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Abstract
The hippocampal output structure, the subiculum, expresses two major memory relevant

network rhythms, sharp wave ripple and gamma frequency oscillations. To this date, it re-

mains unclear how the two distinct types of subicular principal cells, intrinsically bursting

and regular spiking neurons, participate in these two network rhythms. Using concomitant

local field potential and intracellular recordings in an in vitromouse model that allows the in-

vestigation of both network rhythms, we found a cell type-specific segregation of principal

neurons into participating intrinsically bursting and non-participating regular spiking cells.

However, if regular spiking cells were kept at a more depolarized level, they did participate

in a specific manner, suggesting a potential bimodal working model dependent on the level

of excitation. Furthermore, intrinsically bursting and regular spiking cells exhibited divergent

intrinsic membrane and synaptic properties in the active network. Thus, our results suggest

a cell-type-specific segregation of principal cells into two separate groups during network

activities, supporting the idea of two parallel streams of information processing within

the subiculum.

Introduction
The subiculum constitutes the major output structure of the hippocampal formation [1]. As
the final relay in a polysynaptic loop between the entorhinal cortex (EC) and the hippocampus,
it integrates and distributes processed spatial and mnemonic information to cortical and sub-
cortical brain regions [2–4]. Within the subiculum there are two types of principal cells (PCs)
that can be discriminated based on their firing properties: regular spiking (RS) and intrinsically
bursting (IB) neurons [5–10]. Bursting has been functionally associated with an amplification
of neuronal signals by increasing the efficiency of cellular communication [11,12]; accordingly,
the subicular IB cell appears to be the most promising cell type regarding the involvement in
network activity [9,13,14]. Furthermore, subicular IB and RS cells were shown to target differ-
ent brain regions, the presubiculum and EC, respectively [15,16]. The distinct target areas, dif-
ferential intrinsic and firing properties as well as the different reactions to neurotransmitters
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point towards specific functional tasks of the two cell types within the hippocampal informa-
tion processing [17–21].

Network oscillations in the theta (4–10 Hz) and gamma (30–90 Hz) frequency range as well
as sharp waves (SPW), usually superimposed by ripple oscillations (100–250 Hz), are the most
prominent activity pattern within the hippocampal formation. Sharp wave-ripples are associat-
ed with memory consolidation whereas the integration of new information takes place during
gamma oscillations, thus these two oscillatory states appear to be functionally connected
[22–26]. It has been shown that the subiculum is capable of generating SPWs intrinsically with
the subicular PCs displaying a mixed excitatory and inhibitory current [14]. Furthermore, early
studies have also explored subicular network activity in the gamma frequency range after tetan-
ic stimulation of the hippocampal CA1 area and the subiculum itself [27,28]. In addition, in
the whole hippocampal preparation, it has been suggested that the subiculum is capable of gen-
erating gamma frequency oscillations intrinsically and spontaneously [29]. However, the dis-
tinct involvement of the subicular IB and RS cells in the two major network rhythms remains
so far unexplored.

Using simultaneous local field potential (LFP) and sharp microelectrode recordings in an
in vitro acute hippocampal slice preparation that permits the reproduction of the two promi-
nent network rhythms, SPW and gamma frequency oscillations, we investigated the intrinsic
and synaptic properties of subicular PCs as well as their functional involvement in both net-
work rhythms. We found a prominent segregation of PCs into two main groups, participating
IB cells and RS neurons that are predominantly silent but potentially capable of reinforcing the
network state. Our results indicate two separate ways of information processing represented by
the two distinct subicular PC classes. In this context, we suggest a bimodal working model that
depends on the functional state of the subicular PC types: a low or moderate activity level
seems to result in an active participation of the IB cell type whereas a high state of excitation
appears to be necessary to sufficiently arouse the RS cell type. Together with divergent synaptic
properties during the network activities, our results support the idea of two independent
streams of information flow within the hippocampal output structure.

Materials and Methods

Ethics statement
All procedures were approved by the Regional Berlin Animal Ethics Committee, T 0124/05,
and are in full compliance with national regulations.

Slice preparation
Experiments were performed on adult (>6 weeks of age) C57/Bl6 mice of both sex. The ani-
mals were anesthetized with inhaled isoflurane and decapitated. Horizontal, 400 μm thick slices
were obtained and placed in an ‘interface’ chamber at 34 ± 1°C. Minislices were created by iso-
lating the subiculum via microscissors through cuts around its perimeters. For minislice prepa-
ration and subsequent recordings horizontal slices from all levels (ventral, middle, and dorsal)
were used, while intracellular recordings were performed only in slices from the middle level of
the subiculum. Additionally, 400 μm thick sagittal slices were prepared in order to evaluate a
possible dependency of gamma generation on the slice orientation [30]. Slice preparations
were illustrated by sketches based on the mouse brain atlas [31]. Prior to recordings the slices
were allowed to rest for at least 1 hour for recovery. The solution used during preparation, in-
cubation, and recordings was made with deionized distilled water and contained (in mM):
NaCl, 129; KCl, 3; NaH2PO4, 1.25; CaCl2, 1.6; MgSO4, 1.8; NaHCO3, 21; glucose, 10; saturated
with 95% O2 and 5% CO2.
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Extracellular and intracellular recordings
Concomitant extracellular LFP and intracellular recordings were obtained from the subicular
stratum pyramidale of the middle horizontal slice preparations. Kainic acid (400 nM) was ap-
plied to the bath to induce network oscillations in the gamma frequency range. The LFP re-
cordings in the intact and isolated subiculum were amplified, digitized with a sampling rate of
10 kHz (Digidata 1322A, Axon Instruments) and analyzed with the pClamp software package
(notch filter 50 Hz, butterworth filter 2–2000 Hz; Axon Instruments). Oscillatory peak power
and frequency was determined by fast Fourier transform (FFT) using a 0.5 Hz spectral
resolution.

Sharp microelectrode recordings were obtained simultaneously to LFP recordings from the
pyramidal cells in the principal cell layer of the subiculum. The intracellular solution contained
2 M potassium acetate. The tip resistance ranged from 60–110 MO. Cells were impaled and
then allowed to rest for 10 minutes. Only cells with a resting membrane potential (RMP)�
−50 mV and an action potential (AP) half width of�1.2 ms were accepted for further measure-
ments. Signals were amplified by an IR-183 intracellular recording amplifier (Neuro Data In-
struments Corp.) with an active bridge circuit and digitalized using a 16 Bit Data Acquisition
system (Digidata 1322A, Axon Instruments). The bridge balance was monitored continuously
and adjusted as needed. The transient suppression was used to remove the capacitance artifacts
in some of the recordings. Excitatory postsynaptic potentials (EPSP) and inhibitory postsynap-
tic potentials (IPSP) were recorded at −80 mV and 0 mV, respectively, to analyze these events
in the absence of corresponding receptor antagonists. The simultaneous recorded LFP was dig-
italized with a sampling rate of 2 kHz (Digidata 1440A, Axon Instruments) and analyzed with
the pClamp software package (notch filter 50 Hz, butterworth filter 2–100 Hz; Axon Instru-
ments). Oscillatory peak power and frequency was determined by FFT with a 1 Hz spectral
resolution.

The subicular PCs were classified as regular spiking (RS) or intrinsically bursting (IB) based
on their firing properties through current injections as described previously [5–7,9,10]. If PCs
did not fire any APs at resting membrane potential (RMP) during a one minute period of spon-
taneous sharp wave (SPW) or gamma network oscillation they were further categorized as si-
lent (or otherwise as active) with respect to the corresponding network state.

