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Abstract 
 
The lateral entorhinal cortex (LEC) provides a major cortical input to the 
hippocampal formation, equaling that of the medial entorhinal cortex (MEC). To 
understand the functional contributions made by LEC, basic knowledge of 
individual neurons, in the context of the intrinsic network, is needed. The aim 
of this study was therefore to compare physiological and morphological 
properties of principal neurons in different LEC layers. Using in vitro whole cell 
current-clamp recordings from up to four post-hoc morphologically identified 
neurons simultaneously, we established that principal neurons show layer 
specific physiological and morphological properties. Principal neurons in 
L(ayer) I, LII and LIII have the majority of their dendrites and axonal collaterals 
only in superficial layers. LV contains mainly pyramidal neurons with dendrites 
and axons extending throughout all layers. A minority of LV and all principal 
neurons in LVI are neurons with dendrites confined to deep layers and axons 
in superficial and deep layers. Physiologically, input resistances and time 
constants of LII neurons are lower and shorter respectively than those 
observed in LV neurons. Fifty-four percent of LII neurons have sag potentials, 
resonance properties, and rebounds at the offset of hyperpolarizing current 
injection, whereas LIII and LVI neurons do not have any of these. LV neurons 
show prominent spike-frequency adaptation and a decrease in spike 
amplitudes in response to strong depolarization. In spite of the well-developed 
interlaminar communication in LEC, the laminar differences in the biophysical 
and morphological properties of neurons suggest that the in vivo firing patterns 
and functions differ, similar to what is known for neurons in different MEC 
layers.  
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2 Introduction 
 

The entorhinal cortex (EC) constitutes a pivot for cortico-hippocampal 
interactions, in that almost all cortical pathways into the hippocampal formation 
pass through EC, and major parts of the hippocampal output pathways use EC 
as a hub to reach widespread cortical and subcortical domains. These input 
and output pathways show a laminar preference, such that neurons in 
superficial layer II (LII) and layer III (LIII) mediate most of the hippocampal 
input and those in layer V (LV) and layer VI (LVI) are more involved in the 
transmission of hippocampal output. However, there is no strict separation 
between these two functionalities and strong interlaminar interactions have 
been reported 1-9. In addition to this proposed interlaminar differentiation, 
traditionally EC is subdivided into at least two cytoarchitectonically different 
areas, the lateral and medial EC (LEC and MEC, respectively) 10. These 
cytoarchitectonic differences indicate that the cellular composition of these 
subdivisions is likely to be different. Both subdivisions issue two components 
of the perforant path projection to the hippocampal formation, which show both 
organizational and functional differences 11-13. Both entorhinal subdivisions 
further differ markedly in their cortical and subcortical connectivity 2, 14-16. Taken 
together these findings have lead to the notion that LEC and MEC are 
functionally different. It is now well established that MEC plays a major role in 
spatial navigation, whereas LEC may provide sensory contextual information 
to the hippocampal network and has a likely role in the encoding of the 
temporal order of non-spatial memory 14, 17-20

In several studies, the anatomical and electrophysiological properties of a 
number of cell types in both MEC and LEC have been described 

. 

8, 21-31. These 
data however are from different research groups, were obtained in adult 
animals, and are restricted to a single cell layer or only cover one of the two 
entorhinal subdivisions. As yet a systematic account of neurons in layer I (LI)-
LVI of both LEC and MEC is missing. We engaged in a comprehensive survey 
of all types of principal neurons in both subdivisions of EC, using standardized 
conditions. In view of ongoing studies addressing the development of EC and 
the maturation of spatially modulated neurons in MEC 32, 33 it is important to 
establish which cell types are present in younger animals. We therefore aimed 
to describe these neuron types in postnatal animals. Here we report our 
findings on putative principal neurons in LI-LVI of LEC. We recorded from up 
to four post-hoc morphologically identified LEC neurons simultaneously by 
using in vitro whole cell current-clamp recordings. We patched principal 
neurons within one layer or in different layers simultaneously to control for 
within- and between-layer variations. The data point firstly to layer specific 
differences in the morphology of principal neurons. Secondly, the data indicate 
that no clear correlations between neuron morphology and physiology exist in 
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any of the LEC layers. Finally, general biophysical properties of principal 
neurons in individual layers are different. In a complimentary paper, the data 
for MEC neurons will be reported and an in-depth comparison between the two 
entorhinal divisions is presented 34

 
. 

2.1 Methods 
 
Animal experiments were performed in accordance with the rules and 
directives set by the Norwegian Government, Norwegian University of Science 
and Technology (NTNU), and the European Community on animal well-being. 
 
Slice preparation. Sixty juvenile Sprague Dawley rats between the age of P14 
and P32 were anaesthetized with isofluorane (Isofane, Vercore, Marlow, UK) 
and subsequently decapitated. After opening the skull, the hemispheres were 
separated, the frontal part of both hemispheres and the cerebellum were 
removed, the hemispheres removed from the skull, and placed in ice-cold 
artificial cerebrospinal fluid (ACSF) for up to four minutes, saturated with 95 % 
O2 / 5 % CO2. The ACSF contained (mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 
MgSO4, 2 CaCl2, 10 Glucose, 26 NaHCO3. After that either 400 µm thick 
horizontal or semicoronal entorhinal slices were cut in ice-cold ACSF (Fig. 
1) 25, 26, 35

 

. The slices were transferred into a holding chamber with oxygenated 
ACSF at room temperature and stored for at least one hour until used one by 
one in the recording chamber.  
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Figure 1: Angulation and location of slices and the distribution of examined principal neurons. On 

the left, schematic drawings of a lateral view of the left hemisphere of a rat brain, showing position 

and extent of MEC (light green), LEC (dark green), perirhinal cortex (PER, light purple), postrhinal 

cortex (POR, light blue), and hippocampal formation (HF, yellow) as well as the angulations of the 

slices cut (stippled squares). To the right of the schematic representation, (A) horizontal brain 

slices cut at different dorsoventral levels and (B) semicoronal slices at different rostrocaudal levels 

are shown. The latter were cut at a 20° angle with respect to the coronal plane. (1-6) High power 

photomicrographs of (1-3) horizontal, organized from ventral till dorsal, and (4-6) semicoronal 

sections, organized from caudal till rostral, illustrating the position and type of recorded neurons in 

different layers. Symbols represent different morphological groups and colors different layers. LI 

principal neurons with oscillations are light green, without oscillations are green. LII principal 

neurons with oscillations are purple, without oscillations are purple. LIII principal neurons are 

orange colored, LV blue and LVI principal neurons are pink. Different symbols represent different 

morphological cell types. Multipolar neurons are indicated by circles, pyramidal or tilted pyramidal 

neurons as triangles or tilted triangles. Principal neurons in LII with a fan or multipolar morphology 

are presented as pentagons. 

 
Electrophysiological recordings. The temperature of the recording chamber 
was increased and stabilized at approximately 34ºC before recordings started. 
Neurons were selected visually by aid of infrared differential interference 
contrast (IR_DIC) video microscopy. Patch pipettes were pulled from 
borosilicate tubing (GC120F-10, Pangbourne, UK) and had a final resistance 
of 4-7 MΩ. The pipette solution contained (mM): 110 Kgluconate, 10 KCl, 10 
Hepes, 4 MgATP, 0.3 GTP, 10 NaPhoscreat (pH adjusted with 1 M KOH to 7.2-
7.3) and biocytin (5 mg/ml). The seal resistance was above 1 GΩ.  
 
Data acquisition. Whole cell current-clamp recordings were made of 118 
neurons in LEC with a Multiclamp 700A Amplifier (Axon Instruments, 
Sunnyvale, CA, USA) in bridge mode. We patched 67 X one neuron, 13 X two 
neurons, three X three and four X four neurons in one brain slice (Table 1). 
Capacitance compensation was maximal and bridge balance adjusted. Data 
were collected at a sampling rate of 5 kHz with an Instrutech ITC-18 board 
(Instrutech Corp., Port Washington, NY, USA) and the signal was low pass 
filtered at 3 kHz. Data acquisition and subsequent analysis were done using 
custom-made procedures in Igor Pro Software (Lake Oswego, OR, USA.).  
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Table 1: Number of times a particular combination of LEC 

principal neurons was patched simultaneously, grouped 

according to layers. Rows indicate the LEC layer(s) the 

soma(ta) of neuron(s) resided and columns the number 

neurons patched simultaneously.  

