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Voltage Dependence of Subthreshold Resonance Frequency
in Layer II of Medial Entorhinal Cortex

Christopher F. Shay,” Ian S. Boardman, Nicholas M. James, and Michael E. Hasselmo

ABSTRACT:  The resonance properties of individual neurons in ento-
rhinal cortex (EC) may contribute to their functional properties in
awake, behaving rats. Models propose that entorhinal grid cells could
arise from shifts in the intrinsic frequency of neurons caused by changes
in membrane potential owing to depolarizing input from neurons coding
velocity. To test for potential changes in intrinsic frequency, we meas-
ured the resonance properties of neurons at different membrane poten-
tials in neurons in medial and lateral EC. In medial entorhinal neurons,
the resonant frequency of individual neurons decreased in a linear man-
ner as the membrane potential was depolarized between —70 and —55
mV. At more hyperpolarized membrane potentials, cells asymptotically
approached a maximum resonance frequency. Consistent with the previ-
ous studies, near resting potential, the cells of the medial EC possessed
a decreasing gradient of resonance frequency along the dorsal to ventral
axis, and cells of the lateral EC lacked resonant properties, regardless of
membrane potential or position along the medial to lateral axis within
lateral EC. Application of 10 pM ZD7288, the H-channel blocker, abol-
ished all resonant properties in MEC cells, and resulted in physiological
properties very similar to lateral EC cells. These results on resonant
properties show a clear change in frequency response with depolariza-
tion that could contribute to the generation of grid cell firing properties
in the medial EC. o 2012 Wiley Periodicals, Inc.

KEY WORDS: grid cells; stellate cells; lateral entorhinal cortex;
spatial navigation; oscillatory interference

INTRODUCTION

The entorhinal cortex (EC) plays an important role in spatial memory
function, as shown by impairments of spatial memory with lesions of this
structure (Steffanach et al., 2005; Moser and Moser, 2008). Spatial coding
by medial EC has been shown in unit recordings of layer II medial EC
“grid cells,” which fire when a rat is in a repeating array of spatial loca-
tions falling on a hexagonal grid (Fyhn et al., 2004; Hafting et al., 2005;
Moser and Moser, 2008). Computational models of the mechanism of
the generation of entorhinal grid cells (Burgess et al., 2007) have pro-
posed a role for intrinsic properties of entorhinal neurons that were ini-
tially discovered in slice preparations. Layer II of medial EC contains
stellate cells that display subthreshold membrane potential oscillations
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(MPO) (Alonso and Llinas, 1989; Klink and Alonso,
1993) and membrane potential resonance (Haas and
White, 2002; Erchova et al., 2004; Giocomo et al.,
2007). Differences in the resonance properties of indi-
vidual entorhinal neurons may underlie differences in
the spacing and size of grid cell firing fields that have
been found to increase along the dorsal to ventral (D/
V) axis of the medial EC (Hafting et al., 2005; Sargo-
lini et al., 2006). In vitro slice studies (Giocomo et al.,
2007; Giocomo and Hasselmo, 2008a,b; Boehlen
et al.,, 2010; Dodson et al., 2011) have found similar
gradients in MPO frequencies and resonant frequencies
along the D/Vaxis of the medial EC.

An initial model of grid cells developed by Burgess
et al. used oscillatory interference between oscillations
with differences in frequency (Burgess et al., 2005;
Blair et al., 2007; Burgess et al., 2007; Hasselmo
et al., 2007; Blair et al., 2008; Burgess, 2008). In
some versions of these models, the changes in fre-
quency were proposed to arise from changes in mem-
brane potential driven by cells responding to head
direction and running speed (Burgess et al., 2007;
Hasselmo et al., 2007), suggesting an important role
of changes in intrinsic frequency with membrane
potential. A number of subsequent studies have
argued against an interaction of MPOs within single
cells based on the variance of MPOs (Welinder et al.,
2008; Giocomo and Hasselmo, 2008a; Zilli et al,,
2009), the synchronization properties of MPOs
(Remme et al., 2009), and the lack of linear changes
in MPO frequency with membrane potential (Yoshida
et al., 2011). However, models have not yet demon-
strated the reason why the intrinsic resonance of neu-
rons appears to correlate with the spacing and size of
grid cell firing fields.

As an alternative to MPOs, differences in resonance
frequency at different membrane potentials may con-
tribute to the generation of grid cells. The membrane
potential dependence of resonance in EC is unclear. An
initial study did not find resonance to depend on
membrane potential (Erchova et al., 2004), but subse-
quent studies have shown membrane potential depend-
ence (Nolan et al., 2007; Boehlen et al., 2010; Heys
et al., 2010). These studies plotted only three different
membrane potentials, leaving the shape of the change
in resonance frequency with membrane potential
unspecified. In particular, it is not clear if the change in
resonance frequency with membrane potential is linear.
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Oscillatory interference models require that the difference in fre-
quency between pairs of oscillators must vary linearly with veloc-
ity. This requirement of the model could be satisfied by a linear
change in resonant frequency with membrane potential.

In contrast to medial EC, grid cells have not been shown in
lateral EC and recordings of spiking activity in cells of lateral
EC show significantly less spatial selectivity than in medial EC
(Hargreaves et al., 2005; Yoganarasimha et al., 2011). Interest-
ingly, this difference in the presence of grid cells appears con-
sistent with the fact that the previous studies showed that cells
of the lateral EC lack subthreshold MPOs (Tahvildari and
Alonso, 2005). However, a systematic approach to measuring
the resonance properties of neurons to different input frequen-
cies in lateral EC has not been published previously.

To address these issues, we measured the membrane potential
dependence of the resonant frequency in layer II of medial EC
and lateral EC. We found that the resonant frequency of indi-
vidual cells in layer II of the medial EC showed a linear
decrease in frequency as the membrane potential was depolar-
ized. These results are important for the hypothesis that the
regulation of resonant frequency by synaptic inputs influencing
membrane potential could contribute to the generation of grid
cells. Furthermore, they support the role of the H-current in
resonant properties that could underlie the processing of spatial
information in the medial EC. These results were presented
previously as an abstract (Shay et al., 2010).

MATERIALS AND METHODS

Slice Preparation

We measured the effect of membrane potential on the resonant
frequency of neurons at different positions along the D/V axis of
layer II in the medial EC and the medial to lateral (M/L) axis of
lateral EC. All experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee at Boston University.
Long—Evans rats (postnatal days 17-21, Charles River, Wilming-
ton, MA) were deeply anesthetized with isoflurane (Abbot Labo-
ratories). After the absence of both pedal and tail pinch reflexes,
brains were rapidly removed and placed in ice-cold artificial cere-
brospinal fluid (aCSF) containing (in mM) 125 NaCl, 2.0 CaCl,
2.5 KCI, 1.25 NaH,POy, 25 NaHCOs;, 25 d-glucose, and 1.0
MgCl, (pH adjusted to 7.4 with 95% O,~5% CO,). Horizontal
(medial and lateral EC recordings) or coronal (lateral EC record-
ings) brain slices, 400-pum thick, were made using a vibroslicer
(Leica VT 1000). Immediately after slicing, slices were transferred
to a holding chamber filled with aCSF and incubated for 30 min
at 33°C. Following this incubation, slices were left at room tem-
perature for another 30 min before recordings began.