Data analysis
The RMP was measured from the voltage baseline without current injection after an initial
impalement-induced depolarization had subsided. All measured values were corrected for an
offset when the microelectrode was withdrawn from the cell. For the offset correction the tip
potential within the cell was subtracted from the voltage potential measured in the extracellular
space at the end of the experiment. Current injections in steps of 20 pA, starting at −320 pA
and increasing up to 200 pA with a step duration of 500 ms were applied to characterize the
neuronal discharge behavior. The input resistance (Rin) was determined from the cell’s re-
sponse to a −100 pA current pulse calculated after any sag potential had subsided. The time
constant (τ) represents the time taken to reach 63% of the steady-state voltage deflection dur-
ing the same current pulse. During negative current injection the degree of hyperpolarization-
activated sag potential was measured. The sag was defined as the maximum of voltage deflec-
tion (Vpeak) from a baseline of steady state voltage deflection (Vss) in response to a −100 pA,
−200 pA, and −300 pA hyperpolarizing current injection, (100x (Vpeak −Vss)/Vpeak; [18]). The
AP threshold was determined by applying small steps of depolarizing or hyperpolarizing cur-
rent injections. For inactive cells, the membrane potential that cause the cell to initiate AP fir-
ing was considered as AP threshold. Cells that fired spontaneous AP at RMP were

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 3 / 18



hyperpolarized and the last membrane potential at which the cell was active was accepted as
threshold. The afterdepolarization (ADP) and afterhyperpolarization (AHP) were defined as
the corresponding maximum deflection. The accommodation of AP firing was determined by
depolarizing current injection with a progressive increase of 40 pA per step, a step duration of
1 s and a maximum current injection of 500 pA. Due to the fact that high current injections
can result in distorted AP waveforms accommodation was measured at the last current step
displaying normal AP shapes. The interspike interval between the first (t1) and the last (t2) pair
of APs was measured and the accommodation was calculated as the time difference between
the first pair of APs divided by the time difference of the last pair of APs, (100x Δt1/Δt2). Initial
AP bursts or salvos were discarded for accommodation analysis.

The recorded data were further processed in Matlab (The Mathworks, Inc.) with custom
written routines. EPSP/IPSP recordings during gamma network oscillations were high pass fil-
tered at 2 Hz with the pClamp software prior to the Matlab import. In Matlab 50 Hz noise was
removed with a second-order IIR notch filter and LFP traces were zero-phased bandpass fil-
tered with a butterworth filter from 3 to 100 Hz unless indicated otherwise. For illustrative pur-
poses an FFT-based spectrogram (1 s time bins, hamming window, 50% overlap) was
computed. The SPW-associated high frequency ripple component was not investigated system-
atically. For exemplary illustration of the ripple component a complex Morlet wavelet trans-
form (cmor2-1) was used (bandpass filter 100–300 Hz). The mean frequency component of
each ripple episode was defined as the spectral frequency analog with the maximal peak power
of the wavelet transform. In order to analyze neural activity with respect to the prevalent oscil-
latory network pattern SPW and gamma frequency oscillatory peaks as well as APs and EPSPs/
IPSPs were identified as maximal deflections above a manual set threshold. The maximum of
LFP oscillatory peak deflections were defined as time 0 and the averaged time difference of the
corresponding AP, EPSP or IPSP triggered peaks in the simultaneous intracellular recording
trace was calculated. For SPW with a maximal negative LFP peak deflection the minimum was
defined as time 0. However, the distribution of the data divided with respect to the two SPW
polarities did not differ statistically significant. Therefore, data for all SWP analysis were
pooled together, while for clarity reasons the illustrated SPWmean LFP signal is solely based
on the positive waveform deflections. In dependency of the prevalent network pattern a mean
peak EPSP and IPSP value was calculated for each recording. The mean peak EPSP and IPSP
amplitude distribution of all analyzed recordings were further displayed as box plots and aggre-
gated to a grand mean population value. Additionally, aggregated spike time points were dis-
played as a cumulative time histogram with a temporal resolution of 1 ms. PCs were
considered to be phase-locked if the LFP triggered AP histogram displayed a clear peak of AP
generation. A phase distribution of the phase-locked AP and IPSP mean values were calculated
for each cell type and network state based on normalized oscillatory cycle length (24 ms for
gamma frequency oscillations, 80 ms for SPWs, with the peak assigned to 180° each) and dis-
played as polar diagrams.

The paired student’s t-test was used for statistical analysis and the assumption of normal
distribution was justified by the Lilliefors test. Differences were considered statistically signifi-
cant if p< 0.05. Average values are expressed as mean ± SEM.

Biocytin staining
2% Biocytin was added to the intracellular solution for staining. Slices were processed as de-
scribed previously [32]. In brief, slices were immersed overnight in a fixative solution contain-
ing 4% paraformaldehyde in 0.1 M phosphate buffer (PB). They were then washed three times
in 0.1 M PB. The avidin–biocytin complex reaction (Vectastain, ABC kit, Camon laboratory
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service) was allowed to occur overnight at 4°C in the presence of 0.3% Triton X-100 (Sigma-
Aldrich). Afterwards the sections were rinsed several times before development with 0.02% dia-
minobenzidine in 0.1 M PB. The reaction product was intensified with 0.5% OsO4 and sections
were mounted and coverslipped. Morphological data were examined by visual inspection and
photomicrographs were taken. In order to achieve a depth-field view of the microscopic image
for illustration purposes stack processing of consecutive focal planes were performed with the
combine ZP software package (Alan Hadley, GNU public license).

Results

Network oscillations within the subiculum
Our in vitromodel allowed us to investigate two major network activities within the subiculum,
SPW and gamma frequency oscillations (Fig 1A). The SPWs occurred spontaneously (n = 42
slices) with a mean frequency of 2.2 Hz (Fig 1B). We detected two different groups of SPW dis-
tinguished by polarities, one displaying a positive maximum deflection (n = 31) and the other a

Fig 1. Sharp wave and gamma network oscillations within the subiculum. (A) Spectrogram (top) with
color-coded power spectral density (PSD) exemplifies the transition from spontaneously occurring sharp
wave-ripples (SWR) to gamma frequency oscillations within the subiculum. The corresponding LFP
recordings are displayed below. The application of kainic acid (KA, onset is marked by black line) abolishes
the SWR rhythm and induces, after a brief transitory state, a stable oscillatory gamma rhythm. The recording
interruptions of the top spectrograms and the underlying LFP traces are 12 s (middle) and 25 min (right). Red
lines mark three examples that are illustrated below with higher temporal resolution (SWR, transition,
gamma). (A, bottom, left) The SWR (filtered 2–300 Hz), the corresponding SPW (2–50 Hz) and the ripple
components (100–300 Hz) supplemented by the color-coded power spectral density wavelet transform. (A,
bottom, right) The boxplot depicts the distribution of the wavelet peak power spectral frequencies of 100
analyzed consecutive ripple events of the upper example trace. (B) Sharp waves of both polarities are
exemplified on the left with each SWR trace (2–300 Hz, top), the ripple trace (100–300 Hz, middle) and the
corresponding wavelet transform as color-coded power spectral density plot (bottom). The boxplot (right)
illustrates the distribution of the mean SWP rates of all slices investigated (n = 42).

doi:10.1371/journal.pone.0123636.g001
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negative one (n = 11, Fig 1B). Fast ripple oscillations (Fig 1A) superimposing the SPW compo-
nent could be found for SPWs of both polarities (Fig 1B). However, as not every SPW exhibited
a pronounced ripple component (Fig 1A) and ripple events within a single recording displayed
variable frequencies, the ripple component was not investigated further. In all cases SPWs were
gradually reduced in amplitude and frequency after kainic acid (KA, 400 nM) application
(Fig 1A), followed by a brief transitory state with no clear main network pattern. Subsequent
gamma network oscillations appeared with a delay and increased progressively in amplitude
and power until reaching a steady state (Fig 1A).

