
Neurobiology of Disease

Recurrent Circuits in Layer II of Medial Entorhinal Cortex in
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Patients and laboratory animal models of temporal lobe epilepsy display loss of layer III pyramidal neurons in medial entorhinal cortex
and hyperexcitability and hypersynchrony of less vulnerable layer II stellate cells. We sought to test the hypothesis that loss of layer III
pyramidal neurons triggers synaptic reorganization and formation of recurrent, excitatory synapses among layer II stellate cells in
epileptic pilocarpine-treated rats. Laser-scanning photo-uncaging of glutamate focally activated neurons in layer II while excitatory
synaptic responses were recorded in stellate cells. Photostimulation revealed previously unidentified, functional, recurrent, excitatory
synapses between layer II stellate cells in control animals. Contrary to the hypothesis, however, control and epileptic rats displayed
similar levels of recurrent excitation. Recently, hyperexcitability of layer II stellate cells has been attributed, at least in part, to loss of
GABAergic interneurons and inhibitory synaptic input. To evaluate recurrent inhibitory circuits in layer II, we focally photostimulated
interneurons while recording inhibitory synaptic responses in stellate cells. IPSCs were evoked more than five times more frequently in
slices from control versus epileptic animals. These findings suggest that in this model of temporal lobe epilepsy, reduced recurrent
inhibition contributes to layer II stellate cell hyperexcitability and hypersynchrony, but increased recurrent excitation does not.

Key words: temporal lobe epilepsy; entorhinal cortex; glutamate photo-uncaging; recurrent excitation; recurrent inhibition; stellate cell

Introduction
Temporal lobe epilepsy is the most common type of epilepsy in
adults (Engel et al., 1997), and clinical evidence suggests that
entorhinal cortex is involved. Spontaneous seizures have been
recorded in the entorhinal cortex of patients with temporal lobe
epilepsy (Spencer and Spencer, 1994; Bartolomei et al., 2005).
Stimulation of the entorhinal cortex evokes responses in the hip-
pocampus that resemble spontaneous interictal spikes (Rutecki
et al., 1989; Wilson et al., 1990). Magnetic resonance imaging
studies show that the entorhinal cortex is smaller in patients with
temporal lobe epilepsy (Bernasconi et al., 1999; Jutila et al., 2001),
and patients display preferential loss of layer III neurons in the
medial entorhinal cortex (Du et al., 1993; Yilmazer-Hanke et al.,
2000) (but see Dawodu and Thom, 2005). Similar patterns of
neuron loss occur in laboratory animal models of temporal lobe
epilepsy (Schwob et al., 1980; Clifford et al., 1987; Du et al., 1995;
Ribak et al., 1998). These findings suggest that the medial ento-
rhinal cortex may contribute to initiation of seizure activity and
its propagation into the hippocampus. One potential route is
from surviving layer III neurons via the temporoammonic path-
way (Wozny et al., 2005; Ang et al., 2006). Another possibility is
the perforant path, which consists of axon projections from layer
II stellate cells.

Layer II stellate cells in the entorhinal cortex are the major
source of excitatory, synaptic input to the dentate gyrus (Segal
and Landis, 1974; Steward and Scoville, 1976). In animal models
of temporal lobe epilepsy, stellate cells display prolonged excita-
tory synaptic responses when stimulated (Bear et al., 1996;
Scharfman et al., 1998; Tolner et al., 2005) and generate excessive,
spontaneous, hypersynchronous input to dentate granule cells
(Buckmaster and Dudek, 1997; Kobayashi et al., 2003). Hyperex-
citability of layer II stellate cells in epileptic pilocarpine-treated
rats has been attributed, at least in part, to loss of GABAergic
synaptic input (Kumar and Buckmaster, 2006).

Synaptic reorganization is another potential mechanism of
hyperexcitability of layer II stellate cells. Many types of neurons
display aberrant axon sprouting and synaptogenesis in epilepsy
models (Nadler et al., 1980; Salin et al., 1995; Perez et al., 1996;
McKinney et al., 1997), raising the possibility of recurrent exci-
tatory synapses in the entorhinal cortex in patients and models of
temporal lobe epilepsy. Analogous to loss of hilar neurons and
sprouting of granule cell axons in the dentate gyrus (Nadler et al.,
1980), loss of layer III neurons in the medial entorhinal cortex,
which normally projects axons superficially (Köhler, 1986) and
synapses with dendritic spines (Germroth et al., 1991), might
trigger or permit development of aberrant recurrent excitatory
synapses among layer II stellate cells. In control animals, layer II
stellate cells project axon collaterals to layers I and II (Lingenhöhl
and Finch, 1991; Buckmaster et al., 2004) where they might syn-
apse with and excite neighboring stellate cells (Biella et al., 2002).
Simultaneous recordings from pairs of layer II stellate cells in
control rats, however, did not reveal recurrent excitatory syn-
apses (Dhillon and Jones, 2000).