Electrophysiological Recordings

Slices were placed in a recording chamber superfused with
aCSF containing 2-mM kynurenic acid and 100 uM of picro-
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toxin to block glutamatergic and GABAergic synaptic transmis-
sion, respectively. The temperature was maintained between 34
and 36°C. Whole-cell pipettes were fabricated from borosilicate
glass capillaries by means of a P-87 horizontal puller (Sutter
Instruments). Pipettes were filled with internal solution con-
taining (in mM) 120 K-gluconate, 10 HEPES, 0.2 EGTA, 20
KCI, 2.0 MgCl,, 4.0 Na,ATP, 0.3 NazGTD, and 7 phosphocre-
atine-diTris (pH adjusted to 7.3 with KOH). An aliquot of
0.1% biocytin was included in the internal solution for the
purpose of labeling. When filled with internal solution, pipettes
had resistances from 3 to 5 MQ. Cells were visualized under
an upright microscope (Zeiss Axioskop 2 or Olympus BX51I)
equipped with a 40X immersion lens and a near infrared
charge-coupled device camera (JAI CV-M50IR). Tight seals
(>1 GQ) were obtained and whole-cell access was gained by
brief negative pressure. Current-clamp recordings were made
with the Multi Clamp 700B amplifier (Axon Instruments)
using the built-in capacitance compensation and bridge balance
circuit. Signals were sampled at either 10 or 20 kHz using
Clampex 9.0 (Axon Instruments).

After obtaining whole-cell configuration, cells were left to
stabilize for 2-5 min before recordings began. Only cells with
resting membrane potentials below —55 mV were used for this
study. Additionally, all cells displayed overshooting action
potentials for the entire recording session. We aimed to use
only stellate cells in layer II medial EC. Therefore, we did not
include cells displaying fast spiking, which is often indicative of
interneurons. We also excluded pyramidal cells by measuring
the sag potential in each cell. Stellate cells displayed a strong
sag potential, whereas pyramidal cells did not. The sag poten-
tial was measured by delivering nine successive 0.5 s, 50 pA
hyperpolarizing current steps with cells held at —65 mV. All
cells of lateral EC, recorded from both horizontal and coronal
sections, lacked a strong sag potential, making it more difficult
to distinguish between cell types. The physiology of layer II lat-
eral EC cells was similar (especially in coronal sections), but
the morphology of every cell is not known. Therefore, it is pos-
sible that all morphological cell types are included in the lateral
EC data set. However, the fills that we did obtain showed that
cells in lateral EC were fan cells according to Tahvildari and
Alonso, 2005.

To assess the resonant properties of medial and lateral EC
cells, the chirp function in Matlab™ (Natick, MA Version 7.9,
2009) was used to create an impedance amplitude profile
(ZAP) stimulus (Erchova et al., 2004). The ZAP consisted of a
20-s sinusoid with linearly increasing frequency (0-20 Hz).
The peak-to-peak amplitude of the ZAP stimulus ranged from
40 to 120 pA and was adjusted so as to maintain subthreshold
membrane potential dynamics across the range of membrane
potentials (=55 to —70 mV: medial EC, » = 65 and lateral
EC horizontal, » = 21; —55 to —80 mV: medial EC, » =
17; and —60 to —90 mV: medial EC, » = 7 and lateral EC
coronal, 7 = 43) where resonant frequencies were measured.
Therefore, the smaller 40 pA ZAP stimulus was used at depo-
larized values (=55 to —60 mV), whereas the larger amplitude
stimuli were used at more hyperpolarized potentials. This pro-



cedure accomplished two things. First, it ensured that spiking
was not elicited and second, it allowed for sufficiently large
voltage responses to clearly measure the resonant frequency at
all membrane potentials. Additional experiments showed that
there were no significant differences in resonant frequency
measured with a full range of different ZAP amplitudes.

Cell Anatomical Locations

The relative anatomical (D/V or rostral to caudal, R/C) loca-
tion of each cell was determined by keeping track of the depth
of each slice. Brains were sliced from either the dorsal or the
ventral surface (horizontal slices) or from the caudal surface
(coronal slices). At the start of slicing, an initial slice with the
vibratome was made that was between 2 and 3 mm from the
surface of the brain. The relative distance of each slice was
then calculated by keeping track of the number of slices taken
(400 um each) and adding that to the depth of the initial cut.
Each slice was placed in a labeled holding chamber, designed
to keep slices separate from one another. In horizontal sections,
medial EC recordings were made between 2.8 and 7.8 mm
from the dorsal surface, whereas recordings in lateral EC were
taken between 4.5 and 7.8 mm. In coronal sections, recordings
were made in lateral EC between 2.2 and 4.6 mm from the
caudal surface of the brain. To measure the distance from each
cell and either the caudomedial tip (horizontal sections) or the
rhinal sulcus (coronal sections), we used the coordinates of the
micromanipulator of both locations. All distances reported
were calculated by finding the length of the hypotenuse
between the cell and the appropriate anatomical landmark. In
horizontal slices, we recorded from cells ranging from 0.5 to
2.6 mm from the most caudomedial aspect of the slice. We
tended to stay closer to the caudomedial tip of the slice in ven-
tral slices as a substantial portion of lateral EC is included at
these depths. In more dorsal slices (between 2.5 to 5.8 mm
from the dorsal surface), we recorded from cells up to 2.5 mm
because lateral EC is limited at these D/V locations. In coronal
slices, all cells were located ventral to the rhinal sulcus and
ranged from 0.386 to 1.925 mm from the center of the rhinal
sulcus. Initially, biocytin staining was performed to ensure cell
type and anatomical location within the slice. This staining
method has been described previously (Giocomo and Has-
selmo, 2009). About 16% of all cells (11/65 medial EC, 4/21
LEC-horizontal, and 10/43 LEC-coronal) were processed for
biocytin fills.

We also mapped recording sites along the D/V axis of medial
EC and the M/L axis of lateral EC. To do this, brains were
sliced at 200 pum, fixed in 4% formaldehyde for 2 h, washed in
0.1 M PBS, and Nissl stained. Using the above measurements,
we measured the hypotenuse length of right triangles from
appropriate landmarks of representative horizontal and coronal
slices along the D/V and R/C axis, respectively. Measuring the
R/C position of a slice as well as the D/V (i.e. the distance
from the center of the rhinal sulcus) position of a cell within a
slice provides an accurate measure of a cell’s position along the
MIL axis of lateral EC. Therefore, throughout this article, the
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use of D/V in reference to lateral EC is meant as a measure-
ment within a single slice representing the distance of a cell
from the center of the rhinal sulcus.

