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Abstract
Interactions between the medial entorhinal cortex (MEC), presubiculum (PrS),
and parasubiculum (PaS), all essential components of the hippocampalparahippocampal navigational system, are still poorly understood. The PrS
and PaS are credited to provide directional information to MEC. Efferents from
PrS and PaS show a laminar specific terminal distribution in MEC superficial
layers, where they also contact apical dendrites of layer V neurons. Since
spatially modulated neurons are present in all layers we tested whether
principal neurons in all layers of MEC receive both inputs monosynaptically.
Using a newly developed anatomical-electrophysiological slice approach, we
show that principal neurons in all layers of MEC receive convergent
monosynaptic inputs from PrS and PaS. Responses are layer specific and
input frequency dependent. These results suggest that neurons in different
layers of MEC uniquely process the same inputs, likely contributing to reported
differences in their in vivo properties.
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Introduction

The medial entorhinal cortex (MEC) is an essential component of the
hippocampal - parahippocampal system, which is uniquely involved in
1, 2
. Extracellular in vivo single unit
mapping of an animal’s position in space
recordings revealed that individual neurons in all layers of MEC represent
different aspects of space, including position (grid cells), direction (head
direction cells), borders (border cells) or combinations of these features.
However the percentages with which these functional neuron types are
3-7
present differ between layers . Neurons located in MEC provide major inputs
8
to all regions of the hippocampus , and experimental and modelling studies
support the importance of MEC inputs for the spatial properties of neurons in
9-13
. The presubiculum
the hippocampus and its contributions to navigation
(PrS) and parasubiculum (PaS) provide a substantial portion of the cortical
14
7, 15, 16
relevant for the
inputs to MEC , likely presenting directional information
17, 18
.
emergence of MEC neuronal firing properties
Projections from both PrS and PaS show a strikingly laminar terminal
distribution in MEC in that the former distribute to MEC layer I (LI) and layer III
(LIII), while the latter terminate in layer II (LII). Both form synaptic contacts
19, 20
. Axons
with principal neurons and interneurons that reside in these layers
from PrS also make synaptic contacts onto apical dendrites of MEC layer V
21
(LV) neurons . Although the known morphology of superficial and deep MEC
principal neurons suggests that both inputs converge onto single cells in LII,
22
LIII and LV , the circuitry underlying functional interactions of PrS or PaS
with MEC neurons has not been systematically studied.
With the use of multi-patch recordings and scanning photostimulation with
caged glutamate, we characterized the functional interactions of inputs from
PrS and PaS with neurons in all layers of MEC. To efficiently target connected
portions of the network, the recordings were partially done in combination with
a newly developed in vivo tracing approach, visualizing relevant connections in
slices. We show that principal neurons in all MEC layers receive monosynaptic
convergent inputs from both PrS and PaS. Individual neurons integrate both
inputs in a layer specific manner, and specific neuronal responses are strongly
frequency dependent. These data emphasize the complexity of information
processing in MEC, which in addition to interlaminar and intralaminar local
microcircuits also depends on monosynaptic input connectivity across all
layers.
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4.1

