
series was transferred to 2% dimethylsulfoxide (DMSO; Merck) in 125
mM PB and 20% glycerine (Merck) and stored at �20°C for later use, one
series was processed for fluorescent microscopy, and the remaining series
were processed for electron microscopy (EM).

Processing for fluorescent microscopy. Sections were rinsed three times
for 10 min in PB and then three times for 10 min in Tris-buffered saline
(TBS; 50 mM Tris and 153 mM NaCl) with 2% Triton X-100 (TBS-Tx;
Merck), pH 8.0. The sections were incubated in AF546-conjugated
streptavidin (Invitrogen) in a 1:200 solution with TBS-Tx overnight at
4°C. Next, the sections were rinsed two times for 5 min in Tris/HCl (50
mM Tris), pH 7.6, and subsequently mounted on glass slides from a 0.2%
gelatin solution in Tris/HCl. After overnight drying, they were cleared in
toluene and coverslipped with Entellan (Merck). Sections were inspected
with dark-field and fluorescent illumination at the appropriate excitation
wavelength (Zeiss Axio Imager M2), and digital images of the antero-
gradely labeled plexus in MEC were obtained.

Processing for EM. The sections were rinsed for 10 min in an ascending
series of 10, 15, and 20% DMSO in PB at 4°C. The sections were quickly
frozen in isopentane cooled by solid carbon dioxide and subsequently
recovered and thawed. This freeze and thaw procedure was repeated
twice. Sections were subsequently rinsed three times for 10 min in PB at
4°C and two times for 5 min in TBS, pH 7.6, at 4°C. The sections were
incubated with avidin– biotin–peroxidase complex (Vectastain ABC kit
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standard, PK-4000; Vector Laboratories) in TBS for 48 h at 4°C. Next,
they were rinsed for three times for 10 min in TBS and two times for 5
min in Tris/HCl, pH 7.6, and subsequently stained with filtrated di-
aminobenzidine tetrahydrochloride (DAB; 0.067% in Tris/HCl; Sigma-
Aldrich) 4°C, to which a 30% solution of H2O2 had been added
immediately before use. If during microscopic inspection the projection
from the RSC appeared to be clearly labeled in MEC, the DAB reaction
was stopped with Tris/HCl, and the sections were rinsed two times for 5
min in the same buffer. Brain sections containing the densest antero-
grade labeling in MEC were selected and further processed.

The EC was carefully dissected from the section and postfixed in the
dark for 1 h in 2% OsO4 (Merck) in 0.1 M PB, pH 7.4. The sections were
rinsed two times for 5 min in PB and then dehydrated in ascending series
of ethanol in water: 50% (10 min), 70% (10 min), 90% (10 min), and
100% (four times for 15 min). Subsequently, they were put in propyl-
enoxyde (Merck) two times for 15 min, followed by a mixture of propyl-
enoxyde and epoxy resin (Ladd Research), first two volume parts
propylenoxyde and one volume part epoxy resin for 30 min, followed by
one volume part propylenoxyde and two volume parts epoxy resin for 30
min before they were put in pure epoxy resin overnight. In all solutions
including epoxy resin, 1.5% of dimethylaminomethylphenol was added
(Ladd Research). The sections were then embedded in epoxy resin be-
tween polyethylene foil (3M Color Laser Transparency film, CG3710) at
60°C overnight. All sections were then inspected under a dissection mi-
croscope to determine the location of the labeled plexus in MEC. Selected
plexus were carefully dissected from the sections and glued with epoxy
resin on blocks of procured epoxy resin. The blocks where further cured
for 24 – 48 h at 60°C.

After curing, series of ultrathin sections (60 –70 nm) were cut with
an ultramicrotome (EM UC6; Leica) equipped with a diamond knife
(Diatome ultra 45°) and collected on Formvar-coated (0.5% in di-
chlorethan; Electron Microscopy Sciences), single-slot copper grids.
Sections were stained in the dark with 4% uranyl acetate in 50%
ethanol for 17–20 min and counterstained with 1% lead citrate (Elec-
tron Microscopy Sciences) in 0.1 M NaOH for 4 –5 min. Material was
inspected with a transmission electron microscope (JEM-1011; Jeol).
Digital images were taken (Morada; Olympus), and lengths of all
postsynaptic densities (PSDs) and the shortest and longest diameters
of each axonal bouton were measured in iTEM (version 5.0; Olympus
Soft Imaging Solutions). Serial images of selected synaptic complexes
were imported to Neurolucida (MicroBrightField) to make three-
dimensional (3D) reconstructions.

Quantitative analysis of synapses. Synapses were obtained from at least
two different 50-�m-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 included, a synapse needed to com-
prise a BDA-labeled axon terminal, an electron-dense synaptic mem-
brane specialization, a morphological identifiable postsynaptic element,
and a distinguishable synaptic cleft. To avoid double counting, only syn-
apses that were not visible in a parallel lookup section were used in
analyses (Gundersen, 1986). Serial sections were used to establish with
certainty the properties of identified synapses.

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. In each animal,
analysis was continued until a sample size of �100 synapses was reached.

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. For all synapses analyzed the type could be determined.

Confocal analysis of putative synaptic contacts
Intracellular injections. Twenty-one days after BDA and FB tracer injec-
tions, animals were anesthetized by an overdose of Equithesin and per-
fused transcardially with Ringer’s solution, followed by ice cold 4% PFA
in PBS. The brain was extracted and postfixed in 4% PFA for 2 h in 4°C.
Next, 100-�m-thick horizontal slices of RSC were cut using a vibratome
(VT1000S; Leica) with ice-cold 0.1 M PB as bath fluid. Cutting started at
the most dorsal level of the brain, and, after reaching the level that com-
prised the most dorsal part of MEC, alternating 100 and 400 �m slices
were obtained. The 100-�m-thick slices were stained for the presence of
BDA following the protocol described above for the EM study. The slices
were scanned using a slide scanner (MIRAX MIDI; Zeiss) equipped with
an AxioCam digital camera (Zeiss). The single filter set #43 (Zeiss; exci-
tation bandpass, 545/25 nm; beam splitter, 570 nm; emission bandpass,
605/70 nm) was used for RSC sections labeled with AF546. Filter sets #43
and #49 (Zeiss; excitation, 365 nm; beam splitter, 395 nm; emission
bandpass, 445/50 nm) were used for scanning MEC sections containing
AF546 and FB. RSC scans were analyzed to confirm the injection site.
MEC scans were used to verify the overlap between RSC fibers (AF546)
and retrogradely labeled MEC layer V cells (FB). Adjacent 400 �m MEC
slices were then placed in a chamber under a fixed-stage upright micro-
scope (Axio Examiner; Zeiss) equipped with PlanApo 20�, 1.0 NA water
dipping lenses, micromanipulator (Luigs & Neumann), and a custom-
assembled iontophoretic injection device. The sections were simultane-
ously imaged with IR-DIC to resolve cell details and with fluorescent
filter set 75HE (Zeiss; excitation, 365 nm; beam splitter, 395 nm; emis-
sion bandpass, 445/50 nm; separated from the IR-DIC by beam splitter,
660 nm) to visualize FB and AF568. Randomly selected FB-positive cells
in layer V of MEC were intracellularly injected with a solution of AF568
hydrazide (10 mM in PBS; Invitrogen) using a 70 –130 � glass pipette.
Negative current was applied to the micropipette (2 nA, 500 ms on, 500
ms off) for at least 10 min to completely fill the impaled cell and its
dendrites. Immediately after filling, the slices were transferred to 4% PFA
and postfixed overnight in 4°C. Subsequently, the 400 �m slices were
permeabilized by washing seven times with PBT-1%, blocked for 3 h with
PBT-1% containing 5% NGS, and then incubated for 24 h with AF488-
conjugated streptavidin (1:300 in PBT-1% and 5% NGS) in 4°C. Slices
were then washed three times in PB, dehydrated, mounted in methylsali-
cylate, and imaged (see below).