Data Analysis

The sag potential amplitude was calculated using Matlab®™
by subtracting the steady-state potential from the most negative
voltage of the sag amplitude. This was performed with a 95%
confidence interval for all hyperpolarizing current steps in
medial and lateral EC cells.

Resonant frequencies were calculated following the techni-
ques from Erchova (Erchova et al., 2004) using a RLC model
and Matlab™ curve fitting routines. A characteristic resonant
response of the cell to the ZAP input waveform was observed
as a peak in the excursions of the membrane potential wave-
form (maximum range of the envelope), which occurs at the
time in the data when the instantaneous frequency of the ZAP
signal was near the cell’s resonant frequency. Taking the imped-
ance [Z(f)] of the cell as the ratio of the magnitude of the Fou-
rier transform of the output (membrane potential) to the mag-
nitude of the Fourier transform of the input (ZAP plus dc
injection), there was usually a peak in the impedance curve
somewhere in the ZAP frequency range (0-20 Hz) at different
levels of mean membrane potential.

The impedance response can be accurately modeled with a
passive circuit model (RLC) as described by Erchova et al.
(2004). Applying their model in the Matlab® Isqcurvefit rou-
tine, we obtained the resonance frequency (£) as that fre-
quency in the range of 0.5-16 Hz that gives an RLC model fit
that is maximal. The quality ratio (Q) is taken as the ratio of
the corresponding maximum impedance to the RLC model
value at zero frequency.

Biophysical Simulation Methods

We tested whether the relationship of resonance frequency to
mean membrane potential observed in the in vitro data from
medial EC stellate cells could be derived from the voltage de-
pendence of the kinetics of the ion channels theorized to sup-
port the resonance. We performed biophysical simulations in
Matlab® (version 7.9, 2009) to analyze channel behavior under
the stimulus protocol and to analyze how biophysical properties
affect the dependence of resonance frequency on membrane
potential. A single compartmental model of a stellate cell was
constructed. Similar to the previous models (Fransén et al.,
2004; Heys et al., 2010), the system contains currents previ-
ously proposed to undetlie subthreshold MPOs (SMPO), these
being the hyperpolarization-activated cation current, Iy, and
persistent sodium current, In,p. These mechanisms have also
been analyzed in other models (White et al., 1995; Dickson
et al., 2000). For fast spiking simulations, we included Hodg-
kin—Huxley currents In, (fast sodium channel) and Ik (delayed
rectifier) with parameters from a model of a CA3 pyramidal
neuron (Traub et al., 1991). All currents were modeled using
the Hodgkin—Huxley formalism in an equivalent circuit repre-
sentation of membrane potential dynamics as follows:

Hippocampus
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A
o = Zgz’(vm)(vm = E3) + lnoise + Lapp + 11

In this first-order dynamical system, V;, is the membrane
potential variable and C, is the membrane capacitance con-
stant (1 mF/cm?). The term in the right-hand side summation
includes the currents listed above, each with reversal potentials
E; and with voltage-dependent conductance gating variables g;
Also,

included in the summation is leakage current Iy, which has con-

incorporating the corresponding channel kinetics.
stant conductance. Noise current I is introduced using a
voltage-independent, normally distributed, conductance noise.
The remaining term I,
testing resonance at different membrane potentials. In our sim-
ulations, the injected current is the sum of the ZAP described

above for testing the resonance peak and a baseline direct cur-

represents the injected current for

rent level, which has a negative sign to hyperpolarize and a pos-
itive sign to depolarize the cell for testing the resonance at dif-
ferent mean membrane potentials.

In general, the voltage-dependent gating variables g; are pro-
portional to the product of the corresponding channel activa-
tion and inactivation probabilities,

&(V) = Gmi(V)hi(V)

where G; is the maximum conductance density for the channel;
and, m; and 4; are the probability of channel activation or inac-
tivation, respectively, each following (by integration) a variable
long-term value at a variable rate,

dp —1
Z = Tp (POC _]7)

where p., is the voltage-dependent long-term (steady state)
value of activation or inactivation, and T, is the corresponding,
voltage—dependent, integration time constant. In our system,
only fast sodium current /7y, was modeled with continuous
functions for both activation and inactivation probabilities. In
addition, the fast sodium activation probability was moderated
in its contribution to Iy, by squaring (Traub et al., 1991).

The kinetics of the persistent sodium current were modeled
according to Fransén et al., (2004) for activation, and accord-
ing to Magistretti and Alonso, (1999) for inactivation. The fast
time scale of activation permitted simplification by setting the
activation directly to its steady-state value for the current mem-
brane potential at each time step. The H-current is modeled
with fast and slow activation time constants (Fransén et al.,
2004). The Matlab® curve fitting tool was used to fit the time
constant and the steady-state activation functions to experimen-
tal voltage clamp data for both dorsal and ventral stellate cells
(Giocomo and Hasselmo, 2008a).

The differential equations in the above system were inte-
grated using a Matlab®™ ODE solver (odel5s was selected for
beneficial speed/accuracy trade-off compared with ode45 or the
Crank—Nicolson method). The time step used for the analysis
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of the solutions was 0.1 ms. For all simulations, the results pre-
sented were preceded by a 3-s equilibration interval following
which, given continued fixed current input, the mean mem-
brane potential would change < ~5% per second.

Conductance Gating Models

The voltage dependence of the gating parameters for each
active conductance was modeled as listed in Table 1. Voltages
are in millivolts, time in milliseconds, and constant values were
calculated at 37°C. The maximum conductance values G; (mS/
cm?) for different currents had the following values: fast H-cur-
rent, 0.13; slow H-current, 0.079; Nal, 0.065; leakage current,
0.07; and fast spiking: Na: 3.8, K: 10.7. The reversal potentials
E; (mV) for different currents had the following values: hyper-
polarization activated nonspecific cation channel (Z,): —20; per-
sistent sodium and fast sodium channels (/n.p, Fvo): 875
delayed rectifier channel (/x): —83; leakage channel (/;): —90,
Vi at rest = —60 mV. These values were chosen to give physi-
ologically relevant membrane resistance, sag response, resonance
frequency, resonance strength, SMPO frequency, and SMPO
amplitude.

Resonance Characterization of the Model

A characteristic resonant response of the model to the ZAP
input waveform was observed as a peak in the excursions of the
simulated membrane potential waveform (maximum range of
the envelope), which occurs at the time in the simulation when
the instantaneous frequency of the ZAP signal was near the
model’s resonance frequency. The resonant frequency was calcu-
lated in the model using the same techniques used for calculat-
ing resonant frequency in the experimental data, as described
in the Data Analysis section. To show the relationship of the
resonant frequency to biophysical parameters of the model, the
magnitude and inverse time constant of the H-current were
also plotted for different membrane potentials.