To evaluate recurrent excitatory and inhibitory circuits in the
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medial entorhinal cortex of epileptic pilocarpine-treated rats, we
used laser-scanning photo-uncaging of glutamate to focally stim-
ulate neurons in layer II while recording responses in stellate cells.
We asked whether functional recurrent excitatory circuits are
normally present in control rats and whether epileptic rats dis-
play enhanced recurrent excitation (see Fig. 1A). Spontaneous
inhibitory synaptic input to layer II stellate cells is reduced in
epileptic rats (Kumar and Buckmaster, 2006); however, evoked
inhibitory synaptic potentials are reported to be normal (Bear et
al., 1996). To address this issue, we evaluated photostimulation-
evoked inhibitory responses of stellate cells in control and epilep-
tic rats.

Materials and Methods
Animals. All experiments were performed in accordance with National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Stanford University Institutional Animal Care and
Use Committee. Male Sprague Dawley rats (41– 42 d of age) were treated
with pilocarpine as described previously (Buckmaster, 2004). Briefly,
pilocarpine was administered (380 mg/kg, i.p.) 20 min after atropine
methylbromide (5 mg/kg, i.p.). Diazepam (10 mg/kg, i.p.) was adminis-
tered 2 h after the onset of status epilepticus and repeated as needed.
Beginning 1 week after pilocarpine treatment, rats were video-monitored
(40 h/week) for spontaneous motor seizures. Epileptic rats (n � 6) were
used for slice experiments 19 – 81 d after pilocarpine treatment by which
time at least two spontaneous seizures had been observed. Control rats
(n � 7) were treated identically but did not experience status epilepticus
and were never observed to have spontaneous seizures. The age at the
time of slice experiment was similar in control and epileptic groups (82 �
12 and 93 � 10 d, respectively; p � 0.5).

Slice preparation and electrophysiology. Rats were deeply anesthetized
with urethane (1.5 g/kg, i.p.) and decapitated, and horizontal slices (350
�m) were prepared with a microslicer (VT1000S; Leica, Nussloch, Ger-
many) in a chilled (4°C) low-Ca 2�, low-Na � solution containing the
following (in mM): 230 sucrose, 10 D-glucose, 26 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 10 MgSO4, and 0.5 CaCl2 equilibrated with a 95% and 5%
mixture of O2 and CO2. Slices were allowed to equilibrate in oxygenated
artificial CSF (aCSF) (in mM: 126 NaCl, 26 NaHCO3, 3 KCl, 1.25
NaH2PO4, 2 MgSO4, 2 CaCl2, and 10 D-glucose, pH 7.4) first at 32°C for
1 h and subsequently at room temperature before being transferred to the
recording chamber. Typical recordings lasted 25–30 min per slice and
approximately five cells were recorded from each animal.

Recording electrodes were pulled from borosilicate glass tubing (1.5
mm outer diameter) and had impedances of 4 –7 M� when filled with
internal solution for voltage-clamp recordings, which contained the fol-
lowing (in mM): 130 Cs-gluconate, 5 CsCl, 11 EGTA, 1 CaCl2, 2 MgCl2,
10 HEPES, 2 Na2ATP, 0.5 NaGTP, and 0.5% biocytin. Inclusion of 11 mM

EGTA in the recording pipette blocks depolarization-induced suppres-
sion of inhibition (Lenz and Alger, 1999). Therefore, it is unlikely that
IPSCs recorded at 0 mV holding potential were biased toward
cannabinoid-insensitive events. For current-clamp recordings, internal
solution contained the following (in mM): 95 K-gluconate, 40 KCl, 5
EGTA, 0.2 CaCl2, 10 HEPES, and 0.5% biocytin. Osmolarity of internal
solutions was adjusted to 285–295 mOsm and pH to 7.3 with 1 M KOH or
CsOH. Slices were transferred to a recording chamber where they were
minimally submerged in high divalent cation aCSF (oxygenated in 95%
O2 and 5% CO2) containing the following (in mM): 121 NaCl, 2.5 KCl,
1.25 NaH2PO4, 4 CaCl2, 4 MgSO4, 26 NaHCO3, and 10 glucose. High
concentrations of divalent cations were used to prevent polysynaptic
recurrent excitation (Prince and Tseng, 1993; Lynch and Sutula, 2000;
Shepherd et al., 2003), and 10 �M 2-amino-5-phosphonovaleric acid was
added to block NMDA receptor-dependent events (Jin et al., 2006), in-
cluding those generated by glutamate release from glia (Angulo et al.,
2004; Fellin et al., 2004).