 
 
 
 
 
 
 

Recording protocols. Intrinsic membrane properties were estimated from the 
voltage response to a series of 1 s long current steps incrementally increasing 
or decreasing in strength with steps of 20 pA, from 0 pA up to ±200 pA. 
Additionally we measured whether membrane potential fluctuations occurred 
in a neuron close to firing threshold or in between action potentials (APs) by 
inducing a constant positive current. In a next step we kept the neuron at a 
membrane potential of around -60 mV and injected for t=28 s a sinusoidal 
(oscillatory) current of Io=40 pA with a linearly varying frequency from f0=0 to 
fm=12 Hz; I(t) = Io sin (2π f(t)t), F(t)=F0+(fm-f0)t/2T (impedance amplitude 
profile protocol, so-called ZAP protocol) and the membrane voltage was 
recorded simultaneously 36, 37

 

. The ZAP protocol allows characterizing the 
resonance properties. 

Analysis of negative current steps. From current steps ending with a steady 
state voltage between -70 mV and -75 mV, the membrane time constant, the 
sag ratio and the overshoot (rebound) amplitude was calculated. The sag ratio 
was calculated by dividing the maximal sag amplitude by the mean steady 
state membrane potential measured 25 ms after the start of the current pulse 
until the end of the pulse. The rebound amplitude is defined as the difference 
between the resting membrane potential and the maximum voltage deflection 
after negative current injection. The input resistance (Rin

 

) was calculated by 
fitting a sum of two exponential functions to the response of neurons to a -200 
pA step, starting 1 ms after the onset of the current step until 1 ms before the 
end of the current step. We divided the maximum voltage amplitude of the first 
fit by the size of the current step. 

Analysis of AP parameters in response to positive current steps. After inducing 
APs at threshold level (referred to as the response to a “weak positive current 
step”) and in response to a +200 pA current step, we calculated the following 
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parameters; AP threshold is the maximum in the second derivate of the 
voltage trace for the first AP in response to current injection. AP amplitude (AP 
amp) is the difference between the maximal amplitude of the AP and the AP 
thresh 

We also calculated the inter-spike-interval (ISI) between pairs of subsequent 
APs. Analyzing the ISI allows to establish whether neurons show spike-
frequency adaptation (SFA). We also checked whether neurons fired with a 
delay in response to a weak current step or within the first 10 ms after onset of 
depolarization. In case a neuron showed a depolarizing afterpotential (DAP) 
after an AP, the amplitude of DAP was calculated by measuring the difference 
between the maximal depolarizing voltage deflection after the AP induced and 
the amplitude of the threshold for firing. In those cases where an AP was 
induced due to threshold depolarization by DAP, we first analyzed all neurons 
and checked for the maximum DAP amplitude. For cases with an induced AP 
we assigned this maximum DAP amplitude.  

for the first AP in response to current injection. In case of a weak 
positive current step we calculated the AP half-width, which is the width of the 
AP at 50 percent amplitude measured from threshold to peak for the first AP 
and the AP rise time, which is the time to increase from 20 percent to 80 
percent of the AP amp for the first AP in response to current injection.  

 
Analysis of membrane potential fluctuations and ZAP protocol. Membrane 
oscillations were analyzed for power spectral density (Igor Pro Software 
procedure; Lake Oswego, OR, USA) using a fast Fourier transform (FFT) 38

 

. 
For the ZAP protocol an FFT was performed on voltage and current in order to 
calculate impedance: Z(f)= FFT(V)/FFT(I). 

Histological processing. During recordings neurons were filled with biocytin. 
Subsequently they were processed using standard procedures. After 
recordings, the slices were fixed in 4 % paraformaldehyde. Then the slices 
were put in dimethylsulfoxide (DMSO) / glycerin: 2 % DMSO and 20 % glycerin 
in phosphate buffer (pH 7.4). Slices were resectioned into 120 µm thick 
sections with a freezing microtome, subsequently washed 3 X for 10 minutes 
in 0.125 M PB (pH 7.4), treated with 0.3 % H2O2 followed by rinsing in Tris 
buffered saline (TBS-TX; 0.606 % Tris; 0.875 % NaCl; 5 % Triton, filled up with 
distilled water; pH 7.6) 3 X for 10 minutes. Afterwards sections were incubated 
in a solution of avidin-biotinylated-horseradish peroxidase complex (ABC, 
Vector Laboratories, Burlingame, CA, USA) in TBS-TX (24 hours at room 
temperature or 48 hours at 4°C according to the specifications of the supplier). 
Peroxidase activity was visualized by incubation for 5-15 minutes in DAB-Ni in 
0.125 PB (pH 7.6) and H2O2. After washing in Tris-HCl buffer (6.06 % Tris in 
distilled water; pH 7.6 with HCl) 3 X 10 minutes, the sections were mounted 
maintaining a fixed orientation on glass slides from a buffered gelatin solution 
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(0.2 % gelatin in Tris-HCl; 35°C) and carefully dried for at least 48 hours. 
Sections were dehydrated and coverslipped with entellan (Merck, Darmstad, 
Germany). Neurons were analyzed and manually reconstructed with a Leica or 
Zeiss up-right microscope, using a 40 X objective and Neurolucida software 
(Neurolucida, MicroBrightField, Williston, VT, USA). Fan-in diagrams and polar 
histogram plots are derived from three-dimensionally reconstructed neurons. 
Fan-in projection displays a three-dimensional tracing in two-dimensions. 
Therefore a vertical line/axis is placed through the neuron. Subsequently the 
neuron is folded along this axis and the distribution of dendrites and axons 
from both sides is plotted on one side. Fan-in diagrams help analyzing whether 
the dendrites or axons show a preferred orientation 39 as does the polar 
histogram 40

 
. The polar histogram plots length as a function of direction. 

Statistical data analysis. All values presented in figures are either single data 
values of a representative neuron or means ± standard error of the mean 
(s.e.m.). A statistical comparison between groups was performed with 
repeated measures analysis, univariate (ANOVA) or multivariate analysis of 
variance (MANOVA) followed by post-hoc Bonferroni tests and in the latter two 
cases Levene’s tests to check for homogenity of variance. When the 
assumptions for a parametric test were not met a Kruskal-Wallis test followed 
by Mann-Whitney tests with Bonferroni correction were performed. Results 
were considered significant at p < 0.05 for the parametric tests and p < 0.01 
for non-parametric tests. 
 
 
2.2 Results 
 
The results represent recordings from a total of 118 putative principal neurons 
in LEC, covering most of the dorsoventral and mediolateral extent of LEC (Fig. 
1): 13 LI, 37 LII, 27 LIII, 28 LV and 13 anatomically and physiologically 
identified LVI LEC putative principal neurons from 34 rats (Fig. 1).  
 
Layer I  
Morphological properties. 
We recorded neurons having the physiological firing pattern of principal 
neurons in LI of LEC (Fig. 2), in addition to GABAergic neurons (Suppl. Fig. 
1A). The somata (15-25 µm in size) of the principal neurons, located in deep 
LI, give rise to horizontal (N= 5) and multipolar dendritic trees (Figs. 2A and 
2B; N=8). Since LI is relatively thin (~100 µM) the fan-in diagram and polar 
histogram of the dendrites of the two types bear some resemblance (Fig. 2B). 
However, horizontal principal neurons have a less spread polar histogram 
compared to multipolar principal neurons. The sparsely spiny basal dendrites 
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of the majority of multipolar principal neurons reach LII (N=7), whereas the 
sparsely spiny basal dendrites of horizontal principal neurons travel mainly 
parallel to the pial surface only occasionally reaching superficial LII (N=3). The 
dendrites of neurons patched at the border to MEC cross that border. The 
diameter of the dendritic tree of LI principal neurons is around 500 µm. The 
axons of both principal neuron types were often cut after reaching LII-LIII. We 
were able to follow the axon of two multipolar neurons to the angular bundle. 
Axonal collaterals are less elaborate compared to LII neurons and less 
extensive within LI. 
 