RESULTS

Our focus in this study was to analyze the effect of differen-
ces in mean membrane potential on the resonant frequency of
neurons in EC. The effect of membrane potential on resonant
frequency was measured from neurons at different positions
along the D/V and M/L axes in layer II of medial and lateral
EC, respectively.

Figure 1 shows photographs of horizontal (Figs. 1A-D) and
coronal (Figs. 1E-H) sections along the D/V and M/L axes of
medial and lateral EC, respectively. Two magnifications are
shown to show cell location within layer II of the slice as well
as morphological detail. Cells of medial EC had radiating den-
drites in all directions, resembling the morphology of stellate
cells (Alonso and Klink, 1993), whereas cells of lateral EC had

dendrites extending horizontally across layer II and vertically
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Model Parameters

Parameters

References

I, Fast activation

Dorsal
Tm = 29.5/(exp[(Vin + 99)/(—15.4)] + exp [(Vim + 25.1)/9.64])
M = 1/(1 + exp [(Vm + 68.1)/7.14])

Ventral
Tm = 327/(exp[(Vim + 40.1)/(13.6)] + exp [(Vim + 70.2)/(—23.8)])
M = 1/(1 + exp [(Vm + 68.1)/5.46])

I}, Slow activation

Dorsal
Tm = 357/(exp[(Vm + 30.6)/6] + exp [(Vm + 116)/(—41)])
Mo = 1/(1 + exp[(Vin + 68.1)/7.14])

Ventral
Tm = 459/ (exp[(Vim + 39.5)/6.1] + exp[(Vim + 90.6)/(—13.8)])
Mo = 1/(1 + exp[(Vin + 66.1)/5.46])

Inap Activation

M = 1/(1 + expl(Vim + 48.7)/(—4.4)])

Inap Inactivation

™= 1/(a + B)

—2.88-1073V,, — 0.0491
o =

1 —exp[(Vin +17)/4.63]
8 6.94 - 1073V, + 0.447

T 1= exp[(Vin + 64.4)/(—2.63)]

hoo = 1/(1 + exp[(Vi + 48.8)/9.98])
Fast sodium Iy, activation
Tm = 1/(a+B), my = at

oo 032(V,—13.1)
T T expl(Vi — 13.0)/(—4)]

~ —0.28(V; —40.1)
1 —exp[(V; — 40.1)/5]

B

Ve="Vn + 54

Fast sodium Iy, inactivation

Tm = 1/(a+B), my = at

a = 0128 exp [(V, — 17)/(—18)]
B =4/ + exp [(Vy — 40)/(=5)])
Ve=Vn + 54

Delayed rectifier I activation
Tm = 1/(a + B), M, = at

o\ 0016(V,=35.1)
"1 —exp(Vs — 35.1)/(=5)]

B = 0.25 exp [(V, — 20)/(—40)]
Vo=V + 54

Fransén et al., (2004); Giocomo and Hasselmo, (2008a)
Giocomo and Hasselmo, (2008a)

Fransén et al., 2004; Giocomo and Hasselmo, (2008a)
Giocomo and Hasselmo, (2008a)
Fransén et al., (2004); Giocomo and Hasselmo, (2008a)

Giocomo and Hasselmo, (2008a)

Fransén et al., (2004); Giocomo and Hasselmo, (2008a)
Giocomo and Hasselmo, (2008a)

Fransén et al., (2004)

Magistretti and Alonso, (1999)
Magistretti and Alonso, (1999)

Magistretti and Alonso, (1999)

Fransén et al., (2004)

Traub et al., (1991)
Traub et al., (1991)

Traub et al., (1991)

Traub et al., (1991)

Traub et al., (1991)
Traub et al., (1991)
Traub et al., (1991)
Traub et al., (1991)

Traub et al., (1991)
Traub et al., (1991)

Traub et al., (1991)
Traub et al., (1991)
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Medial EC Lateral EC
Dorsal/Caudal
E 2.8 mm
F 3.6 mm
G
D A H 4.0 mm
Ventral/Rostral W
FIGURE 1. Anatomy and morphology in layer II cells of (A-G) or 10X (H) magnification to show the detailed morphology

medial and lateral EC. (A-H) Panels in the left and right columns
correspond to photomicrographs taken from medial EC in horizon-
tal sections and lateral EC in coronal sections, respectively. In each
panel, images on the left correspond to 2X magnification of the
section to show the location of cells within each slice. Numbers cor-
respond to the distance (mm) of each section from the dorsal (hori-
zontal section, medial EC) or the caudal (coronal section, lateral
EC) surface of the brain. Images on the right correspond to 20X

into layer I, resembling the morphology of fan cells (Tahvildari
and Alonso, 2005). To better describe the coverage of medial
and lateral EC, Figure 2 shows the estimated recording sites of
medial (7 = 53 out of 87) and lateral (z = 43 of 43) EC cells
from horizontal and coronal sections, respectively. Our record-
ing sites tended to stay within 2 mm of the caudomedial tip of
the medial EC and within the dorsolateral band (close to the
rhinal sulcus) of lateral EC.

Figure 3 shows the recordings of membrane potential from
neurons in medial and lateral EC. Insets show a closer look at
subthreshold voltage traces. In both medial and lateral EC,
SMPOs appeared between the clusters of action potentials (Figs.
3A,D, asterisk). Subsequent current steps to the values beyond
threshold increased the duration and the number of spikes
within a cluster, generating a train of action potentials (Fig. 3A,

Hippocampus

of each cell. Numbers on right correspond to the distance (mm) of
each cell from either the caudomedial tip of the horizontal slice
(medial EC) or the center of the rhinal sulcus of the coronal slice
(lateral EC). (A-D) Cells of the medial EC show radiating dendrites
in all directions, indicative of stellate cells. (E-H) Cells of the lateral
EC have dendrites that radiate horizontally across layer II and verti-
cally into layer I, indicative of fan cells. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

arrowhead). Cluster firing was defined as in the previous studies
(Klink and Alonso, 1993; Fransén et al., 2004) as cells display-
ing clear groups of spikes, often doublets or triplets, in which
spiking events were separated by periods of subthreshold oscilla-
tions. There was a large difference between the responses of
medial and lateral EC cells to nine successive 50 pA hyperpola-
rizing step currents. All medial EC cells showed large sag poten-
tials in response to hyperpolarizing current steps (see Fig. 3B for
individual traces and Fig. 3C for the mean sag across the popula-
tion), whereas cells of lateral EC showed much smaller sag
potentials at all hyperpolarization levels (Figs. 3E,F). Cells in
medial EC showed rebound depolarization and spiking (Fig. 3B,
asterisk) after hyperpolarizing current injection.