METHODS

Animal preparation
Animal experiments were performed in accordance with the rules and
directives set by local governments and universities and the European
Community on animal well-being.
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Anatomical tracer application
Albino Sprague-Dawley rats (postnatal day (P)10-24; N=25) (Takonic, Norway)
were injected with a 10 % diluted anterograde tracer Alexa Fluor 488 dextran
amine (Alexa488DA) (dextran, Alexa Fluor ® 488; 10000MW, anionic fixable;
D-22910; Invitrogen, Molecular Probes Inc., Eugene, OR, USA) dissolved in
25 mM phosphate buffer (PB; pH 7.5) and a retrograde tracer DiI (1,1dioctadecyl-3,3,3,3-tetramethylindocarbocyanine
perchlorate;
Molecular
Probes Inc., Eugene, OR, USA) dissolved in 100 % ethanol at 5 mg/ml. For
tracer injection, the animals were placed in an induction chamber, and
anaesthesia was induced with 3 % isoflurane (Nicholas Pramal (I) Limited,
London, UK) in 95 % O 2 and 5 % CO 2 with a delivery rate of 0.3 liter/min until
loss of leg and tail reflexes. Immediately after isofluorane anaesthesia the rats
were subcutaneously injected with the analgetic Rimadyl (Carprofen 6-chloroα-methyl-9H-carbazole-2-acetic acid; 50 mg/ml; Pfizer, Norway). Then the
animals were placed into a stereotaxic apparatus and after opening of the skull
and the dura mater, anaesthesia was slowly lowered and maintained until the
end of surgery with 1.5 % isoflurane in 95 % O 2 and 5 % CO 2 with a flow of
0.3 liter/min. Glass micropipettes with a tip diameter of 15 µm filled with
Alexa488DA or 20 µm tip diameter filled with DiI, respectively were
stereotactically lowered unilaterally into the PrS or PaS and hippocampus,
respectively. Injection coordinates were derived from the Sherwood and
23
Timiras rat brain atlas adjusted based on own experience. Both tracers were
iontophoretically injected. In case of DiI tracer injection was achieved by
applying alternating 7 s on/off current pulses of 5 mA for 10 minutes and in
case of Alexa488DA 7 mA current pulse alternations were used for 15 minutes.
After the injections, the pipettes were left in place for several minutes and after
careful removal, the skin was sutured and the pup survived for another 3-10
days.
Slice preparation
For extracellular stimulation and VSD experiments brain slices from in total 46
Sprague Dawley rats containing hippocampus, PrS, PaS and MEC were
obtained from P14 to P31 old rats. First, the animal was anesthetized with
isofluorane (Isofane, Vercore, Marlow, UK), subsequently decapitated and the
brain was quickly removed from the skull and placed in oxygenated (95 % O 2 -
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5 % CO 2 ) ice cold artificial cerebrospinal fluid (ACSF; mM): 126 NaCl; 3 KCl;
1.25 NaH 2 PO 4 ; 3 MgSO 4 ; 1 CaCl 2 ; 10 Glucose; 26 NaHCO 3 .
For glutamate uncaging experiments brain slices from in total 6 Wistar rats
containing hippocampus, PrS, PaS and MEC were obtained from P16 to P26
old rats. The procedure was similar but after hemispheres were removed they
were placed in oxygenated (95 % O 2 -5 % CO 2 ) ice cold ACSF containing
(mM): 87 NaCl; 2.5 KCl; 1.25 NaH 2 PO 4 ; 7 MgCl s ; 0.5 CaCl 2 ; 75 Saccharose;
25 Glucose 26 NaHCO 3 .
After removing the very anterior and dorsal part of the hemisphere, the
remaining part was mounted with the dorsal surface glued onto a vibratome
chuck. During the procedure the brain was still superfused with saturated icecold ACSF. To keep the connectivity between the PrS, PaS and MEC intact,
400 µm thick semihorizontal slices with an angle of 10-15 degrees were cut
using a vibratome. This approach ensured that the more mediodorsal and the
lateroventral parts of the pre-, para- entorhinal domains were in the same brain
slice.
VSD imaging. Each slice was transferred onto a fine-mesh membrane filter
(Omni pore membrane filter, JHWP01300, Millipore) held in place by a thin
plexiglas ring (11 mm inner diameter; 15 mm outer diameter; 1 to 2 mm
thickness). Slices placed in the plexiglas ring were transferred to a moist
interface chamber containing the previously used ACSF, continuously supplied
with a moistened mixture of the O 2 and CO 2 gas. The temperature of this
24
chamber was held at 32°C (see for details).
Extracellular stimulation and glutamate uncaging experiments. Slices were
transferred to a hand-made submerged slice chamber also containing the
previously used ACSF. For the uncaging experiments slices were transferred
after 30 minutes to a another slice chamber with oxygenated ACSF containing
(mM): 119 NaCl; 26 NaHCO 3 ; 10 Glucose; 2.5 KCl; 1 NaH 2 PO 4 ; 1.3 MgCl s ;
2.5 CaCl 2 . For VSD and extracellular stimulation experiments the ACSF
contained 2 mM MgSO 4 and 2 mM CaCl 2 . In general, recordings were
performed at 35ºC. For all experiments slices rested for at least 1 hour until
used one by one in the recording chamber superfused with ACSF.
Electrophysiology
VSD imaging. The chamber was positioned under a fluorescence microscope
(Axio Examiner, Zeiss, Germany). The slice was subsequently stained in the
recording chamber for 3 min with the VSD RH-795 (0.5 mg/ml ACSF). The
VSD has excitation and emission maxima at 530 and 712 nm, respectively.
25
Emission decreases proportionally to depolarizations of the membrane . After
staining, extra dye was washed out with oxygenated superfusion solution and
the preparation was incubated in the recording chamber for another 10–15 min
before the optical measurements were performed. The magnification of the
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microscope was adjusted to obtain the appropriate size of field of view. The
excitation light (filtered at 535 nm ±25 nm band-pass) was reflected down onto
the preparations by a dichroic mirror (half reflectance wave length of 580 nm).
Epifluorescence through a long-wavelength pass filter (50 % transmittance at
590 nm) was detected 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,
Japan) was opened for 500 ms prior to the start of recording to avoid both
mechanical disturbance caused by the shutter system and rapid bleaching of
the dye. After starting, 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 of the slice.
In this procedure, we applied a color code to the fraction of the optical signal,
which exceeded the baseline noise. That is, optical signals with amplitudes
close to the baseline noise were ignored. To reduce baseline noise, we
averaged eight identical recordings acquired with a 3 s interval directly in the
frame memory.
Extracellular stimulation was applied to PrS or PaS. The stimulating electrode
was a tungsten bipolar electrode with a tip separation of 150 µm. Single pulses
of 0.6 mA for 300 µs duration were used.
To investigate influences of local GABA-ergic inhibition, we used gabazine (5
µM; SR-95531, Sigma-Aldrich Co, Norway). Under such conditions, no
spontaneous paroxysmal activities in the entorhinal–hippocampal network
elicited by electrical stimulation to the lateral entorhinal cortex have been
26
reported in rat brain slices .
Extracellular stimulation and single neuron recordings. Up to three
simultaneous whole cell current-clamp recordings of MEC neurons were done
under visual guidance using infrared differential interference contrast video
microscopy. When performing recordings on operated animals, recordings
were done in the area in MEC that showed anterogradely fluorescent axonal
labeling from the PrS or PaS and retrogradely labeled neurons projecting to
the hippocampus (Supplementary Fig. 1).
For extracellular stimulation experiments, patch pipettes were pulled from
standard-walled borosilicate capillaries (GC120F-10, Harvard Apparatus, MA,
USA) with a resistance between 4-7 MΩ containing (mM): 110 K-gluconate; 10
HEPES; 4 ATP-Mg; 0.3 GTP; 10 Naphosphocreat; 10 KCl; with 5 mg/ml
biocytin; pH 7.3 adjusted with 1 M KOH, and an osmolarity of around 290 M.
The seal resistance was above 1 GΩ. Recordings were made with a
Multiclamp 700A Amplifier (Axon Instruments, Sunnyvale, USA) in bridge
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mode. Capacitance compensation was maximal and bridge balance adjusted.
The signal was low pass filtered at 3 kHz and acquired at a sampling rate of
5 kHz with an Instrutech ITC-18 board (Instrutech Corp., Port Washington, NY,
USA). During recordings neurons were filled with biocytin.
Intrinsic membrane properties were estimated from the voltage response to a
series of current steps. For extracellular stimulation experiments, ten
alternating hyperpolarizing and depolarizing steps of 1 s duration incrementally
increasing by 20 pA were applied to the neurons, starting with 0 pA and ending
with ±200 pA, respectively. Next to that we checked whether the neuron
showed membrane potential oscillations (MPO) by bringing the membrane to a
potential just below threshold for firing while recording the membrane
fluctuations for at least 30 seconds. In addition we induced oscillatory inputs at
fixed currents, with the frequency increasing and afterwards decreasing
27
linearly in time (so-called ZAP protocol) . We injected for t=28 s sinusoidal
currents of I o =40 pA and recorded the membrane voltage simultaneously. The
injected current I(t) was ramped up from F 0 =0Hz to the maximum frequency of
f m =20 Hz : I(t) = I o sin (2π f(t)t) with F(t)=F 0 +(f m -f 0 )t/2T. The impedance
amplitude profile (ZAP) functions allow characterizing the resonance
properties.
To study connectivity while intracellular MEC neuron recordings were
performed, the PrS or PaS was stimulated with a stimulation electrode that
was covered with a glass pipette (tip diameter of around 1-2 µm) filled with
ACSF or with a tungsten bipolar electrode with a tip separation of 150 µm. The
place of stimulation was chosen to coincide with the area that showed a high
level of fluorescent neurons resulting from injection of an anterograde
fluorescent tracer in PrS or PaS prior to the slice experiments (N=8).
Recordings of neurons were performed in the area where anterograde labeled
axons in MEC were visible. In case no anterograde tracer was injected, the
stimulation site was chosen by visual guidance with a low (2.5 X water) and
high magnification lens (10 X water). For all pipette stimulation experiments,
recordings were performed around -62 mV. Inputs from superficial PrS or PaS
layers were stimulated locally with different length, strength and frequencies
controlled by Igor, Master 8 and the stimulation isolator box itself. Each change
in parameters was tested in response to 50 stimulus trains of 1 s duration. The
parameters tested were: 0 mV/10 µs, 0.9 mV/10 µs, 9 mV/10 µs, 22.5 mV/10
µs, 45 mV/10 µs, 67.5 mV/10 µs and 90 mV/10 µs and as a control 0 mV/1
ms, 0 mV/0 s, 90 mV/0 s positive pulses. Repetitive stimulation was performed
with 90 mV/10 µs pulses after confirmation that there is no change in
excitatory postsynaptic potential (EPSP) properties comparing strong and
weak stimulations and no short-term dependent plasticity, meaning an
equilibrium in EPSP size was reached. Bipolar stimulation was performed
using 300 µs long and up to 600 µA pulses. Neurons without a response at
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minimum stimulation were excluded. For repetitive stimulation experiments we
excluded those neurons with a beginning EPSP amplitude smaller than 0.5 mV
due to the fact that a small EPSP amplitude correlates with a variable
response of the neuron or bad recording quality. Additionally, with such small
responses, the noise or normal membrane fluctuations have a bigger effect on
the EPSP amplitude than the actual stimulation.
For the repetitive stimulation protocols, analysis of in vivo firing properties of
7
head direction neurons was done by investigating spike trains. Since PrS and
PaS neurons have very variable firing properties, we induced several
frequency inputs that we found to occur reliably in vivo. PrS and PaS fire either
very seldom with 1 Hz or they fire in a spike train of 1 to 4 repetitions with a
frequency of 10-50 Hz.
Glutamate uncaging experiments. For glutamate uncaging experiments, patch
pipettes were pulled from borosilicate capillaries (GC120F-10, Harvard
Apparatus) with a resistance between 4-7 MΩ containing (mM): 135 Kgluconate; 10 HEPES; 2 ATP-Mg; 0.2 EGTA; 5 phosphocreatine; 20 KCl; with
5 mg/ml biocytin; pH 7.3. The seal resistance was above 1 GΩ. Recordings
were made with a Axopatch 700B Amplifier (Molecular devices, Sunnyvale,
CA, USA) in bridge mode. Capacitance compensation was maximal and
bridge balance adjusted. The signal was low pass filtered at 2 kHz and
acquired at a sampling rate of 5 kHz (National Instruments BNC-2090, Austin
TX, USA).
The setup and experimental procedure for photolysis of caged glutamate have
28, 29
. For photostimulation and data acquisition, we
been described previously
used the Morgentau M1 microscope software (Morgentau Solutions, Munich,
Germany). In brief, 20 ml of 200 µM 4-methoxy-7-nitroindolinyl-caged-lglutamate (Tocris, Bristol, UK) were recirculated at 3–5 ml/min. The maximum
time period of recirculation was 3 hours. The duration of the laser flash was 2
ms, the laser power under the objective, corresponding to the stimulus
intensity levels used, was constantly monitored with a photodiode array-based
photodetector (PDA-K-60, Rapp Optoelectronics, Wedel, Germany). The
optical system was adapted to achieve an effective light spot diameter of 15
mm in the focal plane. Generally, stimulation points were defined in a
hexagonal grid with a raster size of 30 mm. For all experiments, the focal
depth of the uncaging spot was set at 50 mm below the slice surface.
Data analysis and statistics used
VSD experiments. In case of VSD imaging, each pixel of the image sensor
records the sum of the membrane potential changes of every membranous
structure projected onto the pixel. Thus, fluctuations of the optical signal from
30
baseline represent the sum of membrane potential changes . Assuming that
in all instances the contribution of glial cells to the signal will be constant, we
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can calculate and compare the size of total membrane potential changes
associated with neural activity in the different stimulation protocols, for which
31
BrainVision analyses software was used (see ). Changes in membrane
potential were evaluated as fractional changes of fluorescence (ΔF/F).
Subsequent statistical analysis was done by using an ANOVA followed by
post-hoc Ryan tests to compute differences in the size of the evoked neural
events between layers.
Extracellular stimulation and single neuron recordings. Analysis of membrane
properties of single neurons was done using custom-made procedures in Igor
Pro Software (Igor Pro software, Wavemetrics, Lake Oswego, OR, USA.). A
sum of two decaying exponential functions, one with positive, the other with
negative amplitude, was fitted to the voltage response to a big current step of
200 pA to reveal the membrane time constant (τ), the input resistance and the
sag ratio. For the first step after inducing action potentials, we estimated the
action potential threshold (defined by a maximum in the second derivate of the
voltage trace). A point spread function was performed on current signals just
below threshold activity to analyze membrane potential oscillations. Regarding
the ZAP protocol, a Fast Fourier Transformation (FFT) was performed on
voltage (V) and current (I) signals and the impedance was calculated by Z(f)=
FFT(V)/FFT(I). The resonance frequency is the peak in the impedance
magnitude versus the frequency plot.
Synaptic events induced by extracellular stimulation were analyzed by taking
an average trace of 50 sweeps of intracellular membrane potential changes in
response to PrS and PaS stimulation and rise and decay times were derived
by fitting two decaying exponential functions to the evoked EPSP (eEPSP),
starting at the beginning of the event. eEPSP latency was measured from the
beginning of the stimulus artifact to the eEPSP start. The eEPSP amplitude
was calculated by measuring the distance between the eEPSP threshold and
the maximum voltage deflection. Neurons were selected with a resting
membrane potential of lower than -50 mV.
Statistical analysis was done by using a univariate or multivariate analysis
(MANOVA) followed by post-hoc Bonferroni tests to compute differences in
characteristics between layers or stimulation electrodes. If assumptions for a
parametric test were not met Kruskal-Wallis followed by Mann-Whitney U tests
were used, indicated for every parameter tested in the legend of the
corresponding figure. We applied a Bonferroni correction to adjust for multiple
comparisons. To analyze the changes in the eEPSP amplitude within a train of
four stimulations at different frequencies with different stimulation electrodes, a
repeated measures analysis was used followed by paired t-tests. We used a
Bonferroni correction to adjust for multiple comparisons. If Mauchly’s test was
significant, we used Greenhouse-Geisser correction values to test for
significance. The first eEPSP amplitude was used as a covariate.
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Glutamate uncaging experiments. For detection of synaptic events, we used
66
the automatic detection method described by . Parameters used for
automatic detection were based on visual inspection of the raw data. See
Bendels (2010) and Beed (2010) for a detailed description of the algorithm
used for the separation of specific events constituting presynaptic inputs from
29, 32
.
background noise