Recordings were obtained at room temperature (22–23°C) from visu-
ally identified layer II stellate cells in medial entorhinal cortex under
Nomarski optics with a 63� water-immersion lens and infrared video
microscopy (Zeiss Axioskop; Zeiss, Oberkochen, Germany). Recordings

were obtained with an Axopatch 200A amplifier and pClamp software
(Molecular Devices, Union City, CA), filtered at 2 kHz (10 kHz for cur-
rent clamp), digitized at 10 –20 kHz, and stored digitally. Series resistance
was monitored continuously, and those cells in which this parameter
changed by �30% were rejected. Access resistance was similar in control
and epileptic groups (24 � 2 and 24 � 2 M�, control and epileptic; n �
26 and 30, respectively; p � 0.7, t test). Spontaneous and evoked postsyn-
aptic current (PSC) data were analyzed using Mini Analysis (Synaptosoft,
Decatur, GA). Threshold for event detection was set at three times root
mean square noise level. Average root mean square noise levels were
similar in control and epileptic groups (1.4 � 0.1, 1.4 � 0.1 pA; p � 0.9,
t test). Software-detected events were visually verified, and their fre-
quency and amplitude were measured. These parameters could be mea-
sured accurately despite the presence of overlapping events. EPSC re-
cordings were obtained at a holding potential of �70 mV and IPSC
recordings at 0 mV. EPSCs were recorded without pharmacologically
blocking GABAA receptor-mediated events to facilitate obtaining both
EPSC and IPSC data from each recorded stellate cell. The chloride equi-
librium potential calculated using the Nernst equation was �64 mV, and
thus driving force for IPSCs was negligible at the holding potential used
for EPSC recordings. Average widths at half-maximum amplitude for
evoked EPSCs (6.1 � 0.2 ms) were smaller than those for evoked IPSCs
(15.8 � 0.2 ms; p � 0.0001, t test) (Table 1), suggesting distinct popula-
tions of responses and minimal contamination between the two types of
events. Before collecting photostimulus-evoked responses, spontaneous
activity was recorded for at least 1 min.

Photolysis of caged glutamate. Glutamate uncaging was performed as
described previously (Deleuze and Huguenard, 2006; Jin el. al., 2006).
Briefly, a frequency-tripled Nd:YVO4 laser (Series 3500 pulsed laser, 100
kHz repetition rate; DPSS Lasers, San Jose, CA) was interfaced with an
upright microscope through its epifluorescence port via several mirrors
and lenses. Movement of the laser beam was controlled precisely with
mirror galvanometers (model 6210; Cambridge Technology, Cam-
bridge, MA), and it was triggered by scanning and data acquisition soft-
ware (developed by J. R. Huguenard, Stanford University, Stanford, CA),
which also registered recorded soma position with respect to stimulation
sites. Caged glutamate (methyl 1-[5-(4-amino-4-carboxybutanoyl)]-7-
nitroindoline-5-acetate; Sigma, St. Louis, MO) (100 �M) was added to 20
ml of recirculating high divalent cation aCSF at the beginning of each
experiment. Focal photolysis of caged glutamate was accomplished by
switching the UV laser to give a 400 – 800 �s light stimulus through a 5�
objective. To activate neurons in layer II of medial entorhinal cortex, a
horizontally oriented grid 600 –1200 �m along the mediolateral axis and
180 –240 �m along the pial-white matter axis was used. Spacing between
adjacent rows and columns of the grid was set to 50 �m, yielding grids

Table 1. Layer II stellate cell spontaneous postsynaptic currents and synaptic
responses to focal photo-uncaging of glutamate in layer II medial entorhinal
cortex of control and epileptic rats

Control Epileptic

EPSCs
n (cells) 26 30
Spontaneous amplitude (pA) 8.3 � 0.8 9.5 � 0.6
Spontaneous frequency (Hz) 3.6 � 0.6 3.9 � 0.7
Number of sites stimulated per cell 85 � 4 88 � 5
Percentage of responding sites 19 � 2 19 � 3
Mean individual amplitude (pA) 15 � 1 14 � 2
Half-width (ms) 6.1 � 0.2 6.0 � 0.2

IPSCs
n (cells) 15 19
Spontaneous amplitude (pA) 30 � 3 28 � 2
Spontaneous frequency (Hz) 0.10 � 0.02 0.10 � 0.04
Number of sites stimulated per cell 88 � 5 90 � 6
Percentage of responding sites 14 � 4 2 � 1**
Mean individual amplitude (pA) 98 � 14 62 � 15
Half-width (ms) 15.8 � 0.2 n/d

Values represent mean � SEM **p � 0.005, t test. n/d, Not determined, because the number of events was
insufficient for reliable analysis.
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with four to five rows and 13–24 columns. A pseudorandom stimulus
sequence pattern with 1 s interstimulus interval was used. Repeated
photo-uncaging at a given site evoked similar responses in recorded cells,
and repeated photostimulation of the same region resulted in similar
maps of synaptic input (supplemental Fig. 1 B–D, available at www.jneu-
rosci.org as supplemental material).