After examining cellular responses to depolarizing and hyper-
polarizing current steps, ZAP stimuli were delivered at various
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LIl, non resonant

FIGURE 2. Slice orientation and anatomical location of re-
cording sites in medial and lateral EC. (A,B) A whole brain sche-
matic diagram depicting relative positions of the hippocampal for-
mation and surrounding parahippocampal regions, as well as hori-
zontal and coronal slice orientations. (1-3 left) Photomicrographs
of representative whole slices taken along the D/V axis of medial
EC from ventral (1, » = 16), intermediate (2, # = 26), and dorsal
(3, n = 11) locations. (1-3 right) Higher power photomicrographs
show the relative positions of recordings in medial EC layer II.
Note: anatomical coordinates not available for every recorded cell

(n = 53 cells mapped out of 87). (4-6 left) Photomicrographs of

membrane potentials to measure the resonant frequencies of
each cell. Consistent with the previous studies, we found from
these experiments that along the D/V axis of medial EC, cells
showed a gradient in the resonant frequencies near resting
potential such that higher frequencies were found in more dor-
sal regions and lower frequencies in more ventral regions. Fig-
ures 4A—F show the recordings with holding potentials of —65
mV from three medial and three lateral EC cells, respectively.
In the medial EC, the resonant frequency decreased as a func-
tion of distance from the dorsal surface of the brain (A: 3.6
mm, 7.81 Hz; B: 5.0 mm, 6.16 Hz; and C: 6.7 mm, 3.97
Hz). However, in lateral EC, the resonant frequency was almost
always under 2 Hz, regardless of the distance from the rhinal
sulcus (coronal, D, 0.56 mm, 1.26 Hz; E, 0.92 mm, 0.88 Hz;
and F 1.81 mm, 0.76 Hz) or the dorsal surface of the brain
(horizontal).

As ZAPs were delivered at different membrane potentials,
the analyses of resonant frequency by D/V position were per-
formed in 2-mV voltage bins according to the cell’s membrane
potential in each recording. Figures SA—E show the plots of
resonant frequency as a function of D/V position for five differ-
ent voltage bins of medial EC cells as well as resultant

#* values for linear fits to the data (A, —56.5 to —54.5 mV,
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2.N=26

3.N=11

representative whole slices taken along the M/L axis of lateral EC
from caudal (4, n = 8), intermediate (5, = 20), and rostral (6,
n = 15) locations. (4-6 right) Higher power photomicrographs
show relative positions of recordings in lateral EC layer II (» = 43
out of 43). Red dots represent cells displaying resonance and yel-
low dots represent nonresonant cells. Abbreviations: HF, hippo-
campal formation (yellow); POR, postrhinal cortex (blue); PER,
perirhinal cortex (purple); MEC, medial EC (light green); and
LEC, lateral EC (dark green). Adapted with permission from
Canto and Witter, 2011a,b, Copyright © 2011 Willey Periodicals,
Inc.

> = 0.00908; B, —60.5 to —58.5 mV, »* = 0.595; C, —62.5
to —60.5 mV, ¥ = 0.299; D, —64.5 to —62.5 mV, * =
0.353; E, —70.5 to —68.5 mV, * = 0.0246). At voltages near
the resting membrane potential (Figs. 5B-D), the resonant fre-
quency clearly decreased along the D/V axis in the medial EC.
However, at membrane potentials away from rest, slopes flat-
tened out, suggesting that the relationship between resonant
frequency and membrane potential is weaker at these voltages.
Unlike medial EC cells, Figures SF—O show that the lateral EC
cells lacked resonant properties, regardless of their anatomical
position in both horizontal (Figs. 5F-]) and coronal (Figs. 5K—
O) sections.

An important result from the ZAP analyses was the inverse
linear relationship found between membrane potential and res-
onant frequency in all cells of the medial EC. Figures 6A-C
show that as the membrane potential becomes more depolar-
ized the resonant frequency decreases, or stated another way, as
the membrane potential becomes more hyperpolarized, the res-
onant frequency increases (A: —62 mV, 3.38 Hz; B: —67
mV, 4.79 Hz; and C: —72 mV, 6.04 Hz). The linear rela-
tionship between resonant frequency and membrane potential
from —70 to —55 mV can be found in the plots for three
individual medial entorhinal neurons in dorsal medial regions

Hippocampus
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FIGURE 3. Physiological properties differ between cells of
medial and lateral EC. (A-F) Panels in the left and right columns
correspond to data from a single cell in medial EC and lateral EC
(coronal), respectively. (A) As the holding current is gradually
increased, medial EC cells display spike clustering near threshold
(asterisks) that turns into trains of spikes (arrowheads) at more
suprathreshold membrane potentials. In between clusters, medial
EC cells display subthreshold oscillations (inset). (D) Overall, cells
of the lateral EC (coronal and horizontal sections) were very excita-
ble, requiring smaller input currents (bottom of panels A and D) to
elicit spiking compared to cells of the medial EC. The inset shows

in Figure 6G and in ventral medial regions in Figure 6H. The
linear relationship in this membrane potential range was found
in every cell of the medial EC (see later figures). In contrast, in
the lateral EC, almost all cells showed resonant frequencies of
<2 Hz across all membrane potentials. Three examples of this
are shown in Figures 6D-F. Only a few cells in lateral EC
showed resonant frequencies above 2 Hz, and those that
did had frequencies that were always below 3 Hz. Examples of
the resonant frequency at different membrane potentials in
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the presence of oscillations in one example cell in lateral EC. (B,E)
In response to nine successive —50 pA current steps, sag potentials,
likely dependent on I, are displayed in cells of medial EC (B) but
not lateral EC (E). Often, medial EC cells displayed rebound spikes
following the release from the step current. (B) These rebound
spikes (asterisk) are truncated to enhance visualization of the sag
potentials. (C,F) Among all cells recorded, the mean sag potential
across all hyperpolarizing steps was nearly fourfold larger for
medial EC cells (C, » = 65) compared to lateral EC cells recorded
from coronal sections (E #» = 43). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

individual dorsal and ventral lateral EC neurons are shown in
Figures 61,].

We simulated the inverse linear relationship between mem-
brane potential and resonant frequency by constructing a bio-
physical model of layer II medial EC stellate cells. We per-
formed simulations with various holding currents to systemati-
cally test the effect of mean membrane potential on the
resonant frequency. In Figures 7A-D, example voltage and im-
pedance traces are shown for four mean membrane potentials,
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FIGURE 4. Resonant frequency decreases along the D/V axis
of medial EC. (A-F) ZAP stimuli (input not shown) were set to
appropriate amplitudes that ensured subthreshold membrane
potential dynamics. For each recording, the cell’s membrane poten-
tial response is on top, and below is the cell’s impedance as well as
the impedance curve fit to estimate the cell’s resonant frequency
from the peak of the curve. In these figures, each cell was held
with a holding current to a mean membrane potential of —65 mV.
(A—-C) Example recordings from medial EC cells at three different

whereas Figure 7E shows the voltage dependence of the H-cur-
rent channel activation, inverse time constant, and the resonant
frequency. At more hyperpolarized membrane potentials, the
H-current activation and inverse time constant are large, lead-
ing to higher resonant frequencies. As the model cell becomes
more depolarized, activation of the H-current and its inverse
time constant decrease, resulting in lower resonant frequencies.
It is important to note that at membrane potentials between
—55 and —70 mV the simulations gave an approximately lin-
ear relationship with a negative slope. This result is in agree-
ment with what was found experimentally. At more hyperpolar-
ized membrane potentials (—70 to —85 mV) tested in the bio-
physical model, the activation of the H-current approaches its
maximum, causing the resonant frequency to approach an as-
ymptotic level.