In order to evaluate the subicular capability to generate gamma frequency oscillations inde-
pendently, we compared local network oscillations from 12 intact and 24 isolated subicular
horizontal middle slice preparations (Fig 2). In the intact slices, the frequency and power of
gamma oscillations were 40.5 ± 3.7 Hz and 2.09 x 10-4 ± 8.35 x 10-5 mV2/Hz, respectively. Min-
islices containing an isolated subiculum displayed a slightly increased but not significantly dif-
ferent frequency and spectral power (p = 0.41 and p = 0.19, respectively, Fig 2A, Table 1).
Gamma frequency oscillations were also detected in more dorsal and ventral minislices
(Fig 2A, Table 1), as well as in medial and lateral sagittal slice preparations (Fig 2B, Table 2), al-
together indicating a robust intrinsic subicular gamma generator. These results support the
idea that the subiculum is capable of generating gamma network oscillations independent of an
external drive.

Electrophysiological properties of subicular PCs
We performed intracellular recordings from 42 subicular PCs (42 slices) and classified 24 of
them (57%) as IB cells based on their ability to fire bursts of APs in response to a moderate de-
polarization (Fig 3A). The interspike interval within a burst was 5.0 ± 1.1 ms (n = 24, see also
[6,16,34]). The initial burst was followed by a train of single APs with only slight accommoda-
tion if the depolarization was maintained (Fig 3A, Table 3; [5,44]). 18 from 42 cells (43%)
were identified as RS neurons due to the lack of burst firing during the depolarizing test stimuli
(Fig 4A). These neurons responded to a moderate depolarizing current injection with a train of
APs displaying a prominent adaptation of the AP firing rate. Hence, the accommodation be-
havior of the two subicular PCs classes differed highly significantly (p< 0.0001, Fig 4A,
Table 3). There were no significant differences concerning the intrinsic properties and AP am-
plitude, half-width or firing threshold (Table 3; [34]). However, the AP shapes exhibited a vari-
ation between the two cell classes: RS cells displayed a prominent afterhyperpolarization
(AHP) whereas IB cells showed this only very infrequent and to a lesser degree (Table 3). An
afterdepolarization (ADP) was observed in IB but not RS neurons and vanished when the cells
were depolarized. Furthermore, IB cells displayed a hyperpolarization-activated sag potential
(Fig 3A, see also [6,9,17,18,21,44]). In RS cells, the sag was not constantly observed and if pres-
ent, displayed a significant smaller maximum deflection (p< 0.005, Table 3). 20 electrophysio-
logically characterized cells (11 IB and 9 RS) were stained with biocytin. All stained neurons
exhibited the typical pyramidal cell shaped soma (Figs 3A and 4A). Dye coupling was found ex-
clusively in one stained IB cell. Hence, subicular IB and RS cells clearly form two separate subi-
cular pyramidal cell classes based on their ability to generate AP bursts upon moderate
depolarization, the distinct accommodation behavior and different AP waveform features.

Subicular PCs behavior during SPW activity
During spontaneously occurring SPW, the majority of IB neurons were active (16/24, 67%)
whereas RS cells remained predominately silent (14/18, 78%). The AP generation of the active
IB cells depicted a striking phase-locked behavior around the peak of the field SPW (Fig 3B).

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 6 / 18



Most of the silent IB cells displayed a similar firing pattern generating APs upon further depo-
larization using intracellular current pulses (5 of 8 silent IB cells). Three active and one inactive
IB neurons displayed an evident hyperpolarization at the peak of SPW oscillation resulting in a
disruption of AP firing. These cells further exhibited a significantly higher τ of 14.0 ± 2.0 ms
compared to the phase-locked IB cells (4.8 ± 1.6 ms, n = 16, p< 0.0001) together with a

Fig 2. Gamma frequency network oscillations within the subiculum. (A) Gamma frequency oscillations
were found in all of the examined subicular regions (middle, ventral, and dorsal). Sketches illustrate
horizontal (middle, ventral and dorsal) slice preparation. The position of the scissors indicate the cuts made
around the perimeters of the subicular region with the resulting subicular minislices marked by an asterisk. (A,
right next to the sketch) Two example LFP recordings obtained from intact (grey, I, top trace) and isolated
(black, II, bottom trace) middle (top), ventral (middle) and dorsal (bottom) slices are displayed together with
the corresponding power spectra (A, middle column, color code according to the example traces). (A, right)
The population data of the oscillatory frequency (top histogram) and spectral power (bottom histogram)
exhibits no significant difference of the intact compared to the isolated subicular slices in network oscillatory
gamma frequency as well as in spectral power (values and numbers in Table 1) except for the ventral
subicular slices (p = 0.034, significance level indicated by asterisk). (B) Gamma frequency oscillations
recorded from the medial (grey, I) and lateral (black, II) subiculum within the sagittal slice preparations. Same
type of illustration as in (A), the subicular region is marked by an asterisk. The population histogram for
frequency and power (values and numbers in Table 2) did not reveal a significant difference.

doi:10.1371/journal.pone.0123636.g002
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significantly less prominent sag potential at −100 and −300 pA (p = 0.0012 and p = 0.046, re-
spectively). Finally, two silent IB cells were discarded from further analysis due to insufficient
numbers of triggered APs in our recording.

At RMP the majority of RS neurons (14/18, 78%) remained ‘silent’ and did not initiate APs
during SPW episodes, even though a mixed excitatory and inhibitory postsynaptic potential
(EPSP and IPSP, respectively) was apparent (Fig 4B). When depolarized above threshold, those
cells started to fire but, in stark contrast to the IB cells, showed a pause of AP firing at the SPW
peak (Fig 4B). Three of those cells had to be excluded from further analysis due to an insuffi-
cient AP number in our recording. Only one RS cell fired phase-locked to the SPW peak. In
contrast to the comparable IPSP amplitudes in both PC classes (IB: −5.3 ± 2.8 mV, n = 3; RS:
−7.6 ± 4.2 mV, n = 4; p = 0.52), we found a significant larger EPSP in IB compared to RS neu-
rons (IB: 3.7 ± 0.2 mV, n = 12; RS: 2.3 ± 0.1 mV, n = 13; p = 0.033; Fig 4C). However, the time
point of maximal cumulative EPSP deflection was similar (IB: 5 ms, n = 12, RS: 4 ms, n = 13)
whereas the peak of cumulative inhibitory synaptic input was reached 3.5 ms earlier in RS
(n = 4, Fig 4B) compared to IB cells (n = 3, Fig 3C). Evaluating the EPSP to IPSP time differ-
ence for each neuron separately, a mean time difference of 3.7 ms for the synaptic current rela-
tion of both cell classes was gained, once again with a similar mean EPSP peak time in both cell
types but an earlier mean IPSP peak time for RS cells.