Data analysis. Photo-uncaging of glutamate can evoke direct re-
sponses, synaptic responses, or combinations of both (see Fig. 1 B). Di-
rect responses recorded in voltage-clamp mode peaked within 10 ms of
photostimulation. However, current-clamp recordings revealed action
potentials evoked as late as 100 ms after photostimulation (supplemental
Fig. 1a, available at www.jneurosci.org as supplemental material), al-
though most (	80%) occurred within the first 10 –30 ms. A measure-
ment window of 100 ms duration (10 –110 ms after photostimulation)
was used for IPSCs, because the frequency of spontaneous IPSCs was
quite low (Table 1); therefore, the relatively long measurement window
would capture responses generated by late action potentials with mini-
mal risk of including spontaneous events. The frequency of spontaneous
EPSCs, in contrast, was higher (Table 1), and a shorter (20 ms) measure-
ment window (10 –30 ms after photostimulation) was used to reduce the
effects of spontaneous events.

We evaluated several parameters to quantify characteristics of synaptic
connectivity (Deleuze and Huguenard, 2006; Jin et al., 2006). Photo-
stimulation sites were identified as responding if at least one postsynaptic
current was detected within the measurement window. Percentages of
responding sites were computed and plotted with respect to the medio-
lateral axis by averaging values for each column of stimulus sites. Com-
posite amplitude was defined as the sum of peak amplitudes of all de-
tected synaptic events during the measurement window. To evaluate the
strength and mediolateral distribution of PSCs, the sum of all composite
amplitudes within a given column of stimulus sites along the mediolat-
eral axis was divided by the total number of stimulus sites within the
column. The number of PSCs that occurred during the measurement
window at each stimulus site was recorded. Mean individual PSC ampli-
tude was obtained by dividing composite amplitude by the number of
PSCs.

The probability of spontaneous IPSCs occurring during a measure-
ment window is low (Table 1) because of their low frequency in high
divalent cation aCSF (McLean et al., 1996). Spontaneous EPSCs were
�80 times more frequent. Therefore, EPSC values obtained from mea-
surement windows were adjusted by subtracting expected spontaneous
events based on the frequency and amplitude of spontaneous EPSCs
recorded for each cell before photostimulation. To further evaluate the
effects of spontaneous EPSCs on evoked responses, we analyzed 20 ms
epochs preceding each photostimulus (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). Maps based on spontane-
ous EPSCs displayed few, if any, sites with composite amplitudes �25
pA. In contrast, maps of evoked EPSCs included multiple sites with com-
posite amplitudes �25 pA in both control and epileptic rats. These find-
ings indicate most larger events that occurred during measurement win-
dows were evoked by photostimulation.

Neuronal-specific nuclear protein-biocytin immunohistochemistry. To
visualize biocytin-labeled neurons after recording, slices were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) at 4°C for at least 24 h.
After fixation, slices were stored in 30% ethylene glycol and 25% glycerol
in 50 mM PB at �20°C before being processed using a whole-mount
protocol with counterstaining by neuronal-specific nuclear protein
(NeuN) immunoreactivity. Slices were rinsed in 0.5% Triton X-100 and
0.1 M glycine in 0.1 M PB and then placed in a blocking solution contain-
ing 0.5% Triton X-100, 2% goat serum (Vector Laboratories, Burlin-
game, CA), and 2% bovine serum albumin in 0.1 M PB for 4 h. Slices were
incubated in mouse anti-NeuN serum (1:1000; MAB377; Chemicon,
Temecula, CA) in blocking solution overnight. After a rinsing step, slices
were incubated with Alexa 594 streptavidin (5 �g/ml) and Alexa 488 goat
anti-mouse (10 �g/ml; Invitrogen, Eugene, OR) in blocking solution
overnight. Slices were rinsed, mounted on slides, and coverslipped with
Vectashield (Vector Laboratories) before being examined with a confocal
microscope (LSM 5 Pascal; Zeiss). Layer II stellate cells were morpholog-

ically identified by their soma position in layer II, stellate pattern of
dendritic projections, and spiny dendrites (Buckmaster et al., 2004).