 

Figure 2: Morphology and physiology of LEC LI principal neurons. (A) Camera lucida drawings of 

a representative horizontal (left) and multipolar LI principal neuron (right). Horizontal lines indicate 

borders between layers of LEC. Dendrites are represented in black and axons in red. Scale bar: 

200 µm. (B) Morphological properties. Fan-in diagrams (left) and corresponding polar histogram 

plots (right) for each morphological subtype of the axons (top) and dendrites (middle). The number 

of neurons (N=) is indicated. (C) Electrophysiological properties. C1, 5. Voltage responses of 

typical LI neurons to a weak hyperpolarizing and depolarizing 1 s current step just reaching firing 

threshold. C2, 6. The voltage responses to a ±200 pA step of 1 s. C1, 2, 5, 6. The inset in each case 

shows a zoom in of 20 ms, displaying the AP afterpotentials. Below insets the percentages of 

neurons C1, 2 with or C5, 6 without a DAP. C3

C

. A voltage response of the same neuron shown in  

1, 2, 5, 6  to a ZAP stimulus. C4. Membrane potential oscillations recorded just below firing 

threshold. In all subfigures the average membrane potential is indicated right below the individual 

voltage traces. 
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Electrophysiological properties. 
The input resistance and time constant (tau) do not differ between LI principal 
neurons and those of the other LEC layers (Figs. 3A and 3B).  
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Figure 3: Summary histograms of physiological properties of principal neurons in all LEC layers. 

Data are averages with the error bars indicating s.e.m.. Significance is indicated with * if Kruskal-

Wallis followed by Mann-Whitney U-tests were performed with p < 0.001, with # 

 

if (M)ANOVA 

followed by post-hoc Bonferroni tests were performed with p < 0.05. On the x-axis (N=) indicates 

the number of neurons per layer and on the y-axis the total number of neurons in which this 

parameter was measured. On the y-axis also the parameter measured is written. (A) Input 

resistance. LV principal neurons have a significantly higher input resistance compared to LII 

principal neurons. Input resistance is measured by dividing the amplitude of the voltage response 

with that of the current step injected. (B) The time constant (tau) differs between layers with LV 

having the longest time constant that is significantly different compared to LII. Time constant is the 

time it takes for the voltage deflection in response to a negative current step to reach 63 percent of 

its maximal value. We measured it for the step that leads to a steady state voltage deflection 

between -70 and -75 mV. (C) The sag ratio is significantly lower in LI and LII compared to that of 

LIII and LVI principal neurons. The sag ratio of LII principal neurons is also lower compared to LV 

principal neurons. The sag ratio was computed by dividing the maximal voltage deflection by the 

mean steady state membrane potential, which was between -70 and -75 mV. (D) The rebound 

amplitude is significantly larger in amplitude in LI and LII principal neurons compared to the other 

layers. The amplitude is the difference between the maximum positive voltage deflection after 

offset of a negative current step and the resting membrane potential. (E-F) The DAP was 

calculated by first measuring the maximal depolarizing voltage deflection after the first AP 

induced. Then the difference between the amplitude of the depolarizing after potential and the 

amplitude of the threshold for firing was calculated. The DAP amplitude is bigger in LII compared 

to LIII-LVI in response to a weak (E) and a +200 pA step (F). In (F) the DAP amplitude of LI 

principal neurons is significantly bigger compared to LIII and LVI. (G) Differences in the 20-80 

percent AP rise time of the first AP in response to a weak current step. The AP rise time of LII is 

significantly shorter compared to LV principal neurons. (H) The AP half-width measured at 50 

percent of the AP amplitude of the first AP in response to a weak current step, is significantly 

smaller in LI and LII principal neurons compared to all other layers. LVI principal neurons have the 

largest half-width. 

LI principal neurons fire regularly in response to weak positive current injection 
(Figs. 2C1,5 and 4A1). In response to a +200 pA step they have a tendency to 
burst or fire with high frequency at the beginning of an AP train (Figs. 2C2, 6), 
which is followed by further bursting (N=3) or more often regular firing with 
spike-frequency adaptation (SFA) (Figs. 2C2, 6 and 4B1). Once depolarized, LI 
neurons fire without showing a reduction in the AP amplitude (Fig. 4C1). Thirty-
eight percent of LI principal neurons have a sag ratio < 0.8 in the 
hyperpolarizing direction (Figs. 3C and 2C2), a rebound amplitude immediately 
following a negative current step (Fig. 3D), resonance properties (Fig. 2C3 
resonance frequencies between 2 and 6 Hz) and membrane oscillations (Fig. 
2C4; one neuron has oscillations in the low theta range of 4.3 Hz, whereas the 
other five have oscillations between 2 and 3.77 Hz), whereas 62 percent do 
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not have any of these properties (Fig. 2C7

 

).  

Figure 4: Histograms summarizing the ISIs of all layers in response to (A) a current step inducing 

at least six APs, and (B) to a +200 pA step. (C) AP amplitudes in response to +200 pA pulses. (A-

C) Significance of p < 0.05 is indicated with *. On the y-axis, the parameter measured is indicated 

and the total number of neurons in which this parameter was measured (N=). Data are averages 

with the error bars indicating s.e.m.. (1-5) Represent the results for the principal neurons of the 
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different layers, (1) LI, (2) LII, (3) LIII, (4) LV, and (5) LVI. (A-B) The ISI is given for the 1st and 2nd 

AP, the 2nd and 3rd AP, the 4th and 5th AP and the last and last-1 AP. (A) Principal neurons in all 

layers do not show a statistically significant difference in the ISI between APs in response to a 

weak current step. (B) Positive 200 pA injection leads to statistically significant differences in the 

ISI in all layers, except LVI. This indicates that all layers show SFA, except LVI. (C) The average 

amplitudes of the 1st, the 2nd

Supplementary Figure 1: Physiological profiles of LEC interneurons of different layers. (A) LI, (B) 

LII, (C) LIII and (D) LV. (A-D) The voltage response of a representative interneuron to a weak 

hyperpolarizing and depolarizing step just reaching firing threshold is shown on the left side, and 

to a ±200 pA step of 1 s on the right. In all subfigures the average membrane potential is indicated 

right below the individual voltage traces. Insets show a zoom in of 20 ms, displaying faster AP 

afterhyperpolarizations compared to principal neurons. 

 and the last AP in a AP train in response to a +200 pA pulse are 

measured by computing the difference between the AP threshold and the peak of the voltage 

deflection. The sizes of the APs do not decrease, except for LEC LV. 
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Neurons with membrane oscillations are all located within a distance of 150 
µm from the border with MEC (Fig. 1). Fifty-four percent of the neurons have a 
DAP (Figs. 3E, 3F, and 2C1 inset), which is not correlated to the previously 
mentioned characteristics. The APs rise not significantly different from those in 
LIII-LVI, while the AP half-width is significantly smaller (Figs. 3G and 3H). Both 
characteristics are similar to what is observed for LII principal neurons (Figs. 
2C, 3, 41 versus 2

 
, and 5).  