Involvement of subicular PCs in gamma frequency oscillations
We recorded from a total of 22 subicular PCs during both spontaneous SPW and subsequent
gamma frequency network oscillations. 11 (50%) of these cells were identified as IB and 11
(50%) as RS neurons. The majority of IB cells (10/11, 91%) were active with only one cell re-
maining silent during the gamma rhythm. Within the active gamma network, IB cells displayed
a significantly higher depolarization of 9.2 ± 2.8 mV than RS neurons, 6.3 ± 3.0 mV
(p = 0.037), resulting in a significantly lower membrane potential (Table 4). There was no sig-
nificant difference in the Rin and τ between the two subicular cell classes, suggesting that the
observed difference in membrane potential reflects a network induced variation. In the active
network, IB cells displayed a reduced sag potential and ADP (Table 4). A hyperpolarizing cur-
rent injection did not lead to the recovery of the ADP, which suggests a network-induced effect

Table 1. Properties of gamma frequency oscillations in the intact and isolated subiculum.

horizontal slices n frequency [Hz] power [V2/Hz]

ventral intact 7 39.5 ± 5.6 1.4 x 10-4 ± 1.5 x 10-4

isolated 12 37.1 ± 6.6 3.0 x 10-5 ± 2.1 x 10-5

middle intact 12 40.5 ± 3.7 2.1 x 10-4 ± 8.4 x 10-5

isolated 24 41.6 ± 3.9 3.0 x 10-4 ± 2.2 x 10-4

dorsal intact 4 37.9 ± 5.6 1.3 x 10-4 ± 4.7 x 10-5

isolated 7 38.4 ± 4.1 1.2 x 10-4 ± 9.5 x 10-5

doi:10.1371/journal.pone.0123636.t001

Table 2. Properties of gamma frequency oscillations within the subiculum in the sagittal slice
preparation.

n frequency [Hz] power [mV2/Hz]

sagittal slices medial 11 40.0 ± 4.7 2.2 x 10-4 ± 2.9 x 10-4

lateral 8 44.3 ± 7.8 1.4 x 10-4 ± 1.2 x 10-4

doi:10.1371/journal.pone.0123636.t002

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 8 / 18



Fig 3. Behavior of subicular IB cells during spontaneous subicular SPWs. (A) Current-voltage
relationship of a IB cell (left) with current injection steps of −300 pA, −100 pA, and +140 pA, respectively,
displayed with the attached microphotograph of a biocytin-stained IB cell (right). These cells exhibit the
typical pyramidal shaped cell body, prominent apical dendrites that travel through the molecular layer
reaching the hippocampal fissure (hf), and basal dendrites that spread within the pyramidal cell layer. The
axon leaves the subiculum (Sub) via the alveus. IB cells respond to a hyperpolarizing current injection with a
sag in membrane potential whereas a positive current pulse leads to burst firing. (B) Example of simultaneous
extracellular LFP (top trace) and intracellular (bottom trace) recordings at RMP is shown on the left. The
intracellular recording reveals phase-locked synaptic responses as well as a full-blown AP (truncated for
clarity) with respect to the LFP SPWs. The spike time histogram (n = 16 IB cells) on the right illustrates a clear
peak of AP generation in close vicinity to the SPW peak. The vertical line marks the maximummean SPW
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as well. Even when hyperpolarized to the initial RMP, IB cells failed to generate burst activity
and continued to fire only single APs in correlation to the active gamma field. The firing pat-
tern of most of the IB cells (8/11, 73%) displayed a bimodal peak of AP discharge in the spike-
time histogram with a prominent pause before the peak of gamma frequency oscillations
(Fig 5A). These cells discharged with a frequency of 11.4 ± 4.6 Hz (n = 6) and fired only once
per gamma cycle. The bimodal peak in the spike-time histogram cannot be explained by spike
doublets or rebound depolarization [33]. IB cells generated only one AP per gamma cycle, but
continuously switched their activity between different phases of the ongoing gamma network
oscillation (Fig 5B). 3/11 IB cells (27%) showed diffuse AP firing with no clear phase correla-
tion to the gamma field. There were no intrinsic electrophysiological difference between these
two groups of subicular IB cells that could account for the different firing behavior.

In marked contrast, the majority of RS cells (7/11, 64%) remained silent during the gamma
network rhythm. Interestingly, two neurons that were inactive during the SPW changed activi-
ty mode and became active during gamma frequency oscillations. The silent RS cells displayed
a mixed EPSP/IPSP (Fig 6A). When depolarized above threshold, however, it was remarkable
that similar to the IB cells, 8/11 RS neurons showed AP firing with a pause of discharge before
the peak of gamma frequency oscillations. Again, there was no indication for doublets or re-
bound depolarization. In addition, we analyzed the inter-spike-interval (ISI) for all recorded
APs of both cell types during the gamma rhythm. In RS cells, we found no ISI shorter than
20 ms and for IB cells, only 0.91% of all analyzed ISI were below 20 ms, altogether supporting
the conclusion that spike doublets or rebound spiking are not prevalent during ongoing oscil-
latory gamma network activity. The EPSP amplitude of IB cells was 1.79 ± 0.8 mV (n = 8) and
the IPSP amplitude was −5.36 ± 1.1 mV (n = 5) resulting in an EPSP/IPSP ratio of 0.33. RS
cells displayed an EPSP and IPSP amplitude of 1.84 ± 0.6 mV (n = 11) and −4.48 ± 2.6 mV
(n = 5), respectively, with an EPSP/IPSP ratio of 0.41. There was no significant difference in the
amplitude of synaptic inputs (EPSP: p = 0.86; IPSP: p = 0.55, Fig 6C). The peak amplitude of
cumulative excitatory and inhibitory synaptic inputs for IB (time to LFP peak: EPSP −1.5 ms;

deflection as time point 0. (C) EPSPs and IPSPs are displayed in correlation to the LFP (left). The EPSPs and
IPSPs were recorded at −80 mV and at 0 mV, respectively. (right) Accumulated mean EPSP/IPSP with
respect to the maximum SPW peak deflection.

doi:10.1371/journal.pone.0123636.g003

Table 3. Electrophysiological properties of subicular PCs.

IB (n) RS (n) p value

RMP [mV] –67.5 ± 7.3 (24) –70.3 ± 8.4 (18) 0.2630

Rin [MΩ] 85.6 ± 37.8 (23) 98.2 ± 37.1 (18) 0.3057

τ [ms] 6.4 ± 3.8 (23) 7.0 ± 2.9 (18) 0.5859

AP amplitude [mV] 67.5 ± 10.8 (24) 68.5 ± 9.5 (18) 0.7607

AP half-width [ms] 0.9 ± 0.2 (24) 1.0 ± 0.2 (18) 0.0776

AP threshold –58.9 ± 5.7 (23) –56.2 ± 7.7 (17) 0.2331

ADP [mV] 4.7 ± 4.5 (23) 0.2 ± 0.7 (18) 0.0002 **

AHP [mV] –1.3 ± 1.7 (24) –3.8 ± 2.5 (18) 0.0006 **

sag -300pA [%] 14.3 ± 9.0 (22) 6.2 ± 7.1 (18) 0.0045 **

sag -200pA [%] 16.2 ± 10.0 (23) 6.7 ± 7.3 (18) 0.0021 **

sag -100pA [%] 18.5 ± 9.4 (23) 6.7 ± 7.2 (18) 0.0001 **

accommodation [%] 69.1 ± 12.9 (19) 36.7 ± 16.8 (16) <0.0001 ***

doi:10.1371/journal.pone.0123636.t003
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IPSP 1.5 ms, Fig 5C) and RS (time to LFP peak: EPSP −1 ms; IPSP −0.5 ms, Fig 6B) cells were
phase-correlated to the peak of the underlying gamma oscillations. The previous described di-
chotomy of both cell classes, active IB and ‘silent’ RS cells, was confirmed during gamma net-
work oscillations suggesting a general pattern. However, in contrast to the SPW, both cell types
predominantly exhibited comparable AP pattern and phase-locked behavior during gamma
frequency oscillations, which is depicted by the phase distribution of the synaptic inhibition
and AP generation (Fig 7). Those phase distributions exhibit a similar profile for both cell
types during oscillatory gamma network activity, but an earlier IPSP as well as AP peak time
for RS in comparison to IB cells during SPW.