Staining for putative synaptic contacts. In case of four intracellularly
filled MEC layer V neurons, the existence of putative synaptic contacts
with BDA-labeled RSC axons was assessed with the use of confocal laser-
scanning microscopy. In this material, we stained for the presence of
marker molecules for both presynaptic and postsynaptic synaptic ele-
ments, i.e., synaptophysin and PSD-95, respectively. After BDA/AF568
confocal imaging (see below), the 400 �m slices were rehydrated by
reversing the dehydration protocol, washed three times in PB, and incu-
bated in cryoprotective solution (30% w/v sucrose in PB) overnight. The
slices were then flattened and embedded in NEG 50 (Thermo Fisher
Scientific) on a cryostat chuck and quickly frozen in �20°C. The sections
were resliced at 50 �m on a Lauda 1720 cryostat (Leitz), washed three
times with 0.1 M PB, permeabilized in 0.1 M PB containing 0.5% Triton
X-100 (PBT-0.5%), blocked for 3 h with PBT-0.5% with 5% NGS, and
subsequently incubated for 48 h with a mixture of a monoclonal anti-
PSD-95 antibody (1:150, P78352; NeuroMab) and a polyclonal anti-
synaptophysin antibody (1:100, ab14692; Abcam) in PBT-0.5% and 5%
NGS in 4°C. Slices were washed three times in PB and incubated for 4 h
with the mixture of AF514-conjugated anti-rabbit secondary antibody,
AF633-conjugated anti-mouse secondary antibody, and AF488-
conjugated streptavidin (1:350; all from Invitrogen) in PBT-0.5% and
5% NGS at room temperature. Finally, after three washes in PB, sections
were suspended in 0.1 M Tris-HCl, mounted on Superfrost slides (WPI),
dried overnight, and coverslipped in Entellan.
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Confocal microscopy
All sections were imaged with a Zeiss Meta 510 confocal microscope.
Unless indicated otherwise, FB was excited by ultraviolet laser (� �
405 nm; emission bandpass, 450/60 nm), AF488 was excited by argon
laser (� � 488 nm; emission bandpass, 505–550 nm), AF568 was
excited by helium/neon laser (� � 568 nm; emission bandpass, 595/40
nm), and NeuroTrace Nissl stain was excited by helium/neon laser
(� � 633 nm; emission long pass, 655 nm; dichroic mirror,
405/488/561/633/KP725).

Imaging of putative synaptic contacts. First, an overview image was
acquired to confirm the position of AF568-filled cells within MEC. An air
PlanApo 10�, 0.45 NA lens was used at the resolution of 1024 � 1024
pixels, 8-bit sampling, and z increment of 10 �m. Next, the colocalization
of AF568 and retrograde FB labeling was confirmed for each filled cell.
For this, an air PlanApo 20�, 0.8 NA objective lens was used at the
resolution of 1024 � 1024, 8-bit sampling, and z increment of 5 �m.
Finally, for high-resolution 3D analysis, a detailed scan of the AF488
(RSC fibers) and AF568 (MEC layer V cells) channels was taken using a
63�, 1.40 NA oil DIC objective lens at a resolution of 1024 � 1024 pixels,
8-bit sampling, and z increment of 0.35 �m. The optical section thickness
was set to 0.7 �m by adjusting the pinhole for each channel. After 3D
reconstruction and mapping (see below), each putative contact was then
imaged in detail using 64�, 1.40 NA oil DIC objective lens at a resolution
of 256 � 256 pixels, zoom 6, 8-bit sampling, and z increment of 0.35 �m.

Imaging of synaptic markers. In case of quadruple staining of synaptic
contacts, the linear unmixing of closely located fluorescence peaks was
performed using the Zeiss Meta unit and ZEN software. For three of the
unmixed fluorochromes (AF488, AF514, and AF568), a reference emis-
sion spectrum was acquired using the argon laser excitation (�excitation �
514 nm; dichroic mirror, NT 80/20; �emission � 497–583 nm; �� � 10
nm) at 64�, 1.40 NA oil DIC objective lens at a resolution of 256 � 256
pixels, zoom 6, 8-bit sampling, and the z increment of 0.35 �m. The
spectral scan and unmixing of the specimen was then performed and
followed by scanning of the AF633 channel with the same optical
pathway (�excitation � 633 nm; dichroic mirror, NT 80/20; �emission �
636 –711 nm). Final images were obtained by combining the results of
the spectral scan (AF488, AF514 and AF568 channels) and the AF633
channel.

Confocal image analysis
3D reconstruction and mapping. Dendritic reconstruction was conducted
as described previously (Kononenko and Witter, 2012). We used a cus-
tom plugin, “Skeleton tool” (Schmitt et al., 2004; Evers et al., 2005), for
Amira version 4.1.2 to trace the dendritic trees and positions of the
spines. For the Sholl analysis (Sholl, 1953), the number of branches cross-
ing concentric spheres of increasing radius (�r � 10 �m) originating at
the soma was counted. Spine density was expressed as the number of
spines per 10 �m of dendrite length. To quantify the number of BDA-
filled putative axonal boutons and their distribution along reconstructed
dendrites, the dendritic surface was expressed as triangles (Evers et al.,
2005). The BDA-positive pixels were identified by thresholding the
AF488 channel according to the Otsu method (Otsu, 1979). The prox-
imity of BDA-positive voxels within 300 nm from each surface element
identified as a triangle was calculated and expressed as heat map on the
dendritic surface. Finally, for each putative contact, the zoomed image
was analyzed, and it was determined whether it adheres to previously
established criteria of a presynaptic bouton (Wouterlood et al., 2008),
being an axonal swelling having a diameter three times bigger than the
preceding fiber.

Synaptic reconstruction. Resliced and quadruple-labeled images (pre-
synaptic fibers, AF488; synaptophysin, AF514; postsynaptic dendrites,
AF568; postsynaptic PSD-95, AF633) were loaded into FIJI software, and
previously evaluated putative synaptic contacts were again identified us-
ing the AF488 and AF568 channels. The distribution of each fluoro-
chrome along the axis connecting the center of a presynaptic bouton and
the center of dendritic spine (for spine synapses) or dendritic segment
(for shaft synapses) was measured. Putative contacts showing local label-
ing peaks for both synaptophysin (AF514) and PSD-95 (AF633) along
that axis (between peaks for AF488 and AF568) were considered synaptic.