4

Immunohistochemistry
After recording, slices were fixed in a solution containing 4 % paraformaldehyde (PFA) in 0.125 mM PB (pH 7.4) and stored at 4ºC for at least 24
hours. For neuron visualization the slices were washed over night in 0.125 M
PB buffer (pH 7.4). Next day, the slices were again washed 5 X for 15 minutes
in PB-TX (1 % triton in 0.125 M PB buffer) followed by incubating them in 5 %
goat serum in PB-TX for 2 to 3 hours on a rotator. Afterwards the slices were
incubated overnight on a rotator in the dark in streptavidin conjugated to Alexa
633 (1:300) diluted in 1 % PB-TX. Then the slices were again washed 3 X for
15 minutes in 0.125M PB. Finally the slices were dehydrating in several
33
alcohol steps followed by methylsalicilate steps . All neurons were analyzed
with the use of a conventional fluorescent microscope (Zeiss M1 and Leica
DMR) or a confocal laserscanning microscope (Zeiss SLM510). To specify the
area of stimulation and recording for VSD experiments slices were postfixed in
4 % paraformaldehyde for up to one week and subsequently kept in PBS with
30 % sucrose for more than 10 hours and cut at 40-50 µm thickness with the
use of a freezing microtome. Mounted sections were Nissl stained with cresyl
violet and covered slipped using Entallan. Digital images of sections were
combined with the optical imaging data, to identify the region in which changes
in neural firing occurred.

4.2

Results

Principal neurons in MEC receive monosynaptic excitatory inputs from
PrS and PaS
Except for layer VI (LVI), principal neurons in all layers of MEC have dendrites
22
in LI to LIII , and these dendrites are potential postsynaptic targets for inputs
from PrS and PaS terminating in superficial layers of MEC. The actual
trajectory of a portion of the axons from PrS and PaS on way to MEC,
travelling through LVI and LV towards their final destination in superficial
layers adds principal neurons in LVI to the potential postsynaptic elements. In
order to test whether it would be feasible to assess these potential connections
in slices, we initially established that connectivity was preserved in semi34
from animals in which inputs from PrS or PaS had been
horizontal slices
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fluorescently labeled through injections of an anterogradely transported tracer
(Supplementary Fig. 1; PrS injection N=9 and PaS injection N=8).

4

Supplementary Figure 1: Confocal images of horizontal slices through the parahippocampal
region of the rat. (A) Section showing the site of injection of Alexa 488 in PaS (yellow neurons), as
well as two intracellularly filled patched LII stellate cells (blue) that were retrogradely labeled with
DiI (magenta) following an injection in the hippocampal formation. (B) Section showing the site of
injection of Alexa 488 in PaS (yellow neurons), as well as one intracellularly filled patched LII
pyramidal neuron (blue) located at the border with LIII. (C) High magnification confocal image of
the neuron depicted in B, illustrating the anterogradely labeled axons (yellow) around the
intracellularly filled neuron (blue).