Layer II 
Morphological properties. 
We observed four morphological types of putative principal neurons in LII of 
LEC. The first type, the pyramidal neuron, has a vertically oriented pyramidal 
shaped soma, one prominent apical spiny dendrite with a diameter of around 
600 µm at the level of the pia and a spiny basal dendritic tree that spreads 
within LII and occasionally in LIII (N=2) with a diameter of around 200 µm in 
the horizontal direction (Figs. 5A and 5B; N=7).  
Axons of pyramidal neurons, which are known to reach the angular bundle, 
form collaterals within LIII and LII, and extend into superficial LI. The majority 
of the axonal collaterals form a plexus with a radius of 400 µm from the soma 
in LEC LIII and LII. However, in one coronal section, we were able to follow 
the axon in the horizontal direction for 500 µm away from the soma. The 
second type is the oblique pyramidal neuron with a horizontally located 
pyramidally shaped soma (Figs. 5A and 5B; N=8). These neurons form an 
intermediate morphological cell type between LEC LII pyramidal and the other 
two cell types (see below). They have more primary spiny apical dendrites 
(four-eight) compared to pyramidal neurons (one-four). These spiny dendrites 
branch within LII and LI and reach the pia. At the level of the pia the total 
dendritic tree has a diameter of up to 800 µm as measured both in horizontal 
and coronal sections. The spiny basal dendrites reach into superficial LIII 
(N=5) and have a diameter of around 200 µm. The axons form collaterals 
mainly within LII and LIII, extending into LI where they have a diameter of up 
to 900 µm at the level of the pia. 
The third type is the fan neuron (Figs. 5A and 5B; N=11), whose spiny apical 
dendritic tree fans out from the soma and reaches a diameter of up to 900 µm 
at the pia. The basal dendritic tree is either rather rudimentary, or not existent. 
If present, the spiny dendrites travel horizontally to the border with LIII and 
reach a diameter of around 250 µm. We found that the main axon of fan 
neurons travels towards the angular bundle but collaterals spread and form a 
plexus within LII, LIII, and occasionally reach deep LI and LV. Compared to 
other LEC LII neurons, the axons of fan cells reach a smaller diameter of 
around 250 µm at the level of the pia (Fig. 5B).  



                                                               Lateral entorhinal neuron properties    71 

 

2 

The fourth type, the multiform neuron, shows similar morphological 
characteristics as stellate cells (SCs) in MEC (N=11). The distribution of spiny 
apical dendrites looks comparable to that of fan neurons, but the spiny basal 
dendrites reach more frequently superficial to middle LIII (Figs. 5A and 5B; 
N=8). The apical dendritic tree reaches a diameter of up to 800 µm and the 
basal dendritic tree around 600 µm. The axon of multiform neurons in LEC can 
form collaterals within LII and LIII. Occasionally the axonal tree can cover the 
whole apical dendritic tree or extent further (N=3). 
 
Electrophysiological properties. 
We have recorded from principal neurons throughout the depth of LII. Since 
the border between LII and LIII is difficult to establish, we included three 
principal neurons that are located in LIII at the border with LII because their 
physiological properties looked similar to those of LII and not of LIII principal 
neurons. No clear correlation between the morphology of LII principal neurons 
and their electrophysiological properties could be established. In general LII 
neurons have a lower input resistance (Fig. 3A) and a slower tau (Fig. 3B) 
compared to principal neurons in other layers but only significantly lower and 
slower respectively compared to LV. Fifty-four percent of the LII principal 
neuron population has a sag ratio < 0.8 in the hyperpolarizing direction and 16 
percent < 0.7 (Figs. 3C and 5C4, 5). On average those neurons also have a 
bigger rebound (3.30 ± 0.39 mV), a shorter tau (22.22 ± 4.39 ms), and higher 
resonance frequencies (3.6 ± 0.46 Hz) compared to the neurons without a 
prominent sag amplitude (rebound = 1.36 ± 0.20 mV, tau = 29.62 ± 2.62 ms, 
and resonance frequency = 0.40 ± 0.22 Hz, respectively; Figs 5C4, 5, 6, 7 versus 
Figs. 5C1, 2, 3 respectively). Neurons with a sag potential in the hyperpolarizing 
direction also have a sag potential in the depolarizing direction. They fire in 
response to depolarization with less delay (Fig. 5C4) compared to neurons 
without depolarizing sag potentials (Fig. 5C1). The majority (73 percent) of LII 
principal neurons do not have rhythmic membrane potential oscillations. The 
remaining 27 percent have membrane potential oscillations (average 
frequency of 3.2 ± 0.25 Hz, three have regular oscillations in the theta range 
and the others have less rhythmic oscillations of a lower frequency; Fig. 5C7) 
and all belong to the neuron group with a robust sag potential and rebound 
amplitude. The neurons with oscillations are all located in the proximity of the 
border to or at the border with MEC (Fig. 1). Forty-six percent of the LII 
principal neuron population has a DAP (Figs. 3E, 3F and 5C4, 5 insets), but this 
property does not correlate with any other characteristic. Strong depolarization 
in LII principal neurons leads to an increased firing rate in the beginning of an 
AP train. Neurons with DAPs can burst in the beginning of an AP train (Figs. 
4B2 and 5C5) followed by SFA, ending with regular firing (Figs. 4A2, 4B2 and 
5C2, 5). In an AP train the amplitude of the APs does not decrease significantly 
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and LII neurons fire until current injection stops (Figs. 4C2 and 5C2, 5

 

). The rise 
time of APs in LII is not significantly different compared to those of LI, LIII and 
LVI (Fig. 3G). The AP half-width is significantly smaller compared to LIII-LVI 
(Fig. 3H). Five percent of LII principal neurons show spontaneous activity 
without current injection.  
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Figure 5: Morphology and physiology of LEC LII principal neurons. (A) From left to right, camera 

lucida drawings of two typical pyramidal, one typical oblique pyramidal, two fan, and one typical 

multiform LII principal neuron. Horizontal lines indicate borders between layers of LEC. Dendrites 

are represented in black and axons in red. Scale bar: 200 µm. (B) Morphological properties. Fan-

in diagrams (left) and corresponding polar histogram plots (right) for each morphological subtype 

of the axons (top), basal dendrites (middle), and apical dendrites (bottom). The number of neurons 

(N=) is indicated. Note that the polar histogram of the basal dendrites of fan neurons is more 

horizontal compared to the other subtypes. In addition the axonal arbor of multiform and (oblique) 

pyramidal neurons branches more in superficial layers than that of fan neurons. (C) 
Electrophysiological properties. C1, 4. Voltage responses of two typical LEC LII principal neurons in 

response to a weak hyperpolarizing and depolarizing 1 s current step just reaching firing 

threshold. C2, 5. The voltage response to a ±200 pA step of 1 s. C1, 2, 4, 5. Insets show a zoom in of 

20 ms displaying the AP afterpotentials. Below insets, the percentages of neurons C1, 2 without a 

DAP, or C4, 5 with a DAP, respectively. C3, 6.. Examples of voltage responses to a ZAP stimulus of 

the neurons shown in C1, C2 and C4, C5, respectively. C7

 

. Membrane fluctuations recorded just 

below firing threshold. In all subfigures the average membrane potential is indicated right below 

the individual voltage traces. Note, that LEC LII principal neurons can either have a sag potential, 

rebound, resonance or not. In addition 27 percent of LII neurons have membrane potential 

oscillations but these are all located near the border with MEC. 