Because the axial resolution of optical microscopy is relatively poor, only
the synapses in the x–y plane were measured. 3D reconstructions of the
synapses were performed in Amira version 4.1. The confocal stacks were
filtered using the Gaussian filter and thresholded using Otsu’s algorithm
(Otsu, 1979), and surfaces for each channel were rendered and
combined.

mCherry imaging and axonal tracing. First, an overview of biocytin-
filled cells within layer V of MEC and trajectory of their axons was ac-
quired using an air PlanApo 20�, 0.8 NA objective, resolution of 1024 �
1024, 8-bit sampling, and z increment of 2 �m. Then, a detailed scan of
the AF488 (biocytin-filled cells), AF568 (AAV-expressing cells), and
NeuroTrace Nissl stain was obtained (40�, 1.30 NA oil DIC objective
lenses were used at resolution of 1024 � 1024 pixels, 8-bit sampling, and
z increment of 0.5 �m). The 20� image stacks were then loaded into the
Simple Neurite Tracker plugin in FIJI software, and axonal trajectories
were plotted.

Statistical analyses
All numbers are reported as mean � SEM.

Electron microscopic experiments. The relative numbers of synapse
types in each hemisphere and each animal were compared with a Fisher’s
exact test. Significant differences were accepted at p 	 0.05. Measured
lengths of PSDs and the average of the longest and shortest diameter of
the presynaptic boutons were imported into SPSS. ANOVA and post hoc
analysis of least significant difference were used to assess different sources
of variation of the morphological data. Significant differences were ac-
cepted at p 	 0.05.

Optogenetic experiments. Patched cells were grouped as interneurons
or principal neurons based on electrophysiological and morphological
characteristics. The average input resistances and kinetics of APs gener-
ated in response to depolarizing current step and onset were compared
with two-sample t tests. Differences in onset time after photostimulation
of retrosplenial and entorhinal neurons were compared using two-
sample t tests. Significant differences were accepted at p 	 0.05.

Confocal experiments. The proportionality between the density of la-
beled axons and the number of synaptic contacts assessed in the confocal
microscope was assessed with F test for linear regression. Whether the
distribution of contact frequencies normalized to the plexus density was
unimodal or polymodal were tested with a Kolmogorov–Smirnov test.
Significant differences were accepted at p 	 0.05.

Results
Morphological assessment of synaptic contacts in MEC
In view of the known topographical organization of the RSC
projection to MEC (Shibata, 1994; Jones and Witter, 2007), we
aimed to inject BDA in multiple sites in caudal RSC to obtain a
dense terminal plexus in MEC (Fig. 1A1,B1). Of the 11 animals
used in the experiments destined for EM, seven animals had suc-
cessful injections in RSC, without involvement of deep adjacent
white matter. In total, we obtained 16 injections of BDA in RSC:
seven in caudal A29ab, three in caudal A29c, two in intermediate
rostrocaudal A29c, and four in caudal A30. All injections in cau-
dal RSC resulted in a densely labeled terminal plexus in layer V of
dorsal and intermediate MEC and layer III and V of dorsal pre-
subiculum. Sparse labeling was observed in layer III of MEC.
These observations are in accordance with previously published
data (Shibata, 1994; Jones and Witter, 2007; Kononenko and
Witter, 2012). The labeled fibers in layer V were relatively thick
and had clearly visible varicosities. We subsequently selected two
animals that had the densest terminal labeling after processing
the tissue for EM analysis and good preservation of the ultra-
structure. In animal 12901, the injections were located in layers V
and VI of caudal A29ab in the right hemisphere and in layers IV
and V of caudal A29c in the left hemisphere. In animal 13976, the
center of the injection in the left hemisphere was located in layer
II–IV of caudal A30, whereas in the right hemisphere, it involved
all layers of caudal A30. In the latter animal, BDA-filled neurons
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were observed in the distal part of the sep-
tal subiculum. This is likely a result of ret-
rograde transport of BDA along subicular
axons with terminals in the area in which
the injections were placed (Vogt and
Miller, 1983; Köhler, 1985; Witter et al.,
1990; van Groen and Wyss, 1990, 2003;
Miyashita and Rockland, 2007). It cannot
be ruled out that BDA is transported an-
terogradely from the subiculum, labeling
axon collaterals also terminating in the
deep layers of MEC and thereby biasing
the results. However, we find this very un-
likely because the number of retrogradely
filled neurons was very low, we never ob-
served BDA-filled axons leaving the subic-
ulum, and subicular neurons rarely have
divergent extrinsic axon collaterals, im-
plying that retrogradely labeled cells that
project to RSC do not likely project to
MEC as well (Naber and Witter, 1998).

Quantification of synapses and
postsynaptic targets
In the ultrathin sections of MEC layer V,
obtained from either of the two animals,
labeled axons and axon terminals could
easily be identified by the presence of clear
DAB deposits. We observed both asym-
metrical and symmetrical synapses. The
first were characterized by having a thick
PSD (more than twice the thickness of the
PSD) and a wide synaptic cleft. Spherical
vesicles could be observed in the presyn-
aptic terminal (Figs. 2A–D, 3A). Symmet-
rical synapses had a postsynaptic and
presynaptic density of equal thickness, a
narrow synaptic cleft, and pleomorphic
presynaptic vesicles were less frequently
encountered (Figs. 2E, 3B; Gray, 1959;
Uchizono, 1965; Colonnier, 1968). For all
synapses that lacked a clear asymmetrical
morphology, we analyzed consecutive
serial sections of entire presynaptic and
postsynaptic complexes (Fig. 3).

Postsynaptic targets were either dendritic shafts characterized
by microtubules or mitochondria in the cytoplasm, or dendritic
spines characterized by their overall dimensions, the presence of
clear cytoplasm, and/or the presence of a spine apparatus (Gray,
1959). No axo-axonic or axo-somatic synapses were observed.
PSDs were commonly continuous (Figs. 2A,B,D–F, 3), although
perforated synapses were observed as well (Figs. 2C, 4B). In
general, presynaptic elements formed synapses with only one
postsynaptic element, so-called single synaptic boutons (SSBs), al-
though multiple synaptic boutons (MSBs) were regularly observed
as well (Figs. 2D, 4).

In total, 262 boutons, forming 301 synapses on identified post-
synaptic targets, were characterized in both hemispheres of two an-
imals (Table 1). Analyses revealed no statistically significant
differences in relative numbers between the two rats or their four
hemispheres. In both animals, 98% (n � 296) of the labeled termi-
nals in layer V of MEC were characterized as part of asymmetrical
synapses, whereas 2% (n � 5) of the synapses were classified as

symmetrical. Dendritic spines represented 91% (n � 273) of the
postsynaptic targets, whereas 9% (n � 28) were dendritic shafts. In
36% (n � 10) of the synapses onto dendritic shafts, these shafts
showed additional multiple unlabeled synaptic contacts showing a
circular arrangement around the shaft (Figs. 2F, 3A, 4A).

The majority of the asymmetrical synapses (92%, n � 271)
contacted dendritic spines, whereas a small fraction (8%,
n � 25) contacted shafts. In contrast, symmetrical synapses
showed no clear preference for dendritic spines or shafts (two
symmetrical synapses on dendritic spines and three on den-
dritic shafts). We observed that, of the asymmetrical synapses,
13% (n � 34) were of the MSB type. These boutons made
synapses with two to four postsynaptic elements. The MSBs
contacted either only dendritic spines (n � 29; Fig. 4B) or both
dendritic spines and dendritic shafts (n � 5; Fig. 4A). Further-
more, 22% (n � 59) of the asymmetrical synapses were of the
perforated type, and they contacted dendritic spines (n � 56)
or dendritic shafts (n � 3).