All subsequent experiments were carried out in slices from a similar cut with
the same angulation, with preserved connectivity. In a selection of these
experiments, the place of stimulation was chosen to coincide with the area that
showed a high level of fluorescent neurons resulting from injection of an
anterograde fluorescent tracer in PrS or PaS prior to the slice experiments
(N=8). In the remaining non-injected animals the stimulation area was chosen
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to be at a similar location to where we normally injected an anterograde tracer
that resulted in good axonal labeling in MEC. Recordings of neurons were
performed in the area where anterograde labeled axons in MEC were visible
(N=8) and in non-injected animals we recorded from neurons for which we
were able to ascertain a high probability of connectivity based on our prior
anatomical experiments.
In a subsequent series of experiments, such slices were surveyed with the use
of voltage-sensitive dye (VSD) imaging. Extracellular stimulation with a
tungsten bipolar electrode at a fixed position during the entire experiment
(single pulse, 0.6 mA for 300 µs) in superficial PrS or PaS, i.e. the main origin
34
of projections to MEC , resulted in changes in optical signals in all layers,
reflecting depolarizing inputs (Fig. 1A; N=12). Weak changes in optical signals
appeared already after 1-2 ms, but major signal changes were apparent in all
layers with a latency between 5 and 10 ms, indicating mono- and polysynaptic
20
connections in vitro . Stimulation in PrS evoked larger changes in optical
signals in LV and LVI than in LII and LIII (tested with ANOVA: LII –LIII: not
significant (ns); LV-LVI: ns; LII-LV: p < 0.001; LII-LVI: p < 0.001; LIII-LV: p <
0.001; LIII-LVI: p < 0.001; Fig. 1B) whereas following PaS simulation, signal
changes in LII were largest, but significant activation was seen in LIII, LV and
LVI as well (tested with ANOVA: LII-LIII: p < 0.01; LII-LV: ns; LII-LVI: p < 0.01;
LIII-LV: ns; LIII-LVI: p < 0.05; LV-LVI: p < 0.001; Fig. 1B).
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Figure 1: Bipolar stimulation in PrS (blue) or PaS (grey) evoked responses in all layers of MEC.
(A) Images of a representative horizontal slice illustrating the position of the bipolar stimulation
electrode in PrS (left) and PaS (right) and the position of 4 voxels in LII – LVI for which the optical
responses are presented. Traces to the right of the images are color coded related to the voxels in
case of PrS stimulation (blue tones) and PaS stimulation (grey tones). Dashed vertical line
indicates the onset of stimulation. (B) Histograms presenting the relative size of total membrane
potential changes (area) for LII – LVI after stimulating PrS (left, blue) or PaS (right, grey; bars
represent the mean of 12 slices ± s.e.m.). Significance is indicated with different numbers of * and
corresponding p values. (C) Evoked EPSPs in principal neurons. Left: outline of a typical
horizontal brain slice with a confocal image of three reconstructed neurons patched synchronously
in LII - LV of MEC. Right: Ten repetitively induced EPSPs in one LII, one LIII and one LV MEC
principal neuron, patched synchronously while stimulation either in PrS (blue) or PaS (grey) with a
bipolar stimulation electrode. Dashed vertical line indicates the moment of stimulation. Right below
the individual voltage traces the average membrane potential is indicated (see Supplementary
Figure 3 for criteria to select principal neurons and Supplementary Table 1 for holding potentials
during recordings and eEPSP properties). N: Total number of recorded neurons per layer.

The lack of activation in LII and even more so in LIII in case of PrS stimulation
was somewhat unexpected in view of the anatomical data suggesting a high
synaptic density in LI and LIII. Optical signals however represent the net
depolarizing signal and thus do not provide information whether strong local
inhibition might affect the measured depolarization. This is likely to occur in LII
20, 35, 36
. In line
and LIII due to strong local inhibitory circuits, not present in LV
with this, bath applications of low concentrations of the GABAa antagonist
gabazine (5 µM) increased the amplitudes of the optical signals in LII and LIII
significantly (N=1 for PrS; N=5 for PaS: t-test p < 0.01 and p < 0.05
respectively) but not in LV and LV (t-test, ns, respectively; Supplementary Fig.
2).
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Supplementary Figure 2: GABAa antagonist gabazine increased the amplitudes of the optical
signals in LII and LIII. (A and B) Left panel illustrates an image of a horizontal slice with the
position of the stimulation electrode in (A) PrS and (B) PaS respectively, as well as the position of
the pixels in LII, LIII, LV and LVI from which individual optical traces were obtained in normal
ACSF (central left; see Methods for details) and with 5 µM gabazine added to the slice medium
(central right). Dashed vertical line indicates the onset of stimulation. Note the increases in optical
signals in LII, LIII and LV for both stimulation sites (right hand panels; N=1).
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We subsequently tested with single cell patch recordings, using a similar
stimulation protocol, whether principal neurons in all MEC cell layers received
monosynaptic inputs from PrS or PaS. Two or three MEC neurons in different
layers were patched simultaneously in semi-horizontal slices (triplets N=6,
duplets N=12), while stimulating either PrS or PaS with a tungsten bipolar
extracellular stimulation electrode (Fig. 1C). Since we aimed to analyze
properties of the synaptic events, neurons were hyperpolarized
(Supplementary Table 1) such that stimulation of PrS or PaS evoked
postsynaptic potentials (ePSPs), but no action potentials.

Supplementary Table 1: Properties of the membrane and the eEPSPs elicited in different MEC
cell layers. The columns of the table represent measured parameters of the eEPSP in different
MEC layers (rows; LII - LV) upon stimulation of PrS (upper panel) and PaS (lower panel) with a
bipolar stimulation electrode. All values represent the mean of all neurons/layer ± s.e.m.. Data for
each individual neuron entered in the analysis are the means of 50 replications for each condition.
Levene’s tests to check for homogeneity were performed. After a MANOVA test followed by posthoc Bonferroni tests was done. Differences between data points are considered statistically
significant at p < 0.05 (see experimental methods for details). Significant differences between
each respective layer with any of the other layers are indicated in each cell by the inserts LII - LV
respectively together with the p value. Column description. Amplitude: maximum amplitude of the
eEPSP after stimulation with 600 µA and a bipolar stimulation electrode; latency: time in ms
measured from the beginning of the stimulation artifact to the onset of the eEPSP; rise time, decay
time and half-width: parameters to characterize the eEPSP waveform; membrane potential: the
potential of the membrane at which experiments were performed; N: the numbers of neurons
measured per cell layer.
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Recorded neurons were classified as principal neurons based on previously
established physiological and morphological properties (Supplementary
22, 37-40
.
Results and Supplementary Fig. 3)
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Supplementary Figure 3: Criteria to identify principal neurons in MEC. (A) Table summarizing
the biophysical properties of neurons (columns) in all layers of MEC (rows). Abbreviations Rin:
Input resistance; tau: time constant; Sag ratio: Maximal sag amplitude / mean steady state
membrane potential; APthresh: Action potential threshold; MPO: membrane potential oscillations;
Resonance: Resonance frequency at which the response of the neuron to input is largest; N:
number of neurons. (B) Schematic representation of the stimulation protocol used to characterize
neurons. (C–F) Measured biophysical properties of neurons in LII – LVI following the stimulation
protocol displayed in (B). For all layers (C-F) a representative example of a reconstructed neuron
is illustrated in the most left column (axons in red, dendrites in black, scale bar 50 µm). Columns
2-5 show the voltage responses of a representative neuron of one of the cell layers. The second
column shows the positive and negative voltage response to a weak current step, just reaching
threshold for firing. The third column is the response to a ±200 pA step. The fourth column
presents resonance responses of neurons and the most right column shows recordings of the
depolarized membrane.
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The position of the cell soma and its physiological features were used to
determine the laminar position. Stimulation of PrS or PaS at different
frequencies (1, 10, 20, 40 and 100 Hz) resulted in evoked excitatory
postsynaptic potentials (eEPSPs) in the majority of principal neurons recorded
from, irrespective of their laminar position (Fig. 1C, Supplementary Table 1,
Supplementary Fig. 4).