Fig 4. Behavior of subicular RS cells during spontaneous subicular SPW activity. (A) Neuronal
discharge pattern and microphotograph of an RS cell. RS cells do not fire bursts and show little or no sag
potential. They respond to a depolarizing current injection with a train of single APs. RS cells show a typical
pyramidal cell morphology. (A, right) The accommodation behavior (n = 19 IB cells; n = 16 RS cells) reveals a
significant difference between subicular IB and RS cells (level of significance indicated by the asterisks,
p < 0.0001). (B) Example of a RS cell at RMP (top left) and under the condition of depolarizing current
injection (bottom left) during spontaneous SPW is given with the same type of illustration as in Fig 3.
Intracellular example recording of a silent RS cell at RMP (top left) depicting a SPW associated postsynaptic
depolarization without AP generation. The population data (n = 7, right next) do not contain any APs, but
aggregate a phase-locked mixed postsynaptic current (PSP) instead. When depolarized by current injection
previously silent RS cells display a tonic AP firing mode (bottom left). In stark contrast to the IB cells, data of
spontaneous active and depolarized RS cells reveal a prominent SPW peak correlated pause of AP
generation (n = 11, bottom, middle left). EPSPs and IPSPs examples are displayed in correlation to the LFP
(middle right). The EPSPs and IPSPs were recorded at −80 mV and at 0 mV, respectively. (right)
Accumulated mean EPSP/IPSP with respect to the maximum SPW peak deflection. (C) EPSP (left) and IPSP
(right) amplitudes for both cell classes. IB cells receive significantly higher synaptic excitation than RS
neurons (indicated by the asterisk, p = 0.033; IB: n = 12; RS: n = 13), while there was no significant difference
in IPSP (p = 0.52; IB: n = 3; RS: n = 4).

doi:10.1371/journal.pone.0123636.g004
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Discussion
We studied the participation of subicular IB and RS neurons in two major network rhythms,
SPW and gamma frequency oscillations. The majority of IB cells were active during both net-
work states whereas the RS cells remained predominantly silent. Due to the ability of the isolat-
ed subiculum to generate network oscillations independently, we conclude that the activation

Table 4. Electrophysiological properties of subicular PCs during gamma frequency oscillations.

IB RS p value

MP [mV] –59.6 ± 4.5 (11) –65.6 ± 7.5 (11) 0.0422 *

depolarization [mV] 9.2 ± 2.8 (11) 6.3 ± 3.0 (11) 0.0367 *

Rin [MΩ] 99.7 ± 41.6 (11) 84.1 ± 21.2 (11) 0.3033

τ [ms] 6.5 ± 3.6 (11) 6.4 ± 3.4 (11) 0.9680

AP amplitude [mV] 66.9 ± 7.3 (11) 66.2 ± 10.7 (10) 0.8660

AP half-width [ms] 1.0 ± 0.1 (11) 1.0 ± 0.1 (10) 0.6521

AP threshold –59.4 ± 8.5 (11) –51.8 ± 9.6 (9) 0.0932

ADP [mV] 1.1 ± 1.9 (11) 0.0 (11) 0.0828

AHP [mV] –2.0 ± 2.1 (11) –2.7 ± 2.0 (11) 0.4183

sag -300pA [%] 12.4 ± 6.5 (11) 7.1 ± 8.0 (11) 0.1118

sag -200pA [%] 13.6 ± 5.8 (11) 5.1 ± 7.1 (11) 0.0133 *

sag -100pA [%] 13.7 ± 9.5 (11) 5.2 ± 4.9 (11) 0.0204 *

doi:10.1371/journal.pone.0123636.t004

Fig 5. Temporal correlation of subicular IB cell activity to subicular field gamma frequency
oscillations. (A) Example of simultaneous extracellular LFP (top trace) and intracellular (bottom trace)
recordings demonstrates regular AP firing (truncated for clarity) during gamma network oscillations. The
spike time histogram (n = 8) on the right reveals a bimodal phase-locked behavior with a prominent pause of
AP generation around the peak of the gamma cycle. The vertical line marks the maximummean gamma peak
deflection as time point 0. (B) Single intracellular recording cutouts (40 ms each) of consecutive triggered LFP
gamma cycles illustrating the typical IB cell AP pattern for oscillatory network gamma activity together with
the mean LFP trace of these recordings on top. (C) Example traces of synaptic potentials (left). EPSP and
IPSP were recorded at −80 mV and 0 mV, respectively. Maximal cumulative postsynaptic potential peak
deflections occur before the maximum of LFP gamma cycle (right).

doi:10.1371/journal.pone.0123636.g005
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of IB cells is sufficient to drive the rhythmic activity within the subiculum. For IB cells a low or
moderate network activation, like the one observed in this study, could represent a sufficient
excitatory drive for firing while, in marked contrast, RS cells seems to need a high network ex-
citation or additional excitatory inputs in order to participate in an independent and specific
manner in the generation of oscillatory activity. Hence, the distinct activation condition of the
two subicular PC classes suggests a bimodal working model operating under different levels of
excitation. Furthermore, the disparate activation level together with the distinct phase relation
during SPW indicate that IB and RS cells might be involved in different information processing
streams. Consequently, our data support the idea of distinct processing channels within
the subiculum.

Two distinct classes of subicular PCs
The recorded 42 subicular PCs were classified as IB (57%) and RS (44%) cells. According to
earlier studies, the two subicular cell classes constitute a homogenous group concerning their
intrinsic properties [10,16,34] with similar RMP, Rin, and τ. Nevertheless, in addition to the
fundamental eponymous ability to generate bursts of APs under moderate current injection,
we found, in line with other reports, distinct characteristics in active membrane properties like
the sag potential and AHP of subicular PCs (Table 3 and Table 4, [8,9,21,35]). However, none
of these physiological parameters were exclusive for one cell type and therefore not sufficient
for a distinguished categorization. The very prominent disparate feature of the accommodation

Fig 6. Temporal correlation of subicular RS cell activity to gamma frequency network oscillations. (A)
Examples of simultaneous LFP (top) and intracellular (bottom) recordings during gamma frequency
oscillations. In stark contrast to IB neurons, without current injection RS cells usually do not generate APs
during gamma frequency oscillations and the data (n = 7) solely reveals a phase-locked mixed postsynaptic
current (PSP, middle left). A depolarizing current injection initiates AP generation (middle right). Depolarized
and spontaneous active RS cells (n = 9) show a distribution of AP generation (right) similar to the one
observed in IB cells. (B) Example traces of synaptic potentials on the left. EPSP and IPSP were recorded at
−80 mV and 0 mV respectively. Maximal cumulative postsynaptic potential peak deflections occur before the
maximum of LFP gamma cycle. (C) There was no significant difference between the two classes of subicular
PCs concerning the EPSP (IB: n = 8, RS: n = 11; p = 0.86) and IPSP amplitude (IB: n = 5, RS: n = 5; p = 0.56).

doi:10.1371/journal.pone.0123636.g006

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 13 / 18



behavior might, in this context, be an exception and could therefore serve as an adequate indi-
cator for the correct classification.