Figure 2. Electron micrographs of the main categories of labeled axon terminals in layer V of MEC. A, A labeled axon terminal
with round vesicles and a thick PSD forming an asymmetrical synapse with a dendritic spine emerging from a dendritic shaft. A
converging unlabeled bouton (marked with C) possibly makes a synaptic contact with the spine neck. The synaptic complex is
sampled from animal 12901. B, A labeled axon terminal with round vesicles and a thick PSD forming an asymmetrical synapse with
a dendritic shaft. A converging unlabeled bouton is making a symmetrical contact with the same dendritic shaft. The synaptic
complex is sampled from animal 13976. C, A labeled axon terminal with round vesicles and a thick perforated PSD making an
asymmetrical synapse with a dendritic spine. A spine apparatus is evident. The synaptic complex is sampled from animal 12901. D,
A MSB and a SSB, sampled from animal 13976, are making in total three synapses with dendritic spines. The PSDs are thick, the
synaptic clefts are wide, and the vesicles are round. E, A labeled axon terminal making a symmetrical synapse with a dendritic shaft.
The PSD is thin, and the synaptic cleft is relatively narrow. The synaptic complex is sampled from animal 12901. F, A labeled axon
terminal making a synapse on a dendritic shaft. Three converging unlabeled boutons are making synapses on the same shaft. The
total synaptic complex, sampled from animal 12901, is reconstructed in Figure 4A. Synaptic specializations are indicated with
arrowheads and microtubuli with arrows. L, Labeled axon terminal; D, dendrite; C, converging unlabeled axon terminal; S, spine;
*, spine apparatus. Scale bars, 500 nm.
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The average diameter of all boutons was 860 � 17 nm. Bou-
tons with an asymmetrical synapse had an average diameter of
859 � 17 nm, whereas boutons with a symmetrical synapse had
an average diameter of 897 � 76 nm. SSBs had an average diam-
eter of 1025 � 49 nm, whereas MSBs had an average diameter of
835 � 18 nm. Boutons with nonperforated synapses had a signif-

icantly smaller average diameter (805 �
17 nm) compared with boutons with
a perforated synapse (1050 � 39 nm;
F(1,252) � 14.385, p 	 0.0005; three-way
ANOVA). The categorization of the syn-
apse as symmetrical or asymmetrical or
the categorization as MSB or SSB had no
significant correlation with the average
diameter (F(3,252) � 0.755, p � 0.52;
F(1,252) � 0.407, p � 0.52).

The average length of the PSDs was
352 � 8 nm. Asymmetrical synapses on
spines had an average PSD length of 347 �
8 nm, asymmetrical synapses on shafts
402 � 33 nm, and symmetrical synapses
on spines 92 � 65 nm, and symmetrical
synapses on shafts had an average PSD
length of 419 � 66 nm. Synapses belonging
to SSBs had an average length of 350 � 9
nm, whereas synapses belonging to MSBs
had an average length of 357 � 17 nm. Non-
perforated synapses had a shorter average
PSD length (317 � 7 nm) compared with
perforated synapses (495 � 18 nm). Three-
way ANOVA revealed that perforated syn-
apses and synapse type had a significant
correlation with the PSD length (F(1,292) �
39.356, p 	 0.0005; F(3,292) � 3.048, p �
0.029), whereas the classification as MSB or
SSB was not significantly correlated with
PSD length (F(1,292) � 0.041, p � 0.84). Post
hoc analysis revealed that asymmetrical syn-
apses on shafts had significantly larger PSD
compared with asymmetrical synapses on
spines (p � 0.027) and symmetrical syn-
apses on shafts (p � 0.047).

Functional assessment of synapses
in MEC
The morphological quantification of the
majority of RSC synapses in MEC as
asymmetrical onto spines indicated the
presence of a direct, primarily excitatory in-
put from RSC into spiny neurons in layer V
of MEC (Gray, 1959; Eccles, 1964; Uchi-
zono, 1965; Colonnier, 1968). To function-
ally validate this morphologically based
inference, we applied an optogenetic in
vitro approach (Petreanu et al., 2007). We
expressed the ChR variant ChIEF in neu-
rons of RSC by injecting rAAV vector
expressing the fusion of ChIEF and the
reporter protein mCherry under the
�CaMKII promoter into caudal A29b and
A29c (for details, see Materials and Meth-
ods). After 6 weeks, expression of mCherry
was visible in all layers of RSC. Expression of

the marker was only detected in the RSC cells and their projecting
axons (Figs. 1A2,B2, 5); no ChIEF expression was observed in MEC
neurons. Consistent with previous studies using anterograde tracers,
strongly labeled projections from RSC to both deep and superficial
layers of presubiculum, deep layers of parasubiculum, and deep lay-
ers of MEC were observed (Fig. 1B2).

Figure 3. Representative electron micrographs taken from a series of ultrathin sections. Series of sections through an asym-
metrical (A1–A3) and a symmetrical synapse (B1–B3) between a labeled axon terminal and a dendritic shaft in layer V of MEC of
animal 12901. The asymmetrical synapse (A1–A3) has a thick PSD (not developed in A1 and conspicuous in A2), round vesicles,
and a wide synaptic cleft. The shaft is sectioned approximately perpendicular to its long axis. The symmetrical synapse (B1–B3)
has a thin PSD (consistent throughout the series), pleomorphic vesicles, and a narrow synaptic cleft. The shaft is sectioned
approximately parallel to its long axis. Converging inputs from unlabeled axon terminals to both shafts are evident. Synaptic
specializations are indicated with arrowheads, and microtubuli are marked with arrows. L, Labeled axon terminal; D, dendrite; C,
converging unlabeled axon terminal. Scale bars, 500 nm.

Figure 4. 3D reconstructions of representative synaptic complexes. A, A labeled bouton (red), sampled from animal 12901,
forming a synapse with a dendritic shaft (orange) and a dendritic spine (yellow). Four unlabeled boutons (blue, pink, turquoise, and
purple) are making additional converging synaptic contacts with the same shaft. Synaptic clefts and specializations are color coded
as light green. The reconstructions are based on serial sections of the synaptic complex demonstrated in Figure 2F. B, A labeled MSB
(red), sampled from animal 13976, forming a synapse with four separate dendritic spines (yellow, turquoise, blue, and purple). The
synapses made with the purple and blue spines are perforated. Synaptic clefts and specializations are color coded as light green.
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We first characterized the direct voltage responses of ChIEF-
positive RSC cells to laser-scanning photostimulation. The stim-
ulation grid (8 � 6, 20 �m spacing) was positioned over the
recorded RSC layer V neurons (Fig. 5A). At high light intensity
levels (
230 �W; Fig. 5A, black traces), illumination of each
point on the grid evoked an AP in the recorded cell. In some cases,
a brief burst of APs was recorded. With the decrease of laser
power, stimulation at some grid points evoked subthreshold
membrane depolarizations. At 23 �W (Fig. 5A, red traces), only
direct somatic stimulation evoked an AP. The average onset of
the responses was 11.67 � 2.7 ms from the software trigger (n �
288; Fig. 5C).