4

Supplementary Figure 4: Evoked EPSPs in MEC following bipolar stimulation in PrS (A, C-F) or
PaS (B, G-J) at different stimulation frequencies (1 or 10, 20, 40, and 100 Hz; 4 stimuli/train).(A-B)
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The mean ± s.e.m. of the amplitudes of evoked EPSPs in mV are presented (left side of panels A
and B) as well as the amplitude and time course of average traces of the eEPSP (right side of
panels A and B). All traces have the same units on the x- and y- axis as (see top right corner). The
average membrane potential of recorded neurons is indicate on the left side of each trace. All data
are based on 50 replications per neuron (N: Number of neurons recorded per condition). (C-J) For
each panel the top row represents the average trace of all replications (N=50) for all neurons per
condition and per layer. Right below the individual voltage traces the average membrane potential
± s.e.m. is indicated. The bottom row illustrates the average evoked amplitudes for each of the
individual stimuli 1-4 in each stimulus train. Differences are evaluated with a repeated measures
analysis. If the assumption of sphericity has been violated the degrees of freedom were corrected
using Greenhouse-Geisser estimates of sphericity (epsilon < 0.75). Differences are considered
significant at p < 0.0167, indicated with * and the individual p values written next to it.

Bipolar stimulation activates a substantial volume of tissue and thus likely
activates a large number of input neurons to MEC. Also, in view of the
restricted size and close apposition of both PrS and PaS, spread of current
from one into the other might have occurred. Therefore we repeated and
refined the experiments with the use of a glass pipette stimulation electrode
with a 1 µm pipette tip, which stimulates a smaller volume of tissue and thus a
lower number of neurons, compared to bipolar stimulation. In line with this, a
decrease in the eEPSP amplitudes occurred in all layers after PrS or PaS
stimulation (compare Fig. 1C to Fig. 2; also see Supplementary Figs. 4A and
4B). The results corroborated our initial findings with bipolar stimulation and
provided additional data on LVI neurons (Figs. 2 and 3).
In order to compare ePSPs in principal neurons in different layers and
between different frequencies and different slices, we recorded from principal
neurons while keeping membrane potentials in all layers the same (PrS
stimulation, layer difference in membrane potential: Levene’s test p > 0.05,
ANOVA ns; PaS stimulation, layer difference in membrane potential: Levene’s
test p > 0.05, ANOVA ns; Table 1). For each experiment the stimulation
electrode was not moved, to assure that recorded responses in different
neurons were evoked from the same stimulation site. For all layers, the
latencies between time of stimulation, as measured by the onset of the
stimulus artifact and the start of the eEPSP, did not differ significantly between
layers and stimulation areas (latency differences between layers; PrS
stimulation: Levene’s test p > 0.05, ANOVA ns; PaS stimulation : Levene’s test
p > 0.05, ANOVA ns; Latency differences between stimulation areas: Levene’s
test p > 0.05, ANOVA ns; Fig. 2 and Table 1).
Layers II and III. With the exception of four monosynaptically connected
principal neurons, which showed monosynaptic inhibitory-PSPs, stimulation of

4
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either PrS or PaS induced eEPSPs in LII stellate cells and LIII pyramidal
neurons (N=34, Fig. 2, and Table 1).

4
Table 1: Properties of the membrane and the eEPSPs elicited in different MEC layers.
The columns of the table represent measured parameters of the eEPSPs in different MEC layers
(rows; LII-LVI) upon stimulation of PrS (upper panel) and PaS (lower panel) with a pipette
stimulation electrode. All values represent the mean of all neurons/layer ± s.e.m.. Data for each
individual neuron entered in the analysis are the means of 50 replications for each condition.
Levene’s tests to check for homogeneity were performed. If assumptions for parametric tests were
met, a MANOVA test followed by post-hoc Bonferroni tests was used. Assumptions for parametric
tests were not met for the decay time and half-width in response to PaS stimulation. Then KruskalWallis followed by Mann-Whitney U tests were performed. Differences between data points are
considered statistically significant at p < 0.05 for parametric tests and p < 0.0125 for nonparametric tests after Bonferroni correction. Significant differences between each respective layer
with any of the other layers are indicated in each cell by the inserts LII-LVI, respectively, together
with the p value.
Column description. Amplitude 0.9 mV: Maximum amplitude of the eEPSP after stimulation with
0.9 mV; Failure rate: the number of instances, represented as percentages, that no eEPSP was
elicited out of 50 replications; latency: time in ms measured from the beginning of the stimulation
artifact to the onset of the eEPSP; rise time, decay time and half-width: parameters to characterize
the eEPSP waveform; membrane potential: the potential of the membrane at which experiments
were performed; N: the numbers of neurons measured for this event per cell layer (see
Supplementary Table 1 for additional information on holding potentials and eEPSP kinetics after
bipolar stimulation and Supplementary Table 2 for additional information on amplitudes of eEPSPs
after stimulation at different strengths).
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Figure 2: Pipette stimulation in PrS (blue) and PaS (grey) evoked EPSPs in principal neurons in
all layers of MEC. (A) Left: Outline of a typical horizontal brain slice with schematic drawings of
typical MEC principal neurons in LII, LIII, LV and LVI. Right: one eEPSP in one LII, one LIII, one
LV and one LVI MEC principal neuron, evoked by stimulating either in PrS (blue) or PaS (grey).
Dashed vertical line indicates the moment of stimulation. The average membrane potential of
recorded neurons is indicate on the left side of each trace. (B) Averaged results for principal
neurons in LII, LIII, LV, and LVI of MEC following stimulation in either PrS (blue) or PaS (grey).
The mean ± s.e.m. of the amplitudes of evoked EPSPs in mV are presented (left side) as well as
the amplitude and time course of average traces of the eEPSPs (right side). All traces have the
same units on the x- and y- axis (see top right corner). Dashed vertical line indicates the moment
of stimulation. The average membrane potential of recorded neurons is indicated on the left side
of each trace. All data are based on 50 replications per neuron (N indicates the number of neurons
recorded per condition; see Supplementary Figure 3 for criteria to select principal neurons and
Table 1 for holding potentials during recordings).
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To relate these findings to entorhinal-hippocampal circuitry, we specifically
studied the physiological responses of a limited number of identified LII and
LIII hippocampal projection neurons (N=18 from 8 rats; Supplementary Fig. 1).
We found contacts between PrS and retrogradely labeled projection neurons
in LII (N=4, latency 5.4 ± 0.4 ms) and LIII (N=7, latency 5.0 ± 0.03 ms), as well
as between PaS and projection neurons in LII (N=10, latency 4.2 ± 0.5 ms),
and LIII (N=5, latency, 4.0 ± 1 ms). The eEPSP latencies and elicited
waveforms were comparable to those observed for the unidentified principal
neurons in LII and LIII. We additionally found monosynaptic contacts between
pre- and parasubicular inputs and interneurons (not illustrated; PaS and MEC
LII (N=6), PaS and LIII (N=1), PrS and LII (N=1) and PrS and LIII (N=2);
latency 4.8 ± 0.5 ms).