We then checked to see if this same phenomenon of
approach to an asymptotic level occurred in vitro, by meas-
uring the resonant frequency at more hyperpolarized levels
(=55 to —80 mV, n = 17) and (=60 to —90 mV, » = 7) in
layer II medial EC cells. The results of these experiments (Figs.
8A-E]I) show that at membrane potentials below —70 mV, the
resonant frequency approaches an asymptotic value, suggesting

D/V depths (A, 3.6 mm; B, 5.0 mm; and C, 6.7 mm from the dor-
sal surface). The resonant frequency decreases as a function of dis-
tance from the dorsal surface of the brain. (D-F) Example record-
ings from lateral EC cells (coronal sections) at three different D/V’
depths (D, 0.555 mm; E, 0.919 mm; and E 1.812 mm from the
rhinal sulcus). Unlike medial EC, cells in lateral EC have resonant
frequencies below 2 Hz, regardless of their M/L position.[Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

saturation to a maximum resonant frequency. Figure 8 also
highlights some other important findings of this study. Con-
trols recorded at different time points 10 min apart show that
the resonant frequency was very stable (Figs. 8A,B) and we
found that the resonant frequency does not show hysteresis
(Figs. 8C-F). We measured the voltage dependence of reso-
nance in four different ways. First, as was performed for all
other cells, the resonant frequency was measured from hyperpo-
larized to depolarized membrane potentials. This was usually
done without returning the membrane potential to rest between
individual holding potentials. However, in cells shown in Fig-
ures 8C,D, we stepped to rest before each step in the depolar-
ized direction. We also reversed the voltage direction in which
we measured the resonant frequency, so as to start at —55 mV
and end at —80 mV. Additionally, we measured the resonant
frequency at randomly chosen voltages. In all cases (n = 14
cells), the voltage direction did not appreciably alter the voltage
dependence of the resonant frequency. To ensure that our
results were not influenced by the use of different amplitudes
of the ZAP stimulus, we held medial EC cells (z = 6) at three
different potentials (=65, —70, and —75 mV) and measured
the resonant frequency with 40, 80, 120, and 200 pA peak-to-

Hippocampus
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FIGURE 5. The medial EC population shows a clear decrease tance from the dorsal surface. However, at membrane potentials

of the resonant frequency along the D/V axis at membrane poten-
tials near resting potential. (A-J) Resonant frequencies, recorded
from horizontal sections, are plotted as a function of D/V distance
according to 2-mV membrane potential bins (A, E —56.5 to
—54.5 mV; B, G, —60.5 to —58.5 mV; C, H, —62.5 to —60.5
mV; D, I, —64.5 to —62.5 mV; and E, J, —70.5 to —68.5 mV).
(A-E) In the membrane potential bins near rest (B-D), the reso-
nant frequency in medial EC cells decreased with increasing dis-

peak amplitude ZAP stimuli at each potential. In all six cells,
we found that the resonant frequency was very similar at a
given potential, regardless of the ZAP amplitude used. Exam-
ples from two cells are shown in Figures 8G,H. The correlation
between the presence of the H-current and the resonant proper-
ties prompted experiments where the H-current blocker,

Hippocampus

away from rest the slopes flattened out (A,E). (F-J) Independent
of membrane potential and position along the D/V axis, lateral EC
cells rarely have resonant frequencies above 2 Hz. (K-O) Similar
to the recordings in horizontal sections, lateral EC cells recorded
from coronal sections rarely have resonant frequencies above 2 Hz,
regardless of D/V position or membrane potential (K, —60.5 to
—58.5 mV; L, —62.5 to —60.5 mV; M, —64.5 to —62.5 mV; N,
—66.5 to —64.5 mV; O, —70.5 to —68.5 mV).

ZD7288, was applied to medial EC cells. These experiments
abolished both the sag potential (data not shown) and the reso-
nant properties (Figs. 9A-C, n = 3) in medial EC cells. In
addition, the firing properties of the medial EC cells became
very similar to those in the lateral EC, and stopped showing
firing of spikes in clusters.
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FIGURE 6. Resonant frequency decreases with membrane
potential depolarization in medial EC. (A-F) ZAP stimuli were set
to appropriate amplitudes that ensured subthreshold membrane
potential dynamics. For each recording, the cell's membrane poten-
tial response is on top, and below is the cell’s impedance as well as
the impedance curve fit to estimate the cell’s resonant frequency
from the peak of the curve. (A—-C) The membrane potential depend-
ence of the resonant frequency is exemplified in three recordings
from a single cell in medial EC, 3.8 mm from the dorsal surface of
the brain. At membrane potentials of —62 mV (A), —67 mV (B),
and —72 mV (C), the resonant frequencies were 3.39, 4.79, and
6.04 Hz, respectively. (D-F) In contrast, three recordings from a lat-
eral EC cell (coronal section) show that at —60 mV (D), —65 mV
(E), and —70 mV (F), the resonant frequency is below 2 Hz. (G,H)

Voltage [mV]

Plots of resonant frequency versus membrane potential are shown
for three individual cells in dorsal medial EC (G, circle, 4 mm; tri-
angle, 3.8 mm; and square, 4.2 mm from dorsal surface) and ven-
tral medial EC (H, circle, 5.8 mm; triangle, 6.5 mm; and square,
6.3 mm from dorsal surface). In cells of the medial EC (G,H), there
is an inverse linear relationship between membrane potential and
resonant frequency. (I]) In contrast, lateral EC cells lack resonant
properties in both dorsal (I, circle, 1.010 mm; triangle, 0.834 mm;
square, 0.621 mm; and diamond. 0.415 mm from the rhinal sulcus)
and ventral lateral EC (J, circle, 1.986 mm; triangle, 1.812 mm;
square, 1.651 mm; and diamond, 1.344 mm from the rhinal sul-
cus). Cells in dorsal medial EC (G) have higher resonant frequen-
cies than in ventral medial EC (H). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 7. Biophysical model of medial EC cells displays rela- biophysical simulations shows that as membrane potential is

tionship between increase in membrane potential and decrease in
resonant frequency. (A-D) Simulated membrane potential trace
(top), impedance, and impedance curve fits (bottom) at four differ-
ent membrane potentials (A, —58.5 mV; B, —65.8 mV; C, —69.6
mV; and D, —76.8 mV). At depolarized membrane potentials close
to threshold, the resonant frequency is decreased compared to the
more hyperpolarized membrane potentials. (E) Summary plot of