Previous studies showed that ChR-positive axons can survive
in vitro after separating from the soma and that these axons re-
spond to photostimulation with an AP and subsequent synaptic
release (Petreanu et al., 2007). In 400-�m-thick horizontal slices
of EC, we observed mCherry-labeled terminal fibers originating
in RSC (Fig. 5B). In MEC, layer V neurons within the plexus were
initially identified in the live IR-DIC image based on the appear-
ance of their soma. The selected cells were patched, and main
electrophysiological properties in response to �100 nA current
steps were determined (Fig. 5B). The vast majority of the cells
(n � 66, 94% of total) were classified as layer V principal excit-
atory cells (Canto and Witter, 2012). Their average input resis-
tance was 157 � 49 M�, the average width at half peak of AP
generated at threshold was 1.8 � 0.4 ms, and their dendrites
showed spiny morphology (Fig. 5B). Post hoc morphological
analysis confirmed that these neurons were indeed pyramidal
cells (Canto and Witter, 2012). In some instances (n � 5), the
patched cells were identified as inhibitory layer V fast-spiking
cells (FSCs). Their average input resistance was 132 � 40 M�,
which was not statistically different from the excitatory cells (p �
0.12). However, the AP generated in response to depolarizing
current step had different kinetics from those seen in case of
principal cells (average width at half peak was 0.6 � 0.1 ms, p 	
0.001, t test). Moreover, the dendrites of these FSCs were spine-
less (Fig. 5D).

We performed recordings from putative postsynaptic layer V
cells while photostimulating the presynaptic ChIEF-positive fi-
bers. The stimulation grid was positioned above the basal den-
drites of the recorded cells in layer V. The postsynaptic cells
responded with EPSPs after stimulation in a subset of grid loca-
tions (Fig. 5B,D,E). The amplitude of the responses reached up to
10 mV (with average response of 1.91 � 0.05 mV). The average
onset time was 18.09 � 3.36 ms (n � 732). The onset was signif-
icantly slower than in the case of direct optical stimulation of
ChIEF-positive cells in RSC (Fig. 5B; p 	 0.001), suggesting that
the EPSPs in MEC were synaptic (Petreanu et al., 2007). To test
whether the optically induced responses in MEC were mediated
by presynaptic activation, we blocked the generation of APs by
perfusing the slices with ACSF containing 5 �M TTX. This treat-

ment completely abolished responses in all recorded cells (n � 8;
Fig. 5E).

Principal cells of MEC layer V have been shown to display two
main patterns of projection (Canto and Witter, 2012). Their ax-
ons can travel via the angular bundle, likely toward extrahip-
pocampal targets, or they can project to superficial layers of MEC.
We reconstructed and analyzed the axonal trajectories of 22 prin-
cipal cells after the optogenetic experiments to determine which
of the two types received the RSC input. We observed both axonal
trajectories in the analyzed population. All reconstructed cells
had axons projecting toward angular bundle. In a substantial
fraction of neurons (n � 11), axonal collaterals were present in
superficial layers (Fig. 6).

Morphological analysis of putative synaptic contacts
In the next series of experiments, we aimed to describe the target
neurons of the RSC input to MEC layer V in more detail. Partic-
ularly, we wanted to identify cells in layer V that project to super-
ficial layers II and III in MEC (Canto and Witter 2012) and to
assess the overall distribution of RSC inputs onto the dendrites of
these cells. In fixed slices containing anterogradely labeled RSC
axons, we identified retrogradely labeled superficially projecting
layer V neurons and filled them intracellularly with AF568 (Fig.
1A3,B3). A total of 27 cells were successfully filled, and it was
possible to reconstruct their basal dendritic tree for additional
analysis. All reconstructed cells displayed dendritic morphology
typical for layer V pyramidal cells (Hamam et al., 2000; Canto and
Witter, 2012). Consistent with the earlier studies, the majority of
the cells were multidirectional pyramidal cells (n � 22), although
several horizontal cells were included (n � 5), characterized by
having the majority of basal dendrites parallel and confined to the
layer. The horizontal cells did not differ in any other aspect from
the pyramidal cells, and both types were pooled together for ad-
ditional analysis. A typical cell showed four to nine basal den-
drites originating at the soma (Fig. 7A). Branching peaked at a
distance of 60 �m from the soma and continued up to 200 �m
(Fig. 7B). The basal dendritic tree extended up to 300 �m in each
direction. The proximal branches were almost devoid of spines,
beyond 20 �m (usually after first bifurcation). The spine density
reached �10 spines/10 �m and then peaked at 14 spines/10 �m,
80 �m from the soma (Fig. 7C,D). This spine density of recon-
structed neurons was consistent with previous observations for
layer V pyramidal neurons in MEC (Lingenhöhl and Finch,
1991).

After neuron reconstruction, the proximity of the BDA-
positive fibers labeled with AF488 was mapped onto the rendered
dendritic surface (Fig. 7E,F; Schmitt et al., 2004; Evers et al.,
2005). Axons positioned within one voxel from the surface (300
nm in horizontal plane) were represented as a heat map accord-
ing to their fluorescence intensity (Fig. 7F,H). Each individual
putative contact between presynaptic and postsynaptic label was
then verified for the presence of a presynaptic bouton. Axonal
swellings were classified as boutons if the diameter of the swelling
was at least three times bigger than the preceding fiber (Fig. 7 I, J;
Wouterlood et al., 2008). We verified whether the number of RSC
synaptic contacts on each MEC layer V cell was proportional to
the density of incoming fibers, as predicted by Peters’ rule (Peters
and Payne, 1993). Indeed, the density of labeled axons showed a
linear correlation with the frequency of contacts for each cell
(R 2 � 0.74; Fig. 7G), and the distribution of contact frequencies
normalized to the plexus density was unimodal (p � 0.67). Of
these putative presynaptic terminals, 84% (580 of 692) contacted
spines, whereas the remaining 16% (112 of 692) terminated on

Table 1. Distribution of asymmetrical and symmetrical synapses and their
postsynaptic targets

Asymmetrical Symmetrical

Animal Boutons (n) Synapses (n) Spines Shafts Spines Shafts

12901 R 95 104 85% 13% 0% 2%
12901 L 71 81 91% 7% 1% 0%
13976 R 40 48 94% 6% 0% 0%
13976 L 56 68 94% 3% 1% 1%
Total 262 301 90% 8% 1% 1%

Distribution of asymmetrical and symmetrical synapses and their postsynaptic targets in each of the two hemi-
spheres of each of the two animals used for ultrastructural assessment. R, Right; L, left.
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Figure 5. Optogenetic activation of ChIEF-expressing RSC cells and their projection fibers in MEC. Laser stimulation of the grid pattern was applied as indicated by asterisks. Scale bars, 20 �m.
Pulse duration was 2 ms with 250 ms intervals, delivered via a 40� water-immersion lens. Grid size was 8 � 6 with 20 �m spacing between nodes. Order of activation (Figure legend continues.)
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shafts. The proximity of a presynaptic swelling and a dendritic
shaft or spine does not automatically imply the presence of a
synaptic contact (Peters and Palay, 1996; Wouterlood et al., 2003;
Mishchenko et al., 2010). To substantiate our observations, we
performed additional immunostaining of marker proteins for
presynaptic terminals (synaptophysin) and for PSDs (PSD-95)
and reconstructed 88 previously imaged putative contacts from

four neurons. Of these, 68 contacted spines and 20 contacted
shafts. In 78% of the putative spine contacts (n � 53 of 68) and in
55% of the putative shaft contacts (n � 11 of 20), both presyn-
aptic and postsynaptic markers were found, and these contacts
could therefore be confirmed as synaptic (Fig. 7K). Extrapolating
these percentages to the entire pool of putative synaptic contacts
implies that 88% (n � 452 of 514) of the axon terminals originat-
ing in RSC contacted spines, whereas 12% (n � 62 of 514) con-
tacted shafts.