Layer III  
Morphological properties. 
The major morphological putative principal neuron type in LIII is the pyramidal 
neuron (Figs. 6A and 6B). Apical and basal dendrites of all LIII pyramidal 
neurons are sparsely spiny or spiny. The initial part of the apical dendrite after 
leaving the soma is non-spiny or only sparsely spiny.  
Simple spiny pyramidal neurons have an apical dendrite that splits mainly 
within LII and LI (Figs. 6A and 6B; N=13) or at close proximity to the soma, 
having a diameter in LI of around 150 µm in the horizontal direction. The basal 
dendritic tree is multipolar and spreads mainly within LIII but occasional 
collaterals reach LV (N=3). The diameter of the basal dendritic tree is wider in 
the horizontal direction, around 400 µm. The main axon travels to the angular 
bundle and has collaterals that reach superficial LIII in the proximity of the 
neuron. 
The second type, complex pyramidal neurons have a spiny to sparsely spiny 
apical dendrite that splits already close to the soma and afterwards on the way 
to the pia within LI-LIII (Figs. 6A and 6B; N=11). The diameter of the apical 
dendritic tree as measured in a plane parallel to the pia can reach 400 µm at 
the level of the pia as well as in the layers below. The spiny to sparsely spiny 
basal dendritic tree of these neurons is dense, multipolar, with a diameter of up 
to 600 µm, and it may reach LV (N=5). Similar to the apical dendritic arbor, the 
axonal arbor also branches more than the one of the simple spiny pyramidal 
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neurons. The main axon splits within LIII and LV, where they expand in the 
proximity of the neuron up to 450 µm distal from the soma. Collaterals also 
extent within LII and occasionally reach LI.  
The third, less frequent type of neuron present in LIII is the multipolar principal 
neuron (Figs. 6A and 6B; N=3). Such neurons have spiny dendrites facing all 
directions and no main apical dendrite traveling up to the pia. The dendrites 
travel up to LII and down to deep LV (N=2). The horizontal diameter within LIII 
does not exceed 700 µm. The axons form a local network within LIII, reach the 
deep white matter and in one case the axons also travel towards LI with a 
maximal diameter of 750 µm at the level of the pia or within LIII (Fig. 6A).  
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Figure 6: Morphology and physiology of LEC LIII principal neurons. (A) From left to right, camera 

lucida drawings of one simple pyramidal neuron, two typical complex pyramidal neurons and two 

multipolar LIII principal neurons. Horizontal lines indicate borders between layers of LEC. 

Dendrites are represented in black and axons in red. Scale bar: 200 µm. (B) Morphological 

properties. Fan-in diagrams (left) and corresponding polar histogram plots (right) for each 

morphological subtype of the axons (top), basal dendrites (middle), and apical dendrites (bottom). 

The number of neurons (N=) is indicated. Note, that the polar plot of the apical dendrites of 

complex neurons shows that the apical dendrites spread more widely compared to those of simple 

neurons. The polar plots of multipolar neurons have a directionality maybe due to the low number 

of neurons with that morphology. (C) Electrophysiological properties. C1, 4. Voltage responses of 

two typical LEC LIII principal neurons in response to a weak hyperpolarizing and depolarizing 1 s 

step just reaching firing threshold. C2, 5. The voltage response to a ±200 pA step of 1 s. C1, 2, 4, 5. 

Insets show a zoom in of 20 ms, displaying the AP afterpotentials. C3, 6. Examples of voltage 

responses to a ZAP stimulus of the neurons shown in C1, C2 and C4, C5

 

, respectively. In all 

subfigures the average membrane potential is indicated right below the individual voltage traces. 

LIII principal neurons fire regular in response to a weak and a +200pA current step with 50 percent 

of the neurons showing an increase in the AP frequency throughout the first three APs. LIII 

principal neurons do not have a DAP. 

Electrophysiological properties. 
LIII principal neurons do not have a significantly different input resistance and 
time constant compared to principal neurons in other layers (Figs 3A and 3B). 
All LIII principal neurons display a regular firing pattern (Figs. 4A3, 4B3, and 
6C1, 2, 4, 5) with 50 percent of the neurons showing an increase in the AP 
frequency during the first three APs (around 26 Hz) in response to a +200 pA 
pulse (Fig. 6C2). After those three APs, neurons fire with a frequency of 
around 16 Hz with steady though not strong SFA (Figs. 4B3 and 6C2). All LIII 
principal neurons lack prominent sag potentials in the hyperpolarizing (Fig. 3C) 
or depolarizing direction (Figs. 6C1, 4), as well as prominent rebound 
amplitudes (Fig. 3D), resonance properties (Figs. 6C3, 6) and membrane 
potential oscillations. The rise time and AP half-width does not differ from 
those of principal neurons in the other layers (Figs. 3G and 3H). Only three 
principal neurons have DAPs of small amplitudes (Figs. 3E and 3F). The AP 
amplitudes of LIII principal neurons do not decrease throughout the AP train in 
response to +200 pA stimulations (Fig. 4C). In contrast, in 50 percent of the 
neurons the amplitude increases within the first 50 ms and decreases 
subsequently back to baseline (Fig. 6C2

 
).  
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Layer V 
Morphological properties. 
Principal neurons in LV show overall differences in soma sizes with superficial 
neurons being larger 29

 

. Therefore we initially grouped our recorded neurons 
accordingly. However, our results do not show striking differences in either 
morphological (Fig. 7B) or electrophysiological properties (Fig. 7C).  
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Figure 7: Morphology and physiology of LEC LV principal neurons. (A) From left to right, camera 

lucida drawings of one typical pyramidal neuron located in superficial LV, one in deep LV, one 

bipolar pyramidal neuron with one prominent horizontal basal dendrite, and two tilted pyramidal-

multipolar LV principal neurons. Horizontal lines indicate borders between layers of LEC. 

Dendrites are represented in black and axons in red. Scale bar: 200 µm. (B) Morphological 

properties. Fan-in diagrams (left) and corresponding polar histogram plots (right) for each 

morphological subtype of the axons (top), basal dendrites (middle), and apical dendrites (bottom). 

The number of neurons (N=) is indicated. Note, that the polar plots of pyramidal neurons look very 

similar. The polar plot of the basal dendrites of pyramidal neurons with one prominent horizontal 

dendrite forms the exception. (C) Electrophysiological properties. C1, 4. Voltage responses of two 

typical LEC LV principal neurons in response to a weak hyperpolarizing and depolarizing 1 s step 

just reaching firing threshold. C2, 5.  The voltage response to a ±200 pA step of 1 s. C1, 2, 4, 5. Insets 

show a zoom in of 20 ms, displaying the AP afterpotentials. Below inset C1, 2 the percentages of 

neurons without or C4, 5 with a DAP are indicated. C3, 6. Examples of voltage responses to a ZAP 

stimulus of the neurons shown in C1, C2 and C4, C5

 

, respectively. In all subfigures the average 

membrane potential is indicated right below the individual voltage traces. LV neurons show 

prominent SFA, sometimes correlated with a decrease in the spike amplitude. In a spike train, only 

the first spike in LV neurons shows a DAP.  

Pyramidal neurons have spiny to sparsely spiny apical dendrites that split 
frequently in all superficial layers and can reach a diameter of 500 µm as 
measured in a plane parallel to the pia. The spiny basal dendritic tree has a 
multipolar organization with an overall diameter of around 500 µm, forming the 
majority of branches within LV, occasionally reaching LIII (N=6) and LVI (Figs. 
7A and 7B; N=8). There are also bipolar pyramidal neurons with one 
prominent spiny apical dendrite and one spiny basal dendrite that travels more 
in the horizontal direction parallel to the borders with the other layers (Fig. 7A; 
N=4), reaching a diameter of up to 400 µm. LV pyramidal neurons have a 
major axon reaching the white matter with collaterals branching off in LV, 
reaching a diameter of up to 900 µm within LV, frequently reaching LIII-LVI, 
quite often LII, and occasionally LI in the proximity of the apical dendrite. 
Recordings included multipolar principal neurons (N=10). The morphology 
indicates that a subgroup of multipolar neurons does not have similarly sized 
dendrites spreading in all directions, but instead has one major dendrite 
directing in direction of the subiculum (Fig. 7A). They look like tilted pyramidal 
neurons. In Figure 7B these two subgroups were grouped together as 
multipolar neurons. The spiny dendrites of multipolar neurons spread within LV 
reaching a diameter of up to 700 µm and reach LVI (N=5). All multipolar 
principal neurons have a prominent axonal plexus within LV, LVI, and the 
white matter. Collaterals in superficial layers are sparse. 
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Electrophysiological properties. 
No significant differences in basic electrophysiological properties have been 
observed between the morphologically defined principal neuron types. LV 
principal neurons have a higher input resistance and longer time constant 
compared to principal neurons in all other layers but this difference is 
significant only to LII principal neurons (Figs. 3A and 3B). They do not have 
prominent sag potentials in the hyperpolarizing direction (29 percent have a 
sag ratio < 0.8 and none < 0.7; Figs. 3C and 7C2, 5) and rebound amplitudes 
(Figs. 3D and 7C2, 5). When injecting a weak current step, principal neurons 
react with APs with average amplitudes just below 80 mV and they fire 
regularly (Figs. 4A4 and 7C1, 4). When injecting a +200 pA pulse, LV principal 
neurons start firing with a high frequency (27 Hz; Figs. 4B4 and 7C2, 5) and AP 
amplitudes of 75.83 ± 2.32 mV (Fig. 4C4). The second AP is significantly 
smaller compared to the first AP when firing in a burst (Fig. 4C4). After the first 
two APs in a burst, neurons fire with strong SFA and the frequency of firing 
decreases significantly (Figs. 4B4 and 7C2, 5). This can be paired with a 
significant decrease in the AP amplitude from the first to the last AP, ending 
with an amplitude of 59.25 ± 3 mV (Fig. 4C4). Only 11 percent of LV principal 
neurons have a DAP (Figs. 3E, 3F, and 7C4, 5 inset), and in contrast to LII, the 
DAP is only prominent after the first AP and not after the third or fourth one. 
The AP half-width is larger compared to LI and LII principal neurons (Fig. 3H). 
Seven out of 11 tested principal neurons in LV have resonance properties with 
an average frequency of 1.23 ± 0.23 Hz (Fig. 7C3