We then pooled the medial EC data measuring the resonant
frequency from —55 to —70 mV and from —55 to —80 mV.
The finding of higher resonant frequencies in dorsal medial EC
compared to ventral medial EC still held true (Figs. 10A,B). In
addition, across the population the dorsal cells showed more of
an asymptotic approach to a maximum across membrane
potentials compared to the ventral population. Finally, we
investigated how the slope of resonance versus membrane
potential (Hz/mV) changes for individual cells along the D/V
axis of the medial EC. For all cells (z = 87), we looked at the
slope of resonant frequency versus membrane potential com-
puted across the full range of membrane potentials from —80
to —55 mV (Fig. 10C) and a more limited range from —70 to
—55 mV (Fig. 10D). In both analyses, the difference in slope
of resonance frequency versus membrane potential showed an
apparent negative trend along the D/V axis, but this trend did
not reach statistical significance (Figs. 10C,D).

Hippocampus

hyperpolarized, the resonant frequency increases linearly until sat-
uration occurs with approach to an asymptotic frequency between
—70 and —85 mV. The inverse H-current time constant and acti-
vation both increase as the membrane potential is hyperpolarized,
contributing to the increase in frequency with hyperpolarization.
Abbreviations: a.u., arbitrary units. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION

The physiological results presented here show a systematic
difference in resonance frequency with mean membrane poten-
tial in neurons of the medial EC. This can be described as an
increase in resonance frequency with hyperpolarization or a
decrease in resonance frequency with depolarization. This
change in resonance frequency with mean membrane potential
appears to be linear in the range from —70 to —55 mV, and
shows an asymptotic approach to a maximum frequency at
more hyperpolarized levels. The change in resonance frequency
was tested at anatomical positions along the D/V axis of medial
EC. Consistent with the previous studies (Giocomo et al.,
2007; Giocomo and Hasselmo, 2008a,b; Giocomo and Has-
selmo, 2009; Boehlen et al., 2010), the resonance frequency
shows a gradient from higher frequencies in dorsal neurons to
lower frequencies in ventral neurons, but this gradient primarily



appears at membrane potentials around resting potential. The
gradient does not appear at more hyperpolarized membrane
potentials, potentially owing to the asymptotic approach to a
limiting frequency at more hyperpolarized membrane poten-
tials, as demonstrated in both the experimental data and the
biophysical simulation. The asymptotic approach to a limiting
frequency was suggested by the previous data showing similar
resonance frequencies at —70 and —80 mV (Nolan et al.,
2007).

A recent study reported that as animals mature, cells in the
dorsal medial EC change their frequency preference twofold,
whereas the preference of ventral cells remains relatively
unchanged (Boehlan et al., 2010). As we used animals at ages
(p 17-21) where the network is still developing, cells in dorsal
medial EC would be expected to have greater variability in
their resonant frequencies compared to ventral cells. The com-
bined factors of increased wvariability and the asymptotic
approach to a limiting frequency could be the reasons why the
systematic decrease in resonance frequency along the D/V axis
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was obfuscated at membrane potentials away from rest. The
age of the animals did not affect the linear relationship between
membrane potential voltage and resonant frequency as every
resonant cell showed this relationship, regardless of the age of
the animal.

The data also show a clear difference in resonance properties
of medial versus lateral EC that further supports the proposal
that intrinsic resonance properties of entorhinal neurons contrib-
ute to the spatial periodicity of grid cells, as the distribution of
resonance in medial but not lateral EC shown here is consistent
with the appearance of grid cells in medial EC (Fyhn et al.,
2004; Hafting et al., 2005; Hafting et al., 2008) and the relative
absence of spatial information in the response of neurons in the
lateral EC (Hargreaves et al., 2005; Yoganarasimha et al., 2011).
Our data showing the relative absence of resonance properties in
lateral EC are also consistent with the smaller amplitude of theta
thythm oscillations observed in lateral versus medial EC (Desh-
mukh et al., 2010) and the previous observations on lesser
MPOs in lateral EC (Tahvildari and Alonso, 2005). It should be
noted, however, that given that the majority of our lateral EC
data were recorded from the dorsolateral band, lateral EC cells
in more intermediate and ventral positions could possibly possess
resonance and oscillation properties. This could function as a
possible mechanism to aid frequency-dependent information
flow between the medial EC and the lateral EC. Anatomical
studies have shown that synaptic contacts between medial and
lateral EC are limited, but indeed present (Dolorfo and Amaral,
1998; Rowland et al., 2011).

FIGURE 8. The resonant frequency in medial EC approaches
an asymptotic value at membrane potentials below —70 mV, does
not display hysteresis, and is not affected by the amplitude of the
ZAP stimulus. (A,B) The resonant frequency shown at more hyper-
polarized potentials (=80 to —55 mV, circles) in two different
cells. After 10 min, resonance frequency was measured again (tri-
angles) to test the stability of the resonant frequency. Both exam-
ple cells show no appreciable difference at different times. (C,D)
The resonance frequency was measured from —80 to —55 mV
(circles) and then remeasured with steps to rest before each step to
a more depolarized potential (triangles). (E,F) The resonant fre-
quency was initially measured sequentially from —55 to —80 mV
(circles), and then the order of membrane potentials was switched
to start at —80 and end at —55 mV (triangles). Next, random
membrane potentials were chosen to measure the resonant fre-
quency (squares). Finally, the direction returned to that used ini-
tially, —55 to —80 mV (diamonds). In each case, cells did not ex-
hibit hysteresis. All cells showed a linear relationship between the
membrane potential and the resonant frequency between —55 and
—70 mV that then approached an asymptote at more hyperpolar-
ized membrane potentials. (G,H) The resonant frequency was
measured at —65, —70, and —75 mV using 40 pA (diamonds), 80
pA (squares), 120 pA (triangles), and 200 pA (circles) peak-to-
peak ZAP amplitude stimuli (z = 6). Examples from single cells
are shown (G,H). In all cases, the resonant frequency was very sim-
ilar at a given potential for all ZAP amplitudes tested. (I) To high-
light the asymptotic behavior of the resonant frequency, four
examples (2 = 7) are shown with membrane potentials ranging
from —60 to about —90 mV. Cells were located at 3.8 mm
(squares), 4.6 mm (triangles and diamonds), and 5.0 mm (circles)

from the dorsal surface.

Hippocampus
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FIGURE 9. ZD7288 abolishes resonance properties in medial

EC. (A-C) The resonant frequency was measured in three mem-
brane potential directions (A, B: —55 to —80 mV, circles; —80 to
—55 mV, triangles; random membrane potentials, squares, and C:
—80 to —55 mV, circles; —55 to —80 mV, triangles, and random
membrane potentials, squares) before continuously washing 10 pM
ZD7288 into the bath. The resonant frequency was then measured
after 10 min in ZD7288 in both directions as before. Cell (C) was
also tested using the ZAP stimulus at random mean membrane
potentials. In all cases, the ZD7288 abolished the resonant fre-
quency at all mean membrane potentials tested.