4

Layers V and VI. Stimulation of PrS and PaS evoked EPSPs in MEC LV
pyramidal (N=13) and LVI (N=12) principal neurons (Fig. 2 and Table 1).
Although most LVI principal neurons do not have an apical dendrite reaching
superficial layers (Supplementary Fig. 3F), these principal neurons may be
innervated by axons from PrS and PaS that travel through LVI on their way to
either the angular bundle or to their entorhinal terminal positions (own
34
unpublished observations ).
MEC principal neurons show layer- and frequency-dependent synaptic
integration
Synaptic waveforms. Differences in the synaptic waveform can influence the
41
temporal integration properties of neurons . Analysis of the initial data with
bipolar stimulation indicated that waveforms of principal neurons in different
MEC layers after single PrS and PaS stimulation were dissimilar (Fig. 1C,
Supplementary Figs. 4A and 4B) with LII principal neurons having the
significantly shortest decay time and smallest half-width, whereas LIII principal
neurons had the longest decay time and largest half-with (significant only in
case of PaS stimulation; Supplementary Table 1).
Pipette stimulation of superficial PrS resulted in the same rise time of the
EPSP for principal neurons in all layers (Table 1). The decay time was
significantly shorter in LII stellate cells compared to principal neurons in all
other MEC layers. The eEPSP half-width of LII stellate cells was significantly
smaller compared to all MEC layers (N=5; LII-LIII p < 0.01; LII-LV p < 0.01;
LII-LVI p < 0.001), whereas LIII pyramidal neurons tended to have the largest
half-width (Table 1). PaS stimulation led to a significantly longer rise time in LII
stellate cells compared to LV and LVI (N=14; LII-LV p < 0.05; LII-LVI p <
0.05). The decay time was significantly shorter in LII compared to all other cell
layers (N=14; LII-all layers p < 0.001), which also led to a significantly smaller
eEPSP half-width. LIII pyramidal neurons in contrast had a longer decay time
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compared to all MEC layers (not significant) and they showed a trend for the
largest eEPSP half-width (Table 1).
Synaptic efficacy. To further characterize these connections in response to
pipette stimulation, we measured the amplitudes of the eEPSPs to assess the
efficacy of the stimulated synapses present, while maintaining the membranes
of the principal neurons at the same membrane potential for all neurons in all
layers. We used different stimulation strengths of 0.9, 9, 22.5, 45, 67.5 and 90
mV respectively at 1 Hz (Table 1 and Supplementary Table 2). Following PrS
and PaS stimulation, irrespective of stimulation strength, no significant
differences were observed.

4
Supplementary Table 2: Amplitude of eEPSPs elicited after PrS and PaS stimulation at different
strengths.
The columns of the table represent amplitudes of the eEPSP with different stimulation strengths
(9, 22.5, 45, 67.5 and 90 mV, respectively; for data on 0.9 mV stimulation see Table 1) in different
layers of MEC (rows; LII-LVI) upon stimulation of PrS (upper panel) and PaS (lower panel) with a
single pipette stimulation electrode. All values represent the mean of all neurons/layer ± s.e.m..
Data for each individual neuron entered in the analysis are the means of 50 replications for each
condition. Levene’s test to check for homogeneity and MANOVA followed by post-hoc Bonferroni
tests were performed. Differences between data points are considered statistically significant at
p < 0.05 (see experimental methods for details). Amplitudes do not differ significantly. N: the
numbers of neurons measured per layer.

Failure rates. After minimal stimulation at 0.9 mV or 9 mV PrS stimulation
synapses in LIII failed less often compared to all other MEC layers, whereas
similar PaS stimulation induced the lowest failure rate in LIII and LII principal
neurons. LV and LVI had relatively high failure rates in response to PrS and
PaS stimulations (Table 1). Increased stimulation strengths (> 9 mV) reduced
the failure rate close to zero for almost all neurons in all layers.
Integration properties. We subsequently recorded eEPSPs using repetitive
stimulation of PrS and PaS (10 Hz, 20 Hz, 40 Hz and 100 Hz; Fig. 3; see
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Supplementary Fig. 4 for corroborative data obtained with bipolar stimulation).
In response to PrS and PaS stimulation at 10 Hz eEPSP amplitudes in LII
nd rd
nd th
stellate cells depressed significantly (PrS: N=5; 2 -3 EPSP p < 0.01; 2 -4
st
th
nd th
EPSP p < 0.01; PaS: N=14; 1 - 4 EPSP p < 0.05; 2 -4 EPSP p < 0.01), LIII
pyramidal neuron amplitudes stayed constant after PrS stimulation and
depressed significantly after PaS stimulation throughout the eEPSP train (N=7;
nd th
rd th
2 -4 p < 0.01; 3 -4 p < 0.001). Those of deep layer principal neurons
st
nd
showed a trend to increase in size from the 1 to the 2 eEPSP (Figs. 3A and
3E). The 20 Hz stimulation in both PrS and PaS induced slightly increasing
st
nd
nd
synaptic events from the 1 to the 2 stimulation in all layers. After the 2
stimulation, the amplitudes of the eEPSPs of LII stellate cells decreased
nd th
nd rd
significantly (PrS: N=5; 2 -4 EPSP p < 0.01; PaS: N=14; 2 -3 EPSP p <
nd th
rd th
0.01; 2 -4 EPSP p < 0.001; 3 -4 EPSP p < 0.001), whereas those of LIII
pyramidal neurons stayed constant. LV and LVI principal neurons showed a
more prominent and constant increase in eEPSP amplitudes (Figs. 3B and
3F).

Figure 3: Evoked EPSPs in MEC following pipette electrode stimulation in PrS (A-D) or PaS (E-H)
at different stimulation frequencies (10, 20, 40, and 100 Hz; 4 stimuli/train). For each panel (A-H)
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the top row represents the average trace of all replications (N=50) for all neurons per condition
and per layer (number of neurons per layer are indicated in A and E). Right below the individual
voltage traces the average membrane potential is indicated (A-H). The bottom row illustrates the
average evoked amplitudes ± s.e.m. for each of the individual stimuli one-four in each stimulus
train. Differences are evaluated with a repeated measures analysis using the first eEPSP induced
as a covariant. If assumption of sphericity has been violated the degrees of freedom were
corrected using Greenhouse-Geisser estimates of sphericity (epsilon < 0.75). Differences are
considered significant at p < 0.0125, indicated with * and the individual p values written next to it
(see Supplementary Figure 3 for corresponding data in case of bipolar stimulations).

Forty Hz stimulation in PrS induced an increase in the eEPSP amplitudes in
st nd
LIII-LVI, which only reached significance in case of LVI (N=6; 1 -2 EPSP
p < 0.01; Fig. 3C). PaS stimulation led to an non-significant increase in the
eEPSP amplitudes in all layers, except for LII where the eEPSPs increased
rd
st nd
nd rd
from the first to the 3 eEPSP (N=14; 1 -2 EPSP p < 0.001; 2 -3 EPSP p
rd th
< 0.001), followed by a significant decrease (3 -4 EPSP p < 0.01; Fig. 3G).
Stimulation of PrS or PaS at 100 Hz induced facilitation in the eEPSP
amplitudes in all layers, including LII (Figs. 3D and 3H). Except for LII
st nd
st rd
following PaS stimulation (N=14; 1 -2 EPSP p < 0.001; 1 -3 EPSP p <
st th
nd rd
0.001; 1 -4 EPSP p < 0.001; 2 -3 EPSP p < 0.001), the increase in eEPSP
size was not significant, likely due to the big variation in responses in deeper
layers.
Synaptic decay time. The decay time after the last eEPSP as a result of 20,
40, and 100 Hz PrS and PaS stimulation of LII stellate cells was significantly
faster compared to all other layers, except for 10 Hz and 100 Hz PrS
stimulation where the decay time was not significantly faster compared to LV
or LVI, respectively (PrS: N=5; 10 Hz: LII-LIII p < 0.01; LII-LVI p < 0.01; 20 Hz:
LII-LIII p < 0.001; LII-LV p < 0.05; LII-LVI p < 0.01; 40 Hz: LII-LIII p < 0.001;
LII-LV p < 0.01; LII-LVI p < 0.01; 100 Hz: LII-LIII p < 0.05; LII-LV p < 0.05;
PaS: N=14; all comparisons p < 0.0001; Fig. 3 and Table 2). Especially in
response to 40 Hz and 100 Hz stimulation, this fast decay time coincided with
a rebound event that kept the membrane hyperpolarized for several
milliseconds before depolarizing back to baseline. This prominent
hyperpolarizing rebound event was not present in neurons located in any of
the other layers (Table 2). For both stimulation sites, the amplitude of the
hyperpolarizing event in LII showed a tendency to increase with higher
stimulus frequencies (Fig. 3 and Table 2; for corroborative bipolar stimulation
data see Supplementary Fig. 4 and Supplementary Table 3).