All statistical values are presented as mean � SEM. Statistical differ-
ences were measured using unpaired Student’s t test or ANOVA.

Results
Layer II stellate cell responses to focal
glutamate photo-uncaging
Laser-scanning photo-uncaging of glutamate in layer II medial
entorhinal cortex evoked direct, synaptic, and mixed responses in
stellate cells (Fig. 1B,C). Direct responses are generated when
uncaged glutamate binds receptors on recorded cells, and synap-
tic responses are generated when uncaged glutamate evokes at
least one action potential in a neuron that synapses with recorded
cells (Callaway and Katz, 1993). Latencies of direct responses
recorded in voltage-clamp mode were short, �10 ms, and their
amplitudes reached 500 pA. Synaptic responses occurred at
longer latencies, and their individual amplitudes were 5–56 and
26 –274 pA for EPSCs and IPSCs, respectively.

Similar direct responses of entorhinal cortical neurons to
photostimulation in control and epileptic animals
Current-clamp recording was used to evaluate responses of layer
II stellate cells in slices from control and epileptic rats (n � 10 and
8 cells, respectively) (Fig. 2A–C). These experiments used grids of
photostimulation sites 400 �m along the mediolateral axis and
350 �m along the pial-white matter axis at 50 �m center-to-
center spacing with recorded cells near grid center. Photostimu-
lation evoked depolarizations that sometimes triggered one and
rarely more action potentials. Photostimulation sites that evoked
action potentials (“hotspots”) tended to be near recorded so-
mata. Average maps of action potential-evoking stimulation sites
were similar in control and epileptic rats (Fig. 2B). Control and
epileptic animals displayed similar average numbers of action
potentials evoked per photostimulation map, hotspots per map,
and action potentials per hotspot (Fig. 2C). Furthermore, mean
distances of hotspots from recorded somata were similar in con-
trol and epileptic animals (Fig. 2C). These findings indicate that
photostimulation of layer II stellate cells in medial entorhinal
cortex evoked similar direct responses in control and epileptic
animals. Therefore, any observed differences between control
and epileptic rats in excitatory synaptic responses are unlikely to
be attributable to differences in responsiveness of photostimu-
lated presynaptic neurons.

To evaluate recurrent circuits in layer II, photostimulation
was confined to that layer. Apical dendrites of neurons in deeper
layers, however, extend through layer II. We tested whether pho-
tostimulation of apical dendrites in layer II evokes action poten-
tials in layer III pyramidal cells in slices from control and epileptic
rats (n � 8 cells in each group) (Fig. 2D). These experiments used
grids of photostimulation sites up to 500 �m along the mediolat-
eral axis and 500 �m along the pial-white matter axis at 50 �m
center-to-center spacing with recorded layer III pyramidal cells
near grid center. The overlying layer II was stimulated in a grid
pattern up to 1100 �m along the mediolateral axis and up to 500
�m along the pial-white matter axis at 50 �m center-to-center
spacing. Photostimulation close to recorded somata in layer III
evoked action potentials in all cells. In contrast, photostimulation
in layer II overlying the same recorded layer III pyramidal cells
never evoked action potentials. These findings suggest that syn-
aptic responses evoked by photostimulation in layer II are not
caused by activation of neurons in deeper layers.
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Similar recurrent excitatory circuits in layer II of control and
epileptic animals
To evaluate recurrent excitatory circuits, stellate cells were volt-
age clamped at �70 mV, and layer II was randomly and system-
atically photostimulated in a grid pattern up to 1200 �m along
the mediolateral axis and 200 –250 �m along the pial-white mat-
ter axis at 50 �m center-to-center spacing with recorded stellate
cells near grid center (Fig. 3A). In slices from control rats, synap-
tic responses were evoked in 19 � 2% of photostimulation sites in