SPW and gamma oscillations are competitive rhythms within the
subiculum
Using slice preparation, we found, in line with an earlier report [14], that in vitro spontaneous
SPWs are present in the subiculum. We further confirmed the occurrence of two SPW polari-
ties [14, 36], both of them exhibiting superimposed fast ripple oscillations in a more or less pro-
nounced manner. The occurrence of subicular SPW polarity could dependent on the location
within the subiculum [14] or their different generation mechanism [36]. The exact mechanism,
however, remains unclear demanding further investigations. Nevertheless, analyses of our data
with respect to the SPW polarity did not reveal a statistical significant difference.

In addition, we were able to demonstrate that the subiculum constitutes a stable gamma
generator following subicular isolation in acute slice preparation. SPW and gamma frequency
oscillations that are generated during different behavioral states in freely moving animals [37]

Fig 7. Phase distribution of APs and synaptic inhibition during SPW and gamma frequency
oscillations. APs (black) and synaptic inhibition (red) of IB (left column) and RS (right column) cells projected
on a standard phase polar diagram for SPW (upper row; 80 ms projected time window) and gamma
frequency oscillations (lower row; 24 ms projected time window). The peak of network activity is located at
180°, the ascending slope is encoded with lower, the descending with higher values. APs are illustrated
based on the cumulative AP time histograms (Figs 3B, 4B, 5A and 6A) with respect to the projected time
window, synaptic inhibition is represented by the distribution of time points for maximal deflection in the
cellular cumulative IPSPs (Figs 3C, 4B, 5C and 6B). All values are normalized to the respective maximum
activity level. During SPW oscillations RS cells, spontaneously active or depolarized, exhibit an earlier AP
activity (n = 11) as well as an earlier peak of synaptic inhibition (n = 4) with respect to the IB cell phase
distribution (n = 16, n = 3, respectively). Hence, according to the different phase distributions the activity of
both cell types is separated in the time domain during SPW network activity. In contrast, during gamma
frequency oscillations both subicular cell classes reveal comparable activity pattern with two distinct AP
peaks (IB: n = 8; RS: n = 9) and an intermediate prominent inhibition (IB: n = 5; RS: n = 5).

doi:10.1371/journal.pone.0123636.g007
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are competitive rhythms within the subiculum in vitro, possibly suggesting the representation
of state-dependent information processing based on the involvement of similar cell assemblies.

Participation of IB and RS cells in SPW and gamma frequency network
oscillations
The two pyramidal cell classes showed a fundamentally different activity level: while most of IB
cells were active during SPW and gamma frequency oscillations, the majority of RS cells re-
mained ‘silent’ without AP generation. RS cells, even though a mixed postsynaptic current was
recorded, essentially needed a further depolarization in order to switch into the participating
mode. The neural activity of IB cells displayed, in contrast to a recent report [38], a striking
phase coupling to the peak of SPW (see also [14]). During the SPW rhythm, the majority of IB
cells were active with a pronounced excitatory input, resulting in the generation of APs in obvi-
ous correlation to the peak of SPW deflection. In marked contrast, when depolarized above
threshold, RS neurons showed AP firing with a prominent inhibition following the peak of the
SPW network rhythm. This peak of aggregated IPSPs occurred earlier than in IB cells, parallel
to the earlier peak in the spike time histogram (Fig 7), altogether suggesting that RS cells re-
ceive a different set of synaptic inputs. Sharp wave ripples are supposed to represent behavioral
relevant activation of neuronal cell assemblies in a time compressed manner [39]. Hence, a dis-
tinct neuronal activity pattern segregated in the time domain of SPW rhythms is an important
clue for a task related differentiation of IB and RS cells.

The functional dichotomy of IB and RS cells was retained during subsequent gamma fre-
quency oscillations. The pronounced excitability of IB cells here cannot be attributed to the di-
verse strength of synaptic inputs because both cells exhibited comparable EPSPs and IPSPs
(Fig 5 and Fig 6). It rather seems to result from a network-triggered activation of an intrinsic
neuronal process which stresses the functional dichotomy of subicular PCs. Corresponding to
the increased excitability in IB cells, we found a stronger network oscillation associated depo-
larization of the membrane potential. In support of this, the application of the cholinergic ago-
nist carbachol, in a concentration sufficient to induce gamma oscillations, leads to a
depolarization in subicular IB cells [40,41]. However, IB and RS cells exhibited a comparable
phase distribution with a bimodal phase locking behavior (Fig 7). During both network states
inhibition essentially shaped the output pattern (Fig 7), which is well in line with previous re-
ports [13,42]. The loss of GABAergic inhibition within the subiculum has been associated with
the uncontrolled discharge in temporal lobe epilepsy [43,44].

Hence, network oscillations observed under our condition are mainly based on the IB cell
activity while RS neurons can potentially participate in the rhythm generation in a specific and
independent manner if further depolarized. Consequently, the subiculum seems to operate in
two different working modes: under the regime of low or moderate excitability, like the one ob-
served in this study, RS cells generally remain silent, while under conditions of sufficient excit-
atory input RS cells can participate in oscillatory network activity. This additional network
drive might stem from a higher general excitation of the subiculum via specific additional excit-
atory inputs independent from IB cells. In line with our suggestion, within a complete hippo-
campal preparation theta-coupled spontaneous slow and fast gamma activity can be detected
in the subiculum with phase-coherent RS activity [29]. Furthermore, not only IB but also RS
cells are involved in population activity of a subicular in vitro epilepsy model, indeed with a
clear leader function of the IB cell type [13]. However, the conditions for recruitment of poten-
tially participating RS cells need further investigation.
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Information processing within the subiculum
Based on the distinct target areas, firing properties, electrophysiological features, pharmacolog-
ical modulation, and long-term potentiation [17–21], it has been assumed that IB and RS cells
constitute parallel pathways presumably processing distinct modalities of information. In addi-
tion, our data indicate that both cell types are differentially recruited in the active network,
thus supporting the idea of different information processing channels. However, in parallel to
the non-exclusive physiological membrane characteristics in each PC class, some neurons ex-
hibited divergent oscillatory AP pattern with respect to the main classification scheme. It is im-
portant to note that the statistical correlation of subicular afferent and efferent connectivity
[45] is not completely revealing, especially for medial slices with a mixture of 50% IB and RS
cells, overall emphasizing a predominant but not exclusive anatomical projection pattern. The
aim of neuronal classifications is to gain a deeper understanding of the fundamental circuitries
and the corresponding information processing streams. But as recently demonstrated for par-
valbumin-positive basket cells [46] even a homogenous considered group of neurons can func-
tionally constitute local heterogeneous microcircuits. Consequently, we have to admit that
information processing in the subiculum seems to be more diverse than initially assumed, pos-
sibly based on the recruitment of different cell types in a task specific manner. The dissection
of functional processing modes therefore needs further investigation in order to gain a fine
scale typology. We believe that in vitromodels permitting the investigation of different network
pattern on a cellular level, like the one used here, will be a valuable tools for such purposes.