4
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Table 2: Decay time and after-hyperpolarizing events following the last eEPSP.
The columns of the table represent the decay times and after hyperpolarization events (Hy Amp)
following the last eEPSP in different layers of MEC (rows; LII - LVI) upon repetitive stimulation of
PrS (upper panel) and PaS (lower panel) with a pipette stimulation electrode at different
frequencies (columns). All values represent the mean of all neurons/layer ± s.e.m. Data for each
individual neuron entered in the analysis are the means of 50 replications for each condition.
Levene’s tests to check for homogeneity were performed. Assumptions for parametric tests were
not met for all parameters tested and Kruskal-Wallis followed by Mann-Whitney U tests were
performed. Differences between data points are considered statistically significant at p < 0.0125
after Bonferroni correction. Significant differences between each respective layer with any of the
other layers are indicated in each cell by the inserts LII - LVI, respectively, together with the p
value. N: the numbers of neurons measured per cell layer (see also Supplementary Table 3 for
comparable data obtained after bipolar stimulation).
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Supplementary Table 3: Decay times and after-hyperpolarizing events following the last eEPSP.
The columns of the table represent the decay times and the amplitudes of hyperpolarization (Hy
Amp) following the last eEPSP in different layers of MEC (rows; LII - LV) upon repetitive
stimulation of PrS (upper panel) and PaS (lower panel) with a bipolar stimulation electrode at
different frequencies (columns). All values represent the mean of all neurons/layer ± s.e.m. Data
for each individual neuron entered in the analysis are the means of 50 replications for each
condition. Levene’s tests to check for homogeneity were performed. If assumptions for parametric
tests were met, a MANOVA test followed by post-hoc Bonferroni tests was done. Assumptions for
parametric tests were not met for all decay times in response to PrS stimulation, Hy Amp 10, 20,
and 40 Hz in response to PrS stimulation and Hy Amp 10, 40, and 100 Hz in response to PaS
stimulation. In those instances Kruskal-Wallis followed by Mann-Whitney U tests were performed.
Differences between data points are considered statistically significant at p < 0.05 for parametric
tests and p < 0.0166 for non-parametric tests after Bonferroni correction (see experimental
methods for details). Significant differences between each respective layer with any of the other
layers are indicated in each cell by the inserts LII - LV, respectively, together with the p value. N:
the numbers of neurons measured per layer.
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Single principal neurons in all cell layers receive convergent inputs from
superficial PrS and PaS
In view of the high incidence of neurons in all layers of MEC receiving input
from either PrS or PaS and the dendritic distribution of individual neurons, we
next tested in all layers whether single neurons received convergent inputs
from both sources (Fig. 4). Therefore we stimulated PrS and PaS sequentially
and tested for convergence of inputs. First we recorded from a neuron
receiving input from PrS. We subsequently moved the stimulation electrode
until a contact was found between that same neuron and PaS. In LII, five
randomly selected stellate cells responded to single pipette stimulation in both
PrS and PaS (Fig. 4A). In LIII, four pyramidal neurons responded to both
inputs (Fig. 4B). Retrogradely identified hippocampal projection neurons in
MEC LII (N=4; Supplementary Fig. 1) and LIII (N=4), also received convergent
inputs from both PrS and PaS. This held true also for principal neurons in LV
(N=5; Fig. 4C) and LVI (N=6; Fig. 4D).

4

Figure 4: Convergence of inputs from PrS and PaS onto single neurons in LII, LIII, LV and LVI of
MEC (A-D). Each panel shows a representative example of a recorded neuron with the dendrites
in black and axon in red and its position in a schematic outline of a (para)hippocampal brain slice
(left panel), and eEPSPs (right panels) following pipette stimulation in PaS (top, grey trace) and
PrS (bottom, blue trace). Dashed vertical line indicates the moment of stimulation. Traces are
averages of 50 replications. Right below the individual voltage traces the average membrane
potential is indicated. N: Total number of recorded neurons per layer.
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Are these inputs monosynaptic?
The observed latencies (4.2 – 6.0 ms), minimal jitter in the latency for any
particular neuron (jitter < 700 µs), the ability of the neurons to follow 100 Hz
stimulation (Figs. 3D and 3H, and Supplementary Figs. 4F and 4J) and the fact
that the neurons respond to minimum stimulation of 0.9 mV with an eEPSP
with a relatively low failure rate (Table 1) all indicated that the observed
membrane potential changes were caused by monosynaptic, and not by
20, 42
. These observations also make antidromic
polysynaptic activation
stimulation as a cause for responses unlikely, which is in line with the extreme
43
sparseness of MEC originating projections to LII and LIII of PrS and PaS . In
order to control for either confound, we used photostimulation with caged
29, 44
. We measured synaptic inputs in neurons in all layers of MEC
glutamate
resulting from direct activation of neurons in PrS and PaS following ultraviolet
29
. UV
(UV) photolysis (for details see Experimental Procedures and
stimulations in either PrS or PaS resulted in clearly detectable eEPSPs in
neurons in LII (N=3), LIII (N=3), LV (N=3), and LVI (N=3; Fig. 5). We also
consistently observed that MEC neurons received convergent inputs. These
observations thus indicate that the response properties of the individual
principal neurons as recorded with electrical stimulation reflect monosynaptic
inputs and that the same holds true for the observed convergence of the
inputs from PrS and PaS.

4
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Figure 5: Photoactivation by glutamate uncaging showed that principal neurons in all MEC cell
layers receive monosynaptic convergent inputs from PrS and PaS.
(A left and B-D). DIC-images taken from part of a semi-horizontal brain slice showing MEC, PrS
and PaS with in (A) superimposed the scanning raster (green dots) on either the PrS (top panel)
or PaS (bottom panel). The scanning raster consisted of points with 30 µm spacing. (A, right)
Responses recorded in the selected LV neuron induced by stimulation of the 18 points in the pink
highlighted raster on the left. The first 250ms after the UV-flash for 18 traces are plotted in
response to PrS (top, blue) and PaS (bottom, grey) stimulation. The superimposed drawn pipettes
in (A-D) indicate the place where the MEC principal neuron was patched in (A) LV, (B) LII, (C) LIII
and (D) LVI. (B-D) Every dot represents a stimulation point, which when stimulated lead to a
monosynaptic response in the corresponding neuron. (A) N: Total number of recorded neurons
per layer and stimulation area.
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4.3