Figure 1. Laser-scanning photostimulation in layer II of medial entorhinal cortex in brain
slices from control and epileptic rats uncages glutamate and evokes direct and synaptic re-
sponses. A, Questions addressed in this study: (1) do layer II stellate cells form recurrent excita-
tory synapses in control tissue? (2) do these neurons sprout axon collaterals and develop novel
recurrent excitatory synapses in epileptic animals? and (3) is recurrent inhibitory synaptic input
onto stellate cells from GABAergic interneurons in layer II diminished in epileptic animals?
Laser-scanning photostimulation in layer II (L-II; gray area) activated stellate cells and inhibi-
tory interneurons while responses were recorded in stellate cells. In this study, the term “recur-
rent inhibition” does not specify whether the activated interneurons receive synaptic input from
the stellate cells in which IPSCs are recorded. B1, Overlay of typical responses recorded in a
stellate cell evoked by pseudorandom and systematic uncaging of glutamate by flash photolysis
in layer II (L II). In this and subsequent figures, recorded soma position is indicated by H. The
recorded neuron in layer II medial entorhinal cortex was visualized using a microscope equipped
with infrared optics (R, recording electrode). B2, Enlargement of some traces from B1 reveals
four types of photostimulation-evoked responses: a, direct; b, synaptic; c, mixed; d, no re-
sponse. Direct responses recorded in voltage-clamp mode (holding voltage, �70 mV) peaked
within 10 ms of photostimulation. Events that peaked during a measurement window 10 –30
ms after photostimulation (between blue dotted lines) were identified as potential excitatory
synaptic responses. C, Glutamate photo-uncaging maps of direct (top) and synaptic (bottom)
responses of cell shown in B. Direct responses are expressed as peak amplitudes occurring
within 10 ms of photostimulation. Synaptic responses are expressed as composite EPSC ampli-
tudes occurring 10 –30 ms after photostimulation.

Figure 2. Direct responses recorded in current-clamp mode of entorhinal cortical neurons to
glutamate photo-uncaging are similar in control and epileptic animals. A, Responses of layer II
stellate cells in control and epileptic animals to photostimulation. B, Color-coded maps depict
average number of action potentials evoked at each stimulation site in 10 cells from control and
eight cells from epileptic animals (left and right panels, respectively). C, Quantitative compari-
son of action potential maps from control and epileptic animals. Hotspots are stimulation sites
that evoke an action potential. D, Control experiment to evaluate specificity of layer II photo-
stimulation. Current-clamp recordings were obtained from a layer III pyramidal cell (H). Pho-
tostimulation maps indicate number of action potentials evoked. Stimulation near the recorded
soma in layer III (L III) evoked action potentials, whereas stimulation in overlying layer II (L II) did
not. Overlapping stimulation maps are indicated by filled and open dotted circles. r, Recording
electrode.
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layer II, suggesting that stellate cells in medial entorhinal cortex
are interconnected within a recurrent excitatory network. Per-
centages of photostimulation sites that evoked synaptic responses
were plotted with respect to mediolateral distance from recorded
stellate cells (Fig. 4A). Within a span of 	900 �m, proportions of
responding sites remained relatively constant and then decre-
mented at greater distances. Average individual EPSC amplitude
at responding sites was 15 � 1 pA. Average composite EPSC
amplitudes tended to peak at photostimulation sites near re-
corded somata and declined with mediolateral distance (Fig. 4C).

The same photostimulation protocol was used to evaluate re-
current excitatory circuits of stellate cells in epileptic rats. Aver-
age number of photostimulation sites tested per stellate cell and
percentage of responding sites were similar to controls (Table 1).
The percentage of responding sites along the mediolateral extent

of layer II was not significantly different
from controls ( p � 0.17; ANOVA) (Fig.
4A). The average amplitude of individual
evoked EPSCs was similar to that of con-
trols (Table 1). The mediolateral extent of
average composite EPSC amplitude was
similar to controls ( p � 0.5; ANOVA)
(Fig. 4C). Together, these findings reveal
similar recurrent excitatory circuits
among layer II stellate cells in control and
epileptic rats.

Reduced recurrent inhibitory circuits in
epileptic animals
In a subset of stellate cells used to obtain
EPSC data, the same photostimulation
protocol was used to evaluate recurrent
inhibitory circuits in layer II, except re-
cordings were obtained at a holding po-
tential of 0 mV to minimize EPSCs and
enhance detectability of IPSCs (Fig. 3B).
In control rats, IPSCs were evoked in 14 �
4% of tested sites. The percentage of IPSC-
responding sites was greatest near re-
corded somata and declined relatively
symmetrically along the mediolateral axis
(Fig. 4B). The mean amplitude of individ-
ual evoked IPSCs at responding sites was
98 � 14 pA, and average composite IPSC
amplitude was largest at photostimulation
sites near recorded somata and declined
relatively symmetrically with mediolateral
distance (Fig. 4D).

In epileptic rats, photostimulation
maps revealed far fewer IPSC-evoking
sites (Fig. 3B). IPSCs were evoked in 2 �
1% of tested sites, which was only 17% of
controls ( p � 0.005; t test). The plot of
percentage of responding sites along the
mediolateral axis was relatively flat and
less than control values ( p � 0.005;
ANOVA) (Fig. 4B). Mean individual IPSC
amplitude was 63% of controls, but the
difference was not significant ( p � 0.1; t
test) (Table 1). Average composite IPSC am-
plitude in epileptic rats was relatively flat
along the mediolateral axis and less than
control values ( p � 0.0005; ANOVA).