 

). LV principal neurons do 
not show regular membrane oscillations but in four neurons the membrane 
fluctuates between 2.2 and 7 Hz just before or in-between APs. In superficial 
LVI principal neurons with the morphology but also the physiology of that of LV 
pyramidal neurons (N=3) exist and therefore we classified them as LV 
pyramidal neurons.  

Layer VI 
Morphological properties. 
We recorded from principal neurons in middle and deep LVI that have either a 
multipolar morphology, with sparsely spiny to spiny dendrites facing all 
directions (N=7) or a pyramidal-like morphology with the main sparsely spiny 
to spiny apical dendrite not facing towards superficial LEC layers but towards 
the subiculum or parallel to the pial surface (Figs. 8A and 8B; N=7).  
The dendritic tree of multipolar and tilted pyramidal principal neurons can 
reach LV, LVI, the white matter and the subiculum, having a diameter of up to 
700 µm horizontally. The axons of those neurons bifurcate within LVI, LV and 
can travel towards superficial LIII, LII and LI at the proximity of the neuron. 
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Figure 8: Morphology and physiology of LEC LVI principal neurons. (A) Camera lucida drawings 

of two multipolar to tilted pyramidal neurons. Horizontal lines indicate borders between layers of 

LEC. Dendrites are represented in black and axons in red. Scale bar: 200 µm. (B) Morphological 

properties. Fan-in diagrams (left) and corresponding polar histogram plots (right) for LVI neurons 

of the axons (top), basal dendrites (middle), and apical dendrites (bottom). The number of neurons 

(N=) is indicated. Note, that also LVI neurons project to superficial layers. (C) Electrophysiological 

properties. C1. Voltage responses of one typical LVI principal neuron to a weak hyperpolarizing 

and depolarizing 1 s current step just reaching firing threshold. C2.The voltage responses to a 

±200 pA step of 1 s. C1 and C2 insets show a zoom in of 20 ms, displaying the AP afterpotentials. 

C3. Example of a voltage response to a ZAP stimulus of the neuron shown in C1 and C2

 

. In all 

subfigures the average membrane potential is indicated right below the individual voltage traces. 

LVI neurons fire very regular the membrane has no sag potential, no rebound, no DAPs after the 

APs and without resonance properties.  

Electrophysiological properties. 
The electrophysiological properties of LVI principal neurons have high 
resemblance with those of LIII principal neurons (Figs. 3, 4, 6C and 8C). 
Typical LVI principal neurons have no significantly different input resistance 
(Fig. 3A) and time constant (tau; Fig. 3B) compared to principal neurons of 
other layers. They do not have a sag potential (Fig. 3C) and rebound 
amplitude (Fig. 3D). They fire with a regular pattern upon both weak and 
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strong depolarization with a frequency of 10 to 20 Hz (Figs. 4A5 and 4B5). In 
case of weak depolarization there is a delay of 0.38 ± 0.06 s before the 
principal neurons start firing. LVI principal neurons fire regular in response to 
strong depolarization but occasionally, they have a tendency to fire at higher 
frequency (maximum 60 Hz) at the beginning of an AP train (Fig. 8C2) but 
most of the times they do not (Fig. 4B5). The amplitudes of the APs in an AP 
train do not decrease (Fig. 4C5), the APs do not have DAPs (Figs. 3E and 3F) 
and the AP half-width of LVI principal neurons is significantly larger compared 
to that of LI-LII principal neurons (Fig. 3H). They further do not have 
resonance properties (Fig. 8C3

 
) or membrane potential oscillations.  

 
2.3 DISCUSSION 
 
This study provides the first systematic analysis of the morphological and 
basic physiological properties of principal neurons in all layers of LEC in young 
rats. A major strength of the study is that all experiments were carried out 
using standardized conditions in order to eliminate variations between slices 
and experimental sessions. The multi-patch clamp technique allows to 
simultaneously record from multiple neurons within a slice, whereby we further 
decreased the potential for systematic sampling bias resulting from for 
example differences in the time between slice preparation and start of the 
recording. It also allows to compare properties of neurons with a different 
position along the mediolateral axis within a layer or in different layers in the 
same slice. This unique approach resulted in stable biophysical properties and 
allows to reliably compare data obtained in different layers and throughout the 
anteroposterior and mediolateral extents of LEC. Almost all our experiments 
were performed in semicoronal slices, whereas published recordings from 
deep layers were obtained in horizontal slices 26 and those from superficial 
layers in semicoronal ones 25, 35

We conclude firstly that individual layers in LEC comprise a unique set of 
morphologically identified principal neurons in young animals, which are 
similar to principal neuron types described in adult animals. Secondly, our data 
show that no clear correlation is present between the morphological and 
physiological profiles of LEC principal neurons. Thirdly, principal neurons 
within specific cell layers have layer specific physiological characteristics, 
indicating that they may exhibit layer specific integrative properties. Possible 
mechanistic underpinnings of the physiological differences between principal 
neurons in individual LEC layers have not been studied, but we will briefly 
discuss possible mechanisms. Finally, we will relate the observed different in 

. For this reason and also to compare LEC and 
MEC principal neurons we included data obtained in horizontal slices.  
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vitro properties to possible contributions of the different neurons to the in vivo 
network of LEC. 
 
1. Layer and cell type specific morphology: relevance for integrative 
properties 
Layer I. Our current knowledge of LI neurons is based on anatomical 
studies 29, 41, 42. Most LI neurons colocalize with calretinin and are GABAergic 
interneurons 43 although a minority is suggested to be glutamatergic 41. 
Morphologically, LI principal neurons described here form a continuum from 
clear horizontal to more multipolar neurons, which can be positioned anywhere 
in deep LI. The dendritic tree of LI neurons is such that they cannot be 
targeted by inputs that distribute to LIII-LVI. They thus may have a different 
function in vivo than LII neurons, which do extend dendrites into LIII. 
Additionally, two of the described LI neurons have an axon reaching the 
angular bundle, suggesting that these are principal neurons. In LI, 
hippocampal projection neurons have been described, but those were 
immunopositive for GABA 44. Hence it needs to be determined whether the 
here described neurons are glutamatergic hippocampal projection neurons or 
whether they project to other targets known to receive inputs from superficial 
layers of LEC such as olfactory and medial prefrontal domains of the cortex 45

 

. 
Since the majority of LI neurons do not have extensive local axonal collaterals, 
they do not substantially contribute to the intrinsic neuronal network of LEC.  