The anatomical distribution of resonance properties is con-
sistent with oscillatory interference models that link intrinsic
frequencies and the generation of grid cells (Burgess et al.,
2007; Hasselmo et al., 2007). Similarly, the important role of
head direction input for grid cell generation in oscillatory inter-
ference models (Burgess et al., 2007; Hasselmo et al., 2007)
and attractor models (Fuhs and Touretzky, 2006; McNaughton
et al., 2006; Gaussier et al., 2007; Guanella et al., 2007; Burak
and Fiete, 2009) is also consistent with the selective anatomical
input from the dorsal presubiculum to the medial but not the
lateral EC (Witter et al., 1989; Witter and Moser, 2006). The
dorsal presubiculum (postsubiculum) providing this input
shows strong head direction response properties (Taube et al.,
1990; Taube and Bassett, 2003; Brandon et al., 2011a) as well
as intrinsic properties that could assist in persistence of head
direction coding (Yoshida and Hasselmo, 2009).

How does resonance underlie the spatial periodicity of grid
cells? Early models focused on the fact that the same intrinsic

Hippocampus

properties that generate resonance also generate MPOs, and
used oscillatory interference between MPOs within single neu-
rons. But as described in the Introduction section, models
using MPOs have problems with the variance of MPO periods
(Welinder et al., 2008; Giocomo and Hasselmo, 2008a; Zilli
et al., 2009), with the synchronization properties of MPOs
(Remme et al., 2009), and with the lack of linear changes in
MPO frequency with membrane potential (Yoshida et al,
2011), though it is possible that high density of H-current in
distal dendrites allows more local interference interactions
(Magee, 1998).

As an alternative, our data show that the resonance proper-
ties of neurons provide an intrinsic frequency that changes in a
linear manner for membrane potentials between —70 and —55
mV. This resonance may contribute to local circuit oscillations
involving interactions of populations of excitatory cells, or
interactions of excitatory cells with inhibitory cells (Zilli and
Hasselmo, 2010). Neurons responsive to running speed (Sharp,
1996; O’Keefe et al., 1998) and head direction (Taube et al.,
1990; Taube and Bassett, 2003; Sargolini et al., 2006) might
depolarize membrane potential and thereby shift the frequency
of local circuit interactions that generate grid cell periodicity.
Note that the oscillatory interference models of grid cells work
just as well with both a positive and a negative slope of fre-
quency to velocity (Giocomo and Hasselmo, 2008a), as long as
the difference in frequencies shows a linear relationship with
running velocity. A linear relationship between resonance fre-
quency and depolarization appears between —70 and —55 mV
in the data presented here. This means that the difference in
resonant frequency between neurons would change linearly
with changes in membrane potential in this range. In fact, the
nonlinear relationship of frequency to membrane potential
found when extending to membrane potentials below —70 mV
in the data presented here could be compensated by a nonlin-
ear change in input with velocity (Zilli and Hasselmo, 2010).

The resonance properties of excitatory cells might interact
with a theta rhythmic input to interneurons in the EC from
the medial septum (Alonso and Kohler, 1984). This is consist-
ent with the recent data showing that reduction of theta
thythm oscillations in the EC by pharmacological inactivation
of the medial septum is associated with a loss of spatial perio-
dicity in grid cells (Brandon et al., 2011b; Koenig et al.,
2011), but with maintenance of head direction responses
(Brandon et al., 2011b) and place cell responses (Koenig et al.,
2011). Interactions of the resonance frequency with a network
theta rhythm oscillation could also underlie the phenomenon
of theta cycle skipping that appears in the many medial ento-
rhinal neurons (Deshmukh et al., 2010), and is reduced during
infusions of muscimol into the medial septum (Brandon et al.,
2011b).

The data do not show a significant difference in slope of res-
onance frequency to membrane potential at different D/V posi-
tions. A difference in slope would be interesting as differences
in the properties of resonance frequency at different D/V posi-
tions (Giocomo et al., 2007; Boehlen et al., 2010) could
underlie the difference in both spacing and size of grid cell
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FIGURE 10. Population data showing resonant frequencies at
all membrane potentials in dorsal medial EC compared to ventral
EC. (A,B) Cells in the dorsal medial EC (A, » = 48) show higher
frequencies compared to ventral medial EC cells (B, z = 31) and a
clearer approach to an asymptotic frequency. (C,D) The slope of
resonant frequency as a function of membrane potential is plotted

firing fields along the D/V axis. The change in spacing and size
of grid cell firing fields observed in association with the novelty
of environments (Barry et al., 2008) could arise from novelty-
induced changes in acetylcholine levels in cortical structures
(Acquas et al., 1996) that activate muscarinic receptors to
change the resonance frequency of stellate cells in medial EC
(Heys et al., 2010).

In the oscillatory interference models, the lack of reso-
nance properties in lateral entorhinal neurons would result
in a lack of spatial periodicity of these neuron responses.
The oscillatory interference models provide a clear link
between the intrinsic properties of neurons and the func-
tional grid cell firing properties, including properties of theta
phase precession by grid cells (Burgess, 2008; Hafting et al.,
2008) and the dependence of intrinsic frequency of grid cells
on running speed and size of grid fields (Jeewajee et al.,
2008). This link is less apparent in other models of grid
cells, such as the attractor dynamic models that depend on
patterns of synaptic connectivity rather than the intrinsic
properties of neurons (Fuhs and Touretzky, 2006; McNaugh-
ton et al., 2006; Burak and Fiete, 2009). However, recent
models combine attractor dynamics with intrinsic properties
such as the medium AHP (Storm, 1989) to account for fea-
tures of grid cells such as theta phase precession (Navratilova
et al., 2011). Another type of model uses intrinsic properties
to generate grid cell responses via self-organization of affer-
ent input (Kropff and Treves, 2008).

The nonspatial properties of lateral entorhinal neurons has
led to proposals that they play a role in the coding of objects
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for individual cells based on their distance from the dorsal surface.
The slope of resonant frequencies against membrane potential was
calculated for the full data from —55 to —80 mV (C) or for a
smaller range from —55 to —70 mV (D), showing no significant
difference along the D/V axis of the EC.

or items to be associated with the spatial or temporal context
coded by medial EC (Hargreaves et al., 2005; Witter and
Moser, 2006; Eichenbaum and Lipton, 2008). In this frame-
work, a spatiotemporal trajectory may be encoded by interac-
tions of the medial EC and hippocampus, and associations
with events or items at specific spatiotemporal positions along
the trajectory could involve interactions of neurons in the
medial EC coding space and time with neurons in the lateral
EC coding items and objects associated with specific events

(Hasselmo, 2009).
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