Discussion
Projections of the RSC to layer V of MEC are among the strongest
cortical afferents to MEC (Burwell and Amaral, 1998). To study their
potential impact on MEC, we used the anterograde transport of
BDA and ChR-expressing rAAV to identify axons and terminals in
layer V of MEC originating in RSC. Our findings that caudal RSC
projects densely to layer V, with very few fibers targeting layer III of
MEC, are in line with previously reported observations (Shibata,
1994; Jones and Witter, 2007). The quantitative ultrastructural as-
sessment of the morphology of the labeled presynaptic elements and
their postsynaptic targets in layer V of MEC showed that the majority
of the synapses is asymmetrical, indicating that these are excitatory.
Less than 2% of the terminals are symmetrical, possibly representing
a small inhibitory, likely GABAergic, projection (Gray, 1959; Eccles,
1964; Uchizono, 1965; Colonnier, 1968) that at least in part targets
local inhibitory neurons (Caputi et al., 2013). This interpretation is
strongly supported by our functional findings that laser stimulation
of ChR-positive RSC axons in layer V of MEC exclusively resulted in
excitatory responses in all postsynaptic cells studied. Therefore, we
conclude that RSC provides a major excitatory drive to neurons in
layer V and that inhibition plays only a minor role in this connection.

We further identified the layer V postsynaptic targets of RSC
input. The electron microscopic data show a striking dominance
of spines as targets for RSC inputs. Previous morphological stud-

4

(Figure legend continued.) was pseudorandom, and subsequent illumination of adjacent
points of the grid was avoided. Pipettes positions are indicated in white. Yellow, mCherry-
positive neurons and fibers; magenta, biocytin-filled cells. Each trace in A, B, D, and E represents
response to stimulation at the corresponding point of the array. A, Direct response of a ChIEF-
expressing cell in RSC to patterned laser stimulation. Laser power was first tuned to 230 �W
(black traces), and stimulation of each point evoked a single AP or a train of APs. Decrease in
light intensity to 25 �W resulted in elimination of AP events (red traces). Calibration: 0.1 s, 10
mV. Insets, Schematic diagram of recording configuration and test response of the RSC layer V
cell to current steps of �100 pA. Calibration: 0.2 s, 20 mV. B, Somatic EPSP responses of MEC
layer V cells to patterned laser stimulation of RSC terminals expressing ChIEF. Each trace repre-
sents response to stimulation at the corresponding point of the array presented in A for one of
the four simultaneously recorded cells (C1–C4). Laser power at the specimen was 650 �W.
Insets, Schematic diagram of recording configuration and test response to current steps of
�100 pA for cells C1–C4. C, Histogram showing the distribution of onset times for optically
induced responses in RSC (gray bars) and MEC (black bars). Average onset time in RSC was
11.76 � 2.8 ms, whereas in MEC it was significantly higher (18.46 � 2.8 ms, t test, p 	 0.001).
D, FSC in MEC layer V showing EPSPs after stimulation of presynaptic RSC fibers. Calibration:
0.1 s, 2 mV. Insets, Schematic diagram of recording configuration and test response to current
pulse of �100 pA. Calibration: 0.2 s, 30 mV. E, EPSPs evoked by RSC fiber stimulation in MEC
layer V require presynaptic APs. Responses shown for three cells C1–C3. Insets, Schematic
diagram of recording configuration and test response to current steps of �100 pA for cells
C1–C3. First, control responses were obtained by stimulating the presynaptic fibers with the
grid pattern (30 repeats). Then the Na � channel blocker TTX (5 �M) was infused for 2 min, and
the grid stimulation was repeated in the presence of the toxin. Control traces (black lines) show
typical responses. Blocking of Na � channels diminished the postsynaptic response to the level
of baseline (red traces) in all observed cases. Calibration: 0.1 s, 4 mV. Inset, Configuration of a
typical experiment and test response to current pulse of �100 pA. Calibration: 0.2 s, 30 mV.

Figure 6. Individual axonal reconstructions of 22 pyramidal cells recorded in horizontal slices through MEC. The one interneuron (Fig. 5D) is not included. The position of the soma in layer V is
indicated with the bold open circle (size of the soma is not to scale). Axons that appeared to be cut at the surface of the slice are indicated by filled circles (scale bar, 200 �m). Below each neuron is
the characteristic electrophysiological test response to current steps of �100 pA (calibration: 0.1 s, 30 mV). The cells indicated with an asterisk are those for which the dendritic morphology is shown
in Figure 5, B (4 cells in the bottom row) and E (3 cells in the top row). l.d., Lamina dissecans; L, layer; w.m., white matter.
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Figure 7. A–D, Morphological properties of MEC layer V neurons that receive RSC input and project into layer II/III. E–K, Identification and quantification of putative RSC synaptic contacts on MEC
layer V neurons. A, 2D projection of a typical reconstructed layer V cell showing the complexity of basal dendrites. Distance from the soma is color coded. Part of the axon reconstructed in red.
Arrowhead points toward the pial surface. Scale bar, 20 �m. B, Sholl analysis showing changes in dendritic branching pattern of reconstructed layer V neurons as a function (Figure legend continues.)
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ies have shown that principal neurons in MEC are commonly
spiny (Wouterlood et al., 1995; Canto and Witter, 2012), and our
observations thus indicate that principal neurons in layer V of
MEC form a main target of RSC projections. Only a small per-
centage of the labeled axon terminals made synapses with smooth
dendritic shafts, likely belonging to either interneurons (Wouter-
lood et al., 1995; Canto et al., 2008) or to spineless parts of den-
drites of principal neurons as shown by our confocal results. The
notion that the shafts at least in part represent interneuron den-
drites is supported by the observations that a number of the post-
synaptic shafts had multiple afferents from unlabeled axon
terminals showing a circular arrangement. This phenomenon is
commonly accepted to be a feature of interneurons (Kisvárday et
al., 1985; Johnson and Burkhalter, 1996).

These morphologically based inferences are strongly sup-
ported by the optogenetic electrophysiological results that both
spiny pyramidal neurons and smooth inhibitory FSCs in MEC
layer V responded to optogenetic stimulation of RSC fibers with
equal latencies. The existence of postsynaptic inhibitory neurons
suggests the presence of an inhibitory feedforward loop within
MEC layer V that would be triggered by RSC input. The presence
of a disinhibitory projection, formed by GABAergic RSC neurons
targeting MEC interneurons (Caputi et al., 2013), could not be
confirmed with our optogenetic experiments, likely because of
the limited sampling of interneurons.

Layer V principal cells project to a number of cortical and
subcortical areas (Insausti et al., 1997), issue local axon collaterals
confined to layer V (Hamam et al., 2000; Canto and Witter,
2012), and project intrinsically to superficial layers (Kloosterman
et al., 2003b; van Haeften et al., 2003; Quilichini et al., 2010;
Canto and Witter, 2012). Our data are in accordance with previ-
ously published accounts indicating that at least two populations
exist: (1) one that projects both superficially and extrinsically;
and (2) one that projects extrinsically with only local collaterals in
layer V (Quilichini et al., 2010; Canto and Witter, 2012). Most
importantly, our data lead us to conclude that both types of layer
V pyramidal cells receive excitatory RSC input.