Layer II. We observed four morphologically different types of principal neurons 
in LII, corroborating previously reported data 25. LII fan neurons have dendrites 
confined to LI and LII, rarely reaching into superficial LIII and in this respect 
they resemble LI principal neurons. In contrast, multipolar, pyramidal and 
oblique pyramidal neurons can have basal dendrites in LIII 25 and can thereby 
potentially receive input that distributes to LIII. The intrinsic distribution of the 
axonal tree indicates that all LII principal neuron types communicate with 
postsynaptic targets located in LI-LIII within an area with an overall diameter of 
800 µm. This differs from the previously reported axonal distribution as being 
restricted to LII 25, and from what was described above for LI principal 
neurons. Regarding the postsynaptic intralaminar targets of LII collaterals it 
remains to be established whether LII principal neurons form a recurrent 
network with each other or whether they interact mainly through inhibitory 
neurons known to be present (Suppl. Fig. 1B) 2, 31, 46-49. Both types of networks 
have been shown to be of importance in vivo in brain areas such as the 
hippocampus and MEC 50-52

  
. 

Layer III. Most LIII principal neurons have the typical pyramidal-like 
morphology, but in contrast to previously published data 25, we found that there 
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are two types of pyramidal neurons in LIII and not one. The simple spiny LIII 
pyramidal neurons have an apical dendrite that splits frequently only after 
reaching LII, whereas the complex LIII neuron apical dendrite splits already 
frequently within LIII. Given the possible functional relevance of different 
dendritic branching patterns 53, it is likely that complex LIII neurons integrate 
inputs within LIII differently compared to simple LIII neurons. The fact that the 
apical dendrites of both neuron types are spiny almost throughout suggests 
that both pyramidal neurons receive inputs along their entire apical dendritic 
tree. Within both neuron groups, the deeper located neurons have basal 
dendrites extending into LV whereas for the more superficially positioned ones 
the basal dendrites are confined to LIII. Thereby, only the deeper positioned 
neurons will likely be able to integrate information available in LV with what is 
available in more superficial layers. The observed percentages of neurons with 
deeply extending dendrites is similar to what has been reported previously (44 
percent versus 32 percent, respectively 25). The fact that LIII neurons have a 
major axon with extensive collaterals that distribute within LIII, LII and LI, and 
occasionally LV, differs from the previous report that collaterals only reach LIII 
and LII 25

Next to pyramidal neurons, we recorded from a number of multipolar neurons. 
Although most of these show physiological properties considered to be 
characteristic for interneurons (Suppl. Fig. 1C) 

.  

54-57 a minority of multipolar 
neurons show physiological properties of principal neurons. That these are 
indeed principal neurons is supported by our observation that their axons 
reach the angular bundle, in line with reports that these axons actually 
innervate the hippocampus 58. Similar to LIII pyramidal neurons, multipolar 
neuron axon collaterals innervate LI-LV of LEC. As for LII, the integrative 
properties of the LIII network depend strongly on whether glutamatergic 
neurons make contacts with other glutamatergic neurons in the different cell 
layers 49

 
 or whether they interact with interneurons or with both. 

Layer V. The observed dendritic morphology of pyramidal neurons in LV is 
independent of the slice orientation and is similar to what has been reported 
previously using horizontal slices 26

Twenty-nine percent of LV pyramidal neurons have dendrites in all LEC layers, 
which make them unique in LEC. This characteristic may enable integration of 
information present in all LEC layers. Since LV neurons also receive 
hippocampal output 

. The correspondence in overall 
morphological features in both slice angles indicates that by using semicoronal 
or horizontal slices one either removes a comparable part of the dendritic and 
axonal tree or more likely that LV contains principal neurons with rather 
cylindrically organized dendritic trees that have a radial orientation towards the 
pial surface.  

59-61 they are uniquely posed to integrate this with sensory 
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information entering superficial LEC layers 45, 62, 63. Additionally, the distribution 
of axon collaterals of LV principal neurons is in line with Golgi-based accounts 
and strongly supports a role in intralaminar communication from deep to 
superficial layers 3, 5, 29. Hamam in contrast only described one neuron in his 
sample with axons reaching LIII 26

 

 indicating that by using horizontal slices 
more of the axonal tree is cut compared to semicoronal slices.  

Layer VI. The current data expand the extremely sparse knowledge on LVI 
principal neurons. Up till now only one EC LVI neuron was described 28. 
Principal neurons in LVI seem to operate rather independent from those in 
more superficial LEC layers. The dendritic distribution allows them to mainly 
integrate input from peer neurons in LVI or LV and from the subiculum. Like is 
the case for LVI principal neurons in MEC, LEC LVI neurons are unique in that 
they might be contacted by passing fibers in the angular bundle 64. The 
distribution of axon collaterals shows that LVI principal neurons may 
preferentially interact with neurons in LV, LVI or LIII and recent 
electrophysiological data support the interactions with LV 65

 
.  

2. Lack of correlation between morphology and physiology  
Our data indicate for all layers that the morphology of a principal neuron does 
not correlate with its physiological profile. Although principal neurons in LI 
morphologically form a continuum, we did notice two physiological profiles, not 
correlated to either one of the extremes of this continuum.  
Physiologically, principal neurons in LII show a striking variability, similar to 
what has been described previously 25 and both studies essentially found the 
same physiological and morphological cell types. However, our findings do not 
corroborate the observation that fan and pyramidal neurons in LII show 
significantly different physiological properties 25. Aside from the fact that the 
two studies used slightly different recording techniques, this striking difference 
between the two studies likely results from the fact that our recordings extent 
over a larger mediolateral and anteroposterior range (Fig. 1) than those 
obtained in the previous study. Even if we restrict our analysis to a data set 
taken from a similar location as used in the Tahvildari study 25, we fail to see 
the reported correlation. This could result from the fact that our selected 
subset of neuronal data (pyramidal neurons N=4 and fan neurons N=6) is 
relatively small compared to the one previously published (pyramidal neurons 
N=9 and fan neurons N=15) 25. Thus our data complement the existing data 
base of laterally positioned recordings, adding information on principal neurons 
in LII of LEC that are closer to the border with MEC. The latter neurons show 
electrophysiological properties reminiscent of MEC LII stellate cells 22, 34. 
Therefore it is likely that heterogeneity along the mediolateral axis partly 
explains differences between the present and the previous results. 
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Alternatively, an age effect cannot be ruled out since our recordings were 
obtained in juvenile, up to P32 old rats, whereas Tahvildari and colleagues 
recorded from 150-200 g rats, i.e at least 60 days old animals. Properties of 
MEC neurons change throughout development 66

Principal neurons in LIII and LVI are homogeneous with respect to their 
physiological profiles but show a morphological diversity. Thus in both layers a 
correlation between morphological neuron type and the physiological type is 
not apparent. In LV the situation is different in that both physiological and 
morphological properties are diverse and they do not correlate with each other, 
as has been shown previously 

 and this is likely to hold true 
for LEC LII neurons as well. 

26

The diversity in physiological properties within and between cell layers 
together with the diverse morphological types suggests an enormous potential 
of the network and its participating neurons to process incoming information in 
many different ways. It remains to be determined whether neurons within one 
morphological cell type have different physiological profiles as a result of either 
different gene-expression, chemical or receptor profiles, or different inputs 

.  

21, 

46, 65, 67-73

 
. 

3. Layer specific physiological properties and functional relevance 
Layer I and Layer II. Most of the recorded neurons showed 
electrophysiological properties of potentially glutamatergic principal neurons 56, 

74. LII principal neurons have a significantly lower input resistance and slower 
tau compared to LV principal neurons. A lower input resistance indicates that 
more current is needed to induce APs or a change in membrane potential. 
Other general biophysical properties such as DAP and sag ratio indicate that 
LI and LII principal neurons in LEC show a striking variable physiological 
response, similar to what has been described previously 25. The findings of 
both studies stand in striking contrast to the study of Wang and Lambert 23

The different physiological properties predict that throughout LII of LEC the in 
vivo properties might be rather heterogeneous and this is precisely what has 
been reported 

. 
The latter authors reported that all LEC LII principal neurons lack a sag 
potential. This difference is likely due to methodological differences. First, in 
the Wang and Lambert study, only hippocampal projection neurons in LII were 
selected on the basis of their retrograde labeling. This may partially have 
biased the selection of neurons. The area these authors recorded from is hard 
to assess since they only mention a global position with reference to the rhinal 
fissure and, in view of the heterogeneities observed by us, differences in 
location may partially contribute to differences in observed properties. Finally, 
both the concurrent datasets were obtained in semicoronal brain slices, 
whereas in the Wang study data were obtained in coronal brain slices.  