Acknowledgments
We thank Dietmar Schmitz and Imre Vida for helpful discussion.

Author Contributions
Conceived and designed the experiments: TG. Performed the experiments: JE SZ. Analyzed the
data: JE SZ PB TD TG. Contributed reagents/materials/analysis tools: TD PB TG. Wrote the
paper: JE SZ PB TD TG.

References
1. Swanson LW, CowanWM. Hippocampo-hypothalamic connections: origin in subicular cortex, not

ammon's horn. Science. 1975; 189: 303–304. PMID: 49928

2. Finch DM, Nowlin NL, Babb TL. Demonstration of axonal projections of neurons in the rat hippocampus
and subiculum by intracellular injection of HRP. Brain Res. 1983; 271: 201–216. PMID: 6616174

3. O'Mara SM, Commins S, Anderson M, Gigg J. The subiculum: a review of form, physiology and func-
tion. Prog Neurobiol. 2001; 64: 129–155. PMID: 11240210

4. Witter MP. Connections of the subiculum of the rat: topography in relation to columnar and laminar or-
ganization. Behav Brain Res. 2006; 174: 251–264. PMID: 16876886

5. Behr J, Empson RM, Schmitz D, Gloveli T, Heinemann U. Electrophysiological properties of rat subicu-
lar neurons in vitro. Neurosci Lett. 1996; 220: 41–44. PMID: 8977144

6. Mason A. Electrophysiology and burst-firing of rat subicular pyramidal neurons in vitro: a comparison
with area CA1. Brain Res. 1993; 600: 174–178. PMID: 8422585

7. Mattia D, Hwa GG, Avoli M. Membrane properties of rat subicular neurons in vitro. J Neurophysiol.
1993; 70: 1244–1248. PMID: 8229171

8. Menendez de la Prida L, Suarez F, Pozo MA. Electrophysiological and morphological diversity of neu-
rons from the rat subicular complex in vitro. Hippocampus. 2003; 13: 728–744. PMID: 12962317

9. Stewart M, Wong RK. Intrinsic properties and evoked responses of guinea pig subicular neurons in
vitro. J Neurophysiol. 1993; 70: 232–245. PMID: 8395577

10. Taube JS. Electrophysiological properties of neurons in the rat subiculum in vitro. Exp Brain Res. 1993;
96: 304–318. PMID: 7903643

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/49928
http://www.ncbi.nlm.nih.gov/pubmed/6616174
http://www.ncbi.nlm.nih.gov/pubmed/11240210
http://www.ncbi.nlm.nih.gov/pubmed/16876886
http://www.ncbi.nlm.nih.gov/pubmed/8977144
http://www.ncbi.nlm.nih.gov/pubmed/8422585
http://www.ncbi.nlm.nih.gov/pubmed/8229171
http://www.ncbi.nlm.nih.gov/pubmed/12962317
http://www.ncbi.nlm.nih.gov/pubmed/8395577
http://www.ncbi.nlm.nih.gov/pubmed/7903643


11. Hablitz JJ, Johnston D. Endogenous nature of spontaneous bursting in hippocampal pyramidal neu-
rons. Cell Mol Neurobiol. 1981; 1: 325–334. PMID: 6765736

12. Lisman JE. Bursts as a unit of neural information: making unreliable synapses reliable. Trends Neu-
rosci. 1997; 20: 38–43. PMID: 9004418

13. Menendez de la Prida L, Gal B. Synaptic contributions to focal and widespread spatiotemporal dynam-
ics in the isolated rat subiculum in vitro. J Neurosci. 2004; 24: 5525–5536. PMID: 15201325

14. WuCP, Huang HL, Asl MN, He JW, Gillis J, Skinner FK, et al. Spontaneous rhythmic field potentials of
isolated mouse hippocampal-subicular-entorhinal cortices in vitro. J Physiol. 2006; 576: 457–476.
PMID: 16887877

15. Naber PA, Witter MP. Subicular efferents are organized mostly as parallel projections: a double-
labeling, retrograde-tracing study in the rat. J Comp Neurol. 1998; 393: 284–297. PMID: 9548550

16. Stewart M. Antidromic and orthodromic responses by subicular neurons in rat brain slices. Brain Res.
1997; 769: 71–85. PMID: 9374275

17. Greene JR, Lin H, Mason AJ, Johnson LR, Totterdell S. Differential expression of NADPH-diaphorase
between electrophysiologically-defined classes of pyramidal neurons in rat ventral subiculum, in vitro.
Neuroscience. 1997; 80: 95–104. PMID: 9252224

18. Greene JR, Mason A. Neuronal diversity in the subiculum: correlations with the effects of somatostatin
on intrinsic properties and on GABA-mediated IPSPs in vitro. J Neurophysiol. 1996; 76: 1657–1666.
PMID: 8890283

19. Jung HY, Staff NP, Spruston N. Action potential bursting in subicular pyramidal neurons is driven by a
calcium tail current. J Neurosci. 2001; 21: 3312–3321. PMID: 11331360

20. Kintscher M, Breustedt J, Miceli S, Schmitz D, Wozny C. Group II metabotropic glutamate receptors de-
press synaptic transmission onto subicular burst firing neurons. PLoS One. 2012; 7: e45039. doi: 10.
1371/journal.pone.0045039 PMID: 22984605

21. vanWelie I, RemmeMW, van Hooft JA, WadmanWJ. Different levels of Ih determine distinct temporal
integration in bursting and regular-spiking neurons in rat subiculum. J Physiol. 2006; 576: 203–214.
PMID: 16809363

22. Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized gamma oscillations in inhibitory inter-
neuron networks. Nat Rev Neurosci. 2007; 8: 45–56. PMID: 17180162

23. Bragin A, Jandó G, Nádasdy Z, Hetke J, Wise K, Buzsáki G. Gamma (40–100 Hz) oscillation in the hip-
pocampus of the behaving rat. J Neurosci. 1995; 15: 47–60. PMID: 7823151

24. Buzsáki G. Memory consolidation during sleep: a neurophysiological perspective. J Sleep Res. 1998; 7
Suppl 1: 17–23. PMID: 9682189

25. Colgin LL, Moser EI. Gamma oscillations in the hippocampus. Physiology (Bethesda). 2010; 25:
319–329. doi: 10.1152/physiol.00021.2010 PMID: 20940437

26. Zylla MM, Zhang X, Reichinnek S, Draguhn A, Both M. Cholinergic plasticity of oscillating neuronal as-
semblies in mouse hippocampal slices. PLoS One. 2013; 8: e80718. doi: 10.1371/journal.pone.
0080718 PMID: 24260462

27. Colling SB, Stanford IM, Traub RD, Jefferys JG. Limbic gamma rhythms. I. Phase-locked oscillations in
hippocampal CA1 and subiculum. J Neurophysiol. 1998; 80: 155–161. PMID: 9658037

28. Stanford IM, Traub RD, Jefferys JG. Limbic gamma rhythms. II. Synaptic and intrinsic mechanisms un-
derlying spike doublets in oscillating subicular neurons. J Neurophysiol. 1998; 80: 162–171. PMID:
9658038