Discussion
This study used laser-scanning photostimulation to evaluate re-
current circuits in layer II of medial entorhinal cortex in slices
from control and epileptic pilocarpine-treated rats. The principal
findings provide evidence for recurrent excitation among stellate
cells in controls, similar levels of recurrent excitation among stel-
late cells in control and epileptic rats, and reduced recurrent in-
hibition of stellate cells in epileptic animals.

Recurrent excitation among layer II stellate cells in medial
entorhinal cortex
Principal cells in layer II medial entorhinal cortex project primary
axons to the middle molecular layer of the dentate gyrus (Stew-
ard, 1976). Within the entorhinal cortex, primary axons give rise

Figure 3. Recurrent circuits in layer II of medial entorhinal cortex in control and epileptic animals evaluated with laser-scanning
photostimulation. A, Maps depict composite amplitudes of EPSCs (holding potential, �70 mV) occurring in measurement win-
dows 10 –30 ms after photostimulation. Traces under maps are typical responses, and corresponding photostimulation sites are
indicated by filled yellow circles. B, Maps from the same cells showing composite amplitudes of IPSCs (holding potential, 0 mV)
occurring in measurement windows 10 –110 ms after photostimulation. Traces under maps are typical responses. C, Neurons from
which data in A and B were obtained (red, biocytin; green, NeuN immunoreactivity; L I-II, layers I-II). The yellow arrowhead
indicates a cell from epileptic rat whose responses are shown above.
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to collaterals that extend long distances, spanning �1 mm, in
layers I and II where stellate cell dendrites are located (Lingen-
höhl and Finch, 1991; Buckmaster et al., 2004). The arborization
of their axon collaterals suggests stellate cells might normally
form an associative network. However, recurrent excitatory syn-
apses between layer II neurons were undetectable by dual intra-
cellular recording (Dhillon and Jones, 2000). Although paired
recordings are the most direct approach for evaluating monosyn-
aptic connectivity, they are laborious, which limits numbers of
possible connections that can be tested. Sensitive, whole-cell,
voltage-clamp recording with photostimulation is efficient and
has been used successfully to detect and evaluate recurrent exci-
tatory circuits in other brain regions (Molnár and Nadler, 1999;
Sawatari and Callaway, 2000; Shao and Dudek, 2004; Jin et al.,
2006). Using this approach, we found synaptic events generated
by photostimulation sites in layer II of medial entorhinal cortex
�500 �m from recorded stellate cells.

Control experiments were performed to evaluate direct re-
sponses of entorhinal neurons to photostimulation. Although
layer II stellate cells are hyperexcitable in rat models of temporal
lobe epilepsy, the hyperexcitability does not appear to be attrib-
utable to changes in intrinsic electrophysiological properties
(Bear et al., 1996; Kobayashi et al., 2003). Results of the present
study are consistent with these previous results, because direct
responses of layer II stellate cells were similar in control and
epileptic rats. Neurons in deeper layers of entorhinal cortex, how-
ever, display epilepsy-related enhancement of persistent sodium
currents (Agrawal et al., 2003) and reduction of h-current (Shah
et al., 2004), which might make them more responsive to gluta-
mate uncaging in the vicinity of their apical dendrites in layer II.
Therefore, we compared responses of layer III neurons to photo-
stimulation in overlying layer II of control and epileptic rats.
Layer II photostimulation was not observed to evoke action po-
tentials in deeper neurons, and this was unlikely to be a con-
founding variable in our experiments. Thus, layer II photostimu-
lation data are consistent with previous anatomical evidence and
suggest that stellate cells are interconnected by an associative net-

work, which might contribute to memory function of hippocam-
pal formation (Marr, 1971; Hafting et al., 2005).

EPSC responses to layer II photostimulation were measured
with several parameters, and results of control and epileptic
groups were similar. No significant differences were found in
mean individual EPSC amplitude, percentage of responding sites,
or average composite EPSC amplitude. Both groups displayed
responding sites across a span of 	1 mm along the mediolateral
axis. Average composite EPSC amplitude peaked close to re-
corded somata and decreased with mediolateral distance. These
findings suggest that within � 500 �m mediolaterally, layer II
stellate cells are interconnected, and closer cells make stronger
synaptic connections than cells farther away. It is unclear whether
this might be a consequence of axon amputation during slice
preparation or a native feature of the circuit.