We should point out that our experimental data only address
the projection originating from a restricted, caudal part of the
RSC, projecting preferentially to the dorsal half of MEC. In view
of dorsoventral differences in grid-cell properties in MEC (Haft-
ing et al., 2005; Stensola et al., 2012), it might be of interest to
compare very dorsal with very ventral innervation patterns, but
our current data do not allow to address this issue. However,
based on the overall similar connectivity patterns for the projec-
tions from rostral and caudal RSC to MEC (Jones and Witter,
2007), and because we did not observe any striking differences
between experimental data obtained within the dorsal half of
MEC, we expect that our conclusions can be generalized to hold
along the MEC dorsoventral axis.

The role of RSC input in HF-MEC circuitry
Principal neurons in layer V of MEC possess key anatomical and
physiological features to serve an important role in integrating
multiple external inputs (Canto et al., 2008). The dendritic trees
of the principal cells in layer V span the total depths of MEC,
receiving inputs that terminate in different layers. This has been
shown for inputs to layers I–III (Medinilla et al., 2013), including
those from the parasubiculum and presubiculum (Canto et al.,
2012). Here we show that layer V principal neurons receive in-
puts from RSC. It is well established that layer V principal cells
receive hippocampal output (van Haeften et al., 1995). Compa-
rable with our results with respect to RSC input, among the
hippocampal-receiving neurons are those that project superfi-
cially (Kloosterman et al., 2003b). Interestingly, the neurons that
receive inputs from the parasubiculum and presubiculum also
include those that send axon collaterals to superficial layers
(Canto et al., 2012). These data thus indicate that layer V princi-
pal cells indeed integrate multiple inputs and subsequently for-
ward this signal to superficial layers II and III.

The neuronal network of MEC has been implicated as a key
component in brain systems mediating navigation (Moser and
Moser, 2008). A striking cell type in superficial layer II of MEC is
the grid cell (Hafting et al., 2005). Grid cells in MEC represent
multiple positions in space, firing in a regularly patterned struc-
ture when the animal is moving in the environment. Moreover,
grid cells universally code for all environments (Hafting et al.,
2005). Directional information has been postulated as relevant
for the emergence of stable grid-cell properties (Fuhs and
Touretzky, 2006; McNaughton et al., 2006; Burgess et al., 2007)
and for anchoring grid cells to distal cues (Knierim and Hamil-
ton, 2011). This type of information is likely not generated within
MEC but enters by way of the head-directional system. The head-
direction signal originates in the recurrent network of the dorsal
tegmental nucleus and the lateral mammillary nucleus and is
relayed to multiple brain regions by way of the anterior dorsal
nucleus of the thalamus (Taube, 2007). Although the presubicu-
lum has been the main focus of research for head directionality,
this type of information is also expressed in the firing patterns of
neurons in RSC (Cho and Sharp, 2001). The relevance of RSC in
spatial information processing is yet unclear, but it has been sug-
gested that RSC integrates different spatial representations: (1)
one based on path integration and (2) another based on external
sensory information (Vann et al., 2009). We propose that the
strong excitatory effect that RSC inputs exert on MEC layer V
neurons is among the essential inputs for the parahippocampal–
hippocampal navigational system. This assumption is supported
by findings that RSC lesions affect a wide range of tasks testing
different navigational strategies (Vann et al., 2009). The most
severe deficits were reported when the animal needed to change

4

(Figure legend continued.) of distance from the soma (n � 27 from 8 animals). The Sholl
values were normalized to the number of first-order dendrites to account for a different number
of basal dendritic branches preserved during slice preparation. Sholl sphere diameter, 20 �m. C,
Comparison of spine density between proximal (0 –20 �m from the soma) and distal (100 –
120 �m) segment of basal dendrite. Scale bar, 30 �m. D, Histogram summarizing the changes
in spine density of MEC layer V cells (n �27 from 8 animals). Bin size, 20 �m. Error bars indicate
SEM. E, Maximum projection of confocal image stack of BDA-labeled RSC fibers (AF488, yellow)
and intracellularly filled postsynaptic cells in MEC layer V (AF568, magenta). Scale bar, 20 �m.
Arrowhead points toward the pia surface. F, Surface rendering and RSC input mapping of cell
imaged in E. Staining intensity of BDA within 300 �m of the reconstructed surface is mapped
and color coded. Scale bar, 20 �m. G, Scatter plot showing the correlation between contact
density and the number of RSC fibers present within the volume covered by dendritic tree
(Peters’ rule). The correlation was linear (R 2 � 0.72), and the distribution of contact frequen-
cies normalized to the plexus density was unimodal ( p � 0.67, Kolmogorov–Smirnov test). For
computation of the plexus density index, see Materials and Methods. H, Surface rendering of a
dendritic fragment with RSC input mapping. Staining intensity of BDA within 300 �m of the
reconstructed surface is mapped and color coded. Scale bar, 5 �m. I, Surface reconstruction of
area shown in H, overlaid with volume rendering of putative afferent RSC fibers (dendrite:
AF568, magenta; axon: AF488, yellow). Dashed box shows the area magnified in J. Scale bar, 5
�m. J, Surface reconstruction of synaptic contact targeted for immunostaining (marked by
dashed box). Scale bar, 1 �m. K, 3D reconstruction of the synaptic contact shown in H–K. Slices
containing AF568-filled cells and BDA-labeled RSC fibers were additionally immunostained
with anti-synaptophysin and anti-PSD-95 antibodies. Bouton (yellow) and spine (magenta)
reconstructed as mesh surface. Synaptophysin (white) and PSD-95 (cyan) reconstructed as solid
surfaces.
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navigational strategies or integrate spatial information of differ-
ent kinds (Vann et al., 2003; Pothuizen et al., 2008). Furthermore,
during RSC inactivation, the firing of place cells in the hippocam-
pus is less specific (Cooper and Mizumori, 2001). Because RSC
does not project directly to the hippocampus, except for the
subiculum (Sugar et al., 2011), we propose that this change in
place-cell properties in addition to the behavioral deficits seen
after RSC lesions reflect the disruption of RSC activity, indirectly
influencing neurons in superficial layers of MEC, by way of the
pathway shown in the present study.
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Lingenhöhl K, Finch DM (1991) Morphological characterization of rat en-
torhinal neurons in vivo: soma-dendritic structure and axonal domains.
Exp Brain Res 84:57–74. Medline

Maguire EA (2001) The retrosplenial contribution to human navigation: a
review of lesion and neuroimaging findings. Scand J Psychol 42:225–238.
CrossRef Medline

McNaughton BL, Battaglia FP, Jensen O, Moser EI, Moser MB (2006) Path
integration and the neural basis of the “cognitive map.” Nat Rev Neurosci
7:663– 678. CrossRef

Medinilla V, Johnson O, Gasparini S (2013) Features of proximal and distal
excitatory synaptic inputs to layer V neurons of the rat medial entorhinal
cortex. J Physiol 591:169 –183. CrossRef Medline

Mishchenko Y, Hu T, Spacek J, Mendenhall J, Harris KM, Chklovskii DB
(2010) Ultrastructural analysis of hippocampal neuropil from the con-
nectomics perspective. Neuron 67:1009 –1020. CrossRef Medline

Miyashita T, Rockland KS (2007) GABAergic projections from the hip-
pocampus to the retrosplenial cortex in the rat. Eur J Neurosci 26:1193–
1204. CrossRef Medline