29. Jackson J, Goutagny R, Williams S. Fast and slow γ rhythms are intrinsically and independently gener-
ated in the subiculum. J Neurosci. 2011; 31: 12104–12117. doi: 10.1523/JNEUROSCI.1370-11.2011
PMID: 21865453

30. Gloveli T, Dugladze T, Rotstein HG, Traub RD, Monyer H, Heinemann U, et al. Orthogonal arrange-
ment of rhythm-generating microcircuits in the hippocampus. Proc Natl Acad Sci U S A. 2005; 102:
13295–13300. PMID: 16141320

31. Paxinos G, Franklin KBJ. The mouse brain in stereotaxic coordinates. 2 nd ed. San Diego: Academic
Press; 2001.

32. Dugladze T, Schmitz D, Whittington MA, Vida I, Gloveli T. Segregation of axonal and somatic activity
during fast network oscillations. Science. 2012; 336: 1458–1461. doi: 10.1126/science.1222017 PMID:
22700932

33. Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P. Synchronization of neuronal activity in hippocam-
pus by individual GABAergic interneurons. Nature. 1995; 378: 75–78. PMID: 7477292

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/6765736
http://www.ncbi.nlm.nih.gov/pubmed/9004418
http://www.ncbi.nlm.nih.gov/pubmed/15201325
http://www.ncbi.nlm.nih.gov/pubmed/16887877
http://www.ncbi.nlm.nih.gov/pubmed/9548550
http://www.ncbi.nlm.nih.gov/pubmed/9374275
http://www.ncbi.nlm.nih.gov/pubmed/9252224
http://www.ncbi.nlm.nih.gov/pubmed/8890283
http://www.ncbi.nlm.nih.gov/pubmed/11331360
http://dx.doi.org/10.1371/journal.pone.0045039
http://dx.doi.org/10.1371/journal.pone.0045039
http://www.ncbi.nlm.nih.gov/pubmed/22984605
http://www.ncbi.nlm.nih.gov/pubmed/16809363
http://www.ncbi.nlm.nih.gov/pubmed/17180162
http://www.ncbi.nlm.nih.gov/pubmed/7823151
http://www.ncbi.nlm.nih.gov/pubmed/9682189
http://dx.doi.org/10.1152/physiol.00021.2010
http://www.ncbi.nlm.nih.gov/pubmed/20940437
http://dx.doi.org/10.1371/journal.pone.0080718
http://dx.doi.org/10.1371/journal.pone.0080718
http://www.ncbi.nlm.nih.gov/pubmed/24260462
http://www.ncbi.nlm.nih.gov/pubmed/9658037
http://www.ncbi.nlm.nih.gov/pubmed/9658038
http://dx.doi.org/10.1523/JNEUROSCI.1370-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21865453
http://www.ncbi.nlm.nih.gov/pubmed/16141320
http://dx.doi.org/10.1126/science.1222017
http://www.ncbi.nlm.nih.gov/pubmed/22700932
http://www.ncbi.nlm.nih.gov/pubmed/7477292


34. Staff NP, Jung HY, Thiagarajan T, Yao M, Spruston N. Resting and active properties of pyramidal neu-
rons in subiculum and CA1 of rat hippocampus. J Neurophysiol. 2000; 84: 2398–2408. PMID:
11067982

35. Greene JR, Totterdell S. Morphology and distribution of electrophysiologically defined classes of pyra-
midal and nonpyramidal neurons in rat ventral subiculum in vitro. J Comp Neurol. 1997; 380: 395–408.
PMID: 9087521

36. Fabó D, Maglóczky Z, Wittner L, Pék A, Eross L, Czirják S, et al. Properties of in vivo interictal spike
generation in the human subiculum. Brain. 2008; 131: 485–499. PMID: 18083752

37. Chrobak JJ, Lörincz A, Buzsáki G. Physiological patterns in the hippocampo-entorhinal cortex system.
Hippocampus. 2000; 10: 457–465. PMID: 10985285

38. Norimoto H, Matsumoto N, Miyawaki T, Matsuki N, Ikegaya Y. Subicular activation preceding hippo-
campal ripples in vitro. Sci Rep. 2013; 3: 2696. doi: 10.1038/srep02696 PMID: 24045268

39. O'Neill J, Senior T, Csicsvari J. Place-selective firing of CA1 pyramidal cells during sharp wave/ripple
network patterns in exploratory behavior. Neuron. 2006; 49: 143–155. PMID: 16387646

40. D'Antuono M, Kawasaki H, Palmieri C, Avoli M. Network and intrinsic contributions to carbachol-
induced oscillations in the rat subiculum. J Neurophysiol. 2001; 86: 1164–1178. PMID: 11535667

41. Kawasaki H, Palmieri C, Avoli M. Muscarinic receptor activation induces depolarizing plateau potentials
in bursting neurons of the rat subiculum. J Neurophysiol. 1999; 82: 2590–2601. PMID: 10561429

42. Panuccio G, Vicini S, Avoli M. Cell type-specific properties of subicular GABAergic currents shape hip-
pocampal output firing mode. PLoS One. 2012; 7: e50241. doi: 10.1371/journal.pone.0050241 PMID:
23251362

43. Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. On the origin of interictal activity in human tem-
poral lobe epilepsy in vitro. Science. 2002; 298: 1418–1421. PMID: 12434059

44. Knopp A, Frahm C, Fidzinski P, Witte OW, Behr J. Loss of GABAergic neurons in the subiculum and its
functional implications in temporal lobe epilepsy. Brain. 2008; 131: 1516–1527. doi: 10.1093/brain/
awn095 PMID: 18504292

45. Kim Y, Spruston N. Target-specific output patterns are predicted by the distribution of regular-spiking
and bursting pyramidal neurons in the subiculum. Hippocampus. 2012; 22: 693–706. doi: 10.1002/hipo.
20931 PMID: 21538658

46. Lee SH, Marchionni I, Bezaire M, Varga C, Danielson N, Lovett-Barron M, et al. Parvalbumin-Positive
Basket Cells Differentiate among Hippocampal Pyramidal Cells. Neuron. 2014; 82: 1129–1144. doi: 10.
1016/j.neuron.2014.03.034 PMID: 24836505

Subiculum and Fast Network Oscillations

PLOS ONE | DOI:10.1371/journal.pone.0123636 April 14, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11067982
http://www.ncbi.nlm.nih.gov/pubmed/9087521
http://www.ncbi.nlm.nih.gov/pubmed/18083752
http://www.ncbi.nlm.nih.gov/pubmed/10985285
http://dx.doi.org/10.1038/srep02696
http://www.ncbi.nlm.nih.gov/pubmed/24045268
http://www.ncbi.nlm.nih.gov/pubmed/16387646
http://www.ncbi.nlm.nih.gov/pubmed/11535667
http://www.ncbi.nlm.nih.gov/pubmed/10561429
http://dx.doi.org/10.1371/journal.pone.0050241
http://www.ncbi.nlm.nih.gov/pubmed/23251362
http://www.ncbi.nlm.nih.gov/pubmed/12434059
http://dx.doi.org/10.1093/brain/awn095
http://dx.doi.org/10.1093/brain/awn095
http://www.ncbi.nlm.nih.gov/pubmed/18504292
http://dx.doi.org/10.1002/hipo.20931
http://dx.doi.org/10.1002/hipo.20931
http://www.ncbi.nlm.nih.gov/pubmed/21538658
http://dx.doi.org/10.1016/j.neuron.2014.03.034
http://dx.doi.org/10.1016/j.neuron.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24836505