Reduced recurrent inhibition of layer II stellate cells in
epileptic animals
A subset of stellate cells from which photostimulus-evoked EP-
SCs were obtained were also used to evaluate IPSCs. In controls,
relatively large amplitude IPSCs were evoked by layer II stimula-
tion. Over half of the GABAergic interneurons in layer II of me-
dial entorhinal cortex are parvalbumin immunoreactive (Mietti-
nen et al., 1996), and basket cells in layer II make a dense axon
plexus that spans up to 1 mm mediolaterally (Tamamaki and
Nojyo, 1993). We found similar mediolateral extents of percent-
age of IPSC-responding sites and average composite IPSC ampli-
tudes in control animals. These findings are consistent with pre-
vious reports that layer II stellate cells normally receive strong
inhibitory synaptic input (Woodhall et al., 2005).

In animal models of temporal lobe epilepsy, layer II stellate
cells generate excessive, spontaneous, hypersynchronous, excita-
tory synaptic input to the dentate gyrus (Buckmaster and Dudek,
1997; Scharfman et al., 1998; Kobayashi et al., 2003). As discussed
above, underlying mechanisms do not appear to involve changes
in stellate cell intrinsic electrophysiology or extent of recurrent
excitatory synaptic connectivity. Instead, reduced inhibition of
layer II stellate cells has been proposed by two different mecha-
nisms. One mechanism is the dormant interneuron hypothesis
(Du et al., 1995; Bear et al., 1996; Eid et al. 1999; Schwarcz et al.,
2000). It contends that layer III pyramidal cells provide a major
source of excitatory synaptic input to layer III GABAergic inter-
neurons. The hypothesis proposes that after an epileptogenic in-
jury, layer III GABAergic interneurons survive and maintain in-
hibitory synapses with their targets, including layer II stellate
cells, but become “dormant” or inactive, because their major
excitatory afferents (layer III pyramidal cells) are lost. If GABAer-
gic interneurons survive and maintain inhibitory synapses with
layer II stellate cells, as the hypothesis predicts, one would expect
direct activation of interneurons by glutamate uncaging to gen-
erate similar IPSC maps in control and epileptic animals. How-
ever, that was not the case.

Alternatively, layer II stellate cell hyperexcitability has been
attributed to loss of GABAergic interneurons and reduced inhib-
itory synaptic input (Kumar and Buckmaster, 2006). In this sce-
nario, one would expect photostimulation to evoke IPSCs in stel-
late cells less frequently in epileptic animals, because there were
fewer interneurons to stimulate. Our findings are consistent with
this hypothesis. We found that fewer photostimulation sites
evoked IPSCs in stellate cells and average composite IPSC ampli-
tudes were reduced in epileptic rats. These epilepsy-related
changes could be attributable to differences in direct responses of
interneurons to photostimulation. However, glutamate

Figure 4. Mediolateral distributions of probabilities of evoking a response (A, B) and aver-
age composite PSC amplitudes (C, D) in control and epileptic groups (soma at 0 �m) for EPSCs
(left column) and IPSCs (right column). Error bars, where larger than the size of the symbols,
indicate SEM.
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receptor-mediated events are not reduced in entorhinal inter-
neurons of epileptic rats in terms of frequency and amplitude of
spontaneous EPSCs (Kumar and Buckmaster, 2006), suggesting
epilepsy-related differences in responsiveness of interneurons to
glutamate uncaging are unlikely. Postsynaptic differences of stel-
late cells in response to GABAA receptor-mediated input is an
unlikely explanation, because miniature IPSC amplitudes are
normal in layer II stellate cells after epileptogenic treatments
(Kobayashi et al., 2003; Kumar and Buckmaster, 2006). Other
possibilities include epilepsy-related changes in connectivity be-
tween interneurons and stellate cells and differential survival of
interneuron subtypes. In addition, presynaptic receptors modu-
late release of GABA in entorhinal cortex in control rats
(Woodhall et al., 2001; Bailey et al., 2004), and epilepsy-related
changes in presynaptic receptors at GABAergic terminals could
differentially affect probabilities of synaptic release. Regardless of
whether and how individual IPSC responses and presynaptic re-
lease probabilities are different in epileptic versus control rats,
reduction of IPSC-evoking sites suggests reduced inhibitory con-
trol contributes to hyperexcitability of layer II stellate cells in
medial entorhinal cortex.

In conclusion, photostimulation of layer II medial entorhinal
cortex revealed excitatory, associative interconnections that
could contribute to mnemonic mechanisms and were similar in
control and epileptic rats. Recurrent inhibitory responses, in con-
trast, were substantially diminished in epileptic animals and
might contribute to seizure-genesis in this model of temporal
lobe epilepsy.
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