75. We noted however a systematic electrophysiological 
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difference along the lateromedial axis of LEC. Twenty-seven percent of the 
more medially positioned LEC principal neurons with a strong sag potential 
and rebound have membrane oscillations whereas none of the more lateral 
neurons shows this set of properties, see 30. This indicates that principal 
neurons in a particular portion of LEC might be functionally homogeneous and 
differ from neurons in other regions and thus may deal with incoming 
information in a different way. Whether this observation is in any way 
correlated to differences in input distribution is not known but it is of interest 
that for example inputs from perirhinal cortex and amygdala show a striking 
lateromedial topographical organization related to the topographical 
organization of the perforant pathway 11, 14, 76

In contrast to LEC, in LII of MEC all stellate neurons show oscillations and 
resonance properties 

. 

30, 74. Resonance might play a role in frequency 
dependent gating of signals to the hippocampus since it may result in the 
amplification of small amplitudes in a frequency dependent manner. Therefore 
signal gating might be different and less frequency dependent in vivo in LEC 
compared to MEC 77, 78. This does not rule out the possibility that LEC LII 
neurons can be modulated to fire in a theta-tuned way under certain types of 
conditions 30, as has been shown to be the case for MEC LII neurons 79-81. 
Fifty-four percent of LEC LII principal neurons show a sag potential in the 
depolarizing direction, which suggests that half of these neurons fire with a 
short delay in response to depolarization. A rebound at the end of a current 
step repolarizes the membrane quickly and may induce depolarization or even 
AP firing immediately after strong inhibition. This complex firing property is 
further dependent on whether neurons show a DAP after their first AP, which is 
the case in about 46 percent of the principal neurons, irrespective of their other 
properties 25, 26, 48, 82. DAPs can trigger an AP doublet in LEC neurons when the 
depolarization is strong enough and they have been suggested to underlie 
persistent firing and memory formation 83, 84

 
.  

Layer III. Physiologically, principal neurons in LIII resemble most of those in 
LVI and they are strikingly different from those in LII. LIII principal neurons 
seem easily excitable and continue to fire APs from the beginning until the end 
of current injection without a decrease in amplitude. These characteristics are 
similar to the ones described before 25, 74. None of the LIII principal neurons 
show a sag potential, which is very different from the situation in LII. Since it 
has been suggested that the sag potential in LII principal neurons depends on 
an h-channel dependent current 25, 74, these channels might be differentially 
activated or not existing in LEC LIII principal neurons, as has been shown for 
MEC LIII principal neurons 73. LIII principal neurons do not have membrane 
oscillations and they do not have a preferred resonance frequency. Therefore 
the input to the hippocampus from LIII might be less frequency dependent 
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compared to that of LII, or might be more dependent on very high frequencies, 
since these have not been tested by our ZAP protocol (only up to 12 Hz).  
The fact that LIII principal neurons are homogeneous with respect to their 
physiological profile is not paralleled by their reported in vivo properties, since 
functionally different neurons are present 75, similar to what has been reported 
for LIII of MEC 85. This strongly suggests that those principal neurons develop 
their specificity due to their morphology, in addition to differences in the input 
and output as has been shown to be the case for MEC LIII neurons 86. Thus a 
further study of their properties in response to stimulation of identified inputs, 
either in vivo or in vitro using optogenetic approaches together with a detailed 
analysis of neurochemical markers and interactions with specific subsets of 
interneurons is clearly needed 73, 86, 87

 
.  

Layer V. Physiological parameters that define LV principal neurons are 
different from other layers. They have a trend for a higher input resistance and 
slower time constant than principal neurons in the other layers, particularly LII 
principal neurons. Therefore LV principal neurons need less excitation than 
the other layers to induce changes in the membrane potential and they thus 
amplify input signals stronger compared to other layers 88. A persistent INaP 

channel present in LV principal neurons is known to increase input resistance 
in the subthreshold range. This channel may also contribute to the observed 
sag potential in the depolarizing direction and both characteristics make it 
likely that once APs are induced, threshold excitation will lead to bursting and 
sustained discharge of LV neurons 89

We found that in the majority of LV principal neurons membrane potential 
oscillations were absent, which contradicts previously published findings 

. This is underlined by the data showing 
that in response to a weak current step, neurons in LV react with a similar ISI 
throughout the AP train and bursting at the beginning of a spike train.  

26. A 
likely explanation for this difference is that we performed our experiments in 
juvenile rats up to P32, whereas Hamam and colleagues used young adult 
150-300 g rats, i.e. P60 animals. In LV, a low-threshold, slow, delayed rectifier 
current such as the M-current may be responsible for the oscillations 26, 89, 
which might not be fully developed at P14-P32, as has been shown to be the 
case for other currents in MEC LII 66

 
.  

Layer VI. Physiologically LVI principal neurons resemble LIII principal neurons, 
although in response to weak and strong current injection LVI principal 
neurons fire more regularly compared to LIII principal neurons. The fact that 
LVI principal neurons have different firing and morphological profiles 
compared to those in the adjacent LV suggests that they are functionally 
different, possibly mediated by a different receptor make up, potentially 
combined with differences in input and output, such as their specific 



                                                               Lateral entorhinal neuron properties    87 

 

2 

contribution to entorhinal-thalamic projections 90. This notion is in line with a 
recent report that LVI neurons are the only EC neurons reacting to nicotine 
application 65

 
.  

In conclusion, principal neurons in different layers of LEC show marked 
differences in their basic electrophysiological profiles. Since these elementary 
physiological properties are not in any systematic way related to morphological 
properties but are clearly layer specific, we conclude that the laminar position 
of neurons is an important determinant of their function. This is in line with 
suggested differences in how layers contribute to memory processing 83, 84, 91. 
In a recent paper we have shown that in case of MEC, principal neurons in the 
different layers likely receive similar efferent copies of two main inputs from the 
pre- and parasubiculum 64. It needs to be determined whether this holds for the 
afferent organization of LEC, but if true, this strongly suggests that laminar 
differences, as reported in the present study, strongly impact how similar 
incoming stimuli are processed differently 92 and what kind of layer dependent 
output is eventually conveyed to brain structures next in the connectional 
chain. These laminar differences may not only relate to differences in 
elementary biophysical properties, but likely reflect differences in receptor 
expression, as indicated for in case of LVI 65

As discussed in more detail in the accompanying paper, there is only slight 
variation between principal neurons in LEC and MEC in terms of 
morphological and basic physiological properties 

 and or differences in input-output 
relations. All these factors that explain functional differences between neuron 
types in different layers of LEC are likely also relevant for the reported in vivo 
differences between LEC and MEC neurons. 

34. This indeed strongly 
indicates, that the striking functional differences between the two entorhinal 
components likely depend on a complex set of interacting factors. In addition 
to differences in input-output relations 11, 62, 63, 76. either differences in the way 
interneurons control principal neuron response properties 1, 7, 44, 46, 57, 93-96 or 
differences in modulatory inputs may be relevant. With respect to the latter, a 
grossly overlooked, yet important factor may be in how modulatory 
connectivity from the medial septum, the raphe nuclei, the ventral tegmental 
area and locus coeruleus interacts with neurons in different layers in both LEC 
and MEC 11

 

. Unfortunately, with the partial exception of inputs from the medial 
septum, very little detailed information is available regarding these inputs in 
terms of their overall distribution in relation to extrinsic and intrinsic wiring of 
either LEC or MEC. Furthermore, detailed information on the postsynaptic 
targets of these modulatory inputs is missing.  
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