Moser EI, Moser MB (2008) A metric for space. Hippocampus 18:1142–
1156. CrossRef Medline

Naber PA, Witter MP (1998) Subicular efferents are organized mostly as
parallel projections: a double-labeling, retrograde-tracing study in the rat.
J Comp Neurol 393:284 –297. CrossRef Medline

Narahashi T, Moore JW, Scott WR (1964) Tetrodotoxin blockage of sodium
conductance increase in lobster giant axons. J Gen Physiol 47:965–974.
CrossRef Medline

O’Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map. Prelim-
inary evidence from unit activity in the freely-moving rat. Brain Res 34:
171–175. CrossRef Medline

Czajkowski, Sugar et al. • Retrosplenial Inputs to Medial Entorhinal Cortex J. Neurosci., October 2, 2013 • 33(40):15779 –15792 • 15791

http://dx.doi.org/10.1016/j.neuron.2007.11.034
http://www.ncbi.nlm.nih.gov/pubmed/18215625
http://dx.doi.org/10.1002/hipo.20327
http://www.ncbi.nlm.nih.gov/pubmed/17598147
http://dx.doi.org/10.1002/(SICI)1096-9861(19980824)398:2<179::AID-CNE3>3.0.CO%3B2-Y
http://www.ncbi.nlm.nih.gov/pubmed/9700566
http://dx.doi.org/10.1093/cercor/6.2.81
http://www.ncbi.nlm.nih.gov/pubmed/8670641
http://dx.doi.org/10.1002/hipo.20993
http://www.ncbi.nlm.nih.gov/pubmed/22161956
http://dx.doi.org/10.1155/2008/381243
http://www.ncbi.nlm.nih.gov/pubmed/18769556
http://dx.doi.org/10.1523/JNEUROSCI.3526-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23223285
http://dx.doi.org/10.1016/j.conb.2013.01.021
http://www.ncbi.nlm.nih.gov/pubmed/23394773
http://dx.doi.org/10.1037/0735-7044.115.1.3
http://www.ncbi.nlm.nih.gov/pubmed/11256450
http://www.ncbi.nlm.nih.gov/pubmed/7931570
http://dx.doi.org/10.1016/0006-8993(68)90234-5
http://www.ncbi.nlm.nih.gov/pubmed/4175993
http://www.ncbi.nlm.nih.gov/pubmed/11356886
http://dx.doi.org/10.1038/nn.3310
http://www.ncbi.nlm.nih.gov/pubmed/23334580
http://dx.doi.org/10.1002/hipo.20500
http://www.ncbi.nlm.nih.gov/pubmed/19021265
http://dx.doi.org/10.1523/JNEUROSCI.0799-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17553986
http://www.ncbi.nlm.nih.gov/pubmed/15537815
http://dx.doi.org/10.1523/JNEUROSCI.4353-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16624947
http://dx.doi.org/10.1038/1831592a0
http://www.ncbi.nlm.nih.gov/pubmed/13666826
http://dx.doi.org/10.1111/j.1365-2818.1986.tb02764.x
http://www.ncbi.nlm.nih.gov/pubmed/3761363
http://dx.doi.org/10.1038/nature03721
http://www.ncbi.nlm.nih.gov/pubmed/15965463
http://dx.doi.org/10.1002/(SICI)1096-9861(20000320)418:4<457::AID-CNE7>3.0.CO%3B2-L
http://www.ncbi.nlm.nih.gov/pubmed/10713573
http://dx.doi.org/10.1002/(SICI)1098-1063(1997)7:2<146::AID-HIPO4>3.0.CO%3B2-L
http://www.ncbi.nlm.nih.gov/pubmed/9136047
http://dx.doi.org/10.1002/hipo.20909
http://www.ncbi.nlm.nih.gov/pubmed/21240920
http://dx.doi.org/10.1002/(SICI)1096-9861(19960506)368:3<383::AID-CNE5>3.0.CO%3B2-1
http://www.ncbi.nlm.nih.gov/pubmed/8725346
http://dx.doi.org/10.1002/hipo.20330
http://www.ncbi.nlm.nih.gov/pubmed/17598159
http://dx.doi.org/10.1002/cne.902410202
http://www.ncbi.nlm.nih.gov/pubmed/4067011
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06745.x
http://www.ncbi.nlm.nih.gov/pubmed/10911893
http://dx.doi.org/10.1002/cne.10472
http://www.ncbi.nlm.nih.gov/pubmed/12454982
http://dx.doi.org/10.1111/j.1460-9568.2003.03046.x
http://www.ncbi.nlm.nih.gov/pubmed/14656299
http://dx.doi.org/10.1152/physrev.00021.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013211
http://dx.doi.org/10.1002/cne.902360407
http://www.ncbi.nlm.nih.gov/pubmed/3902916
http://dx.doi.org/10.1002/hipo.20949
http://www.ncbi.nlm.nih.gov/pubmed/21710546
http://dx.doi.org/10.1016/j.bpj.2008.11.034
http://www.ncbi.nlm.nih.gov/pubmed/19254539
http://www.ncbi.nlm.nih.gov/pubmed/1713171
http://dx.doi.org/10.1111/1467-9450.00233
http://www.ncbi.nlm.nih.gov/pubmed/11501737
http://dx.doi.org/10.1038/nrn1932
http://dx.doi.org/10.1113/jphysiol.2012.237172
http://www.ncbi.nlm.nih.gov/pubmed/23006478
http://dx.doi.org/10.1016/j.neuron.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20869597
http://dx.doi.org/10.1111/j.1460-9568.2007.05745.x
http://www.ncbi.nlm.nih.gov/pubmed/17767498
http://dx.doi.org/10.1002/hipo.20483
http://www.ncbi.nlm.nih.gov/pubmed/19021254
http://dx.doi.org/10.1002/(SICI)1096-9861(19980413)393:3<284::AID-CNE2>3.0.CO%3B2-Y
http://www.ncbi.nlm.nih.gov/pubmed/9548550
http://dx.doi.org/10.1085/jgp.47.5.965
http://www.ncbi.nlm.nih.gov/pubmed/14155438
http://dx.doi.org/10.1016/0006-8993(71)90358-1
http://www.ncbi.nlm.nih.gov/pubmed/5124915


O’Keefe J, Nadel L (1978) The hippocampus as a cognitive map. Oxford:
Clarendon.

Otsu N (1979) Threshold selection method from gray-level histograms.
IEEE Trans Syst Man Cybern 9:62– 66. CrossRef

Paxinos G, Watson C (2007) The rat brain in stereotaxic coordinates, Ed 6.
Amsterdam: Academic/Elsevier.

Peters A, Palay SL (1996) The morphology of synapses. J Neurocytol 25:
687–700. CrossRef Medline

Peters A, Payne BR (1993) Numerical relationships between geniculocorti-
cal afferents and pyramidal cell modules in cat primary visual cortex.
Cereb Cortex 3:69 –78. CrossRef Medline

Petreanu L, Huber D, Sobczyk A, Svoboda K (2007) Channelrhodopsin-2-
assisted circuit mapping of long-range callosal projections. Nat Neurosci
10:663– 668. CrossRef Medline

Pothuizen HH, Aggleton JP, Vann SD (2008) Do rats with retrosplenial
cortex lesions lack direction? Eur J Neurosci 28:2486 –2498. CrossRef
Medline
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