Discussion

Initial descriptions of the projections from PrS and PaS to MEC focused on
their striking laminar terminal distribution to LI, LIII and LII respectively,
45, 46
. Only more recently it was
assuming that this indicated target specificity
20
recognized that both inputs may target neurons in LII and LIII and that LV
21
neurons are among the potential postsynaptic targets for PrS axons in MEC .
Here we report the outcome of a systematic study of the interactions of inputs
from PrS and PaS with individual neurons in all layers of MEC, using a newly
developed combined anatomical and electrophysiological in vitro approach.
Our first conclusion is that principal neurons in all four MEC layers receive
monosynaptic inputs from PrS and PaS, thus adding LVI neurons to the
targets. An additional new element is that in all layers principal neurons
receive convergent inputs from both sources, and that among the targeted
neurons in LII and LIII are neurons that project to the hippocampal formation
(Fig. 6). Second, we conclude that principal neurons in different layers
integrate incoming information in a layer specific and frequency dependent
manner.
To our knowledge, this is the first study indicating that principal neurons in all
layers of a multilayered cortex may be functionally coupled through synaptic
inputs common to all. This appears in contrast to the organization reported for
example in the retrosplenial cortex, where apical dendrites of deeper principal
neurons receive inputs onto their apical tufts that differ from inputs targeting
47, 48
. It remains to be established how interlaminar
dendrites of LII neurons
integration by way of a common input, as shown in the present study, adds to
the interlaminar network formed by local axon collaterals and interneurons,
49-52
.
which is common to both entorhinal cortex and neocortex

4
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Figure 6: Schematic summary of wiring diagram of MEC. Principal neurons in LII, LIII, LV and LVI
receive convergent monosynaptic inputs from both PrS (blue) and PaS (grey). LII principal
neurons likely receive PaS inputs on proximal dendritic domains, whereas PrS inputs terminate
more distally. Among the targeted principal cells are neurons that project to the hippocampal
formation. In LII, unidentified interneurons receive inputs from PaS as well. LIII principal neurons
likely receive PaS inputs onto their apical dendrites, whereas PrS inputs target the dendritic tuft in
LI as well as the basal dendrites in LIII. Among the targeted principal cells are neurons that project
to the hippocampal formation. Unidentified interneurons in LIII receive PrS input as well. LV
principal neurons receive both PaS and PrS inputs most likely on their apical tufts. LVI principal
neurons receive both PrS and PaS inputs on unidentified dendrites within LVI. The identity of LV
and LVI neurons in terms of their projections has not been established yet.
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Layer-dependence.
Principal neurons in all layers of MEC receive convergent inputs from both PrS
and PaS, but the response properties differ. In particular the difference
between LII neurons and those in other layers is striking. In response to single
stimuli the decay time and thereby the half-width of the eEPSPs of LII principal
neurons is significantly different from all other layers. This difference most
likely results from a voltage-dependent channel, which is activated by the
53, 54
, which is lacking in the other layers or
depolarization induced previously
55
not activated by PrS and PaS stimulation .
Our data indicate that MEC LV principal neurons receive convergent inputs
from both PrS and PaS on their apical dendrites. Similar to what has been
proposed for LV pyramidal neurons in the neocortex, the apical tuft may signal
56
and when
temporal coincidence between inputs from PrS and PaS
57
may result in a backcombined with a back-propagated action potential
propagation-activated calcium spike. In this way, LV pyramidals may integrate
PrS and PaS inputs with those terminating on their basal dendrites that
58-62
.
represent hippocampal and retrosplenial information
The role of PrS and PaS inputs targeting LVI neurons is not clear. The fact that
spatially modulated cells are present in this layer strengthens the correlation
between spatial properties of MEC principal neurons and inputs from PrS and
PaS. Neurons in LVI of the neocortex are strongly implicated in
63
synchronization of corticothalamic oscillations in the 40 Hz gamma range ,
which may bear to the fact that these neurons in MEC are the predominant
64
origin of projections to the thalamic midline .
Frequency-dependence.
Response properties of MEC principal neurons are frequency dependent.
LII neurons differ from those in all other layers in how LII neurons integrate
input from the pre- and parasubiculum. LII neurons have a frequency and
voltage dependent hyperpolarizing “rebound” event following the decay.
Thereby LII neurons will inactivate faster after elimination of the input signal
compared to neurons in all other MEC layers and summation of synaptic input
is less likely to occur. LII principal neurons are further unique in that they show
a tendency to depress their responses when stimulated at frequencies
between 10-40 Hz and only at 100 Hz stimulation they follow the overall trend
st
seen in LIII – LVI to facilitate from the 1 to the last eEPSP. Short-term
dependent depression but also the frequency dependence of plasticity allow
LII principal neurons to react to subtle changes in the firing patterns of preand parasubicular afferents differently compared to principal neurons in other
65, 66
. Postsynaptic responses of LIII principal neurons facilitate in
MEC layers
response to frequencies over 10 Hz and principal neurons in LV and LVI have

4
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a tendency to facilitate at all frequencies tested, indicating that independent of
the frequency of the input, arriving synaptic events will be easily summated
over time. This is in line with reports that principal neurons in LV upon
stimulation easily generate repetitive firing and the generation of synchronized
35
population events . This strongly suggest that convergent inputs of any
frequency, as shown here to be present from PrS and PaS are likely to
become integrated at the level of LV and LVI principal neurons, whereas such
integration will only take place in LII when the beginning of the two stimuli are
closely matched in time.

4

This difference between LII and the remainder of the layers together with the
overall homogeneity of LIII-LVI is strikingly comparable to the in vivo findings
that LII harbors almost exclusively grid cells with a very low percentage of
head direction cells, whereas LIII-LVI contain a mixed population (2 % head
3, 7
direction cells in LII versus 47 % in LIII, 89 % in LV and 69 % in LVI) . Since
the grid-like properties of neurons apparently do not depend on either cell
7
morphology or neuronal network architecture , our findings strongly suggest
that the specific prevalence of MEC LII neurons to have grid-like properties
may relate to their differential response properties onto PaS and PrS
stimulation. It needs to be determined how this specific dual interaction of LII
neurons with PrS and PaS networks relates to proposed mechanisms for grid
18, 67-69
.
cell properties
Our observations thus strongly suggest the integration of laminarly distributed
inputs to a typically layered cortical network is not solely dependent on
interlaminar connectivity but at least in case of MEC is largely mediated by
direct synaptic connectivity onto neurons in all layers. Whether the two inputs
studied here integrate on single dendrites or on different dendrites of the same
neuron as well as the pacing between the two are relevant factors that remain
56, 70
, but our data convincingly show that principal cells in
to be determined
different layers integrate the same two input signals such that they will transmit
a layer specific efferent copy to external targets including different subdivisions
of the hippocampal formation.
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4.4

Supplementary Results

Neurons in MEC were classified as principal neurons based on their
morphology and physiological characteristics (Supplementary Fig. 3). We
identified all LII principal neurons included in this article as stellate cells, which
have multiple spiny apical and basal dendrites leaving the round to elongated
1
soma . Physiologically, stellate cells in LII of MEC have a prominent sag
potential, rebound amplitude, membrane potential oscillations and a preferred
37, 71, 72
. LIII principal neurons are classified as pyramidal
resonance frequency
neurons. Morphologically the majority of LIII pyramidal cells have a pyramidal
shaped soma with one or two apical dendrites leaving the soma at the apex,
39
entering superficial LI . The basal dendrites leave the soma towards all
directions. Physiologically, they do not have a prominent sag potential, no
37, 39, 73
. LV neurons have a
rebound and membrane potential oscillations.
pyramidal morphology with a pyramidal to round shaped cell body and an
apical dendrite ending in superficial LI. The basal dendrites or pyramidal
40
neurons spread multipolar or horizontally . The firing pattern is divers with
neurons showing prominent spike-frequency adaptation, some have a
depolarizing afterpotential after a spike, some have membrane oscillations and
40
others not . Morphologically, the LVI principal neurons described, have
22
.
dendrites confined to deep MEC layers and the angular bundle
Physiologically, LVI neurons resemble most LIII neurons in that they do not
have sag potential, they fire regular and do not have a depolarizing after
potential.
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